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Preface

In the year 2016 Professor Ashish S. Verma received
a call from Academic press office with a request to
come up with the second edition of our book Animal
Biotechnology: Models in Discovery and Translation. Soon
he shared this information with me and both of us
were thrilled and super excited as it had been just 3
years since the first edition was launched and we had
never thought that we would be working on the sec-
ond edition so soon. The challenge was to add, update,
and revise the first edition because by that time both
of us had moved to different places, I had joined
Banaras Hindu University, Varanasi, India, and Prof.
Verma became the acting Vice-Chancellor of Jadavpur
University, Kolkata, India. Even though his unending
administrative responsibilities kept him busy day and
night still he had solutions to every problem that I
could fathom in editing the next edition at that time.
Ultimately we started working together on this edition
by reviewing all the inputs and criticism we had
received for the first edition, from students, instruc-
tors, teachers, and scientists.

We always felt that the field of Animal Biotechnology
as such is well explored and is continuously evolving to
come up as a full discipline very soon. Nevertheless, it is
still difficult to find dedicated books on the subject, and
at the same time books that can cater the needs of stu-
dents, instructors, and teachers alike. The first edition of
Animal Biotechnology: Models in Discovery and Translation
was developed as a Resource Book as it would provide
sufficient information and literature for instructors to
teach the subjects while students will find ample infor-
mation to gain a better insight of the topic. While work-
ing on the second edition, we have maintained the same
pattern as before, in fact, the second edition includes
substantial revision and update of the content and infor-
mation while continuing with the easy-to-follow lan-
guage and uniformity of the style and presentations
which the first edition had. Considering the recent
advancements in nanotechnology, enzyme technology,
and ayurveda we strongly felt to have chapters that will
help in having a view of Animal Biotechnology from
these perspectives. As a result the second edition has
entirely new chapters comprising of various aspects of
nanotechnology, ayurveda, enzyme technology, eutha-
nasia, CAM assays, and also some chapters dealing with
newer models to study different human diseases.

Almost all the chapters from the first edition have
been retained but they have been rigorously updated
with the most recent information available with the

experts of the field. Moreover each chapter contains
interesting information that is added as a Turning
point, it's something which we hope that our readers
will cherish while reading the topic of their interest.
We have also added a sub-topic on Clinical Co-relation
in each chapter so that readers who have an interest in
the clinical aspect of different topics can find the rele-
vant information in one place while developing the
subject. Many sections have been rewritten for better
clarity, understanding, fluency of style/presentation,
and language. We have tried to develop each chapter
in an individual manner so that readers who prefer to
purchase individual chapters can find all the details
related to the topic in the same chapter itself. We have
tried our best for improvement of the figures and illus-
trations, some of these have been revised, few new
figures have been added in each chapter and the
figures from the last edition have been updated. Very
similar to the first edition, each chapter has a subsec-
tion on the available internet resources that are related
to the topic and a list of review articles and textbooks
as further reading is also provided for those readers
whose jet-speed curiosities need still more jet fuel.

While we were working on the second edition, Prof.
Verma was taken away by the cruel hands of destiny
on May 11, 2019, and his sudden, untimely demise left
me completely shocked. Me and Prof. Verma had been
working together since 2008 and I was devastated as
this entire project was mid-way and from then on I
would be editing the book single-handedly. At this
point I must appreciate the kind gesture of the entire
Academic Press team especially Mr. Peter Linsley
(Senior Acquisitions Editor) and Mr. Timothy Bennett
(Editorial Project Manager) who gave me support and
showed trust in my capabilities. They generously
extended the book timelines due to which this book
could be completed in its present form.

Finally, I would like to request the readers of this
book to extend their full support as they had extended
for the previous edition. We are always open to criti-
cism, suggestions, and recommendations that can be
helpful to improve the contents and presentation of
the book. Your suggestions/criticism will allow us to
explore other aspects of Animal Biotechnology and in
our future ventures and endeavors.

Late Ashish S. Verma
and
Anchal Singh
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Drosophila: a model for biotechnologist

K. Ravi Ram and D. Kar Chowdhuri

Embryotoxicology Laboratory, CSIR-Indian Institute of Toxicology Research, Lucknow, India

Summary

Drosophila is a miniature yet versatile and manipulable
model to address basic biological questions with potential
implications plus applications to other metazoans. In this
chapter, we emphasize the contributions of Drosophila to
genetics and biotechnology and translational versatility of
this model along with associated ethical issues and avail-
able resources.

Nobel love story of Drosophila

So far the outstanding contributions of fruit fly research
have been recognized with six Nobel prizes in physiology or
medicine

1933 Thomas
heredity

1946 Hermann Joseph Muller—X-ray irradiation to
increase mutation rates in fruit flies

1995 Edward B Lewis, Christiane Niisslein-Volhard,
and Eric F Wieschaus—Genetic control of embryonic
development

Hunt Morgan—Chromosomes in

2004 Richard Axel—Odor receptors and the organiza-
tion of the olfactory system

2011 Jules A Hoffmann—Activation of
immunity

2017 Jeffrey C Hall, Michael Rosbash and Michael W
Young—Molecular mechanisms regulating
rhythms

innate

circadian

What you can expect to know

Initially, this chapter facilitates learning of basic
concepts of Drosophila, which evolved this organism
as a model for genetics and biotechnology. The histori-
cal perspective helps the reader to assimilate the
contributions of Drosophila research findings to

Animal Biotechnology.
DOI: https://doi.org/10.1016/B978-0-12-811710-1.00001-X

biotechnology. The later part of the chapter acquaints
the reader with a protocol to generate Drosophila
transgenics and exemplifies the translational potential
of the same toward understanding human diseases.

Introduction

Innovative genetic technologies have revolutionized
the wisdom of science. For example, cloning and
manipulation of gene sequences have helped in the
generation of transgenics toward a substantial under-
standing of biological concepts and also for the better-
ment of life. However, the pivotal role played by
model organisms for biotechnologists to achieve these
challenges is indeed phenomenal. One such model
organism that has helped biotechnologists to realize
their dreams is Drosophila. With pinnacle contribu-
tions to genetics and development over 100 years,
Drosophila continues to inspire the creativity of bio-
technologists. Drosophila is so amenable to genetic
manipulation that it is constrained only by the imagi-
nation of biotechnologists.

Drosophila is a tiny fly also known as vinegar-
loving fly. The term Drosophila, meaning “dew-loving,”
is a modern scientific Latin adaptation from Greek
words drosos, “dew,” and philos, “loving” with the
Latin feminine suffix -a. It belongs to the Phylum
Arthropoda, class Insecta and order Diptera and the
famous family of Drosophilidae. Drosophila is a small
fly, typically pale yellow to reddish-brown to black,
with red eyes. The plumose (feathery) arista, bristling
of the head and thorax, and wing venation are the
characters used to diagnose the family. Most are small,
about 2—4 mm long, but some, especially many of
the Hawaiian species, are larger than a housefly. The
genus Drosophila is found all around the world right
from deserts to tropical rainforests to cities to alpine

© 2020 Elsevier Inc. All rights reserved.
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zones. Most species breed in various kinds of decaying
plant and fungal materials including fruit, bark, slime
fluxes, flowers, and mushrooms.

Of the various species of Drosophila, Drosophila mel-
anogaster offers several advantages as a model for
molecular studies. Being small, these flies are
extremely simple to handle. The sexual dimorphism
(males and females are different) permits easy differ-
entiation of sexes. Further, these flies are nonpatho-
genic, have a shorter generation time (10—12 days),
and can be cultured at a low cost in a limited space. In
addition, Drosophila offers various molecular and
genetic tools that a biotechnologist can dream of and
the fully sequenced genome coupled with bioinformat-
ics tools enhance the translational utility of this model.

In this chapter, we initially describe the classical
aspects of Drosophila such as life cycle, cytology, and
development. Subsequently, we provide a historical
perspective of research hallmarks that led to the utility
of Drosophila as a model for molecular studies. In
addition, we discuss the translational significance of
Drosophila by emphasizing Drosophila models avail-
able for human diseases. Finally, we discuss the ethical
issues and concerns associated with this model.

Classical aspects of Drosophila melanogaster

Physical appearance

The body of Drosophila, like that of any other
insect (and typical of Arthropoda), is segmented. The
body plan typically consists of head, thorax, and
abdomen. While multiple segments give rise to the
head, three segments constitute the thorax and eight
segments form the abdomen. Head consists of anten-
nae whereas legs and wings arise from thoracic seg-
ments. D. melanogaster has transverse black rings
across their abdomen. Males are easily distinguish-
able from females by the presence of a distinct black
patch at the abdomen that is absent in females. Males
also have sex combs, a row of dark bristles on the tar-
sus of the first leg, which are absent in females.
Furthermore, males have a cluster of spiky hairs
called claspers that surround the anus and genitals
used to attach to the female during mating.

Life cycle

D. melanogaster is a popular experimental animal
because it is easily cultured in mass out of the wild, has
a short generation time, and mutant animals are readily
obtainable. Typically, in a laboratory, D. melanogaster is
grown on cornmeal—yeast—fruit juice mixture at 25°C.
Life cycle of this organism consists of a number of
stages: embryogenesis, three larval stages, a pupal
stage, and the adult stage. The development period for

Adults

Life cycle of Drosophila

2 days

| instar
larva

Il instarlarva

Il instar larva

FIGURE 1.1 Life cycle stages of Drosophila melanogaster.

D. melanogaster varies with temperature. The time
required for complete development at 25°C is 8—9 days.
Females lay some 400 eggs, about five at a time on
overripe fruit or other suitable materials. The eggs,
which are about 0.5 mm long, hatch after 20—22 hours
at 25°C. The resulting larvae grow for about 3 days
while molting twice into second and third-instar lar-
vae, at about 24 and 48 hours, respectively, after eclo-
sion. The larva then encapsulates in the puparium
that is immobile and undergoes a 4-day-long meta-
morphosis at 25°C. A fly finally emerges from a
puparium after metamorphosis, a process referred to
as eclosion. The life cycle of Drosophila is schemati-
cally depicted in Fig. 1.1.

Drosophila development

Drosophila has contributed to most of our existing
knowledge on the mechanisms of the development of
organisms. In Drosophila, the complex adult body
plan is accomplished from the fertilized embryo
through developmental processes. Development in
Drosophila is holometabolous, which involves devel-
oping stages morphologically distinct from adults
(Hartenstein, 1993). Early processes of development
occur in the fertilized egg laid by the female to give
rise to the larva. The larva subsequently gives rise to
the puparium, after undergoing a series of modifica-
tions and two moltings, driven by the hormonal titers
and molecular signals. During the pupal stage, many
larval structures are broken down, and adult struc-
tures undergo rapid development. In this section,

I. Human diseases: in vivo and in vitro models
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we describe the key aspects of Drosophila develop-
ment: embryogenesis, pattern formation, and homeotic
genes.

Embryogenesis in Drosophila

The early development of Drosophila begins with
the formation of oocytes through oogenesis in the
ovary (Hartenstein, 1993). These oocytes are packed
with maternal RNA, protein, ribosomes, and mitochon-
dria that assist in the egg to embryo transition.
Fertilization (union of these oocytes and sperm) trig-
gers mitosis in the embryo. Several nuclear divisions
without cytokinesis (division of cytoplasm) occur in
the early embryo, resulting in a cell with many nuclei
in the cytoplasm. At the 10th" nuclear division, these
nuclei migrate toward the surface of the embryo,
resulting in the formation of the syncytial blastoderm.
At the 13th nuclear division, membrane invaginations
enclose the nuclei leading to cellularization and the
formation of the cellular blastoderm. At the time of cel-
lularization, the major body axes and segment bound-
aries are determined. After cellularization, the embryo
proceeds through gastrulation: cells from the ventral
surface invaginate to create the ventral furrow. Ventral
furrow is critical for the formation of the mesoderm.
Subsequently, at the anterior and posterior ends of the
ventral furrow, the invagination of prospective endo-
derm occurs. Gastrulation is followed by the conver-
gence of certain ectodermal cells on the surface with
the mesoderm and their migration toward the ventral
midline to form the germ band, a collection of cells
that will form the trunk of the embryo. The germ band
extends posterior and wraps around the dorsal surface
of the embryo. At this extended state, several morpho-
genetic processes occur: organogenesis, segmentation,
and segregation of imaginal discs that will unfold dur-
ing metamorphosis to form adult fly structures such as
antennae, legs, and wings (Campos-Ortega and
Hartenstein, 1985; Martinez Arias, 1993). Interestingly,
at all the stages of development, the general body plan
remains the same. The generalized body plan consists
of a segmented region sandwiched between a distinct
head or anterior region and the tail or posterior region.
Drosophila, with its versatile genetic tools, has led to
the understanding of pattern formation and differenti-
ation during early animal development. Three scien-
tists, namely, Ed Lewis, Christiane Nusslein-Volhard,
and Eric Wieschaus pioneered our understanding of
pattern formation and differentiation. These scientists
not only laid the platform for our understanding of
development but also deciphered the underlying
dynamics. Nusslein-Volhard and Wieschaus focused
their studies on understanding early embryogenesis
while Ed Lewis concentrated on late embryogenesis.

Pattern formation in Drosophila

The metamorphosis of a simple egg into an adult
with the complex body plans requires three classes
of genes. These classes comprise the maternal genes,
the segmentation genes, and the homeotic genes.
Nusslein-Volhard and Wieschaus (1980) were the first
to report the key contributions of each gene that regu-
lates a particular pattern formation event, the segmen-
tation of embryo. They looked for recessive embryonic
lethal mutations, in a systematic genetic screen encom-
passing the whole genome to identify genes critical for
embryonic development. Subsequently, they analyzed
the phenotypes of dead embryos and classified these
genes according to their phenotype before death.
Based on their phenotypic analyses, Nusslein-Volhard
and Wieschaus (1980) identified three categories of
mutations. The first category comprised mutations that
result in the loss of multiple adjacent segments (called
genes encoding the same as gap genes). The second
category included mutations that cause missing of
alternate segment size units (accordingly, named their
genes as pair-rule genes). The third category of muta-
tions triggered the loss of part of each segment and
duplication of the remaining part of the segment
(named as segment polarity genes). In view of their
findings, Nusslein-Volhard and Wieschaus (1980) pro-
posed that gap genes, pair-rule genes, and segment
polarity genes (together called as segmentation genes)
are critical for subdividing the embryo and segment
formation. Another class of genes, including homeotic
genes, defines the identity of the segment. However, to
put these genetic cascades into motion, maternal com-
ponents are essential.

Maternal components play a critical role in deter-
mining the embryonic patterning (Hartenstein, 1993).
As discussed above, even before fertilization,
Drosophila eggs are loaded with regulatory molecules
that determine the anteroposterior axis of the egg and
development of the organism. Eggs are preloaded with
bicoid and nanos mRNA, and these are translated
upon fertilization (Hartenstein, 1993). Of these two,
bicoid is essential for the formation of the head:
females carrying mutant alleles of bicoid give rise to
offspring with defects in head development. Prior to
cellularization, these proteins form concentration gra-
dients in the embryo. At the anterior end, bicoid is at a
higher concentration (Fig. 1.2), whereas at the posterior
end, nanos are abundant. These concentration gradi-
ents are critical for regulating segmentation genes (see
above), which define the segmentation pattern.
Temporal and spatial activation of gene cascades is the
hallmark of development. During the initial phase of
development, bicoid and nanos differentially regulate
the gap genes. At the anterior end, bicoid triggers
the transcription of a gap gene, hunchback. However, at
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Anterior

Posterior

FIGURE 1.2 Localization of Bicoid in Drosophila embryo.
Immunostaining of Drosophila embryos with anti-Bicoid antibody
reveals the accumulation of Bicoid protein (green) in the anterior
part of the embryo. Blue color represents the nuclear staining by
DAPL

the posterior end, nanos inhibit hunchback RNA from
being translated, thereby forming a hunchback protein
gradient in the embryo (Wreden et al., 1997).
This hunchback protein triggers, in a concentration-
dependent manner, the transcription of other gap
genes such as Kruppel, etc. (Schulz and Tautz 1994;
Zuo et al., 1991), which in turn defines large areas sur-
rounding the anteroposterior axis (Gilbert et al., 2003).
The gap genes encode transcription factors that regu-
late the expression of certain pair-rule genes, which in
turn regulate other pair-rule genes. These pair-rule
genes, which are expressed along the stripes of the
embryo, divide the embryo into pairs of segments.
Pair-rule genes encode transcription factors that regu-
late segment polarity genes. These segment polarity
genes define the anteroposterior axis of each of the
segment (Fig. 1.3). Once the pattern of segmentation is
established, the segments achieve unique identities
through homeotic genes.

Homeotic genes in Drosophila

The term homeosis represents the transformation of
one structure of the body into the homologous

Anterior

Posterior

FIGURE 1.3 Localization of Engrailed in Drosophila embryo.
Immunostaining of Drosophila embryos with anti-Engrailed anti-
body reveals Engrailed localization (red) within the posterior section
of every segment within the embryo. Blue color represents the
nuclear staining by DAPL

structure of another body segment. In Drosophila, as
mentioned earlier, in adults, structures such as legs,
wings develop from thoracic segments whereas anten-
nae appear on the head. The segment-specific develop-
ment of these structures requires the action of
homeotic genes. Homeotic genes are a group of genes
that regulate the pattern formation. These genes,
although do not specify the elements of the pattern,
indeed assign identities to these elements. Mutations
in these genes result in the development of the ele-
ments of the specified pattern with inappropriate iden-
tities. The best example to describe these genes is
Antennapedia (Antp). As the name suggests, a domi-
nant mutation in this gene transforms the antennal
structures on the head to an additional second leg.
Generally, normal Antp is required in the second tho-
racic segment to initiate the cascade of events that lead
to the development of leg. Perhaps, this involves the
regulation of several genes. Hence, the homeotic genes
are considered as master controllers of developmental
programming (Abbott and Kaufman, 1986).

Most of our knowledge on homeotics is due to the
pioneering works of Ed Lewis on bithorax complex
(BX-C) (Lewis, 1978). The homeotic genes consist of
180 nucleotide consensus sequence called the homeo-
box. The homeobox corresponds to a 60 amino acid
domain, namely, the homeodomain, which is involved
in the DNA binding. These homeobox-containing
(HOX) genes are not limited to Drosophila but later
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have been found and studied in many other organisms
ranging from invertebrates to vertebrates, including
mammals (Ruddle et al.,, 1994; Santini et al., 2003).
HOX genes occur in clusters, and interestingly, not
only these genes but also the synteny (relative gene
order) within the cluster is conserved (Ruddle et al.,
1994). Moreover, the order of HOX genes on the chro-
mosome is same as the order of the segments that
they affect along the anterioposterior axis. Genetic
analysis revealed the existence of posterior domi-
nance: genes acting at the anterior are regulated by
their posterior neighbors. For example, BX-C com-
prises regions encoding three homeodomain genes
called Ultrabithorax (Ubx), Abdominal-A (AbdA),
and Abdominal-B (AbdB) and a noncoding RNA,
iab-8-ncRNA (Gummalla et al., 2012; Lewis, 1978). In
this case, iab-8-ncRNA represses AbdA (Gummalla
et al,, 2012) and both AbdA and AbdB repress Ubx
(Lewis, 1978). In addition to the intrahomeotic regu-
lation, these homeotic genes are also regulated by
segmentation genes. For example, hunchback (gap
gene) is known to limit the Ubx expression
(Wu et al., 2001) and mutations in pair-rule genes
influence the expression of homeotic genes. At pres-
ent, however, the knowledge of how segmentation
genes regulate homeotic gene expression/repression
is limited. Nevertheless, as discussed so far, studies
on Drosophila have tremendously contributed to the
understanding of development in metazoan animals.
The events associated with pattern formation in
Drosophila are schematically depicted in Fig. 1.4.

Maternal contributions

l [ rtilization

GAP genes

l

Pair-rule genes

Segment polarity genes
Homeotic genes

l

Unique identity to the
segment

— Segmentation genes

FIGURE 1.4 Schematic depiction of classes of genes associated
with pattern formation in Drosophila melanogaster.

Drosophila genome

D. melanogaster has four pairs of chromosomes: an
X/Y pair and three autosomes labeled 2, 3, and 4. The
fourth chromosome is quite tiny. The size of the
genome is 165 million base pairs and contains an esti-
mated 14,000 genes (Adams et al., 2000) (by compari-
son, the human genome has 3400 million base pairs
and may have about 25,000 genes, International human
genome consortium, 2004). Drosophila genome contains
a considerable amount of nonprotein-coding DNA
sequences that are involved in the control of gene
expression. The determination of sex in Drosophila
occurs by the ratio of X chromosomes to autosomes.

History

Historical perspective of Drosophila
contributions to biotechnology

The seeds for modern biotechnology research in
Drosophila were sown by the 1970s. In 1974, random
clones for Drosophila, the first for any organism, were
generated in the D. S. Hogness laboratory at Stanford
University. By early 1975, clone libraries representing
the entire genome were generated and screens for
clones carrying specific sequences with the newly
developed method of colony hybridization were in
place. In early 1979, cloning of a gene, ultrabiothorax,
was achieved for the first time. By late 1980, many
mutant alleles had been cloned and shown to be the
consequence of chromosomal breakage or transposable
element insertion. Subsequently, the availability of
transposable element vectors only added to the growth
of Drosophila as a model in the field of biotechnology.
The use of transposable elements for generating trans-
genic flies has revolutionized gene manipulation in
Drosophila and pioneered the development of a pow-
erful array of techniques in Drosophila, many of which
were ultimately adapted to other metazoans. These
methods range from enhancer traps (1987), large-scale
insertional mutagenesis (1988), site-specific recombina-
tion for generating chromosomal rearrangements
(1989) to the highly popular binary systems for con-
trolling ectopic gene expression (1993). By 1999, over
1300 genes were cloned, sequenced and functions were
characterized using the loss of function phenotypes.
These enormous tools were so meaningful that most
researchers did not even consider the whole-genome
sequencing of Drosophila. Ultimately, when the
Drosophila genome was sequenced in 2000, it gave
another value addition to the field of biotechnology,
the whole-genome shotgun approach, for genome
sequencing. Subsequently, the vast resources made
available in recent years by the research community
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for genome wise ectopic expression and knockdown
(RNAL1), both in vitro and in vivo, have enhanced the
utility of the Drosophila model. Recent efforts by fly
researchers have deciphered the stage as well as
tissue-specific expression as well as localization of the
majority of the genes in Drosophila. The fully
sequenced genome coupled with these various genetic
and molecular tools led to the upsurge of Drosophila
as a model for basic as well as translational research.

Principle

Drosophila is a well-studied and highly tractable
genetic model system to decipher the molecular
mechanisms underlying various biological processes.
The completion of genome sequencing and annotation
discovered the high degree of conservation of funda-
mental biological processes between Drosophila and
mammals. This has prompted the biotechnologists to
utilize Drosophila to understand the molecular basis of
human diseases. The ease at which Drosophila trans-
genics can be created was also instrumental in the suc-
cess of this model for understanding human diseases.
Using a plethora of molecular tools available for
Drosophila, biotechnologists genetically manipulated
Drosophila by either inserting the human genes in the
fly genome or modifying the function of human disease
orthologs in Drosophila.

Methodology

Given the focus of this chapter, here we describe
only those Drosophila-based methods essential for the
germ-line transformation of Drosophila to generate
transgenics.

Culturing of Drosophila

D. melanogaster is reared on standard Drosophila
food medium at 22°C = 1°C. Stocks are usually main-
tained in vials (up to 20—30 flies/vial), and experimen-
tal cultures are maintained in bottles (as they permit
the growth of flies in large numbers).

Preparation of Drosophila food medium

Materials required

Glass or plastic vials (70—90 mm height with
25—30 mm outer diameter)

Round flat bottom half-pint glass or plastic bottles
Agar-agar, maize powder, sugar, yeast,
methylparaben, and propionic acid

The recipe to prepare 1 L of fly food is as follows:

Agar-agar 8¢g
Maize powder 15g
Sucrose 100 g
Bakery dry yeast 100 g
10% Benzoic acid ~ 5mL
Propionic acid 8 mL
Water 1000 mL

One liter of water is added to a 2-L (glass or stain-
less steel) beaker, and the same is to be kept on a hot
plate. Sugar is added slowly to the water, the beaker is
covered with a glass plate and the water is heated. In
the meantime, the solid ingredients (agar-agar, maize
powder, and dry yeast) should be mixed and to be
added to water once it starts to boil, with constant
stirring. The contents are boiled for 15—20 minutes.
Subsequently, measured quantities (as above) of 10%
benzoic acid and propionic acid are added with thor-
ough stirring. The heater is turned off and food is
brought to the table and can be poured (3—5 mL) into
the vial depending upon the requirement. The food
should be allowed to cool and solidify before plugging
the vials with cotton. A couple of yeast granules
should be added to these vials and need to leave them
overnight. Now these food vials are ready for usage.
The same is the case with bottles except that the quan-
tity of food will be proportionally higher.

Handling of flies

Drosophila, which belongs to a class of insects, tends
to fly. Therefore these flies need to be put to sleep for
sexing of males and females and to setup/carry out the
experiment, depending upon the requirement. Several
methods are available to put flies to sleep. These include
exposure of flies to ether, chilling (or cooling), CO,, or
nitrogen, the latter three being least harmful. Of these
three choices, cooling is little bit messy but is the sim-
plest without the requirement for any sophisticated
equipment and needs merely ice and petri dishes. In
addition, it is the only method which will not affect fly
neurology. The remaining two methods require commer-
cially available gas cylinders and controllers to provide a
regulated supply of the gas to incapacitate the flies.

Fly disposal

This is a very essential step when using flies. A
bottle or beaker with (new/used) oil (whose density
is heavier than water, such as mineral oil), referred to
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as fly morgue, is generally used. The anesthetized but
unused flies should be dumped directly into the fly
morgue. Generally, they drown to the bottom but
need to be ensured (especially in the case of old mor-
gue). Discarding of flies in the morgue is aimed at
minimization of stock contamination and to keep the
lab environment fly free. The old vials and bottles
containing flies should be autoclaved to kill the flies,
prior to discarding.

Egg collection

Abundant batches of eggs synchronized in age are
required for experiments. In general, 200—300 adults
from fresh cultures should be transferred into bottles
or collection chambers containing tiny petri plates con-
taining fly food (or grape juice-agar food). To optimize
egg collections, flies are starved for 4—6 hours under
light in empty bottles. Subsequently, flies are trans-
ferred to collection chambers and kept in dark. The
first hour’s collection should be discarded, to avoid
those eggs retained by females in anticipation of fresh
food. Thereafter, egg collection plates can be removed
and replaced with new ones at 30-minute intervals.

Dechorination of eggs

To prepare the eggs for microinjection, the outer cov-
ering of egg, namely chorion, should be removed. For
chemical dechorination, eggs are washed from the egg
collection plate to a net well using egg wash buffer
(0.03% Triton X-100, 0.4% NaCl) and the net well con-
taining the eggs is placed into 2% sodium hypochlorite
(bleach) for 2 minutes. Thereafter, the eggs are thor-
oughly washed with egg wash buffer and collected onto
an agar bed or onto a petri plate. Using a fine brush, the
eggs are arranged in a vertically linear fashion and trans-
ferred to a slide using a double-stick tape (Scotch 665).
After optimal dehydration, the eggs are covered with a
layer of halocarbon oil. Later, DNA is injected (through a
fine glass needle) into these eggs under the inverted
phase contrast microscope using micromanipulator.

Preparation of DNA for injection

To generate the transgenic, the gene of interest should
first be cloned into a vector used for germ-line transfor-
mation. For Drosophila, P-element-based vectors (e.g.,
pPUAST and pPCASPER) that can integrate the gene of
interest into the fly genome are quite commonly used.
Depending upon the requirement, the complete gene or
the coding region can be cloned into the P-element vec-
tors. Once the gene is cloned, the plasmid DNA is
extracted. The successful transformation requires DNA

at an optimal concentration of 1pg/uL and should be
endotoxin-free. Thereafter, the plasmid DNA is mixed
with a helper plasmid DNA at a ratio of 3:1: helper
encodes for transposase required for the transposition of
the transgene into the fly genome. Subsequently, the
mixed DNA is precipitated using ethanol and resus-
pended in the injection buffer (6 mM KCL 0.1 mM
NaPO, buffer pH 7. 5).

Protocols

Protocol for germ-line transformation in
Drosophila

The protocol given below is adapted from those of
Prof. John Belote, University of Syracuse, United States,
and Prof. Heifetz, University of Jerusalem, Israel. This
is schematically represented in Flow Chart 1.1.

Materials required

The required materials are as follows: plasmid puri-
fication kit; helper plasmid (generally, A 2—3); injec-
tion needle: glass with diameter of opening of the
tip approximately 0.5pum; fly strain: white eye of

Cloning of gene ‘ Expand Drosophila stock ‘

Preparation of
plasmid DNA

Prepare needles ‘l’
Load to needle| pi( (o Dechorionate eggs
> injector l’
Align on slides
v

Micro-injector Cover with
halocarbon oil

\ 4

Inject DNA into embryo under the inverted
microscope

‘ Collect fertilized eggs ‘

\LLeave 18°C for 24 h

‘ Collect larvae, transfer to fresh food ‘

\L 10-12 days

‘ Isolate adult males/females ‘

¥

‘ Crossed with noninjected counterparts ‘

Marker based selection of
\11 transgenics (eye color)

‘ Stabilization of transgenics ‘

FLOW CHART 1.1 STEPS FROM CLONING TO GERM
LINE TRANSFORMATION.
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D. melanogaster (w'''®); petri dishes, grape juice, agar,
potassium chloride, sodium phosphate (monobasic
and dibasic), double-stick tape (Scotch 665), tweezers
(fine needle, sharp; Sigma), fine needles, halocarbon
oil, permitted food color (red or green); and net wells.

Procedure

A. Preparation of DNA
i. Prepare the endotoxin-free DNA of the gene
clone using a plasmid maxi-prep kit. Wide
varieties of kits are commercially available and
follow the manufacturer’s instructions to
prepare the DNA.

ii. In a 0.6-mL eppendorf tube, mix 15 pg of
plasmid of interest with 5 pg of helper plasmid,
ethanol-precipitate the mixture using 1,/10
volume of 3 M NAOAC and two times volume
of 100% ethanol. Leave tubes overnight at
—20°C. Next morning, centrifuge the tubes at
14,000 rpm for 30 minutes, wash thrice with
70% ethanol (each for 3 minutes at 13,000 rpm),
and ultimately resuspend the pellet in 50 pL
injection buffer (5 mM KCl; 0.1 mM NaPO,
buffer pH 7. 5). This can be stored at —20°C till
further use.

iii. A recent study (Sonane et al., 2013) has shown
that the use of nanoparticles (NPs) to deliver
DNA through microinjection can lead to the
reduction of required DNA quantity by 10-
folds without compromising on the efficiency
of germ-line transformation.

B. Collection of fly embryos
i. Use 4—6 days old adult flies from fresh cultures
for embryo collection.

ii. Place 200—300 w''*® adults in bottles or
collection chambers containing tiny petri dishes
with grape juice-agar medium.

iii. Place the bottle in dark.

iv. Discard the first hour’s collection plate and
place a fresh one.

v. Replace egg collection plates with new ones at
30 minute intervals and use the embryos for
injection.

C. Removal of chorion from embryos
i. Wash the embryos from the egg collection plate
to a net well using egg wash buffer (0.03%
Triton X-100, 0.4% NaCl)

ii. Place the net well containing the embryos in
2% sodium hypochlorite (bleach) for 2 minutes.

iii. Wash the embryos thoroughly with egg wash
buffer and collect onto an agar bed or onto a
petri dish.

D. Preparation of embryos for injection
i. Cut a small strip of double-stick tape (Scotch
665) and stick in the center of a slide.

ii.

iii.

iv.

xvi.

Using a fine brush, arrange the embryos in a
vertically linear fashion on agar bed.

Transfer the embryos to the slide by reversing
the agar bed on to the edge of the double-stick
tape. Final orientation of the embryos should
be such that the posterior end of the embryo
shall hang off the tape.

Observe the quality and developmental stage
of the embryo. Discard those embryos with
poor quality or aged embryos (visualization of
syncytial blastoderm).

. Place the slide in a petri dish containing the

desiccant for 4—5 minutes (optimal dehydration
times are to be determined depending upon the
relative humidity of the injection room).

After optimal dehydration, cover the embryos
with a layer of halocarbon oil using a glass/
plastic pipette.

E. Preparation of needle for injection

i

ii.

iii.

iv.

Depending upon the microinjector being used,
either pull glass needles using a needle puller
or buy commercially available glass needles
meant for Drosophila injections. In both cases,
diameter of the opening of the tip is expected
to be approximately 0.5 pm.

Mix 15 pL of DNA prepared for injection with
4 pL of food color (green or red, depending
upon availability).

Load the needle with 2—5 puL of DNA either by
using a pipette or through capillary action
(particularly in case of pulled needles).
Connect the loaded needle to the holder
connected to a micromanipulator or a

syringe. In case of pulled needles, ensure to
break the tip of the needle by rubbing the same
against the corner of the cover glass, placed on
a slide.

. Place a slide containing a drop of halocarbon

oil and ensure that the needle is in the same
vertical focal plane as embryos.

F. Injection of embryos

i

ii.

iii.

i.

Lift the needle vertically and replace the slide
containing the halocarbon oil with the slide
containing embryos.

Position the needle slightly away from the
middle of the posterior tip of the embryo and
penetrate the embryo. After penetration, draw
the needle as back as possible, without leaving
the embryo, and deposit the DNA in the
posterior-most region of the embryo cytoplasm.
Inject all the embryos on the slide in a similar
manner.

G. Postinjection care of embryos

Remove the noninjected embryos to avoid false
negatives.
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ii. Place the slide with injected embryos in a petri
plate containing the moist tissue paper.

iii. After 24—28 hours, transfer hatched larvae
using a fine needle to a vial containing fresh
food.

iv. Monitor the development of these larvae and
cross each eclosed adult to the opposite sex
partner from w''*¥ stock.

v. After 10—12 days, screen for the red/orange/
yellow-eyed flies, which are transformants.

H. Generation of stable transgenic flies
i. Collect unmated transformants and cross to the
opposite sex partner from w''*® stock.

ii. Collect unmated heterozygous males and
females resulting from this cross and place the
same in fresh vials.

iii. In the resultant progeny, isolate unmated
homozygous males and females (will have dark
eye color) from heterozygous flies (eye color
lighter than homozygotes) and set up a cross of
homozygotes.

iv. Cross-check the resultant progeny for similar eye
color in all flies to ensure that the line is stable.

Ethical issues

Biological research involving organisms requires
ethical clearance. The rationale of introducing ethical
issues lies majorly on the judicious use of the animals
and their humane treatment before, during, and after
the experiments. Therefore it is now mandatory in a
research institution or in a university, where biological
research is pursued, to have animal ethics and human
ethics committee in place. These committees look into
the details of the program that will be undertaken by
the researchers for the possible use of laboratory ani-
mals (essentially mammals such as mice, rats, guinea
pigs) and for the human samples. No research data on
animals/humans are published nowadays in journals
if the respective researchers do not provide the details
of the ethical clearance data/number.

While in toxicology and other related fields, research-
ers majorly depend on the data generated on laboratory
animals trying to extrapolate the data to humans. Several
factors that remain as hurdles for the genuine extrapola-
tion is the intraspecies variation and compounding effects
resulting from one experiment to another.

Smaller animals have played pivotal roles toward our
present-day understanding of fundamental facets of biol-
ogy. In parallel, information generated in these organ-
isms due to ease of handling, their isogenic conditions
negating intraspecies variation, simple yet functionally
homologous tissue architecture to higher mammals and
more importantly in the postgenomic era, the gene

homology existing between the smaller organisms like
Drosophila, Caenorhabditis elegans, etc., to mammals and
humans have led to important discoveries that have rele-
vance to humans. In this context, limited ethical concerns
are raised for the use of smaller organisms especially
invertebrates and lower vertebrates in biological experi-
ments and testing. European Centre for the Validation of
Alternative Methods has recommended several such
organisms to promote the basic principles of 3Rs (refine,
replacement, and reduce) in biological research and test-
ing (Balls et al., 1995).

Translational significance

How does Drosophila research over the years have
made significant inroads in the area of biotechnology?
This is a pertinent question that can be asked. Over the
years, several significant information pertaining to genet-
ics and development have been generated using
Drosophila which has advanced our knowledge.
Depending upon the type of plasmid used, the germ-line
transformation can lead to the generation of transgenics
where transgenes are randomly integrated into the
genome or into specific sites (site-specific integration)
within the genome. The latter would help to overcome
the variations between transgenics arising due to inser-
tion at random sites within the genome. By exploiting
the same, researchers have generated a genome-wide
collection of transgenics to knockdown or ectopically
express genes in a stage- and/or tissue-specific manner.
In addition, in the last couple of years, researchers have
developed Drosophila reagents useful for generating
Drosophila gene knockouts by employing CRISPR/CAS9
technology, which has been widely used with mamma-
lian models. By manipulating the genome through germ-
line transformation, during the last decade, number of
Drosophila models useful for understanding several
human diseases have been developed (see Clinical signif-
icance section for details). In addition, transgenic
Drosophila are also being used in the field of toxicology.
Transgenic Drosophila containing LacZ under the control
of hsp70 promoter has extensively contributed to the
understanding of stress response mechanism underlying
heavy metal and/or pesticide toxicity (reviewed in
Gupta et al.,, 2010). Further, transgenic Drosophila mod-
els have been utilized to assess the chemical-mediated
reproductive toxicity (Misra et al, 2014a,b) and innate
immune response (Pragya et al., 2015).

Clinical significance

Model organisms made invaluable contributions for
studies of human disease mechanisms due to the high
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degree of conservation of fundamental biological
processes throughout the animal kingdom. In this con-
text, it is very important to remember that human
organization is much more complex than that of
Drosophila. Despite sharing the fundamental pro-
cesses, Drosophila and humans might still differ in
mechanisms through which these processes are regu-
lated /implemented. Consequently, researchers sensi-
bly developed Drosophila-based models for human
diseases associated with mutations in one or two genes
or for those diseases where the essential pathways
are conserved. These models are excellent for under-
standing the disease progression, pathogenesis, and
underlying mechanisms. Further, these models are also
useful in drug discovery, although caution should be
exercised before extrapolating the dose data and/or
delivery route to human use. Nevertheless, Drosophila-
based models for human disease present a quick and
inexpensive approach for first-tier screening of a large
number of molecules during the drug discovery pro-
cess. Below, we have provided a few examples of
Drosophila-based models for human diseases.

Drosophila-based models for understanding
human neurodegenerative diseases

Neurodegenerative diseases (NDs), as the name
suggests, arise due to progressive loss of specific neu-
ronal populations. Human genetic studies led to the
identification of genes associated with certain NDs but
mechanistic understanding of pathways and processes
underlying the disease remained incomplete due to
ethical and/or technical constraints. In this context,
Drosophila, with its complex behavior, including
learning and memory, driven by a sophisticated brain
and nervous system, provided excellent models for
deciphering signaling pathways and understanding
the cellular processes defining human ND (reviewed
in Hirth, 2010; Lu and Vogel, 2009). For example,
Drosophila-based models are available for Alzheimer’s
disease (AD), the most common ND, characterized
by age-dependent gradual impairment in memory
and cognitive abilities. In humans, selective atrophy
of the hippocampus and the frontal cerebral cortex,
amyloid 3 (AB) plaque deposition, aggregation of the
microtubule-associated protein tau are the hallmarks
of AD pathology. The A8 plaque is mainly composed
of AB-40 and AB-42 peptides, the products of endopro-
teolysis of the amyloid precursor protein (APP)
through secretases. Autosomal-dominant mutations
and defective trafficking of APP affect the onset and/
or progression of AD; both circumstances promote
the generation of amyloid AJ peptides. Drosophila
genome contains homologs for human AD-related

genes: APP, presenilin, and tau. Therefore researchers
employed Drosophila as a model system for AD
research. Drosophila models of APP-mediated AD do
simulate certain characteristics of human AD pathol-
ogy, including AB plaque deposition. In addition to
providing insights to the pathology, these models are
also useful to identify/target the modulators of AD
pathology through genetic or pharmacological interfer-
ence. Likewise, Drosophila models are available for
Parkinson’s disease (PD) too. PD is the second most
common neurodegenerative disorder characterized by
impaired motor skills: uncontrollable tremor, imbal-
ance, slow movement, and muscle rigidity. PD pathol-
ogy is associated with progressive loss of dopamine
neurons in the substantia nigra pars compacta of the
ventral midbrain. Formation of Lewy bodies, mainly
composed of synuclein and ubiquitin, among other pro-
teins is the pathological hallmarks of PD. Several genes
have been associated with PD in humans: alpha-
synuclein, parkin, ubiquitin carboxy-terminal hydrolase
L1 (UCHL1), phosphatase and tensin homologue
(PTEN)-induced kinase 1, (PINK-1), DJ-1, leucine-rich-
repeat kinase 2 (LRRK2), high-temperature requirement
protein A2 (HTRA2), glucocerebrosidase, polymerase
gamma and tau. Mutations in alpha-synuclein and
Parkin have been associated with PD in human.
Except for alpha-synuclein, Drosophila carries the
homologs of the remaining PD-associated genes.
Accordingly, analysis of Drosophila mutations/trans-
genes of PD-associated gene homologs provided valu-
able insights to PD pathogenic mechanisms and targets
of PD-related genes. Lack of alpha-synuclein homolog
did not deter researchers from using Drosophila
to study mechanism underlying alpha-synuclein-
related PD and its targets. By utilizing the powerful
genetic tools available with Drosophila, researchers
expressed human alpha-synuclein in Drosophila to
investigate its functional properties in PD and to eluci-
date its targets. Interestingly, metabolomic hallmarks
of Drosophila with Parkinson-like symptoms are com-
parable to those of PD patients (Shukla et al., 2016).
These findings highlight the utility of Drosophila as
a model to understand the pathological intricacies
underlying NDs.

Drosophila as a model for understanding human
metabolic disorders

Diabetes and obesity are the most common meta-
bolic disorders encountered in the present-day life-
style. To date, obesity concerns are limited mainly to
developed nations, although developing countries are
catching up quickly. Further, obesity in the majority
cases leads to diabetes. Diabetes, arising mainly from
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errors in glucose metabolism, is the most common
metabolic disorder with worldwide distribution. The
World Health Organization (WHO) already declared
diabetes as an epidemic because the number of dia-
betic patients or prevalence of diabetes has gone up
dramatically over last few decades. Diabetes has multi-
ple consequences, in that it causes two to four times
more heart diseases and stroke, 60% of amputations,
and 44% of kidney diseases. As per the latest report of
International Diabetes Federation, at present 415 mil-
lion people worldwide suffer from diabetes, and this
number is projected to be 640 million by 2040. WHO
predicted that developing countries will be at a higher
risk of this epidemic in the 21st century. There are two
types of diabetes, namely Type-1 and Type-2 depend-
ing upon the status of insulin, a peptide hormone, pro-
duced by the islets of Langerhans present in the
pancreas. In humans, insulin plays a key role in glu-
cose homeostasis along with glucagon, another peptide
hormone, which is produced by the alpha cells of the
pancreas. Insulin influences the cellular uptake of glu-
cose from the blood whereas glucagon signals the
release of glucose stored in liver cells into the blood,
thereby maintaining healthy blood glucose levels. In
Type-1 diabetes, previously named as juvenile-onset
diabetes, insulin production is affected due to autoim-
mune destruction of pancreatic cells. Consequently,
there is a rise in the circulating sugar levels due to the
failure of insulin-dependent glucose transport, trigger-
ing a compensatory starvation response breakdown of
glycogen and fat to produce energy since the body
fails to generate energy from the ingested food
resources. Type-2 diabetes, previously known as adult-
onset diabetes, differs from Type-1 by having insulin
but not being able to utilize the same efficiently, proba-
bly due to defects arising in insulin receptors or
due to a complicated medical condition called “insulin
resistance.” The conservation of insulin/insulin-like
growth factor-1 signaling (IIS) pathway between
Drosophila and mammals (Brogiolo et al., 2001)
and recent understanding of metabolic processes, glu-
cose homeostasis, and endocrinology have led to
Drosophila-based models relevant to human metabolic
disorders and diabetes. Drosophila has seven insulin-
like peptides, and five of these show significant homol-
ogy to human insulin. These peptides are produced by
neurosecretory cells in the pars intercerebralis (PI)
region of the protocerebrum in both larvae and adults.
Drosophila insulin-like peptides (dilps) affect the
growth of the organism and energy homeostasis. In
addition to dilps, Drosophila also contains the adipoki-
netic hormone (AKH), further illustrating the conser-
vation of endocrine mechanisms regulating circulating
glucose levels. In Drosophila, the ablation of AKH
(synthesized and secreted by cells in the corpus

cardiacum) results in decreased circulating carbohy-
drate levels. This antagonistic relationship between
dilps and AKH is reminiscent of that between insulin
and glucagon in mammals (Bharucha et al., 2008). To
model the loss of insulin as observed in Type-1 diabe-
tes, Zhang et al. (2009) used genetic approaches and
deleted dilps 1-5 in Drosophila. Drosophila lacking
dilps 1-5 recapitulated symptoms that appear similar
to human diabetes: knockout flies had elevated sugar
levels in their circulation and despite feeding at nor-
mal levels, they were generating energy from fat,
which is generally a hallmark of starvation. Type-2 or
insulin-resistant diabetes is caused by multiple fac-
tors. These include genetic factors, diet, and most
obviously, obesity. Further, Type-2 diabetes due to a
single mutation is rare in humans, and therefore mod-
els based on single-gene manipulations would limit
the understanding of mechanism underlying Type-2
diabetes. To model the Type-2 diabetes resulting from
diet/obesity, Musselman et al. (2011) fed Drosophila
with high-sugar diet and induced -characteristics
representing Type-2 diabetes: hyperglycemia, insulin
resistance, and increased levels of triglycerides
and free fatty acids. Though these flies are yet to
be exploited for drug discovery, the generated
models help to understand not only the mechanism
underlying human diabetes but also the down-
stream signaling components regulating glycogenol-
ysis (Haselton and Fridell, 2010). In addition, the
power of Drosophila genetic screens would help to
unravel candidates critical for carbohydrate metabo-
lism and energy homeostasis, thereby providing a
window for approaches leading to pharmacological
intervention.

Drosophila as a model for understanding
nephrolithiasis (kidney stones)

An efficient kidney is critical for the filtration and
elimination of waste from the blood. Given these roles,
analysis of the renal system has the potential to pro-
vide indications of immune, toxic, and other insults to
the body. Stone formation is the second most medical
complication in the kidney. The cause of stone forma-
tion is multifactorial, and attempts for the prevention
of the same have been complicated due to difficulties
in finding a “model” system. Vertebrate kidneys are
glomerular and structurally complex. On the contrary,
the Drosophila renal system has aglomerular tubules
and is simple. However, there exist certain structural
similarities in the renal systems of insects and verte-
brates. Malpighian tubules in Drosophila are the recog-
nizable counterparts of the vertebrate renal tubules.
Primarily, these tubules generate urine and may
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selectively reabsorb some solutes. In addition to
tubules, Drosophila, like other insects, also possess
nephrocytes having roles in detoxification by filtra-
tion and endocytosis, followed by metabolism.
Interestingly, feeding Drosophila with certain dietary
or lithogenic agents such as ethylene glycol,
hydroxyl-L—proline, or sodium oxalate results in the
formation of calcium oxalate crystals within the
lumen of the tubule in a dose-dependent manner
(Dow and Romero, 2010; Chen et al., 2011).
Drosophila is quite amenable to study kidney stones
because these stones are hardly lethal to the simple
tubule architecture of the insect. Indeed, two classes
of stone can be constitutively produced in insects
without being harmful to the organism. In the tubule
lumen, calcium phosphate is stored as concentric
spherites. The accumulation of uric acid crystals in
the tubule lumen can potentially provide a natural
model for urate nephrolithiasis. However, the extent
to which the formation of stones observed in
Drosophila mimics that of humans remains to be
understood. Apart from this, Drosophila nephrocytes,
which are analogous to podocytes in higher organ-
isms, display hallmarks of diabetic nephropathy
when flies were fed chronic high-sucrose diet (Na
et al., 2015). Further studies on these models have the
potential to provide insights to the pathophysiology
underlying kidney stones and/or diabetic nephropa-
thy that would be useful to develop new therapeutic
approaches.

Drosophila-based model for understanding the
human immunodeficiency virus pathology

Acquired immunodeficiency syndrome (AIDS) is a
disease of the immune system caused by infection
with the human immunodeficiency virus (HIV). The
pathophysiology of AIDS is quite complex. After gain-
ing entry to the body, HIV replicates to the level of
several millions per milliliter of blood. This replication
is associated with the depletion of CD4" T cells,
thereby weakening the immune system and leading to
secondary infections. To facilitate the replication of the
viral genome, HIV encodes a Trans-activator of tran-
scription (Tat), which functions as an activator of tran-
scription by interacting with components from the
transcription complex. Recent evidence points to the
involvement of host-cytoskeleton in HIV pathogenesis.
To test if Tat is involved in the cytoskeleton organiza-
tion, Battaglia et al. (2001) generated Tat transgenic
Drosophila lines and evaluated the effect of Tat by
expressing it during oogenesis. These HIV transgenic
flies helped to understand the action of viral gene pro-
ducts not just in a single cell but within a defined

territory. The principle behind these studies is that any
expansion or restriction of the territory in which the
gene is expressed results in mutated phenotypes.
Studies on these transgenic flies have shown that
Battaglia and his coworkers have shown that Tat can
interact with tubulin to alter the MT polymerization
rate in HIV-infected cells, thereby furthering our
understanding of the molecular mechanism underlying
Tat-mediated pathogenesis.

Drosophila-based therapeutic peptide production

Drosophila is not only useful to understand the pro-
cesses underlying diseases but also would be useful
for producing peptides of therapeutic importance. By
exploiting the conserved nature of peptide processing
across Metazoa and the versatility as well as the scope
of Drosophila genetics, Park et al. (2012) have success-
fully produced functional human insulin in vivo in
Drosophila. This innovative metabolic engineering in
Drosophila, however, requires several adjustments and
improvements to make it cost-effective and commer-
cially feasible. Nevertheless, coupling of this novel
method with the power of Drosophila genetics would
immensely help to meet the increasing demand for
therapeutic bioactive peptides.

We discussed here only a few of the several
human diseases. Drosophila is being used to study
other human diseases, including oxidative stress-
based disorders, tau neuropathies, Poly-Q-related
neurodegeneration, cancers, epilepsy, and muscular
dystrophy. Details pertaining to these and other dis-
eases for which Drosophila can be a potential model
are available in the Drosophila Genomic Resource
Center (DGRC) website that lists the Drosophila
counterparts of several human diseases. Given the
power of Drosophila genetics/tools, we will be learn-
ing much more about our health using Drosophila in
the future.

Turning point

The completion of Drosophila genome sequencing
and subsequent Annotation (Adams et al., 2000) paved
the way for the utilization of D. melanogaster as a
model for studying the molecular basis of human dis-
ease. Comparison of human and Drosophila genomes
suggested the presence of orthologs in Drosophila for
about 75% of human disease-related genes. In view of
these, researchers have exploited the versatile molecu-
lar tools available for Drosophila and modeled several
human diseases in Drosophila (reviewed in Lu and
Vogel, 2009).

I. Human diseases: in vivo and in vitro models



World Wide Web resources 15

World Wide Web resources

Resource availability is vital for the development of
any community. Thanks to the cooperative work cul-
ture among Drosophila researchers both in the pre-
and postgenome sequencing era. Drosophila research
community is very well equipped with versatile physi-
cal as well as network resources for the knowledge
generation and dissemination of the same. The physi-
cal resources ranged from stock centers that provide

TABLE 1.1

the required wild type stocks/mutants/transgenic flies
to the specialized centers that cater to the biochemical
reagent needs of Drosophila researchers. Virtual
resources literally assisted the quick assembly/annota-
tion of genomes across various species of Drosophila
and also assisted in functional genomics/proteomics.
Here, we listed a few commonly used network
resources and the resources for stocks and reagents
along with their utility (Tables 1.1 and 1.2). More
details regarding the listed resources can be obtained

Network resources available for Drosophila researchers and their utility.

Name of the resource Web address

Purpose/utility

FlyBase http:/ /flybase.org/

Berkely Drosophila genome
project (BDGP)

http:/ /www fruitfly.org/

Drosophila Genomics
Resource Center (DGRC)

https:/ /dgrc.bio.indiana.edu/Home

FlyRNAi http:/ /fgr.hms.harvard.edu/

flyCRISPR http:/ /flycrispr.molbio.wisc.edu/

FlyAtlas http://flyatlas.org/atlas.cgi

FlyPrimerBank http:/ /fgr.hms.harvard.edu/flyprimerbank

Flymine www.flymine.org/

Flymove http:/ /flymove.uni-muenster.de/

FlyEx https:/ /www.hsls.pitt.edu/obrc/index.
php?page = URL1233940446

FlySNP http:/ /flysnp.imp.ac.at/

Flybrain http:/ /fruitflybrain.org/

BioGrid http:/ /thebiogrid.org/

Drosophila proteome atlas http://www.drosophila.jp/jdd/

proteome_atlas/index.html

DIOPT-DIST http://www flyrnai.org/diopt-dist

TargetScanFly http:/ /www targetscan.org/fly 72/

FlyTF http:/ /flytf.gen.cam.ac.uk/

TaxoDros https:/ /www.taxodros.uzh.ch/

FlyTrap http:/ /www.fly-trap.org/

DrosDel http:/ /www.drosdel.org.uk/

FlyPNS http:/ /www.normalesup.org/ ~ vorgogoz/
FlyPNS/pagel.html

flyDIVaS http://www.flydivas.info/

Gateway to Drosophila melanogaster genome

DRSC/TRIP (Transgenic RNAi project) Functional Genomics
Resources

A resource for CRISPR RNA /Cas9 system
Road map to Drosophila gene expression

FlyPrimerBank provides a resource of precomputed primers
appropriate for qPCR

An integrated database of gene expression and protein data for
Drosophila and Anopheles

Resource for university students and teachers studying
Drosophila developmental biology

Database of Segmentation Gene Expression in Drosophila

High-density genome-wide map of single nucleotide
polymorphisms (SNPs) and SNP genotyping

Database of Drosophila nervous system
Protein and genetic interaction database

Proteomes of adult Brain, eye and reproductive system

Map genes to putative orthologs in the human genome, and
human disease genes

To predict miRNA targets in Drosophila sequence
Drosophila transcription factor database

Database on taxonomy of Drosophilidae

GFP protein trap database

Isogenic deficiency kit for Drosophila melanogaster

Drosophila melanogaster embryonic and larval peripheral
nervous system

A comparative genomics resource for drosophila divergence
and selection



http://flybase.org/
http://www.fruitfly.org/
https://dgrc.bio.indiana.edu/Home
http://fgr.hms.harvard.edu/
http://flycrispr.molbio.wisc.edu/
http://flyatlas.org/atlas.cgi
http://fgr.hms.harvard.edu/flyprimerbank
http://www.flymine.org/
http://flymove.uni-muenster.de/
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233940446
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233940446
https://www.hsls.pitt.edu/obrc/index.php?page=URL1233940446
http://flysnp.imp.ac.at/
http://fruitflybrain.org/
http://thebiogrid.org/
http://www.drosophila.jp/jdd/proteome_atlas/index.html
http://www.drosophila.jp/jdd/proteome_atlas/index.html
http://www.flyrnai.org/diopt-dist
http://www.targetscan.org/fly_72/
http://flytf.gen.cam.ac.uk/
https://www.taxodros.uzh.ch/
http://www.fly-trap.org/
http://www.drosdel.org.uk/
http://www.normalesup.org/~vorgogoz/FlyPNS/page1.html
http://www.normalesup.org/~vorgogoz/FlyPNS/page1.html
http://www.normalesup.org/~vorgogoz/FlyPNS/page1.html
http://www.flydivas.info/
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TABLE 1.2 Physical resources available for Drosophila researchers and their utility stocks and reagents.

Name of the resource Web address

Utility

Bloomington Stock Center

NIG-FLY, Japan
fly /nigfly /index.jsp

Drosophila Genomics Resource Center

(DGRQ), United States/Japan Home

https:/ /bdsc.indiana.edu/

http:/ /www.shigen.nig.ac.jp/

https:/ /dgrc.bio.indiana.edu/

Various fly stocks (including mutants and transgenics) and also
provides resources/recipes for fly work

Mutants and RNAi stocks of Drosophila

Stocks and reagents for Drosophila research

http:/ /kyotofly kit.jp/cgi-bin/

stocks/index.cgi

VDRC Stock Center, Austria
control/main

Drosophila Species Stock Center, United

States drosophila/

http://stockcenter.vdrc.at/

http:/ /blogs.cornell.edu/

Drosophila RNAI lines

Source for Drosophila species stocks

by visiting the sites using the web address given.
There are much more than those listed here and they
can be accessed at http://flybase.org/wiki/FlyBase:
External Resources
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Glossary

Allele An alternate form of a gene. A gene may have many different
alleles that differ from each other by as little as a single base or
by the complete absence of a sequence.

Centimorgan (cM) The metric used to describe the distance between
two genes, which is determined by using the frequency of recom-
bination between these genes. For example, a recombination fre-
quency of 10 amounts to 10 cM. This term is named in honor of
Thomas Hunt Morgan, who first conceptualized linkage while
working with Drosophila.

Genotype The set of alleles for a given character. A genotype can be
either homozygous (with two identical alleles) or heterozygous
(with two different alleles) or hemizygous (in case of sex-linked
alleles).

Homolog A gene whose sequence is similar to a greater extent to a
gene from another species and has commonalities in origin and
function.

Inbred Organisms that result from the process of brother—sister mat-
ings for multiple generations. This process is called inbreeding.
Gene linkage Presence of loci so close to each other on a chromosome
that they tend to be inherited together and such that recombination

between them is reduced to a level significantly less than 50%.

Locus Any genomic site mapped to a chromosome through formal
genetic analysis.

Mutation A heritable variation in the sequence of a gene that alters
the amino acid sequence of its protein. These mutations can influ-
ence the production, structure, and function of proteins.

Phenotype The physical manifestation of a genotype within an
organism. For example, hair color in human is a phenotype.

Transgene A fragment of foreign DNA incorporated into the
genome through the manipulation of embryos. For example, inser-
tion of human insulin gene in Drosophila by manipulating their
embryos.

Transgenic Refers to organisms containing a transgene or genes that
are foreign. For example, cotton seeds developed by Monsanto
are transgenic.

Isogenic Characterized by essentially identical genes. For example,
identical twins are isogenic.

Eclosion The emergence of an adult insect from its pupal case. For
example, the emergence of silk moth from its coccoon.

Transposable element A genetic element capable of moving
from one chromosome to the other or within the chromosomes.
These elements can potentially disrupt the function of other genes

Homeobox A regulatory DNA sequence present in the genes that
control pattern formation in organisms during development

Ortholog Genes in different species with a similarity to each other
due to their common ancestral origin.

Balancer chromosome Chromosome comprising inversions that
facilitate stable maintenance of lethal mutations as heterozygotes
in a manner that does not require selection.

Neurodegeneration This refers to progressive loss and/or death of
structure and/or function of neurons. For example, Parkinson’s
disease is a result of neurodegeneration

Neurodegenerative disorder A disease condition that involves or
causes neurodegeneration.

I. Human diseases: in vivo and in vitro models
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AbdA
AbdB
AD
AIDS
AKH
AntP
APP
AB
BX-C
CAS
CRISPR

DILP
HIV
Hox
Hsp
HTRA2
LRRK2
MT
ND
NPs
PD

PI
PINK-1
PTEN
RNA
RNAi
Tat
Ubx
UCHL1
WHO
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Abbreviations

Abdominal-A

Abdominal-B

Alzheimer’s disease

Acquired immunodeficiency syndrome
Adipokinetic hormone

Antennapedia

Amyloid precursor protein

Amyloid 3

Bithorax Ccomplex

CRISPR-associated proteins

Clustered regularly interspaced short palindromic
repeats

Drosophila insulin-like peptides
Human immunodeficiency virus
Homeobox containing

Heat Heat-shock protein
High-temperature requirement protein A2
Leucine-rich-repeat kinase 2
Microtubule

Neurodegenerative diseases
Nanoparticles

Parkinson’s disease

Pars intercerebralis

PTEN-induced kinase 1

Phosphatase and tensin homologue
Ribonucleic aAcid

RNA interference

Trans-activator of transcription
Ultrabithorax

Ubiquitin carboxy-terminal hydrolase L1
World Health Organization

Long answer questions

1. Describe the molecular events underlying the
development of metazoans.

2. Describe germ-line transformation in Drosophila.

3. What is the translational significance of Drosophila
biology?

4. Explain the contributions of Drosophila to the
understanding of pathophysiology of
neurodegenerative diseases.

5. Explain how Drosophila can be considered as
Cinderella of biotechnologists.

Short answer questions

1. State the different stages in the life cycle of
Drosophila.

2. What is holometabolous development?

3. Provide two examples of Drosophila models for
human diseases.

4. How conserved are the genomes between
Drosophila and humans?

5. What is germ-line transformation?

6.

ury

p—

10.

Can Drosophila be a model for therapeutic peptide
production?

Answers to short answer questions

. Egg, larva (three instars), pupa, and imago (adult).
. A specific type of insect development involving

complete metamorphosis involving different stages
of development to give rise an imago that appears
entirely different from the developmental stages.

. Diabetes and Parkinson’s diseases.
. As many as 75% of human disease genes are

conserved in Drosophila.

. Germ-line transformation is a method through

which DNA is incorporated into the germ line of
the individual for its faithful inheritance to
subsequent generations of transgenic organisms.

. By exploiting the conserved nature of peptide

processing across Metazoa and the versatility as well
as the scope of Drosophila genetics, Park et al. (2012)
have successfully produced functional human
insulin in vivo in Drosophila. Coupling of this novel
method with the power of Drosophila genetics
would immensely help to meet the increasing
demand for therapeutic bioactive peptides.

Yes/no type questions

. Whether Drosophila is a mammal?
. Whether Drosophila undergoes holometabolous

development?

. Whether Drosophila genome has been completely

sequenced?

. Are the genomes between Drosophila and humans

largely conserved?

. Whether incubation of Drosophila with DNA leads

to transgenics?

. Can germ-line transformation be used to

manipulate Drosophila genome?

. Is there translational significance for Drosophila

transgenics?

. Are the Drosophila models for human diseases

clinically relevant?

. Can Drosophila be a model for studying

neuropathy or kidney stones?
Are there web resources available to exploit
Drosophila genome?

Answers to yes/no type questions

. No—Drosophila is an insect having sequence

homology to mammals.

I. Human diseases: in vivo and in vitro models
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Yes. 7. Yes—Transgenic Drosophila are being extensively

. Yes—The complete genome sequence of used to understand human diseases and also in
Drosophila was published in 2000. drug/toxicity screens.

. Yes—As many as 75% of human disease genes are 8. Yes—Drosophila models have led to the
conserved in Drosophila. mechanistic understanding of human diseases,
No. including diabetes and Parkinson’s diseases.

. Yes—This method can be used to genetically 9. Yes.
manipulate the Drosophila genome and 10. Yes—Flybase.org is the best resource to gain
that depends on the kind of plasmid being injected. insights to Drosophila genome.
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Summary

Animal models for tuberculosis (TB) research
provide valuable and specific information about
the nature of the disease (pathology and the
immune response). Refinement of animal models
may pave the way to new information of great
importance. The choice of model is mainly depen-
dent on cost, availability, space, as well as biosafety
requirements.

There are no naturally occurring animal reservoirs
for Mycobacterium tuberculosis, and many different ani-
mal species are susceptible to infection with this
organism. It has been observed that there is extreme
variation in the pattern of pathological reactions
between different species. Though different animal
models are in use for long for tuberculosis research
providing valuable information about the nature of
the disease including specific information about the
disease pathology and the immune response to the
infection, none completely mimic the human model.
However, refinement of animal models may pave the
way to new information of great importance. No sin-
gle model is good enough for evaluation. The choice
of model is mainly dependent on cost, availability,
space, as well as biosafety requirements. The most
commonly used experimental animal models of TB
include the mouse, rabbit, and guinea pig. There are
established protocols for infecting animals with TB
and further analysis. These protocols are summarized
at the end of the chapter and provide valuable infor-
mation regarding the course of infection, the basic
immune response, and the extent of lung pathology of
experimental pulmonary tuberculosis.

Animal Biotechnology.
DOI: https://doi.org/10.1016/B978-0-12-811710-1.00002-1

Introduction

Tuberculosis still remains to be focal public health
priorities for many of the developing countries of the
world. According to WHO, globally, around 8.87 mil-
lion new incidents of TB are being diagnosed as new
cases in 2011. Most of the cases occurred in the South-
East Asia (55%) and the African (30%) regions. The
five countries with the largest numbers of cases
include India, China, South Africa, Nigeria, and
Indonesia. Of the 8.87 million new TB cases in 2011,
about 15% were HIV positive, 78% of these HIV-
positive cases were in the Africans, and 13% were
in the South-East Asia regions. Identification of
multidrug-resistant (MDR) strains, defined as myco-
bacteria resistance to at least rifampicin and isoniazid
(two first-line anti-TB drugs), and extensively drug-
resistant (XDR) strains, defined as MDR mycobacteria
with additional resistance to fluoroquinolones and at
least one of the injectable second-line antituberculosis
drugs, has worsened the condition. Notably MDR- and
XDR-TB have been recognized by WHO as a major
challenge to be addressed in the fight against TB
(Dube et al., 2012). Although delamanid and bedaqui-
line are newly approved drugs after a gap of 40 years
for the treatment of multidrug-resistant TB, new mole-
cules are still needed to end TB by 2030 (Migliori et al.,
2017, Singh and Gupta, 2018).

When humans are infected with M. tuberculosis, they
may develop primary active TB, latent TB, chronic
active TB, or reactivation disease; 10% of non-
immunosuppressed individual progress from latent to
reactivation of TB over their lifetimes, while HIV-infected
individuals have a 10% annual risk of reactivating latent

© 2020 Elsevier Inc. All rights reserved.
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disease suggesting that not all above-mentioned mani-
festations are mutually exclusive. The individual
outcome is determined by various factors such as
immunosuppression, HIV infection, and nutritional sta-
tus, intensity of exposure, BCG vaccination, and age.
The re-exposure to TB and reinfection plays a role in
the risk of developing disease, which is less commonly
reported. However, it attracts an increased importance.
Each of these stages of infection in humans can be
approached by the use of one or more of the animal
models which are discussed further in this chapter.

For more than a hundred years, animals have indeed
taught humans a great deal about TB and promise to be
of potentials as increasingly useful tool in studying
immunologic, genetic, molecular, and pharmacologic
characteristics of bioactives, infection, and related path-
ogenesis. Animal models have become standard tools
for the study of a wide array of human infectious dis-
eases. Many animal models of TB have been developed.
Given the complexity of human TB, animal models
of TB offer a vast resource to study a multitude of
unresolved questions; the genetics of host defense,
microbial virulence, latency, reactivation, reinfection,
drug therapy, and immunization are just a few to
name. Researchers are fortunate to have many well-
developed experimental animal models from which
exhaustive knowledge can be attained. The most com-
monly used experimental animal models of TB include
the mouse, rabbit, and guinea pig. Although, substantial
differences in TB susceptibility and disease manifesta-
tions exist between these species, they have contributed
significantly to understanding various aspects of TB.
Current concepts in TB pathogenesis have also been
derived from animal studies involving experimentally
induced infections with related mycobacteria (e.g., M.
bovis). The manifestations in select animal hosts may
mimic the etiology of tuberculosis in human TB.

TABLE 2.1

Comparative pathology of tuberculosis in
humans and animals

Robert Koch recognized and reported the spectrum
of pathology of TB in different animal species based
on his seminal studies on TB. The examination of clini-
cal specimens from infected humans, cattle, deer, bad-
gers and possums confirmed the extreme variation in
the pattern of pathological reactions between different
species (Table 2.1). There is also an associated spec-
trum of resistance to infection. Guinea pigs, ferrets,
possums, and badgers are innately susceptible to TB,
while humans, rabbits, mice, cattle, and deer express
varying levels of resistance, depending on their
genotype.

Studies in laboratory animals such as guinea pigs
and rabbits have significantly enhanced the under-
standing of the etiology and pathogenesis of TB.
Humans, cattle, deer, guinea pigs, and rabbits have
similar pathology, however, differ in susceptibility to
TB. As compared to humans and ruminants that are
relatively resistant, fewer than five virulent organisms
introduced by the aerosol route into guinea pigs con-
sistently produce lung lesions, bacteremia, and fatal
disease. Studies in guinea pigs and rabbits have made
an important contribution in the understanding relat-
ing to the virulence and pathogenesis of TB, but they
have limited use in the study of the protective immune
response (Smith and Wiegeshaus, 1989).

Characteristics of a model for tuberculosis with
respect to infection and pathogenesis

e Experimental infection mimics natural disease.
* Infection results from low-dose challenge.

* Route of exposure simulates natural exposure.
* Pathology present in relevant target organs.

Pathogenesis found in different animal species infected with virulent M. bovis.

Pathology

Animal species Predominant site for lesions

Caseation fibrosis Langbans giant cells Acid-fast bacilli

DTH Antibody (IgG)

Guinea pig Lung, liver, lymph node, spleen ++
Ferret Lung, liver, lymph node, spleen, kidney -
Rabbit Lung, liver, lymph node, spleen, kidney +
Mouse Lung, liver, spleen, lymph node -
Possum Lung, liver, spleen, kidney, lymph node —
Badger Lung, kidney, lymph node —
Cattle Lung, lymph node ++
Deer Lung, lymph node ++
Human Lung, lymph node ++

- + ++++ +
- 4+ - ++
++ + + ++
- ++ + /- +/-
- 4+ + /- + /-
- +++ - +/-

4+ + ++ + /-

+++ ++ ++ ++
4+ ++ +++ ++
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* Lesions analogous to those found in naturally
infected host.

* Spectrum of disease equivalent to that in the
naturally susceptible host.

Pathogen diversity: crossing species barriers

In 1865, Villemin proved that TB was an infectious
disease by inoculating laboratory rabbits with myco-
bacterium isolates from infected humans and -cattle,
and in 1882, Robert Koch defined the etiology of TB
using pure cultures in experimental animal models,
particularly the highly susceptible guinea pigs. At that
time, Koch regarded mycobacterial isolates from
humans and cattle as interchangeable, but after follow-
ing Theobald Smith’s distinction of M. bovis from M.
tuberculosis in 1896, Koch argued strongly that the
bovine tubercle bacillus presented minimal health risk
to humans. Emil von Behring, a junior colleague of
Koch, took a different view and advocated vaccination
with the human tubercle bacillus which he considered
to present minimal health risk to cattle. The host-
restriction of mycobacterial strains remains imprecise.
“M. tuberculosis” is generally associated with human
disease, but can be found in cattle; “M. bovis” is gener-
ally associated with animal disease, but can be found
in humans as well. This contrasts with the increasing
precision was elaborated and provided by genetic anal-
ysis (Hershberg et al., 2008). Now, we recognize seven
major lineages as members of the “M. tuberculosis com-
plex”; six M. tuberculosis lineages differentially distrib-
uted among different human populations and one M.
bovis lineage that includes multiple “ecotypes” differen-
tially distributed among different mammalian species
(Smith et al., 2006). Some of the major questions which
are still to be answered include-whether these distribu-
tions are simply the products of history and geography,
or each of the variants uniquely adapted to different
species or ethnic groups? Should we consider pathogen
genotype when selecting host—pathogen combinations
for experimental models? Major differences in disease
progression were seen with different isolates in animal
models. They certainly warrant further analysis and
subsequently von Behring observed that repeated pas-
sage (in culture and in animals) has a significant and
differential impact on the ability of isolates to cause a
disease in different hosts.

Host diversity: fundamental processes and
fine-tuning

There are distinct differences in the pathological
manifestations of TB in different mammalian species in

terms of the patterns of cellular aggregates (more com-
monly known as granulomas) surrounding infected
foci (Basaraba, 2008). Although human TB is associated
with a diverse range of lesion types, caseous necro-
sis—comprising a well-structured ring of lymphocytes
surrounding the remnants of dead cells—is regarded
as the hallmark of human pathology. Physiological
roles that have been assigned to these lesions include a
positive contribution to containment of the infection,
as well as detrimental contributions associated with
sequestration of the bacteria from drugs and provision
of a hypoxic microenvironment that produces a non-
replicating, drug-tolerant state of bacterial persistence
(Via et al.,, 2008). Breakdown of caseous necrotic
lesions results in cavities that are capable of support-
ing the extensive bacterial replication required for sub-
sequent transmission. In contrast, TB in the lungs of
mice is generally associated with more diffuse cellular
infiltration, lacking the structural organization and the
necrotic foci which are the characteristics of the human
disease. Caseous necrosis is seen in guinea pigs and in
rabbits, while TB in cynomolgus macaques produces
the full repertoire of lesions similar to human beings
(Lin et al., 2006). This difference in disease pathology
is central to the argument that the mouse is not a good
model of TB. Although mice provide a model to
explore the general effect of drugs on bacterial growth
during infection, they are inevitably unreliable in the
case of drugs customized for activity against lesion-
specific bacterial subpopulations.

Approaching the issue of host diversity in terms of
immunology lends a different perspective. The exten-
sive range of immune reagents and recombinant
inbred strains has allowed very detailed analysis of the
immune response to mycobacterial infection and vacci-
nation in mice (North and Jung, 2004). In naive mice,
there is an initial period during which cells of the
innate immune system—macrophages, neutrophils
and NK cells—are engaged but largely fail to contain
the infection. A few weeks after infection, recruitment
of antigen-specific T cells and stimulation antimicro-
bial function of macrophages restricts further bacterial
growth but fails to eliminate the existing infection.
Chronic infection persists, leading to death a year or
so later. By establishing a population of primed T cells,
vaccination in the effect initiate and accelerate the
involvement and engagement of the adaptive immune
response, thus lowering the bacterial “set point” in the
chronic phase and as a result delaying, but not pre-
venting death. IFN-y and TNF-a are crucial mediators
in the containment of infection.

Although opportunities for detailed immunological
analysis are limited in other species, the basic features
of the mouse model would appear to hold true for all
mammals, including humans. For control of human
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TB, the critical role of T cells is evident from the
dramatic increase in risk of disease for individuals co-
infected with HIV; the role of TNF-a is shown by TB
reactivation during anti-TNF-«a therapy and the central
role of IFN-y was demonstrated by hypersusceptibility
to mycobacterial infection in individuals with rare
mutations which affect IFN-v signaling. This last exam-
ple is interesting in that the IFN-y effect is generally
not reproduced in the common tissue culture model
using monocyte-derived macrophages from human
peripheral blood.

A general conclusion is that mice provide a robust
and predictive model for studying fundamental features
of the immune response to TB, a conclusion that is inte-
gral to the triage system that has led to the selection of
the front-line TB vaccine candidates currently moving
into clinical trials. However, it is important to consider
whether effective vaccination against reinfection/reacti-
vation TB in adults will in fact require the modification
of core immune mechanisms or rather the fine-tuning
of immune regulation, perhaps manipulating species-
specific processes that contribute to differences in lesion
architecture discussed above. To address this, Apt and
Kramnik (2009) put forward a compelling case that,
rather than discarding the mouse and its immune
opportunities, we should take advantage of inbred and
recombinant genetics to select mice that recapitulate the
relevant aspects of human pathology.

Animal models of tuberculosis: limits and
lessons

Artificially infected guinea pigs, mice, and rabbits
have served as indispensable tools through which trans-
mission, immunopathogenesis, tuberculin response,
vaccine and antimicrobial efficacy, genetic resistance,
and many other important facets of TB have been stud-
ied. Results, however, are usually not entirely reflective
of TB infection and disease in humans. Substantial dif-
ferences in TB susceptibility, disease patterns, and
temporal course exist among species (see Table 2.2).
The extent of organ involvement, immune response to

TABLE 2.2 Common animal models of TB—A comparative study.

aerosol or parenteral infection, and histopathology also
vary considerably from species to species. In addition, a
variety of clinical and laboratory strains of M. tuber-
culosis exist to infect animals experimentally, and these
mycobacterial strains often differ greatly in infectivity,
virulence, and immunogenicity in different animal
models (Gagneux and Small, 2007). Well-defined host
and pathogen variability allows researchers to control
these factors, selecting those combinations needed to
create animal models suited to the purpose being
solved. Although infection by inhalation is the most rel-
evant model for human infection, animal infections are
also produced by parenteral inoculation. Like humans,
TB in animal models is also treated with antimicrobials
given orally (by gavage) or by parenteral routes.

In addition to these considerations, animal species
vary based on size, laboratory space requirements,
rearing costs, and ability to approximate the disease
process in humans. In subsequent section, the key fea-
tures of the well-developed animal models of TB and
briefly; less commonly used animal species will be dis-
cussed. Despite several important differences outlined
in the sections that follow, the murine, rabbit, and
guinea pig models have emerged at the forefront of TB
research because

1. infection can occur with inhalation,

2. animals manifest an innate and acquired immune
response,

3. animals often initially control bacillary growth in
the lung, and

4. they ultimately succumb to the disease.

Animal models: contributions in tuberculosis
vaccine testing

Animal model possesses remarkable similarities
with human physiology and provide important infor-
mation about human system. This serves as the basis
for testing of different vaccine candidates. Initially,
Robert Koch employed mouse as an experimental
model and subsequently, a variety of animal models

Histopathology Relative susceptibility to Immunologic reagents Laboratory space
Model Necrosis Caseation Cavitation M. tuberculosis available and cost
Mouse Minimal Usually not  No Low Extensive Relatively small
Rabbit Yes Yes Yes Very low Moderate Relatively large
Guinea Pig Yes Yes Infrequent Very high Relatively few Moderate
Nonhuman primate  Yes Yes Yes High Extensive Large
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including monkey, guinea pigs, rabbit, monkey, etc.,
were also used for studying the infection of M. tuberculi.
Out of these several models, the mouse and guinea pig
are being extensively used and provide new informa-
tion about the host response in the lungs, changes in
immunopathology, and the protective effect of new vac-
cine candidates throughout the world (Flynn et al,
2005). Every model has its own advantage and disad-
vantage, and the conclusion obtained from them can be
extrapolated to humans; these models resemble one or
the other aspect of human disease. These animals can
be infected by pulmonary route without any difficulty,
and this is the prime benefit of using these models for
studying tuberculosis. Few virulent tubercular bacilli
get deposited in alveolar space similar to the manner
human do. Further, different stages of progression of
TB can be easily studied with the help of animal models
(Dharmadhikari and Nardell, 2008). Disease symptoms
including fever, loss in weight, abnormal X-rays, and
respiratory distress can also be observed in these mod-
els. Like human, the animals in due course meet death
because of pulmonary insufficiency if left untreated. For
the reason that of these similarities in human and ani-
mal models in the vulnerability as well as resistance to
TB, disease progression, and finally death, the animals
are considered good models for evaluating new anti-TB
treatment regimen including bioactive and vaccines.
Upon infection, humans can develop any type of the TB
including primary active TB, latent TB, chronic active
TB, or reactivation disease. The progression of the dis-
ease also depends upon exposure intensity, nutritional
status, BCG vaccination, immunosuppression, age, and
prevalence of other disease like HIV infection. Each of
these stages of infection in humans can be approached
by the use of one or more of the aforementioned animal
models.

Various animal models

Mouse model

Robert Koch discovered the very first time that
experimental mice can be used as an animal model for
TB infection. The inoculation with M. tuberculosis-
induced lesions are more similar to those seen in the
case of natural disease in humans. Subsequent work
established the pattern of disease in the more resistant
mouse model. The strong immune response of this
model for TB infection is emerged slowly. Mice are
generally more resistant model for TB infection as
compared with rabbits, guinea pigs, and even humans,
as evidenced by their ability to tolerate relatively large
bacillary numbers within their lungs and other organs
without signs of illness. They develop noncaseating

granulomata in response to infection and generally
manifest a chronic phase of disease that represents the
immune-mediated tissue destruction on a background
of slowly progressive bacterial growth, ultimately
resulting in death. This persistent stage of infection
might be due to the chronic exposure of TB antigens
on T-cell function, signifying the role of CD4/CD8
T-cell responses in the mouse remains robust over
time. Previous reports addressed that murine macro-
phages use Toll-like receptors on their cell surfaces to
identify the mycobacterial antigens and ultimately trig-
ger the cytokine production, which are responsible for
granulomatous response (Ito et al., 2007). The mice
model also possesses the T cell-independent (natural
killer cell) production of IFN-~ (a cytokine), which are
crucial to the host immunologic response against TB.
Several available options such as inbred and geneti-
cally knockout strains of mice have contributed in the
understanding of the role of many specific cytokines,
cells, and cell surface markers in containing bacillary
growth (Kerantzas and Jacobs, 2017)

The mice models were successfully infected through
pulmonary route using aerosolized microorganisms by
means of nose-only exposure chambers to easily attain
an easy infection with relatively low doses [~50 colony-
forming units (CFUs)] of M. tuberculosis. The growth of
M. tuberculosis is logarithmic and then plateaus around
10° organisms are arrived in the lungs while cell-
mediated immunity (CMI) develops during first 4 weeks.
The plateau phase is an indicator of the persistent stage
of infection, in which TB antigen can be more metaboli-
cally quiescent within macrophages. As reported earlier,
this model is not capable for replicating paucibacillary,
latent human TB infection. TB-induced mice presented
little necrosis before the last stages of the disease and
the animals develop only weaker sensitivity to tubercu-
lin. Mice, which are inhaling the virulent bacilli, die of a
successive enlargement of pulmonary granulomatous
tubercles. In addition, the virulence of a given strain of
M. tuberculosis depends on several factors indicating
the route of infection, the manner of preparation of the
suspension, and the dispersion as well as the size of the
suspension. Earlier studies reported that high-dose intra-
venous challenge model in mice, which have low protein
levels, showed T-cell defects with a loss of control of vir-
ulent infection and impaired granuloma formation. But,
it was also observed that mice model could recover from
TB infection, if they are allowed feeding with an ade-
quate diet. The loss of TB resistance in their model was
mainly due to the decreased nitric oxide production by
activated macrophages that occurred secondary to an
IFN-y defect especially in malnourished animals (Chan
et al., 1996).

The course of disease can be also influenced by the
genetic variation among various inbred strains of mice.
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The number of viable H37Rv bacilli in the lungs of
BALB/c mice was 2log lesser than their number in
DBA /2 mice during the stationary phase after intrave-
nous injection. The mice of BALB/c and C57BL/6
strains survived two times longer than DBA/2 and
C3H/HeJ strains. The knockout mice (lacking genes for
acquired immune response) also showed a higher num-
ber of bacillary titers during the stationary phase.

In Webster-Swiss male mice, the TB was induced by
H37Rv strain of M. tuberculosis administered intravenously
(McCune et al., 1966). The treatment was accomplished
by using oral INH and pyrazinamide (PZA) for 12 weeks
after bacterial inoculation. The drug-based therapy might
be successfully employed for reducing the number of
bacilli in mice tissues for up to 3 months after the termina-
tion of INH/PZA, to the extent that mycobacteria could
not be cultured or otherwise isolated from lung or other
tissue homogenates (e.g., essentially “sterilized”). If one
carefully observes for longer periods of time, almost one-
third of similarly treated animals spontaneously develop
reactivation of TB, which is characterized by a recrudes-
cence of the bacterial burden in their tissues. To under-
stand the all “apparently sterile” animals those harbor
dormant or latent organisms could turn to be reactivate at
or after 3 months. The study concluded that appropriately
timed steroids led to reactivation TB in most of these pre-
sumably “sterile” mice owing to residual viable organ-
isms. However, this latent TB model although imperfect it
could be an important adjunct to the conventional chronic
TB disease model. The other researchers have manipu-
lated a number of factors, such as the dose/duration of
antibiotics, the time interval between antibiotic use and
immunosuppression, and type of immunosuppression, to
map specific cellular and cytokine mechanisms operative
in the reactivation process.

Mouse is very cost-effective model for the evaluation
of drugs, and it was more accurate as a measure of drug
efficacy than other models such as the guinea pig. The
antituberculous drug before entering into clinical phase
have to undergo in vitro testing to measure their growth
inhibitory potential, followed by the pharmacological
activity for sterilizing activity in animals. The experimen-
tal studies investigated the sterilizing activity of effective
drugs, as well as the efficacy of shorter treatment dura-
tions using combinations of new and existing drugs.
Recent studies concluded that various effective regimens
can substitute the existing moiety such as PA-824 for
INH and rifampin, or rifapentine as an alternate of RIF.
Rifapentine presented longer half-life and finally greater
area under the curve (AUC), especially when adminis-
tered daily or thrice weekly. Lenaerts et al. (2008) evalu-
ated newer moiety within a subcategory of quinolones,
the 2-pyridones. This compound was found to be more
effective and better; however, it was INH but not super-
ior than moxifloxacin.

Mice are particularly the favorable option for studying
the immunology of mycobacterial infections and have
contributed significantly for understanding of the roles of
various immunological mechanisms of resistance. If con-
cern with experimental aspect, mice is generally easier to
maintain in BSL3 facilities and suggest an affordable,
high-yield means to study vaccines, antitubercular drugs,
immune mechanisms, host genetics and the contribution
of host and pathogen strain differences leading to infec-
tion. The major disadvantage associated with mice model
is the development of resistance to classic TB disease; as
a result, they tend to be non-respondents to the therapy.

Guinea pig model

Guinea pigs models have been used to create mod-
els of TB transmission due to their exceptional suscep-
tibility to infection with a few inhaled mycobacteria.
Guinea pig is used as models in various forms of TB
infection such as childhood TB and TB in immunosup-
pressed hosts, followed by the granulomata formation,
primary and hematogenous pulmonary lesions, dis-
semination, and caseation necrosis (McMurray, 1994).
In guinea pig, the lesion was developed after low-dose
aerosol treatment with M. tuberculosis has similarities
to natural infections in humans and all this make them
attractive animal model to study the bacterial persis-
tence. Similar to humans, naive guinea pigs first
develop primary lesions that differ in their morphol-
ogy as compared to secondary lesions. Primary lesions
were originated after initial exposure, while secondary
lesions were from hematogenous dissemination after
the activation of acquired immunity (Lenaerts et al.,
2007). It was previously reported that TB is an airborne
infection; hence, this model can be easily experimen-
tally induced by living air samples for airborne tuber-
cle bacilli generated by TB patients. The infection was
confirmed by both mycobacterial culture and histo-
logic examination of various tissues namely lungs,
spleens, and lymph nodes. To induce TB infection in
guinea pigs, a limited number of animals were
required as compared to mice as they have larger min-
ute ventilation (Nardell, 1999). The course of infection
first enters the logarithmic phase of bacillary multipli-
cation in the lungs over 2—4 weeks. After that, it enters
a stationary phase in lungs, whereas other organs
showed the hematogenous dissemination.

The guinea pig model, however, at the back in posi-
tion among the above-mentioned animal models in the
context of the availability of immunologic reagents for
studying guinea pig host immune responses. Moreover,
a number of reagents are available to study cytokines
and other inflammatory cells involved in pathogen rec-
ognition. Recent research has explored the new avenue
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FIGURE 2.1 Stages of the immunological life cycle of human tuberculosis that can currently be modeled in experimental animals.

in the cloning of guinea pig cytokine and chemokine
genes and their expression in recombinant guinea pigs
as well as reagents which are used in the study of the
response of guinea pigs to infection with virulent M.
tuberculosis (Jeevan et al., 2006; Ly et al., 2007) (Fig. 2.1).

Rabbit model

Rabbits showed a higher resistance to M. tuberculosis
infection and occupy an important position, as humans
are also relatively resistant. Only 10% infected indivi-
duals allow progression of their TB infection. The
rabbit-based model enabled us to understand the

pathology of TB infection by M. bovis infection.
However, previous experiments demonstrated that
rabbits are generally resistant to infection with air-
borne M. tuberculosis. The pulmonary infections with
M. tuberculosis have formed the cavity, which ulti-
mately may regress and heal. The rabbits are infected
with bovine mycobacterial infection, that is, M. bovis;
their pulmonary pathology to inhaled bovine tubercle
infection is more similar to human M. tuberculosis infec-
tion than those recorded in the case of other models
such as mice and guinea pigs. In rabbits, the pulmonary
cavity is first developed followed by bronchial spread of
microorganisms. Subsequently, it was presented that
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delayed-type hypersensitivity (DTH) and CMI are major
contributory factor for developing the cavity in rabbit-
based model. The cavity formation is mainly due to pul-
monary cavities which possess large populations of
bacilli reaching to the bronchial tree and also due to
degree of sputum culture positivity, showing high bacil-
lary burden. Rabbits, which are known to produce cavi-
tation, have major perspectives in the study of disease
transmission as compared to other animal models.
Rabbits are also employed as the model for studying the
latent or paucibacillary TB states in humans. Rabbits eas-
ily get the paucibacillary state through their own immune
systems involved in the control of infection. Moreover,
the experimentally immunosuppressed animals achieve
the latent stage of infection easily. However, the rabbit
model lacks the immunological reagents. Rabbits are
more costly as compared to mice and guinea pigs and
require large laboratory space.

Nonhuman primate model

The nonhuman primates are also successfully
employed as model for latent TB infection. This latent
state is metastable and can get reactivated easily when
the animals are stressed or possible even without any
exogenous immunosuppression administration. The
main reason may be that they are closely related to
humans, but owing to the difficulty such as higher cost,
they have not been utilized to a larger level. The other
animal models, however, fail to mimic the human dis-
ease entirely; therefore, research has been shifted and
focused on the nonhuman primate model for the TB
infection. The Philippine cynomolgus monkey (Macaca
fasicularis) developed acute infection, and they have
been rapidly progressive for highly fatal multilobar
pneumonia, when challenged intratracheally with high-
er dose of M. tuberculosis (10° or 10* CFU). On the other
hand, a lower dose of M. tuberculosis (10> CFU) causes a
chronic, slowly progressive, and localized form of pul-
monary TB, while the significant proportion of monkeys
might be challenged with 10? or 10" CFU to induce the
infection in subclinical state. In nonhuman primates, the
cynomolgus macaque have been effectively used to sim-
ulate the TB infection and also primarily infected with
low-dose aerosol concentrations (~25 CFUs). They
manifested dormant infection and reactivation as they
appear in humans. Capuano et al. (2003) concluded that
cohort of macaques might be challenged with low-dose
aerosol. Though indications for TB infection were pro-
vided by tuberculin skin test or lymphocyte prolifera-
tion assays to PPD, however, only 60% subsequently
developed active TB. This model may be an attractive
option to study the interaction between simian viral
immunodeficiency (SIV) and TB as a model for human

HIV/TB co-infection. Moreover, their antigens cross-
react with immunologic reagents developed for human
cells and tissue as well as with macaque-specific
reagents and allow for immunohistochemical examina-
tion to understand the mechanisms of disease, although
nonhuman primates are restricted owing to higher cost,
handling difficulties and space requirements with BSL3
facilities as well as higher susceptibility to TB infection
and capable of horizontally transmitting the disease.

Cattle model

In cattle model, the M. bovis-based infections have
been successfully established and used to understand
the molecular mechanisms of the TB infection. In context
with the pathology, bovine TB appears to be similar to
human TB in regard to granulomatous reactions and
CMI; however, it differs in regard to cavitation. Cattle
are a natural host for TB and the disease induces compa-
rable pathological and immune responses to those which
are seen in humans. The infection in cattle is mainly
localized to the respiratory tract and clinical disease may
take years to develop. Several immunological agents are
also available to study infection in this species. The
human M. tuberculosis-based infection was diagnosed
by new IFN-y release assays; originally, it was developed
to diagnose TB in cattle (Vordermeier et al., 1999).
Moreover, the cattle model is an eminent option for the
secondary screening of TB vaccines as there is more of
similarity between the disease in cattle and humans, and
also, outbred animals could be used (Table 2.3).

Protocols

This section of the chapter deals with describing the
established protocols for infected animal models of TB,
subsequent processing for the analysis and for study-
ing various aspects of biosafety that must be observed,
in all the set of conditions. All the protocols are illus-
trated by means of flow charts.

Preparing M. tuberculosis inoculum for aerosol
exposure

From the known concentration of M. tuberculosis
stock solution, dilutions are prepared to infect mice or
pigs by aerosols. To verify the amount of inoculums
used in the nebulizer, diluted aliquot of bacterial sus-
pension is plated on 7H11 agar. Care should be taken
during serial dilutions to prevent the generation of
aerosol. All pipette tips, spills, or drops if any should
be disinfected with 5% lysol (Flow Chart 2.1).
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TABLE 2.3 Summary of current experimental models of TB and the particular aspects associated with these models.

Model Pathology Immunology Genetics Drugs Vaccines
Zebra fish  Excellent for Good for innate Good for making mutants
imaging of early  immunity
pathology
Mice Loosely organized Extensive range of Diverse genetic Routinely used Routinely used model
granulomas immunology reagents and backgrounds, wide range model, works for
recombinant animals of mutants current drugs
Guinea pigs Well-structured Limited range of Routinely used Routinely used model,
granulomas, immunology reagents model large “window”’ for BCG

caseous necrosis

Rabbits Well-structured Useful for assessing
granulomas, lesion—specific
caseous necrosis activities
Cattle Moderate range of Well-defined lineages Experimental challenge
immunology reagents (Bostaurus, Bosindicus), and natural transmission
cross-breeds and inbred herds models
Nonhuman Range of lesions ~ Most human immunology Expensive; use for ~ Mimics human response
primates parallel those in reagents can be used proof-of-concept (highly diverse); use for
humans proof-of-concept

FLOW CHART 2.1
Bacterial stock solution in 50 ml conical tube and allow thawing

1

4

Take 3 ml syringe (with 26 ¥ G needle ), put it into the vial and
take bacteria in and out three times withoutcreating any frothing

2

4

Pull 1 ml of bacteria and 100 pl air into syringe

3

4

Add it to the diluent tube, if required make further dilutions

4

<

Using a 10 ml syringe fitted with 18 G needle pull 5 ml of inoculum

5

<

Initiate aerosol cycle
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Aerosol infection of mice using the middlebrook
apparatus

Middlebrook airborne infection apparatus is most
widely used in aerosol generation device. It is used to
establish an animal model of pulmonary tuberculosis
to resemble normal route and the site of infection in
humans. This instrument consists of aerosol chamber
that contains basket or cage with five compartments
that can accommodate 25 mice. Compressed air flows
through the nebulizer and produces a fine mist of bac-
terial suspension carried into aerosol chamber. This is
inhaled by the animals. Finally UV lamp is used to
decontaminate the surface (Flow Chart 2.2; Fig. 2.2).

2. Animal models of tuberculosis

Aerosol infection of guinea pigs using a madison
chamber

Madison chamber is aerosol generation device used
for the guinea pigs because of their larger size. The
surfaces of the Biosafety Class II Cabinet should be
sterile with 5% Lysol and 70% ethanol

TEST RUN—to ensure adequate pressure driving
(Flow Chart 2.3; Figs. 2.3 and 2.4).

Bacteria loading

Before the bacterial loading, each of the corresponding
guinea pig cage should be labeled by writing aerosolized

In the aerosol chamber fillnebulizer with bacterial suspension
1
Secure the nebulizer to airborne infection apparatus
2

v

Load the animals into the basket (Cage) in the apparatus

3

v

Switch on the power

4

v

Nebulizer

5

v

Air inhaled by the animals

6

v

Exhaled air exit through HEPA filter
7

v

Aerosol chamber purified with fresh air

8

v

Decontamination by UV lamp

9

v

Switch off the apparatus
&
Clean with 5% lysol solution

FLOW CHART 2.2
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with M. tuberculosis on date/initials. A stainless steel con-
tainer filled with 5% lysol solution should also be placed
next to the infection chamber (Flow Chart 2.4).

FIGURE 2.2 Glass-Col apparatus. This instrument is the advance-
ment of earlier models developed by Middlebrook. Eighty to hun-
dred mice can be exposed to aerosol at one time.

Intravenous infection of mice with
M. tuberculosis

Intravenous infection requires absolute concentra-
tion and good eyesight with no distraction. Mouse is
placed in a restraint device so that the tail can be
immobilized, and then, the injectate is injected into the
lateral vein (Flow Chart 2.5).

Isolation of samples for determining
M. tuberculosis load by real-time-PCR

Expression of the multiple genes during the infec-
tion of M. tuberculosis can be measured by isolation
of total RNA and then running polymerase chain
reaction (PCR) assay. During PCR assay, contamina-
tion of test samples with RNAase and extraneous
sources of DNA should be prevented. The samples
containing RNA and cDNA should be dealt in sepa-
rate working areas. The protocol describes sample
collection from the infected tissues to be processed
for the PCR analysis (Flow Chart 2.6).

Glass nebulizer

.~ = (collison chamber)
1

Dispense sterile 15-ml
distilled water

?

FLOW CHART 2.3

( Unlatch the control box lid and check time delay
TDI-900seconds/on delay; TDI-300seconds/interval delay
2
L Latch the control box lid
3

v

[ Switch on the power to the compressor / vaccum pump unit

4

v

Airflow in system (40—45 I/minute) and
vaccum in photohelic unit (9—10 in water)

5

v

L Put on the control box switchand depress cycle start button 1

6

v

Take reading of primary airflow meter into nebulizer
and pressure gauge
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Determination of bacterial loads in target organs

Processings of infected animal should be done in a
biosafety cabinet. All the necessary items should be
kept in the biosafety hood without restricting the air-
flow. Animals should be euthanized according to the
guidelines provided by the IACUC. Due to the chronic
nature of the infection, the design of the study
depends on the time course to be studied. The number
of animals per time point should also be considered
which can be determined through statistical power cal-
culation. For the bacterial load curve, a power of >0.8
can be achieved using four to five mice (Flow Charts
2.7 and 2.8).

The process includes the following:

1. preparation of agar plates;
2. bacterial count set up;
3. necropsy;

nebulizer
jar

Collison
nebulizer

FIGURE 2.3 (A) Collison nebulizer unit, complete with the sur-
rounding glass nebulizer jar, for the Madison guinea pig aerosol
chamber, (B) Photohelic meter for Madison chamber.

4. homogenization of tissues;
5. plating; and
6. bacterial count colonies.

Preparation of lungs or other tissues for
histology

Useful information about the host response can be
acquired by the histological examination of organs
from infected animal. The size of granulomas, their
make up in terms of lymphocytes and macrophages,
the degree of lung tissue they are consolidating, the
development of necrosis, and so forth can be invalu-
able information. It is important that the specimens are
frozen as soon as they are collected to preserve their
morphology and integrity of the antigens. Sections are
stained with hematoxylin and eosin after fixation and
paraffin embedding (Flow Chart 2.9).

Preparation of lung cell suspension

Cell suspensions from naive and M. tuberculosis-
infected mice are used for single cell analysis studies
by flow cytometry by cell culture. Cells from the cul-
ture of infected animals provided the information such
as cell activation, proliferation, and cytokines as well
as chemokines production (Flow Chart 2.10).

Ethical issues

Infectious diseases such as TB continue to cause
substantial morbidity and mortality. Continued
research is critical to finding safe and effective ways to
prevent and treat infectious diseases. The challenge
experiment is an important method that is sometimes
used to study the pathogenesis of infectious diseases
and, especially, to evaluate the initial efficacy of vac-
cines before large-scale field tests are conducted.

FIGURE 2.4

(A) The exterior and (B) interior of the Madison chamber control box.
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Clean biosafety
class Il cabinet

v
Thawing
2

v

Pull 1ml of bacteria into the syringe fitted
with 26-G needle from the M. tuberculosis vial

3

v

4

v

Put aside 1 ml of stock solution for plating
in agar to verify inoculums concentration

5

v

nebulizer (aerosol chamber) via 20-ml syringe

6

v

Load the guinea pigs into the holders in the chamber

7

v

Check for airtight seal, airflow (40-45 I/minutes),
and vaccum (9-10 in. water)

8

v

9

v

After 15 minutes, remove the guinea pigs
&
Clean the apparatus with 5 % lysol

Place the M.tuberculosis

N\~ in 50-ml conical tube
1

Dispense it in 5-ml tube and do the necessary dilution with
sterile distilled water to get final concentration of 1x106 cfu/ml

Put on PAPR and carefully place the diluted inoculum into the

Switch on start button and set the timer for 15 minutes

FLOW CHART 2.4

In challenge experiments, infections are deliberately
induced under carefully controlled and monitored con-
ditions, usually in inpatient settings. Research volunteers
are exposed to bacteria, viruses, or parasites. Induced
infections are usually either self-limiting or can be fully
treated within a relatively short period of time.
Experiments conducted by physician investiga-
tors designed to cause infections that have
uncomfortable symptoms in human subjects are

likely to evoke serious moral concern. The Three R’s
principle (Replacement of animal experiments with
alternative approaches, Reduction of animal num-
bers and Refinement to improve animal welfare)
emerged as a way for scientists to ease this dilemma
by developing research methods that decrease pain
and distress. Nevertheless, the use of animals in
research is still controversial, with recent voices also
questioning the translational validity into humans.
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Fill 1-ml syringe with the injectate without air bubbles

1

4

Warm the tail of the mouse kept in the restraint device
with the lamp

2

4

Swap the tail with 70% ethanol and inject the injectate

FLOW CHART 2.5

Collect organs of infected mice by euthanizing

1

g

1-ml Ultraspec

2

<

Homogenisation in a glove box with tissue tearer

3

'

Disrupted tissue

4

<

5

<

Processed for RNA or frozen on dry ice at —70°C

Place a small piece of each in round-bottom flask containing

Using a 10-ml syringe fitted with 18 G needle pull 5-ml of inoculum

FLOW CHART 2.6

Franco et al. (2012) identified the main sources of
animal distress and to assess the possible implementa-
tion of refinement measures in experimental infection
research, using mouse models of TB as a case study.
Table 2.4 briefly describe the most relevant experimen-
tal procedures with an impact on animal welfare, as
well as the main welfare issues raised by the manifes-
tation of active disease.

Literature published between 1997 and 2009 was
analyzed, focusing on the welfare impact on the

animals used and the implementation of refinement
measures to reduce this impact. The number of articles
per year increased almost fivefold between 1997 and
2009. Regarding genetic status of the animals, the
majority of studies (71%, overall for all years) used
non-genetically modified inbred strains. Information
on the sex of animals used was not available in 34% of
articles. The proportion of articles reporting to induce
experimental M. tuberculosis infection through aerosol
exposure rose significantly between 1997 and 2009.
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Asphyxiation
.-"» S of mice

Euthanize animal 3.

Place the animals on their backs on absorbent paper
on necropsy board in the safety hood

Phenobarbital
overdose for
guinea pigs

2

v

Make a midline incision and cutperitoneum

3

v

Put aside 1 ml of stock solution for plating
in agar to verify inoculums concentration

4

v

Remove spleen, liver, lungs and place in designated
tube and recap

5

v

Organ homogenization |=<-»

Glass col

power drill bits

6

v

Dispense 800 pl of sterile saline into 24 well
tissue culture plates (7H11 agar plates) leaving first row

s

Switch on dispense undiluted homogenate into first row

&

Make serial 200-pl dilutions across the 7H11 agar plate

&

Count bacterial colonies in approx. 3 weeks later

homogenizer, electric

FLOW CHART 2.7

The use of the intravenous route—originally the most
recurrent method—decreased, whereas the use of the
intratracheal route remained relatively stable throughout
the analyzed period. The intraperitoneal route was the
least chosen.

Information on important research parameters, such
as method for euthanasia or sex of the animals, was
absent in a substantial number of papers. With no sig-
nificant differences between years, 80% of the articles

omitted this information. Moreover, when information
on euthanasia was given, it was often incomplete and
therefore difficult to interpret. For example, anesthetic
overdose was often reported without indicating the
route, compound, or dose, and exsanguination was fre-
quently referred to with no indication of whether to be
done under anesthesia or not.

In this 12-year period, it was observed that a rise in
reports of ethical approval of experiments has taken
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Infuse the lung with 10 % formalin by injection
down the trachea

1
Place in a histology cassette in 10% formalin
2
Fixation and paraffin embedding

3

v

Staining

(3B.)§

(3A.): (3C.)

Hemotoi(ylin/eosin/ Zeihl Neilson acid-fast
Massons trichome staining method

FLOW CHART 2.8

Using monoclonal or
polyclonal antibodies

\ 4 v v
Detect Detect Detect Cell population
Fibrosis Actual bacteria of macrophages

and monocytes

place. The proportion of studies classified into the
most severe category did, however, not change signifi-
cantly over the studied period. The majority of the
studies analyzed were terminated before infected ani-
mals reached very severe morbidity, whereas the
remaining allowed mice to reach terminal stages, with
no significant variation in this proportion across years.

Overall, the study showed that a progress has been
made in the application of humane endpoints in TB
research, but that a considerable potential for improve-
ment remains. Of course, such measures should not be
taken to the expense of research quality and relevance.
The best way to avoid a conflict between ethical con-
straints and scientific motivations is probably for scien-
tists to be proactive and initiate a critical discussion
within their own field, rather than awaiting limitations
imposed from outside. In the field of experimental
studies of important infections such as TB, a reassess-
ment of the need for such a large proportion of studies
to involve end-stages of the disease seems particularly
pertinent.

Translational significance

Animal models have and will continue to aid in
early discovery as well as the pre-clinical testing phase

of new drugs for efficacy and toxicity. The goal in
modeling TB in animals is to mimic as closely as possi-
ble the pathology and clinical progression of the natu-
rally occurring disease.

For practical or economic reasons, some species are
more widely used for efficacy studies while others are
preferred for pharmacokinetic and toxicity studies. For
example, despite the documented differences in the
immune response between mice and humans, mice are
still the most widely used animal model for studying
the immunological responses to M. tuberculosis infec-
tion and TB vaccines. However, due to species-specific
differences in disease progression and lesion morphol-
ogy, responses to drug therapy in mice may or may
not reflect the desired effects in people.

The differences in lesion morphology among the
different animal species infected with M. tuberculosis
provide different levels of stringency for testing new
drugs. Mouse strains that develop only solid lesions
are best suited for discovery and early testing of drugs
for in vivo effects and toxicity. Certain highly suscepti-
ble mouse strains have the added benefit of not only
developing necrotic lesions but also having a more
rapid disease progression, thus shortening the in vivo
testing intervals. Species such as guinea pigs and cot-
ton rats provide a wider variety of lesion types that
include necrotic and mineralized lesions for a higher
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Euthanize mice and open thoracic cavity

1

<

2

v

Remove lung and place it in ice-cold acetone tissue
culture medium

3

v

Cut it into small pieces with the help of razor and add
collagenase/ DNAase per organ

4

v

Incubate 30 minutes in a 37°C rocking water bath

5

v

the enzyme mixture

6

v

Create single cell suspension

Z

\'4

add 2 ml Gey’ s solution

8

v

Add 5-ml of tissue culture medium and centrifuge

9

v

Resuspend the pellet and proceed with
staining for flow cytometry/ cell culturing

Inject heparin into the heart until lungs turn white and inflate

Keep on ice and add 5 ml of medium to it to neutralize

Centrifuge (5 min at 4°C), resuspend the pellet and

FLOW CHART 2.9

level of in vivo testing stringency and to test adjunct
therapies against novel therapeutic targets. The nonhu-
man primate and rabbit models develop an even wider
variety of lesion types and are the most appropriate
models to test drugs specially designed to treat cavi-
tary lesions.

Since experimental M. tuberculosis infections are pro-
gressive in the majority of model species, all are

suitable for testing the effects of drugs on extra-
pulmonary lesions.

World wide web resources

The sixteenth global report on tuberculosis (TB)
published in 2011 by WHO is in a series that started in
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Make the desired concentration of bacterial suspension.
Fill 1ml syringe withthe injectate without air bubbles

1

v

Warm the tail of the mouse kept in the

restraint device with the lamp

2

v

Swap the tail with 70% ethanol and inject

the injectate

TABLE 2.4 Potential causes of pain and distress in studies on
experimental infection with M. tuberculosis.

Infection route

Intratracheal
instillation

Intraperitoneal
injection

Surgical procedure under general anesthesia:
Inoculum delivery through an incision in the
trachea, that heals in 2—3 days

This injection method offers no possibility to
visually confirm correct delivery, and accidental
penetration of the bladder, intestine, muscular or
fatty tissue may occur.

Treatment administration

intraperitoneal
injection

Repeated oral

This injection method offers no possibility to
visually confirm correct delivery, and accidental
penetration of the bladder, intestine, muscular, or
fatty tissue may occur

Difficult procedure with the risk of fluid

gavage aspiration by the lungs or perforation of
esophagic or gastric wall. Irritation, swelling,
and ulceration of the esophagus from repeated
dosing. Unexpected deaths as well as
inappetence and weight loss reported in
experimental infection studies. Reports of
increased TB susceptibility due to gavage-
induced stress

Immunization

Footpad Immune reaction to antigen, causing swelling and

immunization inflammation in situ, potentially causing pain and
lameness

Intramuscular Painful injection that may cause mechanical

immunization trauma and potential nerve damage; immune

reaction may lead to painful swelling

Health status

Signs of
disease

Respiratory distress, hunched posture, lack
of grooming; failure to eat or drink, fever,
severe cachexia. Increasingly severe clinical
signs, progressing to a hypokinetic
irresponsive (“moribund”) state, culminating
in death.

FLOW CHART 2.10

1997. It provides a comprehensive and up-to-date
assessment of the TB epidemic and progress in imple-
menting and financing TB prevention, care, and con-
trol at global, regional, and country levels using data
reported by 204 countries and territories that account for
over 99% of the world’s TB cases (Global Tuberculosis
Control 2011: http://www.who.int/tb/publications/
global report/2011/gtbr11_full).

The official website of the Nobel Prize can be assessed
for exploring the work of Emil von Behring who got
Nobel prize in Physiology or Medicine in 1901 for his
work on serum therapy, especially its application against
diphtheria, by which he has opened a new road in the
domain of medical science and thereby placed in the
hands of the physician a victorious weapon against ill-
ness and deaths (http://nobelprize.org/nobel prizes/
medicine/laureates/1901/behring-lecture.html).

Laboratory Biosafety Manual published by WHO pro-
vide practical guidance on biosafety techniques for use
in laboratories at all levels. The manual covers risk
assessment and safe use of recombinant DNA technol-
ogy, and provides guidelines for the commissioning and
certification of laboratories. Laboratory biosecurity con-
cepts are introduced in the manual, and the latest regu-
lations for the transport of infectious substances are
reflected. Material on safety in health-care laboratories,
previously published elsewhere by WHO, has also been
incorporated (http://www.who.int/csr/resources/pub
lications /biosafety/WHO_CDS_CSR_LYO_2004_11/en/).
Further, WHO also provides Tuberculosis Laboratory
Biosafety Manual (http://apps.who.int/iris/bitstream /
10665/77949/1/9789241504638_eng.pdf) where the
recommendations are based on assessments of the risks
associated with different technical procedures per-
formed in different types of TB laboratories; the manual
describes the basic requirements for facilities and prac-
tices, which can be adapted to follow local or national
regulations or as the result of a risk assessment.
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Safety considerations

The basis of safety in a laboratory is facility design,
fail-safes, precise training, and an exposure control
plan. Biosafety Level III laboratories are defined as the
laboratories where defined air handling systems are
installed that remove air under negative pressure many
times per minute. These can be movable structure-like
biobubble or solid structures and operate best as stand-
alone buildings. At least tandem HEPA filter systems
are required which are supposed to be regularly moni-
tored. A high level of safety should also be maintained
by the people working in the laboratory. For example,
technician loading a nebulizer of an aerosol chamber
should wear Occupational Safety and Health
Administration (OSHA)-approved mask with a respira-
tor on the top. It is also advisable that a technician may
work with a colleague to check procedures and to
ensure that there are no distractions. After the comple-
tion of every aerosol run, all the safety clothing should
be autoclaved prior to next use. Only well-trained tech-
nicians should be allowed to work with M. tuberculosis.
They should also be trained for actions needed in case
anything go wrong while in the Biosafety Level III area.
Biosafety officer must be appointed who should review
all the procedures regularly and keep an eye on the
agents going to be used. Clinical samples of M. tubercu-
losis, which may include drug-resistant isolates, should
be listed by the Biosafety Officer, and the laboratory
responsible should know their location (usually in a

—700C freezer) and the number of vials present at any
time. Official guidelines for the respective countries
should be strictly followed by these laboratories.
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Glossary

Ecotype A population of a species that survives as a distinct group
through environmental selection and isolation and that is compa-
rable with a taxonomic subspecies

Caseous necrosis A form of cell death in which the tissue maintains
a cheese-like appearance. The dead tissue appears as a soft and
white proteinaceous dead cell mass.

Gavage Forced feeding by means of a tube inserted into the stomach
through the mouth.

Cavitation The formation and then immediate implosion of cavities
in a liquid—that is, small liquid-free zones (“bubbles”)—that are
the consequence of forces acting upon the liquid.

Paribacillary Having or made up of few bacilli.

Abbreviations
AUC area under the curve
BCG Bacillus—Calmette—Guérin
BSL biosafety level
CFUs colony-forming units
CMI cell-mediated immunity
DTH delayed-type hypersensitivity
HIV human immunodeficiency virus
IFN-~ interferon-gamma
INH isoniazid
MDR Multidrug resistant
NK cells  Natural killer cells
PPD purified protein derivative
PZA pyrazinamide
RIF rifampicin
SIV simian viral immunodeficiency
TB tuberculosis
TNF-a tumor necrosis factor-alpha
WHO World Health Organization
XRD extensively drug resistant

Long-answer questions

1. Discuss in detail the pathogenesis of tuberculosis
and pathogenic diversity in different animal
species?

2. What different animal models for tuberculosis teach
us about the disease?

3. Write an exhaustive note of mouse model of
tuberculosis?

4. Give a comparative outline of different animal
models of tuberculosis?

5. Discuss in detail the established protocols of
aerosolized infections of mouse and guinea pig
using different apparatus?

Short-answer questions

1. With the help of flow chart discuss how mice can be
infected with M. tuberculosis intravenously?

2. Write in brief the initial findings of Robert Koch?

3. Summarize the lessons learnt from animal models
of tuberculosis?

4. Write in brief the importance of rabbit as model for
tuberculosis?

5. What are the characteristics of models of
tuberculosis with respect to infection and
pathogenesis?

Answers to short-answer questions

1. Intravenous infection of the mouse is not by itself a
difficult procedure, but requires investigators
expertise. The procedure is as follows:

2. Robert Koch recognized and reported the spectrum
of pathology of TB in different animal species based
on his seminal studies on TB. Through experiments,
he describe TB as an infectious disease caused by
M. tuberculosis. He was one of the first people to
envisage a vaccine for the control of TB. After 8
years of discovering the etiologic agent of
tuberculosis, he announced the means of curing this
disease. He suggested a vaccine for both the
prevention and treatment of TB. Despite his first
reports of a remedy for tuberculosis, studied in the
guinea pig model, clinical trials soon demonstrated
the ineffectiveness of his therapy.

3. Artificially infected guinea pigs, mice, and rabbits
have served as indispensable tools through which
important facets of TB have been studied. Results,
however, are usually not entirely reflective of TB
infection and disease in humans. Substantial
differences in TB susceptibility, disease patterns,
and temporal course exist among species. In
addition to these considerations, animal species
vary based on size, laboratory space requirements,
rearing costs, and ability to approximate the disease
process in humans. Despite several important
differences, the murine, rabbit, and guinea pig
models have emerged at the forefront of TB
research.

4. Rabbits showed a higher resistance with M.
tuberculosis infection. The rabbits are infected with

I. Human diseases: in vivo and in vitro models
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Answers for yes/no type questions

bovine mycobacterial infection, that is, M. bovis;
their pulmonary pathology to inhaled bovine
tubercle infection is more similar to human M.
tuberculosis infection than those recorded in the case
of other models such as mice and guinea pigs. In
rabbits, the pulmonary cavity is first developed

5.
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followed by bronchial spread of microorganisms.
Rabbits are also employed as model for studying
the latent or paucibacillary TB states in humans.
The characteristics of different models are
summarized in tabular form as follows:

Histopathology . . .
Relative susceptibility Immunologic Laboratory
Model Necrosis  Caseation Cavitation  to M. tuberculosis reagents available space and cost
Mouse Minimal ~ Usually not No Low Extensive Relatively small
Rabbit Yes Yes Yes Very low Moderate Relatively large
Guinea pig Yes Yes Infrequent  Very high Relatively few Moderate
Nonhuman primate Yes Yes Yes High Extensive Large
Yes/no-type questions infection with the decline in colony-forming unit
(CFU) counts after the onset of adaptive
1. Mice are generally more resistant models for TB immunity?
infection as compared with rabbits, guinea pigs, 9. Guinea pigs may be useful as a model to study
and even humans. True/False which type of TB infection?
2. Who recognized and reported the spectrum of 10. Susceptibility of rabbits for infection varies with
pathology of TB in different animal species? the strain of bacteria.
3. Murine macrophages use which receptors on their
cell surfaces to identify the mycobacterial antigens?
4. Nonhuman primates are also successfully Answers for yes/no type questions
employed as models for latent TB infection. True/
False 1. True
5. Rabbits are also employed as models for studying 2. Robert Koch
the latent or paucibacillary TB states in humans. 3. Toll-like receptors (TLRs)
True/False 4. True
6. Guinea pigs models have been used to create 5. True
models of TB transmission due to their exceptional 6. True
susceptibility to infection with a few inhaled 7. Neutrophils, dendritic cells, macrophages, mast
mycobacteria. True/False cells, NK cells, NKT cells.
7. Name the components of innate immune system? 8. C57BL/6
8. Which strain of mice (C57BL/6 or BALB/c) are 9. Persistent TB infection
10. True

more resistant in terms of survival time post-

I. Human diseases: in vivo and in vitro models
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Summary

Recent advances in research on neurodegenerative
disease have been made through animal models reca-
pitulating human genetic mutations. This chapter aims
to help readers for better understanding of basic
researches on neurodegenerative diseases with a focus
on motor neuron diseases, such as amyotrophic lateral
sclerosis (ALS), spinal and bulbar muscular atrophy
(SBMA), and spinal muscular atrophy (SMA). First, the
clinical and genetic information for these diseases are
intensively described. In addition, methodologies of
engineering mouse models as well as characteristics of
animal models of motor neuron diseases are provided.
Moreover, the recent research progress of disease
mechanisms using animal models is discussed.

What you can expect to know

In this chapter, you expect to know the clinical and
genetic overview of neurodegenerative diseases, with a
focus on motor neuron diseases, such as ALS, SMA, and
SBMA, as a basis for generating animal models. For
modeling motor neuron diseases in mice, we provide
practical information including construction of transgenic
mouse and Cre-loxP technology for conditional gene
deletion or expression in mice. Finally, we review recent
research progress through establishment and analysis of
the animal models for neurodegenerative diseases.

History and methods

Introduction

Neurodegenerative diseases are progressive neuro-
logical disorders characterized by the death of specific

Animal Biotechnology.
DOI: https://doi.org/10.1016/B978-0-12-811710-1.00003-3

nerve cells, excluding conditions such as ischemia,
infection, intoxication, and malignant tumors.
Representative examples include Alzheimer’s disease
(AD), which is the most common cause of dementia
and compromises cognitive and memory functions of
patients, and Parkinson’s disease (PD), which is a pro-
gressive movement disorder exhibiting symptoms
such as tremors, increased muscle tone, and slow
movements. Many neurodegenerative diseases are
genetically inherited. Through recent advances in
genetics, many causative genes for neurodegenerative
diseases have been identified. The breakthrough dis-
covery of dominant mutations in amyloid precursor
protein genes as causative for the familial AD in 1991
led researchers to study molecular mechanisms of
neurodegenerative disease. Subsequently, the causative
genes enable us to further investigate the pathome-
chanism of diseases by generating animal models reca-
pitulating human neurodegenerative diseases. In this
chapter, we first provide an overview of neurodegen-
erative diseases and then describe recent advances in
neurodegenerative disease research, particularly focus-
ing on motor neuron diseases through establishment
and analysis of genetically modified mouse models.

Neurodegenerative diseases

Representative neurodegenerative diseases include
AD, PD, frontotemporal lobar degeneration (FTLD),
Huntington’s disease (HD), spinocerebellar degenera-
tion (SCD), and ALS. One of the characteristics of
neurodegenerative diseases is death of specific type of
neurons. In AD patients, the hippocampus, which is
crucial for memory and learning, is affected at an early
stage, and the disease spreads to other brain lesions as
the disease progresses. In PD, FTLD, HD, SCD, or ALS
patients, dopaminergic neurons in the midbrain,

© 2020 Elsevier Inc. All rights reserved.
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neurons in frontal and temporal lobes of cerebral
cortex, neurons in basal ganglia, cerebellar neurons, or
motor neurons are specifically affected, respectively.
Here, the characteristics of well-known neurodegener-
ative diseases are summarized (Table 3.1). Some dis-
eases (such as HD) are all genetically inherited, while
others (such as AD, PD, and ALS) are not. Animal
models have been generated for almost all diseases
listed here based on the causative genes that have been
identified.

The motor neuron diseases make up the group of
neurodegenerative diseases that is characterized by
selective death of the neurons controlling motor
functions, without affecting other neural systems,
such as sensory and cognition. The motor neuron
diseases include ALS, SMA, SBMA, and other mis-
cellaneous disease conditions. In the motor path-
way, the signals from nerve cells in the primary
motor cortex of the cerebrum (which are called as
“upper motor” neurons) are transmitted to the nerve
cells in the brain stem and the spinal cord (which
are called as “lower motor” neurons). The signals
from lower motor neurons then reach the muscles
innervated by the particular motor neurons. Both
upper and lower motor neurons are affected in ALS,
while only lower neurons are affected in SMA or
SBMA. Clinical information and overview of ALS,
SMA, and SBMA are provided later as an introduc-
tion of this chapter.

3. Animal models for neurodegenerative disorders

Amyotrophic lateral sclerosis

ALS is the most common form of adult motor neuron
disease. As first described by the French neurologist,
Charcot, in 1869, the primary symptom of the disease is
linked to the premature death of upper and lower
motor neurons starting in adulthood. Neuronal death
results in progressive paralysis of muscle in limbs and
swallowing muscles, which is typically fatal in 2-5
years after the onset due to respiratory muscle paraly-
sis. The disease prevalence is roughly same worldwide
(6 in 100,000 population). The disease onset is usually
middle to late in life (50—70 years old), but 10% of cases
are affected before age 40. Males are slightly more
affected than females (incidence of male patients is
1.5—1.8 times higher than female patients). Often the
hands or feet (distal part of limbs) are affected first,
while swallowing muscles are first affected in 10%—
20% of cases. Sensation and bladder functions are
spared. Among the motor functions, eye muscles are
not usually affected, providing a clue to understand the
mechanism of selective motor neurodegeneration. In
many cases, intelligence is not affected; however, 10%—
30% of ALS patients show cognitive decline.

Although most of the ALS cases are sporadic, 10%
of ALS cases are inherited. To date, researchers have
identified approximately 25 ALS causative genes, the
investigation of which leads to many hypotheses to
explain the pathomechanisms of ALS (Table 3.2).

TABLE 3.1 Representative neurodegenerative diseases.

Percent of

familial
Name of disease Prevalence cases Main clinical symptoms Affected brain area
Alzheimer’s disease 16% of age 65 and older 1 Progressive disturbance of memory, Hippocampus, cerebral
(AD) (United States) learning, and cognition cortex
Parkinson’s disease 1%—2% of age 60 and older 5-10 Involuntary movement (tremor), Midbrain (dopaminergic

(PD)

Frontotemporal lobar
degeneration (FTLD)

15—20/100,000 of age 45—64  ~30

Spinocerebellar 10—-20/100,000 populations 30—-40

degeneration (SCD)

Huntington’s disease 0.3 (Asia), 3—7 (United States, 100

(HD) Europe) /100,000 populations  (autosomal
dominant)

Amyotrophic lateral ~ 6/100,000 populations ~10

sclerosis (ALS)

Spinal and bulbar 1-2/100,000 males 100

muscular atrophy (X-linked

(SBMA) recessive)

clumsiness, rigidity neurons)

Progressive disturbance of cognition,
abnormal behavior, or a loss of

Frontal and temporal lobe of
cerebral cortex, hippocampus

language

Progressive loss of balance and co- Cerebellum
ordination of walking, speech

Progressive chorea, cognitive Striatum

impairment, psychiatric problem

Progressive motor weakness and
paralysis

Spinal cord and cerebral
cortex (motor neurons)

Slowly progressive proximal motor
weakness and atrophy, infertility

Spinal cord (motor neurons)

A list of adult-onset neurodegenerative diseases with prevalence, percent of familial cases, main clinical symptoms, and affected brain area is provided.

I. Human diseases: in vivo and in vitro models
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Notation Inheritance Chromosome Gene (year of identification) Clinical features and comments

Genes identified

ALS1 AD 21q22 SOD1 (1993) Typical ALS (adult), 20% of inherited ALS

ALS2 AR 2q33 ALS2 (Alsin) (2001) Infantile onset, slowly progressive

ALS4 AD 9q34 Senataxin (SETX) (2004) Juvenile onset, slowly progressive

ALS5 AR 15q15 Spatacsin (alleic to SPG11) Juvenile onset, slowly progressive

ALS6 AD 16q12 FUS/translocated in liposarcoma protein Typical ALS

(fused-in sarcoma) (2009)

ALSS8 AD 20q13.3 VAPB (2004) Typical and slowly progressive,
heterogeneous

ALS9 AD 14q11 Angiogenin (ANG) (2006) Typical ALS (adult)

ALS10 AD 1p36.22 TDP-43 (TARDBP) (2008) Typical ALS (adult)

ALSI11 AR 6q21 FIG4 (2009)

HMN7B AD 2p13 Dynactin p150 subunit (2003) Slowly progressive, lower motor neuron
disease

ALS12 AR 10p14—15 Optineurin (OPTN) (2010) Adult onset

ALS13 AD 12q24 Ataxin-2 (ATXN2) (2010) Susceptible gene (27—39 CAG repeats)

ALS14 AD 9p13.3 VCP (2010)

ALS15 X-linked Xpl11.21 Ubiquilin 2 (UBQLN?2) (2011) X-linked dominant, affecting male and
female

ALS16 AR 9p13.3 Sigma-1 receptor (SIGMAR1) (2011) Juvenile onset, slowly progressive

FTD-ALS1 AD 9q21-22 C9orf72 (2011) Accompanied with FTD, 20%—40% of
inherited ALS

ALS17 AD? 3pll.2 CHMP2B (2010) Lower motor neurons are predominantly
affected

ALS18 AD 17p13.2 Profilin 1 (PFN1) (2012)

ALS19 AD 2q34 ErbB4 (2013)

ALS20 AD 12q13 HNRNPAT (2013)

ALS21 AD 5q31 Matrin-3 (2014)

ALS22 AD 2q35 TUBA4A (2014) With or without FTD

ALS23 AD 10q.22.3 ANXAT11 (2017)

ALS24 AD 4q33 NEK1 (2016)

ALS25 AD 12q13 KIF5A (2018) KIF5A mutation is also causative for
hereditary spastic paraplegia

FTD-ALS2 AD 22q11.23 CHCHD10(2014) AD?

FTD-ALS3 AD 5q35.3 SQSTM1(p62, 2013) AD?

FTD-ALS4 AD 12q14.2 TBK1(2015) AD?, Variable phenotype

Loci identified

ALS3 AD 18q21 Unknown Typical ALS

ALS7 AD 20p13 Unknown Typical ALS

. Human diseases: in vivo and in vitro models
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Despite many studies, however, the causes of motor
neuron death have not yet been clarified. There are no
effective therapies for ALS, since the one prescribed
drug (riluzole) approved in many countries prolongs
life by only 2—3 months (Mitchell and Borasio, 2007).

Spinal muscular atrophy

SMA is an autosomal recessive neurological disor-
der mainly affecting children. The reduced amount of
survival of motor neuron (SMN) protein due to the
recessive mutations in the gene for survival of motor
neuron 1 (SMNT1) is generally regarded as causative for
SMA. SMA only affects lower motor neurons, produc-
ing muscle weakness in limbs and the body trunk. The
incidence of SMA is about 1 case in 6,000—20,000 live
births, but it varies among ethnicities. The male-to-
female ratio is about 2:1. SMA in childhood is classified
into three types by the age of onset and severity of dis-
ease. SMA type 1, also known as Werdnig—Hoffmann
syndrome, is the most severe form of the disease and
is evident at birth or before the age of 6 months.
Proximal muscles are more affected than distal ones,
with progressive weakness, resulting in complete
paralysis of all limbs and respiratory failure, and 85%
of children die before the age of 2 years. SMA type 2,
the intermediate form, usually becomes symptomatic
from the age of 6 months to 1.5 years. The patients
may be able to sit but unable to walk without support.
The rate of disease progression is variable; however,
some patients show respiratory failure upon infection.
SMA type 3, also known as Kugerberg—Welander dis-
ease, is a mild form of disease. Onset of the disease is
usually in late childhood to adolescence (between 1.5
and 17 years old). Children often achieve an indepen-
dent gait; however, they slowly exhibit progressive
muscle weakness of proximal limbs. The disease
course is mostly benign, and many children are quite
intelligent and live a normal life span (Lunn and
Wang, 2008).

As explained in the following section, the human is
the only species that has two highly conserved SMN
gene copies, SMN1 and SMN2. Although the classifica-
tion of SMA type 1, 2, and 3 is defined by clinical
information, the earlier disease onset and disease
severity among SMA patients is generally correlated
with the lower expression level of SMN protein
derived from SMN2, copy numbers of which have
large variation.

Spinal and bulbar muscular atrophy

SBMA (also known as Kennedy—Alter—Sung
disease) is an adult-onset slowly progressive motor

neuron disease affecting lower motor neurons. SBMA
is an X-linked recessive inheritance form of SMA,
which mainly affects men, and is caused by the abnor-
mal expansion of a CAG trinucleotide repeat in the
exon 1 of androgen receptor (AR) gene, the mutation of
which was identified by Spada and colleagues in 1991.
Female heterozygous and homozygous carriers are
usually asymptomatic although some have subclinical
phenotypes only evident in the electrophysiological
examination of muscle and blood tests. The disease
prevalence is 1-2 in 100,000 population. SBMA usually
affects after the age of 40 with slowly progressive
weakness of limb and swallowing muscles; patients
are dependent on wheelchairs and susceptible to pneu-
monia in 10—15 years. Due to the deficient AR, testicu-
lar atrophy and decreased fertility are observed.
Patients with SBMA do not show cognitive impair-
ments. Like ALS patients, the brain stem motor neu-
rons to control eye movements are not affected in
SBMA.

The recent studies indicate that SBMA is caused by
a gain of toxicity from the abnormal AR protein with
polyglutamine expansion to neurons. Very impor-
tantly, toxicity requires a male sex hormone, an andro-
gen (a ligand for the AR), which explains why SBMA
affects male patients (Adachi et al., 2007).

Principles

To engineer the animal models recapitulating
genetic mutations observed in human neurodegenera-
tive disease patients, it is very important to understand
the genetics of neurodegenerative diseases. In this sec-
tion, an overview of genetics in ALS, SMA, and SBMA
is provided as a principle to design the animal models
recapitulating motor neuron diseases.

Genetics of amyotrophic lateral sclerosis

To date, more than 20 genes have been identified as
causative for familial ALS. The list of causative genes
for ALS is provided in Table 3.2.

Superoxide dismutase 1-amyotrophic lateral
sclerosis

Twenty percent of inherited ALS cases are caused
by dominant mutations in the gene encoding for
superoxide dismutase 1 (SOD1). SOD1, a ubiquitously
expressed enzyme, consisting of 153 amino acids, cata-
lytically converts reactive superoxide to oxygen and
hydrogen peroxide. Since it was first identified as
an ALS gene in 1993, more than 140 different muta-
tions in SODI1 genes have been identified to date

I. Human diseases: in vivo and in vitro models
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(see Glossary). Most of them are missense mutations,
while some are the frameshift mutations that result in
truncated protein products of mutant SODI. Many
SOD1-mutated ALS cases show a milder disease pro-
gression rate than that of sporadic ALS, with mean dis-
ease duration of SOD1-ALS being about 5—10 years.
Studies from ALS patients with SOD1 mutations
revealed that there are no correlations between enzy-
matic activities of mutants and the clinical course. In
addition, some disease-causing SOD1 mutations retain
full enzymatic activity. Therefore, it is now generally
recognized that all different mutations of the SODI
gene (both enzymatically active and inactive mutants)
uniformly cause neurodegeneration, not by a loss of
enzymatic activity, but rather by a gain of toxicity.
This gain of toxicity hypothesis is established by stud-
ies using SOD1-ALS mice as described in the later sec-
tions (Bruijn et al., 2004).

Amyotrophic lateral sclerosis: genes implicated in
RNA metabolism

TAR-DNA-binding protein 43

About 1%—3% of each inherited ALS case is caused
by dominant mutations in the gene encoding for TAR-
DNA-binding protein 43 (TDP-43). TDP-43 is an RNA-
and DNA-binding protein consisting of 414 amino
acids with two RNA recognition motifs (RRMs) and a
C-terminal glycine-rich region. More than 30 mutations
have been found in familial and sporadic ALS cases to
date, and all of them are found in the C-terminal gly-
cine-rich region, except for one mutation. TDP-43 is
predominantly localized in the nucleus, shuttles
between nucleus and cytoplasm, and regulates RNA
splicing and mRNA stability. Examples of the well-
known functions of TDP-43 in RNA metabolism are
the splicing regulation of CFTR (a gene mutated in the
inherited disease, cystic fibrosis) to enhance an exon
skipping through binding to the UG-repeat of intron,
the splicing regulation of SMN and ApoAll, and regu-
lating mRNA stability of TDP-43 itself via direct pro-
tein binding to 3’-untranslated region of its own
mRNA.

Importantly, in sporadic ALS cases (that are approx-
imately 90% of total ALS cases), TDP-43 is lost from
the nucleus and forms abnormal protein aggregates in
cytoplasm of the affected motor neurons of spinal
cords. This abnormal localization of TDP-43 is also
seen in familial ALS caused by TDP-43 mutations. To
date, it remains unclear whether the neurodegenera-
tion in ALS patients’ motor neurons are provoked by
loss of function of nuclear TDP-43 functions, gain-of-
function of abnormal cytoplasmic aggregates, or both of
them. Nevertheless, elucidating the mechanisms through
which abnormal TDP-43 leads to neurodegeneration will

reveal the pathomechanism of sporadic ALS in which
abnormal TDP-43 is accumulated (Da Cruz and
Cleveland, 2011).

Fused-in sarcoma/translocated in liposarcoma protein

Another 5% of inherited ALS cases are caused by
dominant mutations in the gene that encode for fused-
in sarcoma (FUS; also known as translocated in
liposarcoma protein). FUS is also an RNA- and DNA-
binding protein consisting of two arginine/glycine-
rich (RGG) domains, a Zn-finger domain, RRM, a
glycine-rich region, and Q/G/S/Y-rich region. Most of
the disease-causing mutations are located in the
C-terminal region, with a nuclear localization signal,
but some mutations are in the glycine-rich region.
Abnormal aggregates of FUS protein in the cytoplasm
or nucleus are found in affected motor neurons of spi-
nal cords. FUS also shuttles between nucleus and cyto-
plasm and regulates transcription and RNA splicing.
Considering the similarity between TDP-43 and FUS
function and the domain structure of the protein,
defects in RNA metabolism could be one of the major
pathways leading to neurodegeneration of ALS motor
neurons (Da Cruz and Cleveland, 2011).

C9orf72

A large hexa-nucleotide GGGGCC repeat extension
within intron or 5’UTR of C9orf72 gene on chromo-
somal 9g21 also causes dominantly inherited ALS
(DeJesus-Hernandez et al., 2011; Renton et al., 2011). In
Finland, this repeat expansion within C9orf/2 accounts
for approximately 46% of familial ALS. In North
America and Europe (except Finland), abnormal repeat
expansion of C90rf72 is responsible for about 20%—40%
of familial ALS; however, it has barely been found in
Asian ALS patients so far. All patients with the repeat
expansion had the founder haplotype, suggesting a
one-off expansion event occurred about 1500 years
ago (Majounie et al., 2012). Expansion of the nucleo-
tide repeat in the non-coding region often results in a
gain of toxicity derived from abnormal RNA.
Moreover, abnormal nuclear aggregation containing
RNA with the GGGGCC repeat was found in ALS
patients, suggesting that a gain of toxicity of C9orf72
transcripts with the GGGGCC repeat may cause
motor neuron degeneration of ALS patients. More
recently, non-ATG—dependent protein translation
from GGGGCC repeat was shown to be involved in
the pathomechanism of this disease. Dipeptide
repeat-carrying proteins were accumulated in the
brain region of patients. Therefore, both the protein-
and RNA-based toxicity hypothesis was proposed for
C9orf72-mediated ALS (Taylor et al., 2016).

From the viewpoint of ALS causative genes, ALS is
highly related to defects in RNA metabolism. Other
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FIGURE 3.1 Genetic bases of SMA patients and
(A) SMA model mice. (A) Genomic organization of SMN
—‘ SMN1 H SMN2 )— locus in a human healthy individual. (B and C)
Genomic organization of SMN locus in SMA
Transcription \l]']OO% / 0% \l, 90% patients. (D—F) Genomic organization of wild-type
mice and SMA model mice.
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ALS causative genes implicated in RNA metabolism
include senataxin and ataxin-2 (see Table 3.2). However,
ALS causative genes for approximately 50% of inher-
ited ALS cases remain unknown.

Genetics of spinal muscular atrophy

SMA is caused by a reduced amount of SMN pro-
teins. This alteration is caused by the complex genetic
molecular basis of SMA. Due to an interchromatin
duplication on chromosome 5q13, humans possess two
copies of the gene encoding SMN, SMNI1 and SMN2.
Deletion or gene conversion events render SMA
patients homozygous null for SMNI gene, whereas they
maintain a variable copy number of SMN2 gene. A criti-
cal C-to-T transition at position six of exon 7 causes
aberrant splicing of 85%—90% of SMN2 transcripts
without exon 7, which encodes unstable truncated SMN
protein. A small percentage of transcripts encodes full-
length active SMN protein, and the SMN protein level
correlates with disease severity (Fig. 3.1A—C) (Burghes
and Beattie, 2009). Mouse studies demonstrated that

complete loss of SMN protein causes embryonic lethality
(Schrank et al., 1997).

SMN is widely and constitutively expressed and has
been implicated in a wide range of cellular process,
among which small nuclear ribonucleoprotein (snRNP)
assembly is the best characterized. U-rich snRNP is the
major component of the spliceosome, which carries out
pre-mRNA splicing. SMN protein complex, consisting
of several gemin family proteins, assists U-rich small
nuclear RNA and seven Sm core proteins to form U
snRNP. SMN is also implicated in mRNA transport in
the axon of the nerve, the disturbance of which might
explain the vulnerability of motor neurons in SMA
(Burghes and Beattie, 2009). The gene encoding SMN is
evolutionally conserved, and the effects of SMN protein
reduction have been modeled in diverse organisms,
including the invertebrates Caenorhabditis elegans and
Drosophila melanogaster and the vertebrates Danio rerio
and Mus musculus. Zebrafish and the invertebrate mod-
els are well studied to large-scale screening of drugs or
genetic knockdown libraries prior to validation in
mammals.
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Genetics of spinal and bulbar muscular atrophy

Abnormal expansion of a CAG trinucleotide repeat
in exon 1 of the AR gene localized in X chromosomes
was identified as causative for SBMA. Since a CAG tri-
nucleotide repeat encodes a stretch of glutamine (so-
called polyglutamine), mutant AR protein encoded by
the AR gene with longer CAG repeats contains an
abnormal glutamine stretch. Normally, the number of
CAG repeats in the AR gene ranges between 14 and
32, while it ranges between 40 and 62 in SMBA
patients (Adachi et al., 2007). An inverse correlation
has been reported between the age of disease onset
and the number of CAG repeats, suggesting that the
expansion of polyglutamine repeats in the AR exhibits
a gain of toxicity in motor neurons. This inverse corre-
lation is also seen in other polyglutamine diseases,
such as HD, indicating that abnormal expansion of
polyglutamine causes neurodegeneration through a
gain of toxic mechanism.

As revealed by the analysis of SBMA model mice,
SBMA is not caused by a loss of AR function, but is
rather caused by a gain of toxicity from abnormal AR
proteins with polyglutamine expansion to neurons.
The pathomechanism unique to SBMA is that the
mutant AR proteins require androgen, a male sex hor-
mone, to provoke toxicities to motor neurons, which is
linked to androgen-dependent translocation of mutant
AR to the nucleus.

Methodology

Genetically modified mice for modeling human dis-
eases include transgenic mice, knockout mice, condi-
tional knockout mice, and knock-in mice. In this
section, a methodology for generating transgenic mice
is provided. In addition, principle and technical details
for Cre-loxP technology are discussed. These methods
are used to generate the mouse models described in
the “Examples and their applications” section. The list
of the mice described here includes SOD1%¥R
SOD1%%*#, and SOD1"" transgenic mice as models for
ALS, SMA model mice, and AR-97Q and AR-24Q
transgenic mice as models for SBMA.

Generation of transgenic mice

The brief protocol for generating transgenic mice is
provided in this section according to the one used in
our institute. The protocol consists of six basic steps:
(1) preparation and purification of transgenic con-
struct, (2) harvesting donor eggs, (3) microinjection of
transgene to the fertilized egg, (4) implantation of
microinjected egg to the pseudopregnant female mice,

Transgenic mice
(1) Preparation and purification of transgene

(2-3 months)
v

(2) Harvesting donor eggs
(4 days)

v

(3) Microinjection of transgene to fertilized eggs
(1 day)

@ Implant‘z;tion of microinjected eggs to female
mice (1 day)

v (3 weeks: pups to be born)

@ Screening of founder mice for transgene
(1-2 weeks for DNA extraction and
v PCR)

@ Establishing stable transgenic mouse line

(6 months for initial breeding)

v
(7) Transgenic mice with a pure genetic
background (2 years for complete breeding)

FLOW CHART 3.1 A BRIEF PROTOCOL AND TIMELINE
FOR GENERATING TRANSGENIC MICE.

(5) screening of founder mice for transgene expression,
and (6) establishing a stable transgenic line. The time-
line is shown in Flow Chart 3.1. In order to generate
transgenic mice, researchers should obtain approval
from institutional committees for animal use and care,
and biosafety for genetically modified organisms in
advance (see Ethical issues section).

Preparation and purification of transgenic
construct (step 1)

Designing the transgene construct is the most
important step. First, fuse cDNA (coding region of the
gene) with the appropriate promoter cassette for opti-
mal expression in the cell types of interest.
Alternatively, the genomic sequence of the gene of
interest may be used. In this case, the gene will be
transcribed under the control of its own promoter. The
transgene DNA fragment, consisting of the promoter
and the coding region of the gene, should be purified
from the plasmid vector sequence. After digestion
with restriction enzymes, the DNA fragment is sepa-
rated with agarose gel electrophoresis and then puri-
fied. The method to purify DNA either uses a
commercial kit or a sucrose gradient centrifugation.
Here is a step-by-step protocol to purify DNA:

1. Run the digested DNA transgene on 0.8%—1.0%
agarose gel.

2. Excise the transgene DNA under a long-wave UV
light with a razor blade. (Minimize UV exposure to
avoid the damage to the DNA.)
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3. Purify DNA from the gel with QIAquick Gel
Extraction kit (Qiagen, USA) according to the
manufacturer’s protocol.

4. Prepare DNA with 20—50 ng/pL in 50 pL TE buffer
(10 mM Tris pH 8.0/0.1 mM EDTA).

Harvesting donor eggs (step 2)

The technical supports for step 2, 3, and 4 are usu-
ally offered by the animal facility of the research insti-
tute or university. Here, the outline for these steps is
described. Egg donor female mice receive injection of
pregnant mare’s serum gonadotropin and human chori-
onic gonadotropin for superovulation. Approximately
400 fertilized eggs (zygotes) are obtained from 20
super-ovulated female mice.

Microinjection of transgene to fertilized egg
(step 3)

Transgene DNA is microinjected to the pronucleus
of a fertilized egg (zygote). Normally, DNA is diluted
to 2ng/pL, and approximately 2 pL of DNA solution
is injected per zygote. Microinjected zygotes are subse-
quently incubated until 2-cell stage for 18 hours, and
then 200 zygotes that are in good condition are used
for implantation.

Implantation of microinjected egg to
pseudopregnant female mice (step 4)

Typically 20—25 zygotes (per mice) are implanted to
pseudopregnant female recipient mice.

Screening of founder mice for expression of
transgene (step 5)

Most recipient female mice are pregnant and deliver
the pups after 20 days of embryo transfer. Normally,
around 40 pups are obtained for screening. At 2-3
weeks of age, we make a small puncture on the ear for
identification and take 0.5 cm of tail to isolate genomic
DNA for genotyping. A brief protocol for extraction of
genomic DNA from a mouse tail is found in “Protocols”
section.

1. The tail is incubated with 500 pL of lysis buffer
(0.4 mg/mL proteinase K, 10 mM Tris, 100 mM
NaCl, 10 mM EDTA, 0.5% sodium dodecyl sulfate
(SDS)) at 55°C for 16 hours.

2. Add 500 pL of 1:1 phenol/chloroform solution and
mix vigorously.

3. Centrifuge at 15,000 X g for 5 minutes at room
temperature.

4. Carefully transfer aqueous supernatant to new
Eppendorf tube.

5. Add 40 pL of 3 M sodium acetate and 1 mL 100%
ethanol, mix gently, and centrifuge at 16,000 X g,
4°C to pellet genomic DNA. Remove supernatant.

6. Wash DNA with 1 mL of 70% ethanol, centrifuge at
16,000 X g for 1 minute, remove supernatant, repeat
step 6, and air dry for 1 hour.

7. Dissolve DNA with 50—100 pL of TE buffer (pH 8).
The DNA is ready to use for genotyping by
polymerase chain reaction (PCR). Typically, 10%—25%
of pups are positive for transgene. These pups are
further screened for the transgene copy number by
using quantitative PCR methods.

Establishing stable transgenic line (step 6)

A few transgene-positive pups (normally called
“founders”) with appropriate transgene copy number
will be further bred with wild-type C57BL/6 mice to
obtain the first generation (F1). Since transgene can be
integrated to multiple sites of chromosomes, these mat-
ing steps (usually two to three generations) are necessary
to establish a transgenic line with stable expression. In
addition, to obtain the transgenic line with a pure genetic
background (i.e., C57BL/6), it is necessary to breed mice
for 7—10 generations with wild-type C57BL/6 mice.

Cre-loxP technology

The Cre-loxP system allows us to control the gene
expression in a tissue-specific manner. Cre recombi-
nase is a bacteria-derived enzyme that recognizes a
portion of the specific DNA sequence (loxP) and
deletes the DNA sequence between two loxP sites
from the genome. LoxP sites are specific 34 base pair
sequences (see Glossary). When two loxP sites are ori-
ented in the same direction on the chromosome, Cre
recombinase catalyzes the deletion of the DNA
sequence between two loxP sites (Fig. 3.2A), while Cre
mediates inversion of DNA sequence when two loxP
sites are oriented in opposite directions (Fig. 3.2B). The
most popular application of Cre-loxP technology is a
conditional knockout strategy to eliminate the gene of
interest in the cell-type or tissue-specific manner,
allowing examination of the gene function in the spe-
cific cell-types in the mice (Fig. 3.2C). Another applica-
tion is to express the gene of interest in the Cre-
dependent, cell-type specific manner. For this purpose,
you need to generate a transgenic or knock-in mouse
carrying the conditional expression cassette, which
consists of a promoter, an intervening stop sequence
with two loxP sites at the each end, the coding
sequence of interest, and a polyadenylation signal. The
mouse expresses the transgene only when the inter-
vening sequence is deleted by the action of Cre recom-
binase derived from the mating with a Cre transgenic
mouse (Fig. 3.2D). For this purpose, many Cre trans-
genic mice with a cell type—specific promoter have
been generated to date.
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FIGURE 3.2 Principle and application of Cre-
loxP system. (A and B) Cre recombinase mediates
deletion (A) of the gene between two loxP sequences
when loxP sites are oriented in the same direction,
while it induces inversion (B) when two loxP
sequences are oriented in the opposite directions.(C
and D) Application of the Cre-loxP system to gene
manipulation in the mouse models. (C) Conditional
knockout strategy. The mouse strain designed for
conditional knockout carrying the loxP-flanked exon
critical for a target gene. When mated with Cre-
expressing mice, the loxP-flanked exon is deleted
from genome, resulting in the premature termination
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stop sequence (with loxP sites). The Cre-mediated
recombination to excise the stop sequence occurs
only in those cells expressing Cre. Therefore, the
transgene can be transcribed in this specific cell type,
whereas the transgene remains inactive in other Cre
non-expressing cells.

cDNA is translated

Amyotrophic lateral sclerosis models

SOD1%3"® transgenic mice

To generate SODI1 transgenic mice, a 12-kb genomic
DNA fragment encoding the human SOD1 gene under
an endogenous SOD1 promoter, with the mutation to
convert codon 37 from glycine to arginine, was micro-
injected into hybrid (C57BL/6] X C3H/HeJ) F2 mouse
embryos (Fig. 3.3A) (Wong et al., 1995). From 128 ini-
tial pups, 23 founders were identified with the G37R
mutant. Protein levels were measured for all founders
by immunoblotting of whole blood using an SOD1
antibody. Lines were established from eight founders
expressing the highest levels of the G37R mutant.
Quantitative immunoblotting coupled with SODI1
enzyme activity assays revealed that the mutant pro-
teins accumulated between 5 and 12 times endogenous
SODL1 in the spinal cord in the four G37R lines expres-
sing the highest SOD1 level.

After backcrossing with C57/BL6 mice, two lines for
SOD1%*®R transgenic mice were further characterized
and frequently used for ALS research. SOD1<’® (line
42) and SODl1gzzr (line 29) developed clinical signs of
motor neuron disease around 4 and 10 months of age
and died around 6 and 13 months of age, respectively.
SOD1*"R (line 42) expresses a higher number of trans-
gene copies than SOD1%*R (line 29), indicating that the
disease severity is correlated with an expression level of
mutant SOD1 (Wong et al., 1995).

Subsequently, to test the role of individual central
nervous system (CNS) cell types in ALS, loxSOD1%*®
mice expressing deletable SOD1%*® transgene by
using Cre-loxP technology were established. Addition
of a pair of 34 base loxP sequences to each end of the
SOD1 transgene allows Cre-mediated deletion of the
transgene. While 10xSOD1%*® mice express mutant
SODL1 in all the cell types under the authentic human
SOD1 promoter, the mutant SOD1 transgene is excised
in the specific cell type when the mice are mated with
Cre-expressing mice under the cell type—specific pro-
moter (Fig. 3.3D). The average life span of
10xSOD1%*"R is 10—13 months (Boillee et al., 2006).

SOD1%%34 transgenic mice

A 12-kb human SODI1 gene carrying a disease-
causing mutation at codon 93 from glycine to alanine
was injected into a hybrid (C57BL6 X SJL) F1 embryo
(Fig. 3.3A) (Gurney et al., 1994). The transgenic mice
with the highest copy number of SOD1 transgene with
G93A mutation (24 copies) showed paralysis in limbs
and died around 4.5 months of age. The SOD1%** line
is most frequently used for ALS research. A mean sur-
vival time for the original line with mixed genetic back-
ground (C57BL6/SJL) or the line with pure C57BL/6
background is around 130 days or 155—160 days, respec-
tively, indicating that the genetic background of ALS
mice affects the disease onset and survival time.
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FIGURE 3.3 A schematic view of designing
SOD1 transgenic mice. (A) A 12kb human SODI1
gene carrying either G37R (glycine to arginine at
codon 37) or G93A (glycine to alanine at codon 93)
mutation is microinjected to generate SOD1%"® or
SOD1“**# mice. SOD1"" mice is generated from a
wild-type human SOD1 gene. “P” indicates endoge-
nous SOD1 promoter region. (B—D) The design to
construct SOD1-ALS model mice to test the involve-
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SOD1™7 transgenic mice

SOD1"! transgenic mice were generated in parallel
to SOD19%* or SOD1*® mice using the human
SOD1 gene (Fig. 3.3A). They express SOD1 proteins at
the level similar to that of the mutant mice and there-
fore used as controls. In contrast to mutant SODI1
transgenic mice, the mice expressing high levels of
wild-type SOD1 do not exhibit any clinical or patho-
logical evidence of motor neuron disease (Wong et al.,
1995; Gurney et al., 1994).

Spinal muscular atrophy models

Severe siu'nul muscular atrophy mice (mnSMN /~;
)

SMN2""*

SMN knockout mice (mSMN~/~ mice) were gener-
ated by the conventional gene targeting method to dis-
rupt exon 2 of the mouse SMN gene by inserting the
Escherichia coli LacZ gene (Schrank et al., 1997). SMN
knockout mice (mSMN /") die at the early embryonic
stage, while heterozygote mSMN ™/~ mice do not show
any detectable abnormalities. To rescue severe pheno-
type SMN knockout mice, the entire human SMN2
gene including its promoter with a length of 35.5 kb
was injected into embryos to generate SMN2 transgenic

mice (Monani et al., 2000). Four founders were
obtained. Two lines with 1 or 8 cc;pies of SMN2 genes
were bred to C57BL/6] mSMN'/~ mice to produce
mSMN*/7;SMN2 progeny. The introduction of one
copy of SMN2 gene rescued embryonic lethality from
mSMN deficiency, resulting in severe SMA phenotype
(Fig. 3.1E). The mSMN ™/ ~;SMN2"/* mice (called as
severe SMA mice) can survive for 8 days, but most of
them die between 4 and 6 days. SMN knockout mice
carrying higher copy number SMN2 transgene did not
show any obvious phenotypes, indicating that the intro-
duction of eight copies of SMIN2 is sufficient to rescue
the SMA phenotype.

Spinal muscular atrophy type II mice (mMSMN '~;
SMN2"";SMNA7""")

To obtain SMNAY7 transgenic mice, an SMN cDNA
lacking exon 7 was introduced under the control of a
3.4-kb SMN promoter fragment (SMNA7?) and microin-
jected into FVB/N mouse embryos (Le et al.,, 2005).
Three founder lines carrying 2, 6, and 17 copies of
SMNAY transgenes were obtained. The integration of
the transgene for all lines was a single tandem integra-
tion and followed Mendelian inheritance consistent
with a single locus for genomic integration site of the
transgene. The SMNA?7 transgenic mice were crossed
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FIGURE 3.4 Schematic view of the AR transgenic mice for SBMA
model. The microinjected fragment was composed of a cytomegaro-
virus enhancer (E), a chicken $-actin promoter (P), a human andro-
gen receptor (AR) cDNA containing 24 or 79 CAG repeats with and
a rabbit 3-globin polyadenylation signal sequence (pA).

AR-24Q mice

with mice expressing SMN2 and a mouse SMN knock-
out allele to obtain double transgenic mice mSMN™/~;
SMN2;SMNA7 on a FVB/N genetic background. These
double transgenic mice were interbred to obtain
mSMN ' ":SMN2;SMNA7 mice. The SMNA7 trans-
genic mice with six copies of SMNAY gave the highest
levels of SMNA7 mRNA and protein and gave the
most improvement in life span of severe SMA. The
mSMN " ":SMN2"/*:SMNA7*/* mice survived for a
maximum 17 days with a mean of 13.3 days (Le et al.,
2005). These mice are also called SMA type II model
mice and have become the most widely used SMA
models (Fig. 3.1F).

Spinal and bulbar muscular atrophy models

AR-97Q and AR-24Q transgenic mice

To generate SBMA model mice, the full-length
human AR c¢DNA harboring 24 or 97 CAG repeats
with a chicken B-actin promoter and a cytomegaro-
virus enhancer was microinjected into BDF1 mouse
embryos (Fig. 3.4). Three founders with AR-24Q and
five founders with AR-97Q were obtained, and these
mice were backcrossed to C57BL/6] mice. Three lines
with 1-5 copy numbers of AR-24Q) were established,
but none of them showed any manifested phenotypes.
Three lines with 1-3 copy numbers of AR-97Q exhib-
ited progressive motor impairment. All three lines of
AR-97Q showed small body size, short life span, pro-
gressive muscle atrophy and weakness, as well as
reduced cage activity, all of which were markedly pro-
nounced and accelerated in the male AR-97Q mice, but
not observed or far less severe in the female AR-97Q
mice, regardless of the line (Katsuno et al., 2002).

Examples and their applications

The pathomechanisms of motor neuron diseases
have been elucidated through the construction and

analyses of mouse models recapitulating mutations of
causative genes. Here, an example for evaluating the
phenotypes and clinical course of SOD1-ALS model
mouse is provided. Then, the representative examples
of their applications, the research to understand the
pathomechanisms for motor neuron diseases by using
SOD1-linked ALS, other ALS, SMA, and SBMA model
mice, are discussed.

Superoxide dismutase 1-linked amyotrophic
lateral sclerosis

Gain of toxicity from mutant superoxide dismutase
1 established as pathomechanisms through
engineering mutant superoxide dismutase 1 mice

The discovery of SOD1 mutations in familial ALS
led researchers to develop animal models that recapit-
ulate ALS-like disease. SOD1 is a metalloenzyme that
coordinates one copper and one zinc in the protein
and forms a dimer to exert full enzymatic activity to
convert superoxide to oxygen and hydrogen peroxide,
thus eliminating reactive oxygen species harmful to
the cells. Initially, ALS researchers hypothesized that a
loss of enzymatic activity of ALS-causing mutant
SOD1 proteins is causative for motor neuron degenera-
tion. However, SOD1 knockout mice do not show
overt phenotypes, while the mice show increased vul-
nerability to motor neurons only after axonal injury. In
contrast, the transgenic mice overexpressing human
SOD1 gene carrying a patient-derived mutation uni-
formly show a progressive neurodegenerative disease
that closely resembles human pathology with a selec-
tive motor neuron death and gliosis accompanied by
accumulation of misfolded proteins, while overexpres-
sing wild-type SOD1 proteins in mice do not cause
neurodegeneration (Wong et al., 1995; Gurney et al.,
1994). These results led to the consensus that all differ-
ent mutations of the SOD1 gene (both enzymatically
active and inactive mutants) uniformly cause toxicity
in cells not by loss, but rather by gain, of function
mechanisms. However, the exact mechanism and
nature of toxicity are still unknown. Currently, numer-
ous mechanisms of toxicity have been proposed that
could mediate pathology in mutant SODI-mediated
ALS. The most important mechanisms are thought to
be excitotoxicity from glutamate, endoplasmic reticu-
Ium stress, damage to mitochondria, neuroinflamma-
tion by secretion of superoxide and proinflammatory
cytokines, axonal transport disruption, and spinal cap-
illary microhemorrhages (Bruijn et al., 2004). All of
these mechanisms are considered as the key processes
for motor neurodegeneration, and convergence of all
of these events contributes to the development of ALS
pathology.

I. Human diseases: in vivo and in vitro models
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Evaluating phenotype and clinical course of mutant
superoxide dismutase 1 transgenic mice

SOD1%%A  mice, widely used model for ALS
research (Gurney et al., 1994), show an observable phe-
notype of motor decline at around 90—100 days with a
hind-limb tremor when hung by a tail. Subsequently,
SOD1%%*# mice show a walking abnormality, such as a
waddling gait, due to the weakness of hind-limbs. A
progressive loss of body weight is the objective mea-
sure of disease onset, which reflects a loss of muscle
volume. As a measure of onset, researchers use a time
for peak body weight (a time to start body weight
decline) in combination with the neurological score.
The hind-limb paralysis becomes clear at the age of
140—-150 days (Fig. 3.5). The endpoint is normally
determined as a time when the mice are unable to
right themselves within 15—30 seconds if laid on either
side. The mean survival time of SOD1%%*# mice is
155—-160 days in C57BL6 genetic background, while
approximately 130 days in the mix genetic background
(C57BL6/S]JL) of the originally constructed mice.

Toxicity from misfolded mutant superoxide
dismutase 1 protein

A molecular characteristic common to almost all
mutant SOD1 proteins is protein misfolding: abnor-
mally folded “misshaped” proteins that show altered
biochemical properties, such as decreased solubility to
detergents and increased aggregation propensities.
Deposition of “misfolded proteins” is also common to
neuropathology in many neurodegenerative diseases,
including AD (amyloid beta and tau proteins) and PD
(alpha-synuclein). Misfolding of mutant proteins is
linked to the aforementioned mechanisms for motor
neuron degeneration. One of the plausible hypotheses
is mitochondrial dysfunction. Morphological abnor-
malities of mitochondria have been observed in the
spinal cord lesion of mutant SOD1 mice (Wong et al.,
1995). More importantly, the enzymatic activities of
mitochondria are decreased rather selectively in the

FIGURE 3.5 SOD1%%** mouse at end stage (around 160 days old)
showing hind-limb paralysis.

spinal cord, but not affected in other brain regions of
SOD1 mice. Misfolded mutant SOD1 proteins are accu-
mulated on the mitochondrial outer membrane and
intermembrane space, which is revealed by the analy-
sis of biochemically isolated mitochondria from the
spinal cord of mutant SOD1 transgenic mouse or rats,
suggesting the active role of misfolded mutant proteins
in mitochondrial dysfunction (Liu et al., 2004).
Recently, in vivo evidence of the pathogenic role of
mutant SOD1 in mitochondria was demonstrated by
mice expressing SOD1°*** mutant selectively in the
intermembrane space of mitochondria of the CNS,
which showed neurodegeneration, although it was not
sufficient to recapitulate a full aspect of ALS pheno-
type (Igoudjil et al.,, 2011). More recently, the func-
tional and structural deficit for mitochondria-
associated membrane (MAM), which is an interface
of mitochondria and endoplasmic reticulum, was
also involved in mutant SOD1-mediated toxicity
(Watanabe et al., 2016). Collapse of the MAM was
also observed in the other causes of inherited ALS
(Paillusson et al, 2016).

Non-cell autonomous neurodegeneration
demonstrated by superoxide dismutase 1 mouse
models

The selective death of motor neurons initially led
researchers to believe that cell-autonomous mechan-
isms were central to pathogenesis. However, genetic
and chimeric mouse studies indicate that noncell
autonomous processes might underlie motor neuron
loss in these rodent models. Immunohistological stud-
ies show glial cell involvement in ALS pathology
where extensive activation and proliferation of glial
cells (also called gliosis), such as astrocytes and micro-
glia, are observed in motor neuron diseases (Fig. 3.6).
Astrocytes are glial cells that support the function of
neurons by secreting neurotrophic factors and control-
ling neuronal functions by controlling ion balance,
recycling the neurotransmitter glutamate, and vascula-
tures. Microglia are central to immune defense from
scavenging pathogens and damaged neurons (see
Glossary).

First, researchers tested the role of each cell type
(motor neurons or glial cells) in mutant SODI1-
mediated toxicities by generating transgenic mice to
express mutant SOD1 in the specific cells in the CNS
using a cell-type specific promoter (Fig. 3.3B). When
expression of SOD1 mutations was restricted to either
neurons or astrocytes, but not both simultaneously, it
did not lead to the development of ALS. In an alter-
nate approach, chimeric mice, which are a mixture of
cells derived from mutant SOD1 transgenic mice and
the wild-type cells, were constructed to test whether
mutant SOD1-expressing motor neurons are damaged

I. Human diseases: in vivo and in vitro models
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FIGURE 3.6 Activated microglia and astrocytes in lumbar spinal
cord of symptomatic mutant SOD1 mice. microglia stained with anti-
Mac2 antibody; astrocytes stained with anti-GFAP antibody, motor
neurons stained with antineurofilament H antibody. Bar: 100 pm.

through a cell-autonomous fashion (Fig. 3.3C). In these
experiments, mutant SOD1-expressing motor neurons,
in chimeric mice with both wild-type and mutant
SOD1-expressing cells, escaped from degeneration
when surrounded by wild-type glial cells, indicating
that mutant SOD1-mediated ALS is provoked in a non-
cell autonomous fashion (Clement et al, 2003;
Yamanaka et al.,, 2008a,b). Finally, to test the role of
individual CNS cell types in ALS, researchers designed
the 1oxSODI®  transgenic ~mice expressing
deletable mutant SOD1 gene by using Cre-loxP tech-
nology (Fig. 3.3D). Reducing mutant SOD1 expression
in either astrocytes or microglia using floxed SOD1
gene excised by Cre recombinase slowed the disease
progression and extended life span (Boillee et al., 2006;
Yamanaka et al., 2008a,b). A series of these studies
established the active role of glial cells in ALS patho-
genesis through genetically engineering the ALS model
mice (reviewed in Komine and Yamanaka, 2015).

Stem cell-derived motor neurons established from
mutant superoxide dismutase 1 mice

These ALS model mice are also useful for modeling
neurodegenerative diseases in vitro. Researchers estab-
lished the embryonic stem (ES) cells from mutant
SOD1 transgenic mice. The protocol to differentiate
ES cell from motor neurons is available so that it is
now feasible to model the motor neuron diseases
in vitro to elucidate the detailed mechanisms underlying

neurodegeneration (Wichterle and Peljto, 2008). Recent
studies demonstrated that astrocytes expressing mutant
SOD1 are toxic to ES cell-derived motor neurons, sup-
porting the “noncell autonomous” neurodegeneration
hypothesis of mutant SOD1-linked ALS (Nagai et al,
2007). Moreover, ES cell-derived motor neurons carrying
ALS causative genes are also useful for drug screening,
as well as neurons derived from human inducible plu-
ripotent stem cells.

Other amyotrophic lateral sclerosis

Researchers have tried to develop ALS models reca-
pitulating TDP-43 or FUS abnormalities, and many
transgenic animals overexpressing human TDP-43
wild-type or ALS-linked mutants were generated;
however, none of them represent the ALS-phenotype
well. Both wild-type and ALS-linked mutant TDP-43
transgenic mice, when expressed at high level, showed
neurological phenotypes, such as decline of motor per-
formance and neurodegeneration. In contrast to SOD1-
ALS models, cell-type specificity, and mutant specific-
ity for neurodegeneration were not well achieved in
TDP-43-ALS models. This may be because TDP-43 is
essential to all cell types, and the amount of TDP-43 is
tightly regulated by autoregulation of TDP-43 itself.
Since TDP-43 downregulates its own mRNA level, a
small amount of increase of TDP-43 does not affect the
total amount of TDP-43. In contrast, the overexpression
of a certain level of TDP-43 causes death in many
types of cells, resulting in difficulty in recapitulating
region-specific neurodegeneration. Currently, the
mechanism underlying neurodegeneration in sporadic
ALS is not well known, and it may be mediated by a
combination of both loss of function of normal RNA-
binding protein and gain of toxic function. The alterna-
tive approaches to develop ALS models have been in
progress, including the Cre-loxP system to express the
target protein in the specific cell types, virus-mediated
expression of target proteins in the spinal cord of adult
animals, and conditional deletion of target genes spe-
cific to motor neurons (Da Cruz and Cleveland, 2011).

Spinal muscular atrophy

Mice possess a single SMIN gene, which has 82%
amino acid identity with the human homolog; mouse
and human SMN genes show a similar expression pat-
tern. Homozygous deletion of the SMN gene results in
massive embryonic cell death before implantation, as
would be expected given the housekeeping functions
of SMN (Schrank et al., 1997). Heterozygous SMN-null
mice lack a marked clinical phenotype, and parental
carriers of SMA-related mutations are phenotypically
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normal, indicating that presumably only approxi-
mately 50% of the wild-type SMN level is required for
normal function in cells. When the level of SMN is
substantially reduced to lower than ~20% of the nor-
mal level, most or all cells die. Therefore, there seems
to be a critical level of SMN at which many cell types
are relatively unaffected, but a few cell types, such as
motor neurons and possibly muscle cells, are compro-
mised. The selective vulnerability of motor neurons for
the low levels of SMN is not well understood.

Human SMN2 transgenic mice

Since more than 95% of SMA patients show homo-
zygous deletion of SMNI and varied expression of
SMN2 (Fig. 3.1A—C), mice deficient for mouse SMN
but expressing human SMN2 seem to be an ideal
model for SMA. Introduction of one or two copies of
human SMN2 genes to SMN knockout mice rescues
the embryonic lethal phenotype, resulting in mice with
severe SMA (mSMN / :SMN2"/"), which are indis-
tinguishable from controls at birth, but die before post-
natal day 7 (Monani et al., 2000; Hsieh-Li et al., 2000).
Introduction of 8—16 copies of human SMN2 gene
completely rescued the phenotypes (Monani et al.,
2000), indicating that modestly enhanced expression of
full-length SMN protein from SMN2 can prevent SMA,
confirming the idea that enhancing SMN?2 transcription
is a potential therapeutic strategy (Burghes and
Beattie, 2009).

Since the phenotype of mSMN ™/~ mice carrying
two copies of SMN2 is severe, researchers tried to
reduce the severity in many ways. For example, intro-
duction of a second transgene containing human
SMNA7 into severe SMA mice (mSMN~/~;SMN2*/™)
extends the life span from 6 to 13 days (Le et al., 2005).
This mouse (MSMN /" ;SMN2"/":SMNA7"/"), also
called SMA type II model, has become the most widely
used of SMA models. Introduction of other transgenes
containing patient-derived point mutations in SMN1I
(A2G, A111G) have also resulted in increased life span.
However, none of these mutants alone rescue the
embryonic lethality caused by SMN depletion, indicat-
ing the importance of retaining at least some full-
length SMN to function.

By using SMA type II models, tissue-specific abnor-
mality of small nuclear RNA repertoires and profound
pre-mRNA splicing defects were elucidated in vivo
(Zhang et al., 2008). The work confirmed a key func-
tion of SMN complex in RNA metabolism and splicing
regulation in vivo. The abnormality of small nuclear
RNA repertories and splicing defects in SMA mice are
not limited to the spinal cord, but are observed in
many organs and remain an unsolved question regard-
ing the vulnerability of motor neurons in SMA.

Neuron-specific deletion of survival of motor
neuron in mice using Cre-loxP systems

The Cre-loxP system allows us to modify the gene
expression in a tissue-specific manner. A mouse line
carrying two loxP sequences flanking SMN exon 7
(SmnF7) has been established through homologous
recombination. Crossing these mice with tissue-specific
Cre mouse lines effectively produces complete defi-
ciency of SMN in target tissues. Neuron-specific abla-
tion of mSMN results in motor neuron loss and
premature death of mice (Burghes and Beattie, 2009;
Frugier et al., 2000). The complete absence of func-
tional SMN, which never occurs in patients, suggests
that these models provide limited insights into the
pathogenesis of SMA.

Spinal and bulbar muscular atrophy

AR-97Q mice as spinal and bulbar muscular
atrophy Model

After identification of expansion of polyglutamine
in AR in SBMA patients, two hypotheses have been
proposed for the role of polyglutamine-expanded
mutant AR in the pathogenesis of SBMA: (1) mutant
AR acquires a toxic property for motor neurons, or
(2) a loss of normal AR function causes motor neuron
degeneration. The loss-of-function hypothesis is not
supported by the observation that patients with testic-
ular feminization lacking AR function and AR gene
knockout mice do show motor neuron diseases. In con-
trast, the transgenic mice expressing a full-length
human AR gene with expanded CAG repeats under
the control of an ubiquitous promoter (AR-97Q mice)
recapitulated motor neuron disease, while the mice
with normal CAG repeats (24 repeats) did not show
any abnormality (Katsuno et al., 2002). More impor-
tantly, AR-97Q mice showed that motor neuron dis-
ease is dependent on gender. The disease phenotype
was seen only in male AR-97Q mice, not female, reca-
pitulating a key phenotype in SBMA. This gender
effect and CAG repeat-dependent neurodegeneration
are also observed in the other transgenic mice expres-
sing full-length ARs with expansion of CAG repeats,
establishing the successful SBMA model mice (Adachi
et al., 2007).

Androgen hormone and mutant androgen receptor
central to spinal and bulbar muscular atrophy
pathogenesis

This significant gender difference in the phenotype
of AR-97Q mice led researchers to test whether motor
neuron degeneration requires the ligand of AR, testos-
terone. AR-97Q) male mice that had been castrated (sur-
gically removal of testes) or pharmacologically altered
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to antagonize the effect of testosterone escaped from
motor neuron disease and pathology; AR-97Q female
mice that were administered testosterone did develop
motor neuron disease (Katsuno et al., 2002). This
ligand-dependent neurodegeneration is also observed
in a fruit fly model of SBMA (Takeyama et al., 2002).

In contrast to other polyglutamine diseases such as
HD, SBMA requires two elements (abnormal polyglu-
tamine carrying mutant protein and its ligand, andro-
gen) to develop motor neuron diseases. Based on the
studies, it is now established that mutant AR proteins
exhibit toxicity when translocated into a nucleus in the
presence of androgens likely to provoke transcriptional
dysregulation. Mutant AR proteins extracted from the
affected tissue of male SBMA mice are misfolded and
prone to form protein aggregates. Immunohistological
studies revealed that extensive accumulation of AR
proteins in the nucleus were observed in the male
SMBA mice despite that there was no significant dif-
ference in the AR mRNA levels between the male and
female SBMA mice. In support of the hypothesis in
which nuclear translocation of mutant AR is a key pro-
cess to provoke neurotoxicity, neuronal dysfunction
was halted by genetic manipulation to prevent nuclear
import of pathogenic polyglutamine protein in the
mouse model of SBMA (Montie et al., 2009).

Clinical correlations

Mutant SOD1 transgenic mouse models recapitulate
key pathology of ALS: motor neuron-specific degener-
ation and glial activation. Although they are excellent
models and have been extensively used in ALS
research, accumulation of misfolded SOD1 is not
observed in sporadic ALS. Therefore, new rodent mod-
els recapitulating pathology of sporadic ALS are
awaited.

Recent discovery of new genes, TDP-43, FUS, and
C9orf72, responsible for ALS has provided new oppor-
tunity for the development of new animal models (Da
Cruz and Cleveland, 2011). Although many animal
models for TDP-43 and FUS are reported, there are no
consensus for golden-standard models for ALS.
Especially, C9orf72-expressing mice partially recapitu-
lated pathological changes observed in patients, such
as dipeptide and RNA accumulation in the lesions.
However, their accumulation was not sufficient for
neurodegeneration (reviewed in Taylor et al.,, 2016).
Better rodent models useful for testing new candidate
drugs are awaited.

In contrast, the translational efforts using SBMA ani-
mal models have been successful, partly because SBMA
is a monogenic disease and the pathomechanisms are
better understood. Leuprorelin, a potent luteinizing

hormone-releasing hormone analog, is an approved
drug for treating prostate cancer. Leuprorelin sup-
presses the release of the gonadotrophins, luteinizing
hormone, and follicle-stimulating hormone. With subcu-
taneous administration of leuprorelin, male AR-97Q
mice improved motor function and showed significant
extension of their survival. Based on the results from
SBMA mice, the clinical trial of leuprorelin for SBMA
patients has been carried out. While the efficacy did not
reach statistical significance, subgroup analysis demon-
strated the efficacy of the drug to slow disease progres-
sion, resulting in a partial success (Katsuno et al., 2010).

Furthermore, the recent advance of antisense oligo-
nucleotide technology, which enables to downregulate
mRNAs derived from the disease-causative genes or
facilitate an exon splicing to enhance translation of the
gene products, was applied to the therapy for SMA.
Administration of antisense oligonucleotide signifi-
cantly enhanced the expression level for SMN2 and
therefore improved the clinical symptoms and the sur-
vival of SMA mice (Sahashi et al., 2013). Based on the
findings in the animal model, a clinical trial of anti-
sense oligonucleotide for SMA patients has already
showed benefit to the patients, and antisense oligonu-
cleotide as a therapy for SMA has now been approved
in many countries (Chiriboga et al., 2016).

Protocols

A brief protocol for extraction of genomic DNA
from a mouse tail.

1. The tail is incubated with 500 pL of lysis buffer
(0.4 mg/mL Proteinase K, 10 mM Tris, 100 mM
NaCl, 10 mM EDTA, 0.5% SDS) at 55°C for
16 hours.

2. Add 500 pL of 1:1 phenol/chloroform solution and
mix vigorously.

3. Centrifuge at 15,000 X g for 5 minutes. at room
temperature.

4. Carefully transfer aqueous supernatant to new
Eppendorf tube.

5. Add 40 pL of 3 M sodium acetate and 1 mL 100%
ethanol, mix gently, and centrifuge at 16,000 X g,
4°C to pellet genomic DNA. Remove supernatant.

6. Wash DNA with 1 mL of 70% ethanol, centrifuge at
16,000 X g for 1 minute, remove supernatant,
repeat step 6, and air dry for 1 hour.

7. Dissolve DNA with 50—100 pL of TE buffer (pH 8).
The DNA is ready to use for genotyping by PCR.
Typically, 10%—25% of pups are positive for
transgene. These pups are further screened for the
transgene copy number by using quantitative PCR
methods.
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Ethical issues

Nowadays, animal experiments are widely used for
understanding disease mechanisms, for developing
new medicines, and for testing the safety of drug can-
didates. As many animal experiments cause pain and
compromise the animals’ quality of life and life span,
researchers should be aware of the ethical problems
associated with using laboratory animals.

The “3Rs” are the principles for researchers to fol-
low to reduce the negative impact on animal research
and to maintain accountability to society for the use of
laboratory animals. The 3Rs are as follows: reduction,
refinement, and replacement. Reduction means to
reduce the number of animals used in experiments by
improving techniques or methods. Refinement means
to refine the experimental methods to reduce the suf-
fering of animals by the use of anesthesia or less inva-
sive methods. Replacement means to replace the
animal experiments with alternatives such as cell cul-
tures or others. In practice, when mouse tissues are
collected for research, we deeply anesthetize the
mouse by the inhalational anesthetic drug isoflurane
and then euthanize the animals. Similarly, when the
animal models reach the end stage of the disease, the
animals should be euthanized to reduce pain and suf-
fering from their disabilities due to the inability to
move. In accordance to 3R principle, very recently, the
researchers are encouraged to follow “ARRIVE guide-
line,” which warrant the reproducibility of animal
experiments. Substantial numbers of the journals now
ask the authors to follow this guideline (Kilkenny
et al., 2010).

All experimental protocols using animals should be
approved by the animal care and use committee in
each research institute or university. In addition, to
maximize safety during distribution of genetically
engineered living organisms, more than 90 countries
have ratified “the Cartagena Protocol on Biosafety,”
which has been in effect since 2003. This is an interna-
tional agreement that aims to ensure the safe handling,
transport, and use of living modified organism result-
ing from modern biotechnology that may have adverse
effects on biological diversity, considering the potential
risks to human health. When researchers create and
use transgenic or knockout rodent models as discussed
in this chapter, they should follow this protocol.

Translational significance

The animal models for motor neuron diseases dis-
cussed here have been used to test candidate drugs for
the therapy. SOD1-ALS models were used for many

preclinical studies to test candidate drugs including
antibiotics, minocycline, and the cyclooxygenase 2
inhibitor, celecoxib, on their disease courses. To date,
more than 20 clinical trials on sporadic ALS patients
have been conducted based on the studies using
SOD1-ALS rodent models. However, almost all clinical
trials did not show efficacies (Benatar, 2007). Failure to
translate results of rodent models to sporadic human
patients was attributed to several reasons. First, in
many preclinical studies, the drugs were administered
to animals before onset. However, this is not the case
for sporadic ALS patients since human patients are
treated after diagnosis. Second, in many cases, the
drug effects aiming to extend the survival time of mice
were modest, with cohort sizes that were not sufficient.
Adequate cohort size (more than 15 animals per geno-
type) as well as the timing of initiating drug treatment
should be carefully considered in the rodent studies.
Third, the disease mechanism of mutant SOD1-
mediated familial ALS could be different from spo-
radic ALS. Clinical correlation and translation of other
animal models for non-SOD1-ALS, SBMA, and SMA
are discussed in “Clinical correlation” section.

In summary, the mouse models for neurodegenera-
tive diseases (especially for motor neuron diseases) are
very useful tools to evaluate the efficacy of drug candi-
dates when the protocol is appropriately designed. We
hope this chapter provides a better understanding of
the applications of animal models for neurodegenera-
tive diseases to research for elucidating pathomechan-
isms, as well as developing therapies.

World Wide Web resources

Gene Reviews: http://www.ncbinlm.nih.gov/
sites/GeneTests/review

This open website provides detailed information of
human inherited diseases and the research for genetic
diseases, including motor neuron diseases.

OMIM (Online Mendelian Inheritance in Man):
http:/ /omim.org/

This website provides a comprehensive, authorita-
tive compendium of human genes and genetic pheno-
types that is freely available and updated daily. It is
maintained by Johns Hopkins University, in collabora-
tion with the National Institute of Health, United
Status of America.

International Mouse
http:/ /www.findmice.org

The IMSR is a searchable online database of mouse
strains, stocks, and mutant ES cell lines available
worldwide, including inbred, mutant, and genetically
engineered strains. The goal of the IMSR is to assist

Strain Resource (IMSR):
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the international scientific community in locating and
obtaining mouse resources for research.

ALS association: http:/ /www.alsa.org/

The website introduces a nonprofit organization in
the United States, which promotes research on ALS
and provides support to ALS patients and the commu-
nity. The detailed information of ALS diseases and
research are found.

Families of SMA: http://www.fsma.org/

Like the aforementioned organization, this nonprofit
organization provides information about SMA.

Convention on biological diversity: http://bch.cbd.
int/protocol/

The website provides information on “The
Cartagena Protocol on Biosafety.” Researchers who use
genetically modified animals should follow these
principles.

ARRIVE  guideline:
arrive-guidelines/

The website provides information on ARRIVE
guideline, which in accordance of “3R” policy in ani-
mal research.

https:/ /www.nc3rs.org.uk/
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Glossary

SOD1 A 153 amino acid, enzyme converts superoxide to oxygen
and hydrogen peroxide. SOD1 forms homodimer and each sub-
unit contains copper and zinc. Dominant mutation in SODI gene
is the second most frequent cause of familial ALS. Most of them
are missense mutations resulting in misfolding of protein.
Mutations of the SOD1 gene (both enzymatically active and inac-
tive mutants) uniformly cause neurodegeneration, not by a loss of
enzymatic activity, but rather by a gain of toxicity due to protein
misfolding.

TDP-43 TDP-43 is a 414 amino acid, DNA- and RNA-binding pro-
tein, which has various roles in RNA metabolism including RNA
splicing, stability, transcriptional regulation, miRNA biogenesis,
and stress granule formation. TDP-43 has a prion-like domain in
its carboxy-terminal; therefore, it is prone to form protein

aggregates under disease condition. Abnormal deposition of
TDP-43 in cytoplasm is seen in almost all ALS and a part of the
patients with FTLD, which is a prominent cause of presenile
dementia.

C9orf72 (C9 open reading frame 72) A large hexa-nucleotide
GGGGCC repeat extension within intron or 5UTR of C9orf72
gene causes dominantly inherited ALS. C9orf72-ALS is the most
frequent cause of familial ALS in North America and Europe;
however, it is very rare in east Asian ALS patients. Disease
hypotheses include (1) abnormal RNA accumulation due to
expanded hexa-nucleotide repeats and (2) abnormal dipeptide
repeats accumulation due to repeat associated non-AUG (RAN)
translation.

SMN SMN is encoded by SMNI and SMN2 genes in human. SMN
is localized in the cytoplasm and nuclear gems, forms protein
complex with snRNPs, and plays many roles in RNA metabolism
including mRNA processing and transcriptional regulation. In
most of patients with SMA, homozygous deletion of SMN1
results in unstable SMN protein derived from SMN2. Lower level
of SMN protein is causative for SMA. The current therapy for
SMA is aimed to increase the amount of SMN protein by correct-
ing the splicing of SMN2 through administration of antisense
oligonucleotides.

Abbreviations

ALS Amyotrophic lateral sclerosis
AR Androgen receptor

FUS Fusion in sarcoma

SBMA  Spinal and bulbar muscular atrophy
SMA Spinal muscular atrophy

SMN Survival of motor neuron

SOD1 Copper/zinc superoxide dismutase
TDP-43 TAR-DNA-binding protein 43

Long answer questions

1. Neurodegenerative diseases are defined by many
elements and contain many diseases. (A) Provide a
definition of neurodegenerative disease. (B) Provide
several examples.

2. There are many approaches for modeling mouse
models for inherited neurodegenerative disease. If
the mutation of the gene provokes toxicity in
neurons, and mutations are transmitted as
autosomal dominant inheritance, which type of
genetic engineering of the mouse is appropriate for
modeling? Explain your answer.

3. Some inherited disease is mediated by a loss of gene
function. (A) Describe the most likely type of
inheritance pattern. (B) Which type of genetic
engineering of the mouse is appropriate?

4. You would like to disrupt the gene of interest from
the mouse. However, you cannot obtain the gene-
deficient mouse, because the systemic disruption of
the gene of interest causes early embryonic lethality.
In such a case, what kind of alternative approaches
can you take?

I. Human diseases: in vivo and in vitro models
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Answers for yes/no type questions

. When the model mouse for motor neuron disease is

used for translational research to develop a
medicine, the drugs effective for the mouse models
are not always successful for the clinical trial for
human patients. Explain the possible causes of
failure in translation.

Short answer questions

. Name a neurodegenerative disease affecting

midbrain dopaminergic neurons and describe its
inheritance pattern.

. Describe three representative motor neuron diseases

and their genetic inheritance.

. Why are women carrying mutations of androgen

receptor not susceptible for spinal and bulbar
muscular atrophy (SBMA)?

. Which technique is used for conditional gene

knockout (cell-type specific gene disruption)?

. In spinal muscular atrophy (SMA), what type of

therapeutic approach is likely to be promising,
based on research of animal models?

Answers to short answer questions

. Parkinson’s disease (most cases are not genetically

determined, while about 5%—10% of cases are
inherited).

. ALS (10% of cases are inherited and about 18 ALS

genes are identified), SMA (autosomal recessive
inheritance), SBMA (X-linked recessive).

. Male sex hormone, androgen is required for mutant

androgen receptor to provoke toxicity.

. Cre-loxP system.
. Increasing expression of functional SMN protein

(derived from SMN2 gene).

Yes/no type questions

1. Do the patients with neurodegenerative diseases

have familial cases?

2.

10.
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Does transgenic mouse usually express the
transgene at the lower level than the endogenous
gene?

. If you would like to test the role of essential

gene in mice, should the Cre-loxP methods be
used?

. In general, is the mechanism of recessive disease

mediated by a loss of gene function?

. Parkinson’s disease selective affects motor neurons

in adults. Is it correct?

. Alzheimer’s disease is one of the

neurodegenerative diseases. Correct?

. Spinal bulbar muscular atrophy (SBMA) affects

specifically female. Correct?

. Spinal muscular atrophy (SMA) is caused by a

homozygous loss of SMIN2 gene expression.
Correct?

. The strategy of gene therapy for spinal muscular

atrophy is to administer antisense oligonucleotide
to significantly enhanced the expression level for
SMN2. Correct?

Researcher who conducts animal experiments
should follow the 3Rs, reduction, revision, and
replacement. Correct?

Answers for yes/no type questions

. Yes. In most of neurodegenerative diseases, 1%—

10% of patients are familial cases.

. No. Transgenes are usually expressed at higher

level than the endogenous gene.

. Yes. It is called as a conditional knockout strategy.

Yes.

. No. Parkinson’s disease affects dopaminergic

neurons in midbrain.
Yes.

. No. SBMA affects male, since it is X-linked

recessive inheritance.

. No. SMA is caused by a homozygous deletion of

SMNT1 gene.

Yes.

No. 3Rs are reduction, refinement, and
replacement.

I. Human diseases: in vivo and in vitro models
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Summary

Epigenetic mechanism is involved in most of the
diseases including cancer, cardiovascular diseases, dia-
betes, neurological disorders, and autoimmune dis-
eases. In contrast to genetics which is based on changes
in nucleotide sequences, epigenetics involves gene
expression alterations in normal and disease states
without changes in DNA sequence. Research con-
ducted in last decade has indicated that cancer is a
genetic and epigenetic disease. Genetically engineered
tumor-prone mouse models have proven to be power-
ful tools in understanding many aspects of carcinogen-
esis, including epigenetics. DNA methylation, histone
modifications, noncoding RNA profiling, and chroma-
tin condensation and relaxation (accessibility to chro-
matin) are major components of epigenetic regulatory
machinery. DNA methylation in particular has been
the subject of intense interest because of its recently
recognized role in disease initiation, development, and
progression, as well as in the development and normal
function of organisms. Starting from cell line and sim-
ple model systems such as Arabidopsis thaliana, more
complex model systems have led to further insights
into role of epigenetics in human diseases. This article
focuses on cancer because, compared with other dis-
eases, cancer epigenetics has been studied exten-
sively—from diagnostics to prognosis to therapy and
survival, and epigenetic inhibitors have been used suc-
cessfully in treating specific cancers. Selected epige-
netics animal models in brain, breast, liver, lung, blood,
colon, and prostate cancers are described. Challenges
in the field and potential solutions also are discussed.

Animal Biotechnology.
DOIL: https://doi.org/10.1016/B978-0-12-811710-1.00004-5

What you expect to know

Tumorigenesis is a multistep process and epige-
netics plays an important role in tumor initiation and
progression, especially by inactivating tumor suppres-
sor genes and activating oncogenes. Epigenetic
changes can be reversed by natural nutrients and bio-
logical food components (Verma and Srivastava, 2002;
Dunn et al., 2003; Verma et al., 2003, 2004; Kumar and
Verma, 2009; Khare and Verma, 2012; Mishra and
Verma, 2012). Its implication in preventing and treat-
ing diseases such as cancer is tremendous (Su, 2012).
This article provides advantages of using animal
models to understand and implement epigenetic
approaches in cancer control and treatment. The impli-
cation of animal models in determining the susceptibil-
ity to cancer development has also been explained.

Introduction

Cancer is a genetic and epigenetic disease. To
understand the underlying basic mechanism, a number
of animal models have been created, which are based
on animal biotechnology knowledge. The most useful
models are the mouse models where epigenetic
approaches have been applied. These models are use-
ful because genome-wide methylation patterns and
chromatin modifications that are dynamic can be mon-
itored in animal models. They do not persist through-
out life but undergo precise, coordinated changes at
defined stages of development. Epigenetically altered
patterns are involved in the environmentally triggered

© 2020 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/B978-0-12-811710-1.00004-5

64

phenotypes. Some of the phenotypes correlate with
disease progression. Few sections detail the general
epigenetic regulation and animal models in different
cancers. Ethical issues, protocols involved, and general
questions are also discussed.

History

Both genetic and epigenetic changes occur simulta-
neously in an organism. Genetic alterations include
mutations and single nucleotide changes, deletions,
insertions, changes in copy number, and translocations.
Epigenetic alterations (methylation, histone and selected
nonhistone protein alterations, noncoding RNA altera-
tions, imprinting, and chromatin remodeling) broadly
include nongenetic alterations that are capable of being
transmitted from one cell generation to another. The
epigenome is significantly perturbed in most cancers,
raising questions about which epigenetic alterations are
functionally important in cancer. The current focus of
clinical and basic research is on identifying differentially
expressed marks associated with cancer so that they can
be used as screening tools (biomarkers) to identify high-
risk populations. After successful implication of
genome-wide association studies (GWAS) in identifying
disease-associated genetic marks, epigenome-wide asso-
ciation studies (EWAS) have also been proposed
(Verma, 2016). Such studies are complementary to the
Precision Medicine Initiative (PMI) (https://www.nih.
gov / precision-medicine-initiative-cohort-program) pro-
posed by the US government.

Environmental

exposure

Nutritional
components and
lifestyle factors

Genetic
instability

Genetic susceptibility
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DNA methylation can occur as hypermethylation or
hypomethylation of CpG islands, resulting in gene inac-
tivation or activation. Generally gene-specific methyla-
tion is observed in the promoter region, and global
methylation is observed in repeat sequences and trans-
posable elements (i.e., short interspersed nuclear ele-
ments or SINE, and long interspersed nuclear elements
or LINE) that contribute to genomic instability and
altered gene expression, leading to disease development.
Methylation involves covalent addition of a methyl
group at position 5 of cytosine. DNA methylation
mainly occurs in CpG islands. These regions are rich in
phosphate-linked pairs of cytosine and guanine resi-
dues. Gene transcription depends strongly on chromatin
structure. Euchromatin, with an open chromatin struc-
ture, indicates active transcription; heterochromatin,
with a tight chromatin structure, represents transcription
repression. Epigenetic mechanisms have evolved to reg-
ulate the structure of chromatin and, as a consequence,
access to DNA for transcription. These modifications
include the post-translational modifications of histones,
remodeling of chromatin, polycomb suppressor com-
plexes, and DNA modifications. Active chromatin com-
plex formation involves energy-dependent reactions,
specific histone variations, and chromatin remodeling.
Few nucleosome remodeling factors, such as SWI/SNF,
ISWI, CHD, and IN080, have been characterized.
Eukaroyotic DNA is packaged in nucleosomes, each
consisting of a histone octamer arranged as two H3—H4
tetramers and two H2A—H2B dimers (Fig. 4.1).

Another aspect of epigenetic regulation is non-
coding RNAs, especially microRNAs (miRNAs).
Genetic and epigenetic alterations in miRNA

FIGURE 4.1 Factors contributing to the
epigenetic regulation of gene expression.
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processing  contribute to cancer development.
MicroRNAs are highly conserved 19—25 nucleotide
long nonprotein coding RNAs involved in develop-
ment and differentiation. These miRNAs bind to
mRNAs and degrade them. RNA polymerase II codes
miRNAs as a long precursor that is processed from
nucleus to cytoplasm with the help of protein com-
plexes. miRNAs are involved in cancer initiation and
development. miRNAs are more stable than mRNAs,
probably because of their small size. Molecular profil-
ing of miRNAs helps in disease stratification, espe-
cially in identifying the stages of disease. The
therapeutic potential of miRNAs also is being explored
by several investigators.

Epigenetics is different from genetics because epi-
genetic inhibitors, mostly small molecules, can
reverse epigenetic changes. Recently, chromatin-
associated proteins have been characterized, which
interact with epigenetic inhibitors. A list of selected
inhibitors is presented in Table 4.1. The inhibitors of
epigenetic target include chromatin-associated epi-
genomic writers (DOT1L and EZH?2), erasers (LSD1),
and readers (BRD4; Tanaka et al., 2015). Writers are
defined as enzymes that catalyze the addition of a
modification to chromatin-associated proteins and
erasers are enzymes that catalyze the removal of
covalent modification from these proteins.

Principle

Epigenetics reveals many molecular events of cancer
biology. During epigenetic regulation, due to external
environmental, dietary, life style, and behavior
changes, key components of chromatin, histones, non-
histone proteins and selected factors, DNA in the pro-
moter region, and miRNA expression change and
initiate the carcinogenesis process. Technologies exist
to measure these changes. By following epigenetic
changes, cancer can be detected and intervention and
therapeutic approaches can be applied.

Use of mouse models in the epigenetics
of cancer

Animal models help us in understanding the under-
lying epigenetic mechanism during disease develop-
ment as well as physiological conditions such as stress
(Hodes, 2013) and nutritional disorders (Verma, 2013).
Rosenfeld (2010) proposed animal models to study
environmental epigenetics. Two main approaches are
being used in mouse models of epigenetic changes in
cancer: (1) models that are genetically manipulated to
overexpress or to lack specific genes that are direct

I. Human diseases: in vivo and in vitro models
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Name of the
inhibitor/drug

Disease

Comments

Azacytidine

Decitabine

Vorinostat

Romidepsin

Belinostat

Panobinostat

GSK126

EPZ6438

ORY-1001

GSK2879552

OTX015

Trichostatin A

Cancer

Cancer

Cancer

Cancer

Cancer

Cancer

Cancer (diffuse large B
cell lymphoma)

Cancer

Cancer (leukemia)

Cancer (lung)

Cancer (relapsed
hematologic
malignancies)

Alzheimer disease

Demethylating agent
Brand name: Vidaza
FDA approved

Demethylating agent

Brand name:
Dacogen

FDA approved

Histone deacetylase
inhibitor agent

Brand name: Zolinza
FDA approved

Histone deacetylase
inhibitor agent

Brand name: Istodax
FDA approved

Histone deacetylase
inhibitor agent

Brand name:
Beleodaq

FDA approved

Histone deacetylase
inhibitor agent

Brand name: Farydak
FDA approved
From GSK

Phase I clinical trial
EZH2 inhibitor
From GSK

Phase I clinical trial
EZH2 inhibitor
From Oryzon
Phase Ila trial
From GSK

Phase I trial

From Oncoethix

Phase I trial

Histone deacetylase
inhibitor

Experimental stage

(Continued)
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TABLE 4.1 (Continued)

Name of the

inhibitor/drug Disease Comments

Different HDAC Central nervous system Animal models show
inhibitors disorders promising results

Human trials not
started yet

Histone methyl Neuroprotection in Animal models show

transferase cerebral ischemia promising results
inhibitors .
Human trials not
started yet
Histone Cardioprotective effects Successful preclinical
deacetylases studies

Human trials not
started yet

regulators of DNA methylation and methylation-
related gene expression; and (2) nutrition-, genetic-, or
carcinogen-induced mouse models of cancer with
assessment of somatic epigenetic alterations that arise
in tumors (Mathers et al., 2010). In the first approach,
haploinsufficient mice such as Dnmt1*~ or that have
tissue-specific gene alterations are used, which makes
interpretation of results easy. For example, the Apc™™/**
mouse model system for intestinal cancer used mice
with hypomorphic expression of Dnmt3b (DNA
methyltransferase 3b) or Mbd2 (methyl CpG domain-
binding protein 2). In this model, APC allele modifica-
tions Contribute to intestinal cancer. To elaborate, in
the Apc™™®“! system, the double-mutant mice lack
either the ability to establish new methylation patterns
(Dnmt3b hypomorph) or the ability to repress genes
that are associated with methylated DNA (Mbd2 hypo-
morph). This provides an excellent system to directly
demonstrate the role of methylation in cancer progres-
sion. This model also established the fact that de novo
methylation and maintenance of methylation are
required for disease development. Depletion of DNA
methylation caused by a partial loss of the mainte-
nance methyltransferase Dnmtl1 leads to aggressive T-
cell lymphomas. In another kind of mouse model, a
candidate gene approach was adopted. Tumor sup-
pressor genes were identified in specific cancers. These
genes are knocked down, and their effects on the
development of animals and cancer are investigated.
In the following section, selected cancer types and
their models are described. The criteria used in select-
ing these cancers were their high incidence, preva-
lence, and mortality rates, as well as their complex
biology.

Examples with applications

Brain cancer

Medulloblastoma is a pediatric brain tumor.
Frequently in this tumor type, Kuppel-like factor-4
(KLF4) acquires homozygous deletions and sometimes
single nucleotide polymorphisms (SNPs). Functional
analysis indicated inactivation of KLF4 expression at
the transcriptional and translational levels. When
cells were treated with the demethylating agent 5-aza-
cytidine, the KLF4 gene was reactivated, which sug-
gests the presence of CpG islands in the promoter
region of the gene and epigenetic regulation of the
gene. This study integrated genetically and epigeneti-
cally mediated gene regulation in cancer. Because
KLF4 is also targeted in other neoplasms, this study
may provide the fundamental mechanism and model
system to understand the underlying mechanism.
In another study based on genome-wide methylation
and copy number analyses, Hong et al. demonstrated
suppression of growth suppressor SLC5A8 in glioma
and its reactivation by demethylating agents. Prenatal
malnutrition may lead to reprogramming by epige-
netics resulting in memory loss and susceptibility of
schizophrenia. Genetically engineered mouse models
of medulloblastoma were used for studying genome-
wide methylation to identify cancer-associated
biomarkers.

Breast cancer

Based on the genome-wide methylation analysis,
Demircan et al. (2009) demonstrated similarity in the
mouse and human methylomes in breast cancer mod-
els. In these experiments, human orthologs of ATP1B2,
FOXJ1, and SMPD3 were aberrantly hypermethylated
in the human disease, whereas DUSP2 was not hyper-
methylated in primary breast tumors. In human breast
cancer, BRCA1, CDKN2A, SFN, CDH1, and CST6 are
regulated epigenetically, but not many mouse genes
are regulated epigenetically. Studies by Demircan et al.
(2009) identified that the Timp3, Rprm, Smpd3, Dusp2,
AtplB2, and FoxJ1 genes are regulated epigenetically.
Of all genes studied, only Wifl and Dapkl were found
to not be silenced in either species. The protein
encoded by ATPIB2 is a member of the Na' /K"
ATPase beta chain protein family, which is an integral
membrane protein responsible for establishing and
maintaining the electrochemical gradients of Na* and
K" ions across the plasma membrane. FOXJI is a
member of the forkhead gene family of transcription
factors. Other genes discussed above are tumor sup-
pressor genes.

While conducting studies in breast cancer to evalu-
ate role of epigenetics, the selection of strains of rat is
very important because different strains show different

I. Human diseases: in vivo and in vitro models
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susceptibility to spontaneous breast cancer develop-
ment but highly prone to extremely severe metastatic
tumors (e.g., Fischer rats), estrogen-induced cancer
(e.g., ACI rats), and prone to metastasis (e.g., Long-
Evans rats). The basal epigenetic profiling in four rat
strains has been completed by these investigators,
which might help in understanding why few rats are
more susceptible to develop cancer compare with
other rats. The role of histone methyl transferase,
EZH?2, in predicting highly aggressive breast cancer
was also demonstrated by these investigators.

Colorectal cancer

The epigenetic regulation of colorectal cancer by
environmental and host-associated factors has been
studied extensively. Epigenetic agents such as folic
acid (FA) and sodium butyrate (NaBU) showed poten-
tials to prevent colorectal cancer. In one experimental
study, colorectal cancer was induced by 1,2-dimethyl-
hydrazine (DMH) in ICR mice, and FA and NaBU
were administered after colorectal cancer developed. A
lack of FA in the diet led to the hypomethylation of
the total genomic DNA (global DNA) or proto-
oncogenes. This also resulted in the development of
tumors. Methylation profiling and H3 histone immu-
noprecipitation were measured in control and treated
animals, and the protective effect of these agents was
observed. In this study, investigators demonstrated
that drug combinations enhanced tumor prevention
and, when NaBu and FA were administered concomi-
tantly, the beneficial effect was greater than that
observed for either agent administered alone. In mouse
models, inhibition of Dnmt3a resulted in inhibition of
colorectal cancer initiation.

Esophageal cancer

The methylene tetrahydrofolate reductase (MTHFR)
gene is polymorphic, and the p16, MGMT, and MLH1
genes are methylated during esophageal squamous
cell carcinoma (ESCC). A diet rich in FA supplies the
methyl group and influences the methylation process.
Clinically, dietary FA has been reported to be benefi-
cial for patients with ESCC. Barrett’s esophagus is the
precancerous form of esophageal adenoma carcinoma,
which is a metaplastic condition in which the normal
squamous epithelial cells of the lower esophagus are
replaced by small intestine-like columnar linings. In a
large clinical study, surveillance and early detection of
methylation biomarkers (a set of eight genes such as
ple, HPP1, RUNX3, CDH13, TAC1, NELL1, AKAP12,
and SST) were found to be very useful in reducing the
incidence rate of this cancer. These studies established
the stratification strategy for esophageal cancer pro-
gression, which might lead to better prognosis of the
disease in the future. In another study mnaked cuticle

homolog 2 (NKD2) suppression by hypermethylation
was demonstrated in esophageal cancer xenografts
that involved Wnt signaling pathway.

Gastric cancer

Kikuchi et al. demonstrated that cycloxygenase-2
(COX-2) plays an important role in gastric cancer
development. Gastric cancer is very common in Asian
countries. It is also well established that COX-2 plays a
major role in inflammation and prostaglandin synthe-
sis via the arachidonic acid pathway. In one model
system, hypermethylation of COX-2 resulted in its
inactivation; epigenetic inhibitors reactivated COX-2,
which suggests the involvement of methylation and
histone alterations as key components of gastric carci-
nogenesis. Gene-encoding protease activated receptor
4 (PAR4) is involved in colon and prostate cancer, but
its role in gastric cancer was not known until Zhang
et al.( 2011) demonstrated its regulation by epigenetics
in a model system as well as in human tissues. PAR4s
are G protein-coupled receptors that are involved in
proteolysis. The involvement of PAR4 in gastric
aggression has also been proposed. It has also been
suggested that the epigenetic regulation of host genes
is affected by Helicobacter pylori infection, thereby sug-
gesting its involvement in the initiation and progres-
sion of gastric cancer. The involvement of cytidine
deaminase has also been proposed by these
investigators.

Head and neck cancer

Sun et al. demonstrated the role of transkelolase-like
1 (TKTL1) gene in head and neck squamous cell carci-
noma (HNSCC). In cell line and xenograft models,
functional characterization of TKTL1 was achieved by
following mRNA and protein expression of fructose-6-
phosphate, glyceraldehyde-3-phosphate, pyruvate, lac-
tate, and the levels of HIFla protein and its downstream
glycolytic targets. Hypermethylation of TKTLI in
HNSCC confirmed that epigenetic regulation is an inte-
gral part of HNSCC. A combination of protease inhibitor
and histone deacetylase therapeutic agents showed
promising results (reactivation of transcriptionally inac-
tive genes), which further confirmed epigenetically
mediated regulation of HNCCC. Note that proteasome
inhibitor PS-341 has emerged as a novel therapeutic
agent that works well in combination with other agents
as a cancer inhibitor.

Lung cancer

For lung cancer, more information has come from
mutations and SNPs than from alterations in epige-
netics and proteomics. Its mortality rates are high
because the disease spreads to other organs, and
little is known about the underlying mechanisms.
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The mouse is a good model for use in evaluating the
efficacy of chemopreventive agents for lung cancer.
Gene silencing by promoter hypermethylation is a crit-
ical component in the development and progression of
lung cancer and an emerging target for preventive
intervention by demethylating agents. Yue et al. (2009)
demonstrated that fibulin-5, a vascular ligand for
integrin receptors, worked as a suppressor of lung
cancer invasion and metastasis by promoter hyper-
methylation. It inhibited matrix metalloproteinase-7
(MMP-7), a marker of cell invasion. Results were con-
firmed by classical knock-down approaches. Further
research demonstrated that epigenetic silencing of
fibulin-5 promoted lung cancer invasion and that
metastasis occurred by activating MMP-7 expression
through the ERK pathway, which is an integral part of
lung cancer development. Belinsky’s group demon-
strated that methylation events that were observed fre-
quently in human lung cancer could be followed in
mouse models. The researchers identified four poten-
tial biomarkers for assessing intervention approaches
for reversing epigenetically mediated gene silencing.

Lymphoma and leukemia

In a mouse model of leukemia, transgenes were
implicated in driving the proliferation of T cells. Some
of these cells eventually acquired enough secondary
mutations to give rise to T-cell lymphomas or acute
lymphoblastic leukemias (ALL). The methylation pro-
file at the genomic level was determined to identify
both hyper- and hypomethylation events in the
induced benign proliferative state that preceded the
formation of the tumors, as well as events in the estab-
lished tumors.

In hematologic malignancies, epigenetic inhibitors
can be used for the treatment of cancer. In one study,
zebularine, a demethylating agent, was administered
in mice where radiation was used to induce lympho-
genesis. Unradiated mice of the matching weight and
age were used as controls. Results indicated hypo-
methylation in lymphoma-associated genes and sup-
pression of lymphoma in zebularine-treated animals.

To determine the early stages in the development of
chronic lymphocytic leukemia (CLL), Chen et al. used
a well-established mouse model for CLL and followed
expression of human TCL1, a known CLL oncogene in
murine B-cells, which led to the development of
mature CD19 + /CD5 + /IgM + clonal leukemia with
a disease phenotype similar to that seen in human
CLL. Results indicated that the mouse model recapitu-
lated the epigenetic events that were reported for
human CLL. These events were detected as early as 3
months after birth, which was close to a year before
disease manifestation. Accumulated epigenetic altera-
tions during CLL pathogenesis occurred as a

consequence of TCL1 gene silencing and synthesis of
the NFk3 repressor complex. This suggests that NFk{3
may be used as a therapeutic target in CLL. The role of
miRNA in leukemia has also been explored.

Another well-studied model is an epithelial multi-
step tumorigenesis model of squamous cell cancer for-
mation. In this model tumors are induced and
promoted by chemical exposure, resulting in different
progression stages of cancer development. This helps
in the molecular classification of tumors. Fraga et al.
(2004, 2005) completed the methylation profiling in
normal tissues and tumors and identified benign papil-
loma and invasive carcinoma-related markers, mostly
tumor suppressor genes, and established an associa-
tion between disease and the activation or inactivation
of these tumor suppressor genes. Surprisingly, several
tumor suppressor genes, including Cdkn2a, were found
to be consistently methylated very early in disease pro-
gression, suggesting that methylation of these genes
may be crucial to the formation of tumors in this sys-
tem. Among early expression genes Cdkn2a is a tumor
suppressor gene and a few more new genes also were
identified.

Prostate cancer

The protective role of FA is well established in colo-
rectal cancer, and the underlying epigenetic mecha-
nism has also been extensively characterized. Such
studies have not been conducted in prostate cancer.
Recent research demonstrated that similar protection
could be obtained in prostate cancer. The transgenic
adenoma of the prostate (TRAMP) mouse model was
used for this study because the model is very appro-
priate to follow the aggressiveness of the disease.
Generally prostate cancer takes 15-20 years to
develop, but in a few cases this cancer is very
aggressive. It is clinically significant to distinguish
aggressive cancer from normally developing cancer,
and the TRAMP model might be very useful in such
situations.

Liver cancer

Methylation sources in the body and one-carbon
metabolism play important roles in epigenetically
mediated gene regulation, and any abnormalities in
the process may contribute to cancer initiation and
progression. In a recent study of hepatocellular
carcinoma (HCC), Teng et al. (2011) reported HCC
development and fatty liver due to disturbed choline
and one-carbon metabolism by betaine homocysteine-
S-methyltransferase (BHMT) in a mouse model. This
study also demonstrated the integration of genetic and
epigenetic alterations that are known to influence each
other and contribute to cancer development. The func-
tion of BHMT is to transfer the methyl group from
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betaine to homocysteine, thereby forming dimethylcys-
teine and methionine. Mutations in the BHMT gene
have been reported in breast cancer. To study the effect
of mutations in BHMT, knockout mice of this gene
were generated and functionally characterized. Higher
BHMT activity was found in the liver and kidney com-
pared to other organs. Because methionine is the pre-
cursor of S-adenosylmethionine, which is the major
source of methyl donor, it plays an important role in
epigenetic regulation. The role of long noncoding RNA
(IncRNA) and microRNA (miR-29) in HCC was demon-
strated recently by Braconi et al. (2011). These studies
were based on the microarray analysis of more than
23,000 Inc RNAs (long noncoding RNAs) and miRNAs.
About 3% of RNAs were found to be downregulated in
HCC. Furthermore Song et al. (2011) reported hetero-
chromatin histone modifications in liver cancer.

Other approaches

Along with the characterization of methylation pat-
terns, proteins binding to methylated regions have also
been characterized. These proteins are identified by
methylated DNA immunoprecipitation (methyl DIP),
which involves the hybridization of immunoprecipi-
tated methylated DNA to microarrays or deep
sequencing of the DNA in the immunoprecipitated
DNA complex to assess the pattern at the genome
level. However improvements are required to adapt
this process on a large scale to address problems such
as low resolution when using microarrays, difficulty in
obtaining sufficient coverage when deep sequencing is
used, and high false-discovery rates. Thus this tech-
nique used to assess the cancer methylome in these
model systems is one crucial factor to include when
interpreting the results of studies of epigenetic altera-
tions in mouse models.

Methodology

Methodologies described below are suitable to assay
epigenetic components in animal tissues. Specific
methodologies are described below.

Methylation profiling

MethylLight technology, pyrosequencing, and Chip-
on-Chip are key technologies to measure epigenetic
alterations in cancer. For methylation profiling, quanti-
tative methylation-specific polymerase chain reaction
(QMSP) assays followed by pyrosequencing (for con-
firmation) are performed. Sodium bisulfite treatment
followed by alkali treatment is the key for all assays.
Bisulfite reacts with unmethylated cytosines and

converts them to thymidine. In the PCR reaction all
converted Cs behave like Ts. Methylated cytosines and
other bases are not affected by bisulfate treatments.
MethylLight is the most common method to determine
methylation profile in real time. This is a high-
throughput quantitative methylation assay that utilizes
fluorescence-based real-time PCR technology and does
not require any manipulation after PCR reaction. This
technology can detect methylation allele in the pres-
ence of 1000 unmethylated alleles. The fluorescence
signal reflects the amount of PCR amplified DNA.

Histone profiling

Chip-on-Chip is the standard method for determin-
ing alterations in histones. Monoclonal antibodies
against histone modifications are used in binding to
fragmented DNA. The most common histone modifica-
tions in cancer are H3K4mel (monomethylated),
H3K4me3 (trimethylated), H3K9/16Ac, and
H3K27me3 and monoclonal antibodies are available
commercially against these histone-modified proteins.
For high throughput, Chip-Seq technique is applied.

High-throughput profiling of miRNA can be
achieved by Illumina sequencing.

Nucleosome mapping

The positioning of nucleosomes in the promoter dic-
tates disease initiation and progression of disease and
also responsiveness to treatment. Nuclease I digestion
of chromatin and analysis by gel analysis is the most
common method for nucleosome mapping.

Protocols

Three main protocols are used in epigenetic regula-
tion in animal models.

e Extraction and sodium bisulfate treatment of genomic
DNA. DNA from tissues is isolated using Qiagen
Blood and Cell Culture DNA Isolation Kit (Qiagen,
VA) and stored at —20°C before use.

e DNA is modified with EZ DNA Methylation Kit
(Zymo Research, CA) using protocols supplied with
the Kkit.

* For sodium bisulfate treatment, 1 pg DNA was
incubated with sodium bisulfate at 50°C for
16 hours in the dark (solution of sodium sulfite is
supplied with the kit).

e Using columns supplied with the kit, the excess
bisulfate is removed and treated DNA is eluted
with the elution buffer in a small volume (20 uL).
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One microliter is sufficient for PCR amplification for
the next step.

* Methylation-specific PCR. Primers are selected
based on the gene of interest and PCR amplification
is done using Qiagen HotStart Taq DNA
Polymerase kit in the amplification buffer.

e Amplified fragments are analyzed by gel
electrophoresis.

* Pyrosequencing. Small amount of amplified DNA
(2—10 pL) is mixed with streptavidin-coated Sepharose
beads based on instructions provided with the lit (GE
Healthcare Biosciences AB, Uppsala, Sweden).

* Beads are shaken for 10 minutes at room
temperature.

e After centrifugation the supernatant is used to do
sequencing using a PyroMark MD System (Biotage,
AP, Uppsala, Sweden).

* Analysis of sequencing data is done using the
software supplied by PyroMark.

e Analysis of Histone (Acetylated) Content. The
procedure is called “Chromatin
Immunoprecipitation (ChiP)” protocol. ChiP assay
helps in identifying the location of protein-DNA
interaction on the chromosome. The most critical
step in this assay is the selection of high-quality
antibodies directed against specific modifications of
histones. The basic steps in the protocol are
described below.

¢ Cells are isolated from animal tissue treated with
micrococcal nuclease and fixed for 15 minutes in
formaldehyde in PBS on ice (Note that the duration
of the incubation and the final concentration of the
formaldehyde can affect the efficacy of the procedure
in terms of shearing and precipitation of the DNA).

* Cells are fixed one more time in 70% ethanol. Due
to large amount of HDAC proteins present in the
cell, deacetylation activity is very high.

e All washings are conducted in a refrigerated
centrifuge using cold PBS, and finally cells are fixed
by keeping them on ice.

* Fixed cells are washed with PBS buffer with 15 BSA
and permealized using 0.1% Triton-X100 in PBS for
10 minutes at room temperature.

e After washing with PBS, samples are incubated
with 500 pL of 20% normal goat serum in PBS for
20 minutes at room temperature.

e Histone acetylation is detected using monoclonal
antibodies antitetra acetylated histone H4 (Upstate
Biochemicals, VA) or monoclonals against any
specific histones.

* Analysis of results is done by gel electrophoresis
and Western Analysis.

* Detection of antibodies is done with FITC-
conjugated, affinity purified Fab2 fragment of goat
anti-mouse IgG at room temperature in dark.

Ethical issues

For successful development of intervention and
treatment drugs, cell lines and animals are used at the
initial stages. Animal models are also useful to under-
stand disease biology. Proper handling and treatment
of animals is of prime importance in these kinds of
research. Few questions relevant to this topic include
whether humans are morally more important than all
animals and whether humans are placed at higher
order than animals. One natural question also emerges
whether both humans and animals are morally equal
and should be treated equally. Animal-right extremists
emphasize that use of animals in research is cruel.
However they do not want to address any alternative
about how new drugs can be identified and validated
if animals are not used for medical research. It would
make no sense to experiments with new therapeutic
agents directly in humans. Time to time this issue has
been raised by different institutes and organization
resulting in making policies by major agencies such as
National Institutes of Health (http://grants.nih.gov/
grants/olaw/olaw.htm) and US Department of
Agriculture (https://www.aphis.usda.gov/aphis/our-
focus/animalwelfare). The number of animals used for
research is estimated to be 35 million per year (12 mil-
lion in United States alone). The most frequent species
among animals used for research is mice because con-
siderable knowledge about its biology and genetics is
known and high genetic homology of mice and
human. Sometimes rabbits and rats are also used to
test the toxicity and efficacy of drugs. General guide-
lines for ethical issues are similar in different countries;
however each country has its own requirements and
policies. The countries where specific guidelines and
ethical issues are well documented include United
States, Canada, all countries in European Union,
Australia, and New Zealand.

To follow proper ethical issues and policies, legisla-
tion requires adequate housing conditions, controls on
animal pain, and critical review and approval by the
institute’s review board IRB. The selection of the mem-
bers participating in the IRB is extremely important
because these members should be experienced
researchers and policy makers in animal model
sciences, and possibly familiar with the recent proto-
cols followed in research institutes. The institute may
ask ethical justification for the use of animals in harm-
ful experiments, especially when determining the opti-
mal doses for treatment, as we know that higher doses
of chemicals are toxic and fatal. The Public Health
Services (PHS) of United States which regulate NIH
also developed guidelines to have an oversight sys-
tem of Institutional Animal Care and Use
Committees (IACUCs) to review and evaluate animal
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research protocols, care programs, assess and evalu-
ate laboratory technicians and other staff. Random
checking of practice in laboratory set up is done by
this board and any complaints about misuse or
improper use of animals are properly investigated.
The challenge is how to regulate private industries
and pharmaceutical companies. The government
does not provide funds to pharmaceutical companies
and drug manufacturing industries, hence cannot
implement same rules and regulations that are
applied to investigators and institutes supported by
federal money. Three “Rs” have also been proposed
(replacement, refinement, and reduction) to improve
ethical issues.

Translation significance

Huge amounts of data are generated in the analy-
sis of epigenetic results (Liu, 2012). During the last
decade, major advances in biology, coupled with
innovations in information technology, have led to an
explosive growth of biological information. From the
genomic revolution and many of its manifestations to
recent developments in high-throughput, high-
content screening, biomedical scientists have never
been exposed before to research data that are so sys-
tematically collected, rich, complex, and massive.
This situation provides exciting unprecedented
opportunities for rapid discovery. At the same time,
it presents investigators with the challenge of shifting
or separating through mountains of seemingly
orthogonal data and transforming them into new
knowledge and clinical practice. This challenge is
particularly evident in the field of cancer research,
where the complexity and heterogeneity of the dis-
ease translate to more complex data generation con-
ditions and higher data management and analysis
overhead, creating a significant barrier to knowledge
discovery and dissemination.

The fast growing field of biomedical informatics
offers potential solutions to the “big data” problem. At
the intersection of biology, medicine, computer science,
and information technology, biomedical informatics
concerns the development and application of computa-
tional tools to the organization and understanding of
biomedical information so that new insights and
knowledge can be discerned. The development of
computational methods and tools in the form of com-
puter software is a major component of biomedical
informatics that is needed now. Application of existing
software tools in biomedical research, such as compu-
tational data analysis and mathematical modeling,
should also be improved. A single, preferably nation-
wide, coordination center should be formed so that

data can be stored and disseminated to interested
investigators.

Genetic models of cancer are useful, but they can
provide only limited information such as gains, losses,
mutations, and rearrangements of chromosomal
regions. An integrated genetic and epigenetic
approach is necessary to determine the full comple-
ment of genes involved in tumorigenesis and to
expose hidden therapeutic targets (Roukos, 2011).
Gene silencing by aberrant epigenetic chromatin alter-
ation is well recognized as an event that contributes to
tumorigenesis. Although a number of examples of ani-
mal biotechnology in cancer epigenetics were pre-
sented in this article, more work remains to be done.
The use of mouse models to assess DNA methylation
in epigenetics is still in its early stages, but the
approach is showing considerable promise for provid-
ing insights into this complex disease. Improvements
are needed in areas such as the identification of
appropriate mouse models of disease and identifica-
tion of the most robust techniques for assessing DNA
methylation, particularly in relation to technical repro-
ducibility and coverage of the methylome. The use of
mouse models is highly effective in clinical applica-
tions, especially in determining the toxicity and
efficacy of methylation and histone deacetylase inhibi-
tors. Based on animal model results, large human
trials can be planned. So far Food and Drug
Administration (FDA) has approved seven epigenetic
drugs for cancer treatment and in the near future, we
expect to see more anticancer drugs that may improve
survival of cancer patients and their quality of life. A
better understanding of the epigenetic mechanisms
may open new avenues for disease prevention and
treatment.

Clinical significance

The fact that most of the epigenetic alterations can
be reversed by chemicals (drugs) has tremendous sig-
nificance. The FDA (www.fds.gov) has approved
seven specific drugs that are called epigenetic inhibi-
tors (Yang and Yang, 2016).

Web resources

A very common and useful resource of information
is World Wide Web (WWW). However no regulatory
agency exists that checks the authenticity of the infor-
mation provided. Our suggestion is to use www for a
general background but go for the agency or peer
reviewed information (journals and books) for the cor-
rectness of the information.
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Turning point Flow chart

With the advancement of epigenetic information Based on the technologies used in animals to under-
and its clinical implications, epigenetic drugs are used stand epigenetic-regulated gene expression in normal
in combination with regular anticancer drugs and few and disease states, following flow charts can be used
promising results have been observed (Tsai et al., 2012). ~ (Flow Charts 4.1 and 4.2).

Step 1

Step 2
Step 3

Step 4

Step 5

FLOW CHART 4.1 Epigenetic analysis (methylation

_>‘ Tissue from animals I profiling)

e | Genomic DNA isolation l

—_— ‘ Sodium bisulfite treatment (converts cytosine to uracil)

——> | Analysisof DNA
Methylation-specific PCR
MethyLight
Pyrosequencing

COBRA

Microarray

——> | Analysisof data

Stepl ——— | Tissue from animals

Step2 —> | Genomic DNAsolation

Step3 ——> | Shearingof DNA to smaller fragments

Step4 —> | Immuno-precipitation of protein DNA complex with monoclonal
antibodiesraised against histone modifications, such as
acetylation
butylation
methylation (mono and tri)
phosphorylation
ubiquitination

StepS 5 | Analysisof immuno complex

Step6  _5 | Analysisof data

FLOW CHART 4.2 Histone analysis.
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World Wide Web resources

. https://commonfund.nih.gov/epigenomics/index

. http:/ /ihec-epigenomes.org/

. http:/ /www .biolreprod.org/content/82/3/473.full
http:/ /www.hendrix-genetics.com/en/
better_breeding/breeding/

5. http:/ /www.whatisepigenetics.com/fundamentals/

B W=

Something interesting about this chapter

Based on the research on animal models, cell lines,
and human tissues and human populations, tremen-
dous progress has been made in cancer epigenetics in
the last few years and knowledge has been translated
into clinic. Possible ways have been identified in which
epigenetic changes may contribute to cancer initiation
and progression and ways in which epigenotyping
might be cross-correlated with clinical phenotyping in
the context of precision medicine. Progress has also
been exponential in understanding the chemistry and
mechanistic aspects of epigenetic inhibitors, as evident
from the interest shown by big pharma companies,
academic institutions and government agencies.
Epigenetics drugs show potential of cancer treatment,
especially when combined with other drugs. However
how do these drugs work and what is the underlying
mechanism and the area of further investigation? Our
understanding of the magnitude and specificity of epi-
genetic changes in a complex disease like cancer is still
very limited. Although not fully explored, the use of
epigenetic therapy to sensitize for immunotherapy
might have advantages in treating cancer. Target-
specific epigenetic therapy also needs improvement.
Based on the ongoing efforts in different universities,
institutes, industry and government agencies, we
expect a huge progress in epigenetic therapy in the
coming years. Lessons learned and information gained
from epigenetic drugs in cancer treatment facilitate
their role in other diseases.

References

Braconi, C., Kogure, T., Valeri, N., Huang, N., Nuovo, G., Costinean,
S., et al., 2011. microRNA-29 can regulate expression of the long
non-coding RNA gene MEG3 in hepatocellular cancer. Oncogene
30, 4750—4756.

Demircan, B., Dyer, L.M., Gerace, M., Lobenhofer, E.K., Robertson,
K.D., Brown, K.D., 2009. Comparative epigenomics of human and
mouse mammary tumors. Genes Chromosomes Cancer 48,
83-97.

Dunn, B.K,, Verma, M., Umar, A., 2003. Epigenetics in cancer preven-
tion: early detection and risk assessment: introduction. Ann. N 'Y
Acad. Sci. 983, 1—4.

Fraga, M.F.,, Herranz, M., Espada, J., Ballestar, E., Paz, M.F., Ropero,
S., et al., 2004. A mouse skin multistage carcinogenesis model
reflects the aberrant DNA methylation patterns of human tumors.
Cancer Res. 64, 5527—5534.

Fraga, M.F., Ballestar, E., Villar-Garea, A., Boix-Chornet, M., Espada,
J., Schotta, G., et al., 2005. Loss of acetylation at Lys16 and tri-
methylation at Lys20 of histone H4 is a common hallmark of
human cancer. Nature Genetics 37, 391—400.

Hodes, G.E., 2013. Sex, stress, and epigenetics: regulation of behavior
in animal models of mood disorders. Biol. Sex Differ. 4, 1.

Khare, S., Verma, M., 2012. Epigenetics of colon cancer. Methods
Mol. Biol. 863, 177—185.

Kumar, D., Verma, M., 2009. Methods in cancer epigenetics and epi-
demiology. Methods Mol. Biol. 471, 273—-288.

Liu, S., 2012. Epigenetics advancing personalized nanomedicine in
cancer therapy. Adv. Drug Delivery Rev. 64, 1532—1543.

Mathers, J.C., Strathdee, G., Relton, C.L., 2010. Induction of epige-
netic alterations by dietary and other environmental factors. Adv.
Genetics 71, 3—39.

Mishra, A., Verma, M., 2012. Epigenetics of solid cancer stem cells.
Methods Mol. Biol. 863, 15—31.

Rosenfeld, C.S., 2010. Animal models to study environmental epige-
netics. Biol. Reprod. 82, 473—488.

Roukos, D.H., 2011. Novel cancer drugs based on epigenetics,
miRNAs and their interactions. Epigenomics 3, 675—678.

Song, J.Y., Lee, JH., Joe, CO., Lim, DS, Chung, JH., 2011.
Retrotransposon-specific DNA hypomethylation and two-step loss-
of-imprinting during WW45 haploinsufficiency-induced hepatocar-
cinogenesis. Biochem. Biophys. Res. Commun. 404, 728—734.

Su, LJ., 2012. Diet, epigenetics, and cancer. Methods Mol. Biol. 863,
377-393.

Tanaka, M., Roberts, ].M., Qi, J., Bradner, J.E., 2015. Inhibitors of
emerging epigenetic targets for cancer therapy: a patent review
(2010—2014). Pharm Pat. Anal. 4, 261—284.

Teng, Y.W., Mehedint, M.G., Garrow, T.A., Zeisel, S.H., 2011.
Deletion of betaine-homocysteine S-methyltransferase in mice
perturbs choline and 1-carbon metabolism, resulting in fatty
liver and hepatocellular carcinomas. J. Bio. Chem. 286,
36258—-36267.

Tsai, H.C., Li, H.,, Van Neste, L., Cai, Y., Robert, C., Rassool, F.V.,
et al., 2012. Transient low doses of DNA-demethylating agents
exert durable antitumor effects on hematological and epithelial
tumor cells. Cancer Cell 21, 430—446.

Verma, M., 2013. Cancer control and prevention: nutrition and epige-
netics. Curr. Opin. Clin. Nutr. Metab. Care 16, 376—384.

Verma, M., 2016. Genome-wide association studies and epigenome-
wide association studies go together in cancer control. Future
Oncol. 12, 1645—1664.

Verma, M., Srivastava, S., 2002. Epigenetics in cancer: implications
for early detection and prevention. Lancet Oncol. 3, 755—763.

Verma, M., Dunn, B.K,, Ross, S., Jain, P., Wang, W., Hayes, R., et al.,,
2003. Early detection and risk assessment: proceedings and
recommendations from the Workshop on Epigenetics in Cancer
Prevention. Ann. N Y Acad. Sci. 983, 298—319.

Verma, M., Maruvada, P., Srivastava, S., 2004. Epigenetics and can-
cer. Crit. Rev. Clin. Lab. Sci. 41, 585—607.

Yang, A.S., Yang, B.J., 2016. The failure of epigenetic combination
therapy for cancer and what it might be telling us about DNA
methylation inhibitors. Epigenomics 8, 9—12.

Yue, W., Sun, Q., Landreneau, R., Wu, C., Siegfried, ] M., Yu, ],
et al., 2009. Fibulin-5 suppresses lung cancer invasion by inhibit-
ing matrix metalloproteinase-7 expression. Cancer Res. 69,
6339—6346.

Zhang, Y., Yu, G., Jiang, P., Xiang, Y. Li, W., Lee, W, 2011.
Decreased expression of protease-activated receptor 4 in human
gastric cancer. Internat. J. Biochem. Cell Bio. 43, 1277—1283.

I. Human diseases: in vivo and in vitro models


https://commonfund.nih.gov/epigenomics/index
http://ihec-epigenomes.org/
http://www.biolreprod.org/content/82/3/473.full
http://www.hendrix-genetics.com/en/better_breeding/breeding/
http://www.hendrix-genetics.com/en/better_breeding/breeding/
http://www.whatisepigenetics.com/fundamentals/
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref6
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref6
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref8
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref8
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref8
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref11
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref11
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref11
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref19
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref19
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref19
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref20
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref20
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref20
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref20
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00004-5/sbref26

74 4. Epigenetics and animal models: applications in cancer control and treatment

Glossary (terms used in text with examples)

Epigenetics, cancer, chromatin, histones, methyla-

tion, treatment.

Abbreviations
BHMT Betaine homocysteine-S-methyl transferase
COX-2 Cycloxygenase-2
DNMT DNA methyl transferase
ESCC Esophageal squamous cell carcinoma
HAT Histone acetyl transferase
HDAC Histone deacetylase
HNSCC Head and neck squamous cell carcinoma
LINE Long interspersed nuclear elements
IncRNA Long noncoding RNAs
Mbd2 Methyl CpG domain binding protein 2
Methyl DIP  Methylated DNA immunoprecipitation
MTHER Methylene tetrahydrofolate reductase
miRNA Micro RNA
PAR4 Protease activated receptor 4
SAHA Suberoylanilide hydroxamic acid
SINE Small interspersed nuclear elements
TKTL1 Transkelolase-like 1

Long answer questions

1. What is epigenetics and how is it different from
genetics?
. Why epigenetic therapy has worked better in

N

hematologic malignancies and not in solid tumors?

3. Do all modifications of DNA and histone lead to
suppression of genes?
. Which came first, genetics or epigenetics?

g1 =

years and will animal models be useful in future?

Answers to long answer questions

1. Epigenetics regulate genomic changes. While
differentiation of stem cells occurs, there are no
somatic mutations in stem cells but different
epigenetic changes guide stem cells to differentiate

into different types of cells and organs. Furthermore

unlike genetic changes, epigenetics does not alter
genome sequence. Genetic changes cannot be
reverted whereas epigenetic changes can be

reversed with chemicals and drugs and can be used

for therapeutic purposes.

2. Epigenetics inhibitors were first discovered for the
treatment of hematologic malignancies and based
on the success of these novel therapeutic agents,

FDA approved few inhibitors as a first-line therapy

for hematologic malignancies. When same agents

. Where do you see the epigenetics field in the next 10

were used for the treatment of solid tumors
(prostate, lung, and colorectal cancer), these agents
have minimal beneficial effect or no effect. If a dose
(amount) of the agent is increased than toxicity was
higher compared with their efficiency. Another
important point was that epigenetic therapy was
applied in patients when tumors were already
metastasized and tumor burden was high. If
epigenetic therapy is planned for the treatment of
solid tumors, then these agents should be applied
at initial stages of tumor development when the
tumor burden is low. Sometimes specific organs
show distinct properties, for example, ascending
colon shown CIPM + phenotype, BRFF mutations
and responsiveness EGFR therapy, whereas the
descending colon shows CIMP- phenotype,
KRAS mutation and no response to EGFR
therapy. The bottom line is that therapy should
be personalized and designed based on a person’s
omics profile, genetic background, and response
to therapies.

. Depending on the location on the chromosome and

type of modifications, epigenetic alterations can
result in activation of a gene or inactivation of a
gene. In case of histones, when K4 (Lysine 4) is
trimethylated, it results in gene activation, whereas
when K27 of histone 3 (H3) is trimethylated, then
gene inactivation occurs. In methylation,
hypermethylation of tumor suppressor genes result
in inactivation whereas hypomethylation of viral
oncogenes results in activation of oncogenic viral
genes. Another example is of LINE-1 sequences
where hypermethylation corresponds to genomic
instability whereas hypomethylated provides
stability to the genome.

. Epigenetics and genetics are correlated and both

mechanisms can interact and alter disease
phenotypes. When systematic studies of genetics
(somatic alterations) and epigenetics were
conducted with stem cells, starting from the 8-cell
stage to organ development, epigenetic marks
appeared first and it was after full development of
an organ that somatic mutations were observed.
This examples supports the view that epigenetics
came first.

. The pace with which epigenetics is growing and

public health improvement is the mission of
several agencies and countries, epigenetics is
likely to develop tremendously. Initial results of
cancer treatments where epigenetic inhibitors
are used as sensitizers followed by regular drug
treatment, promising results have been observed
in blood cancers and selected solid tumors.
Epigenetic drugs not only affect methylation
and histone profiling, but they affect key

I. Human diseases: in vivo and in vitro models
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Answers to yes/no type questions

pathways in cancer development, such as
apoptosis, immune modulation, and cell cycle
regulation. Regarding the use of animal models
in epigenetics, these models will remain crucial
for understanding the underlying mechanisms
whenever a disease development is studied.
There are not many options to test the toxicity
and efficacy of new drugs for the treatment of
different diseases.

Short answer questions

. What is epigenetics and how is it different from

genetics?

. What are the main components of epigenetics?
. Is it necessary to study epigenetic regulation of

cancer in cell line models or animal models?

. Is cancer the only disease that is regulated

epigenetically?

. Can epigenetic drugs be used for cancer treatment?

Answers to short answer questions

. Epigenetics is the study of alterations in gene

expression without changes in the primary
nucleotide sequences. The main feature of genetics
is a change in the primary sequence of a gene. Both
processes are needed for proper gene expression.

. The major components are DNA methylation,

histone modifications, noncoding RNA expression,
and chromatin compactation and relaxation.

. Epigenetic regulation can be studied directly in

humans, but cell line and animal models are useful
in identifying the functions of affected genes and
pathways involved in the process.

. No, cancer is one of many diseases that are

regulated epigenetically. Other diseases in which
epigenetic regulation has been reported are
diabetes, cardiovascular diseases, neurological
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disorders, vision-related diseases, and infectious
diseases.

. Yes, seven epigenetic drugs have been approved by

the US FDA and have been used successful in
treating blood, lung, colon, breast, prostate, and
ovarian cancers in clinical trials (Yang and Yang,
2016).

Yes/no type questions

. Can you reverse epigenetic changes?
. Does epigenetic regulation occur in adults only?
. Are histone methylation and promoter methylation

same?

. Do twins have the same epigenetic profiling

throughout their life?

. Does environment affect epigenetic biomarkers?
. Are microRNAs (miRNAs) parts of epigenetic

machinery?

. Are histones the only proteins associated with

epigenetic regulation of gene expression?

. Do “shores” and “shells” belong to epigenetics

science?

. Can the same epigenetic drug treat all cancers?
10.

Is epigenetic therapy good for cancer only and not
for other diseases?

Answers to yes/no type questions
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Summary

Mouse models are essential in cancer research. They
are used to understand the genetic basic of tumor
development and cancer progression. They can also be
used to test the efficacies of different anticancer agents.
This chapter will help students understand the appli-
cations of different mouse models in cancer research
and provide them the knowledge necessary to carry
out the in vivo studies.

What you can expect to know

Numerous mouse models of human cancers have
been developed to facilitate our understanding of the
key processes in tumor development and as preclinical
models to test the efficacies of anticancer agents. These
models recapitulate the crucial stages of tumor initiation
from normal cells and their progression to aggressive
tumors. These models have also aided in the delineation
of factors involved in tumor metastasis, tumor recur-
rence, and therapeutic resistance. Preclinical studies in
mouse models have also assisted in in vivo pharmacoki-
netics (PK), toxicity, and antitumor efficacy monitoring
of numerous chemotherapeutic agents. In the genetically
engineered mouse (GEM) models, alternations in genes
believed to be responsible for human malignancies, are
mutated, deleted or overexpressed, and tumor develop-
ment is monitored. In this model, tumorigenesis and
chemotherapeutic responses can be studied in the pres-
ence of a normal immune system. However, since
mouse tumor cells may not represent the tumorigenic
process in humans, another widely used model is
human tumor xenografts in immunocompromised mice.

Animal Biotechnology.
DOI: https://doi.org/10.1016/B978-0-12-811710-1.00005-7

In these models, human tumors are generated in differ-
ent tissues using tumor specimens, cell lines, or cancer
stem cells (CSC; CD44"/CD247). However, investiga-
tions with tumor xenografts have been unable to
address the role of tumor microenvironments, tumor-
stroma, and the normal immune surveillance of tumors.
Therefore several new strains of humanized mouse
models have been developed recently, for example,
NOD—SCID—ILngf/ ~ mice (NSG) and SCID-huPBL
mice, to provide a human immune system. In addition,
patient-derived tumor xenografts (PDX) are being used
to more accurately address therapeutic efficacy and
resistance/recurrence. This chapter provides several
protocols and guidelines for the development of mouse
models of cancer which will help the student in the
initiation and successful completion of these in vivo
experiments.

Introduction

To appreciate the successes and failures of clinical
investigations using anticancer drugs, one needs to
properly understand the implications of modern ani-
mal biotechnology as preclinical models for cancer
(Cheon and Orsulic, 2011). It is well accepted that
tumorigenesis is a complex process involving the accu-
mulation of multiple genetic aberrations that transform
normal cells, allowing for their abnormal growth, pro-
liferation, and metastasis (Hanahan and Weinberg,
2000; Miiller et al., 2001; Shacter and Weitzman, 2002).
In order to fully understand the development and
spread of cancer in the body and to elucidate the cru-
cial role of tumor-associated stroma and tumor angio-
genesis, it is imperative to carry out research on tumor

© 2020 Elsevier Inc. All rights reserved.
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TABLE 5.1

Advantages and limitations of mouse models in cancer research.

Advantages

Limitations

Small size, easy to handle and take care of, and short-tumor
generation time.

Cheaper than other animal models of cancer, allowing the
use of large numbers for statistical measurements.

Mice are very different, in terms of size, life span, organ morphology, and
physiology and thus differ in drug PK and PD from human beings.

One critical difference in the mouse is the activity of the telomerase enzyme,
which is largely inactive in adult human cells. (Mouse cells transform more

readily and thus require fewer genetic alterations for malignant
transformation.)

High tumor incidence and relatively rapid tumor growth.

Mouse models tend to develop relatively few metastases or display metastases

with different tissue specificity as compared with human tumors.

Many mice can be treated at the same time to observe dose
responses.

Differences in metabolic rate and pathways might result in a different drug
response in mouse models (e.g., the cytochrome P450 pathway for drug

metabolism).

Genetically, the best characterized of all mammals used in
cancer research.

Due to a limited number of initiating genetic alterations, mouse tumors are
typically more homogeneous, and this can be an obstacle to modeling the

heterogeneity of human cancers.

growth in live animals. To discover novel anticancer
agents, it is important to first delineate the biology and
genetics of a specific tumor, then identify their rela-
tionship to tumor initiation, tumor promotion, progres-
sion, and metastasis, and lastly tumor recurrence and
drug resistance development. This raises the need for
in vivo models that resemble the human organ sys-
tems, portray the systemic physiology, and closely
recapitulate the human disease. These animal models
have enabled the testing of new approaches to cancer
prevention and treatment, identification of early diag-
nostic markers, and novel therapeutic targets to pre-
vent, treat, and eliminate the cancerous growth. Unlike
the in vitro cell culture systems, the use of in vivo
models has been instrumental in obtaining both PK
and pharmacodynamics (PD) data relevant to the
successful clinical development of numerous chemo-
therapeutic drugs. The crucial role of both drug-
transporters and drug-metabolizing enzymes in dictat-
ing the PK and PD of chemotherapeutic agents is also
becoming very apparent, and how polymorphisms in
these genes can regulate interindividual variability in
anticancer drug efficacies form the basis of a new field
called pharmacogenomics (PG) (Mondal et al., 2012).
Therefore an appropriate animal model system can
show the potential relationships among dose, concen-
tration, efficacy, drug—drug interactions, and/or toxic-
ity in humans and is a mainstay of modern cancer
research investigations. More than any other animal
model systems, mice have revolutionized our ability to
study cancer. Recent advances in developing inbred
mouse strains, transgenics, and immunocompromised
mice have enabled the generation of clinically relevant
mouse models that often recapitulate the human dis-
ease progression and response to therapy. Therefore it

is very important that one understands the rules and
regulations, proper protocols and guidelines, as wells
as the time and costs that are associated with in vivo
studies (Table 5.1). Below is a comprehensive list of
the advantages and limitations of the mouse models of
cancer.

Although there is no single model that meets the cri-
teria for all different cancers, a combination of the exist-
ing models may mimic the clinical features of particular
human cancers. It is therefore imperative that one first
understands how to decide on the optimum mouse
model to be used, either to address specific questions
regarding tumor development and/or to determine the
therapeutic effects of antitumor agents in vivo.

History

A brief history of the use of mice in cancer research
is provided below. As early as 1664, the eminent
Microbiologist, Dr. Robert Hooke, had used mice in
his studies on infectious diseases. Around 1902, the era
of modern mouse genetics began when a Harvard
researcher, William Castle, began studying genetic
inheritance in different strains of mice. Around the
same time, Abbie Lathrop, a mouse breeder and entre-
preneur, was generating colonies for mouse hobbyists
that were later used in experiments by different
researchers. These early studies included inbred mouse
strains that were observed to develop tumors fre-
quently. Ms. Lathrop eventually teamed with Dr. Leo
Loeb at the University of Pennsylvania, and they
authored numerous papers on their investigations
using these mouse strains. The laboratory mice used
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by Castle and Lathrop are the ancestors of most of the
strains that are routinely used nowadays.

Starting in the late 1980s, the advent of transgenic
technologies enabled manipulation of mouse germ-line
DNA in embryonic stem (ES) cells which brought
about the development of numerous strains of GEM
models. The early 1990s brought about tremendous
advances in gene-targeting approaches which allowed
the development of mouse strains with “knockouts” of
tumor-suppressor genes or “knockins” of oncogenes
that spontaneously developed tumors (Hanahan et al.,
2007; Cardiff et al.,, 2006). However, early studies
showed that many of these mutations manifested
embryonic lethality in homozygous mice. Furthermore,
variability in the time required for tumor formation in
different mouse strains posed significant problems.
Mutations carried in all somatic cells also confounded
the organ-specific tumor development, which is seen
in humans. In the late 1990s, the ability to use the
CRE-Lox recombinase system allowed the development
of conditional and inducible systems that addressed
the above drawback of GEM models. However, due to
species-specific differences in tumor cells, the limita-
tions of GEM in modeling human cancers were clearly
evident. In this respect, the human tumor xenografts,
either with actual human tumor tissue or with human
cell lines, showed key advantages over the GEM mod-
els. In these xenografts, a tumor develops in a matter
of a few weeks to months, and orthotopic tumor xeno-
grafts can be appropriately placed to reproduce the tis-
sue environment in which the tumor grows in
humans. One big challenge in using tumor xenografts
was the lack of a functional immune system against
tumor cells. In recent years, this problem has been par-
tially solved using immunodeficient mice that have
been “humanized” by injection of human peripheral
blood leukocytes (PBLs) or bone marrow hematopoi-
etic stem cells (HSC, CD34%) which allowed for
an almost complete reconstitution of the immune
response to the grafted tumors. In addition, limitations
of cancer cell lines have led to the development of
direct PDX models that more accurately recapitulate
the patient’s tumor drug responsiveness in vivo.

Principle

Before embarking on studies using mice, it is imper-
ative to develop procedures that reduce, replace, or
refine the animal studies. It is important to tailor the
experimental designs and procedures and follow the
most ethical ways to treat the animals. Housing and
feeding are the most important issues to address dur-
ing the initial stages of in vivo experiment develop-
ment. Appropriately sized cages, proper nutrition, and

environments (temperature, opportunities for sociali-
zation, lighting, or water quality) that closely mimic
their natural habitat can go a long way in reducing
stress and protocol approval by the Institutional
Animal Care and Use Committee (IACUC).

Institutional Animal Care and Use Committee
approval

All organisms go through stress in many forms but
are normally able to adapt and recover. Thus laboratory
mice are allowed to acclimatize for at least a week
before the start of experiments. However, unlike stress,
distress is a negative state wherein the animal fails to
adapt and return to its physiological or psychological
homeostasis. Age, gender, genetic traits (including
transgenic modifications) rearing and postnatal separa-
tion, psychological state, and housing conditions can all
affect the animal in different ways. Therefore care
should be taken to try to relieve stress and eliminate
distress as much as possible. In case where alternatives
to animal use are not available, it is important that
researchers recognize and alleviate distress in labora-
tory animals. In this respect, it is important to differenti-
ate between stress and distress. Thus the following
three Rs (Refine, Reduce, Replace) are important consid-
erations and criteria when writing an IACUC protocol:

1. Refinement: This involves careful consideration of
the aspects of research methodology and animal
maintenance. The in vivo techniques should be
thoroughly reviewed so that they cause a minimal
amount of pain, stress, or suffering. If it is not
possible to alleviate pain by giving medications
then a humane endpoint should be defined so that
the animal may go through as little suffering as
possible. It is also important to have a clearly
defined protocol of when to treat or euthanize the
animals to reduce their suffering, and a better
understanding of distress mechanisms may help to
define earlier end points in the experiments.

2. Reduction: This aims at limiting the number of
animals needed for a study. Pilot studies to
optimize techniques, treatments, and conditions are
ways of doing so, and the use of good statistical
methods may help assess the accurate number of
specimens required to get relevant results and limit
unnecessary use of large numbers of animals. The
development of new techniques can further reduce,
or eliminate, the number of animals necessary.

3. Replace: This term takes into account that new
technologies are developing which provide an
alternative to animal testing or at least minimize
their use. The use of appropriate cell cultures can
eliminate or minimize the use of whole organisms
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and still give the required data. As an example, to
test the antitumor activity of a drug, tumor cells can
be grown in vitro for the majority of tests toward
optimizing dosing and treatment regimen, instead
of trying to optimize these in vivo. Also, initial
toxicology studies should be carried out using
cultured liver cells or other normal cell lines such
that supportive data are gained to test the efficacy
and toxicity prior to animal testing.

Institutional Animal Care and Use Committee
guidelines

Before any animal testing can be initiated, the protocol
has to be first approved by the IACUC which consists of
at least five members appointed by the institution. The
IACUC reviews the research protocols and conducts eva-
luations of the institution’s animal care. The IACUC is
required to ensure that the proposed work falls within
the Animal Welfare Assurance. Furthermore, the
approved animal use protocol must be reviewed by the
IACUC every 3 years. To obtain an IACUC approval,
the protocol needs to address the following points:

1. Identification of mouse strain and an approximate
number of mice to be used.

2. Rationale for using mice and the appropriateness of
the numbers used.

3. A complete description of the proposed use of mice.

4. A description of anesthetic procedures to minimize
discomfort and injury to animals.

5. Animals that experience severe or chronic pain that
cannot be relieved will be painlessly killed at the
end of the procedure or, if appropriate, during the
procedure.

6. A description of appropriate living conditions that
contribute to health and comfort.

7. A description of housing, feeding, and nonmedical
care of the animals which will be directed by a
veterinarian or other trained scientists.

8. Personnel conducting procedures will be
appropriately qualified and trained.

9. Euthanasia used will be consistent with the
American Veterinary Medical Association (AVMA)
guidelines.

Methodology

Inbred mice

In scientific experiments, homogeneity allows for
controlled and reproducible experiments which neces-
sitated the development of genetically identical mice
by inbreeding. The inbred mice provide the advantage

of data reproducibility. The first use of inbreeding in
science can be traced back to laboratories of researcher
Clarence C. Little, an American geneticist who was
exploring coat color inheritance in his studies with the
first inbred stock of laboratory mice, the DBA strain
(Crow, 2002). Off-springs of these ancestral DBA
(Dilute, brown, and non-Agouti) mice are still avail-
able to researchers today. Today mice are considered
to be stably inbred after 20 generations of the appro-
priate pairings. The utility of inbred mice as a model
system lies in the fact that all the mice have an identi-
cal genetic background and are expected to generate
similar responses to treatments that allow researchers
to accumulate data in standardized collections. Many
scientists use a single inbred strain or F1 hybrid in
their research because it has a repeatable, standard-
ized, uniform genotype supported by a substantial
body of previous research. In fact, the more that is
known about a strain the more valuable it becomes
and being of a single genotype, it is relatively easier to
“know” about inbred strains. Another advantage of
inbred strains is that sample size can be reduced in
comparison with the use of out-bred stocks. An inbred
strain may also be cross-bred with another strain to
develop new models. For example, recombinant inbred
strains, that have been out-crossed from two separate
inbred strains, and then maintained for generations,
are utilized for mapping traits and are in wide use
(Casellas, 2011). Over 20,000 scientific papers used
BALB/c mice between 2001 and 2005, and a further
10,000 used C57BL/6, both are well-defined inbred
strains. Additionally, the work on the BALB/c inbred
mouse strain led to the development of monoclonal
antibodies and the development of ES cells used in
developing transgenic mice (Fig. 5.1).

Depending upon the type of cancer being investi-
gated or the application of the tumor model to be
tested, either toward basic or translational research, a
number of criteria can aid in the decision-making. A
brief list of these criteria on different mouse model sys-
tem to be chosen for cancer investigations is provided
in Table 5.2.

Examples where genetic variability within inbred
strains have often been used to measure cancer occur-
rence is Consomic strains; wherein an entire chromo-
some from one inbred strain replaces the corresponding
chromosome in another inbred strain. Furthermore,
researchers can rapidly breed Congenic strains from
these consomic strains, such that the mice now carry
only a small segment that differs between animals. This
allows for the narrowing of the region on a chromo-
some that can be targeted for gene identification related
to oncogenesis. However, the main disadvantage of
using a single strain is that it is not representative of the
heterogeneity and polymorphisms observed in humans
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FIGURE 5.1

Generation of inbred strains of transgenic mice.
(Pal and Hurria, 2010; Tian et al.,, 2011). The following

sections provide some examples for each of these
mouse cancer models.

Examples with applications

Immunocompetent mice

Spontaneous tumor models

Mice that are genetically engineered to carry predis-
posed mutations serve as very important tools in the
study of cancer initiation and progression following
exposure to carcinogens (Fig. 5.2). The role of tumor
promoters and or tumor-inducing/silencing agents
with specific characteristics can be studied during
tumor development. Using these models, the effects of
natural and environmental estrogens on normal mam-
mary gland development and on carcinogenesis have

been recently reviewed by Pelekanou and Leclercq
(2011). This review focused on the role of estrogen
receptors (i.e., ERa and ERB) in regulating growth,
apoptosis and differentiation of mammary epithelial
cells, and the bidirectional coordination between
stroma and cancer cells in the maintenance of tumor
growth. Cravero et al. also wrote a recent review on
new rodent systems that recapitulate both genetic and
cellular lesions that lead to the development of pancre-
atic cancer (Ding et al., 2010). Interestingly, mice with
mutant K-Ras oncogene (G12D) spontaneously
develop tumors in the pancreas that are nonmetastatic
in nature. However, simultaneous mutation of the p53
tumor-suppressor gene leads to the generation of met-
astatic pancreatic cancers.

There is also large variability in both the susceptibil-
ity and incidence of spontaneous lung tumors between
mouse-inbred strains (Piegari et al., 2011). Typically
strains with high spontaneous lung tumor incidence
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TABLE 5.2 Criteria for choosing the optimum inbred mouse model.

Biologic: Genetic:

1. Multistage: the model shows clear evidence 1. Multiple mutations in specific genes, at least some
of progression, enabling analysis of genetic of which reflect those of equivalent human tumors.
and biological events associated with these
transitions. 2. Gross chromosomal changes (LOH, deletions,

recompinations) in regions orthologous to those

2. Tumor histology and pathology are similar to altered in human disease.

equivalent human disease.
3. Tumors bear specific alterations in one or more

3. Tumors metastasize from primary site. pathways known to be involved in human cancer,
for example, p53.
4. Model has specific properties that make it

suitable for studies of one of the following: 4. Gene expression profiles similar in mouse and
* Angiogenesis human tissues.
*  Apoptosis/survival )
e Tissue invasion 5. Tumor shows strong effects of genetic background,
e Role of the immune system enabling studies of genetic susceptibility

Therapeutic:

Etiologic: 1. The model is suitable for

the testing of new therapies:
s Chemicals
*  Viral vectors
*  Immunological

targets.
2. The model is predictive of

human clinical trial results.

Tumor model reflects
exposure to environmental
factors known to play a

causal role in human tumor
induction, for example:
Environmental mutagens like

chemical, radiation.

Mutant-Kras(G12D) mouse

AS

G12D

>~
Creflox-P mediated inactivation of pS3

o~
N

Spontaneous generaticn of nonmetastatic

Indughle metastatic pancreatic cancer
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FIGURE 5.2 Generation of spontaneous tumor models for carcinogen studies.
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are also very responsive to chemical induction of lung
tumors, for example, exposure to cigarette smoke, tar,
or chemically pure carcinogens. Some strains are more
resistant than others, and this difference can often be
attributed to an underlying genetic variance. For exam-
ple, a Cdkn2a polymorphism was found between the
intermediate-resistant BALB/c] and susceptible A/]
strains. Chemical induction of lung tumors with carci-
nogens such as polycyclic aromatic hydrocarbons ethyl
carbamate (urethane) is very reproducible and invari-
ably results in pulmonary adenoma and adenocarcino-
mas. In breast cancer research, one of the most
commonly used models for the study of cancer pre-
ventive agents is the mouse model that develops
tumors, either spontaneously or after carcinogen treat-
ment. This model has been successfully used to dem-
onstrate the chemopreventive activity of many agents,
including selective estrogen receptor modulators
(SERMs) such as Tamoxifen, Raloxifene, and Idoxifene
and retinoid compounds. In DMBA-induced mam-
mary tumors, Aryl hydrocarbon receptor (AHR) acti-
vation was shown to delay the development of tumors
(Wang et al., 2011). In addition to the effects of genetic
mutations on cancer susceptibility, the carcinogen-
induced tumor models are also useful in understand-
ing the cancers caused by exposure to physical ago-
nists (such as asbestos fibers), chemicals (such as
Cadmium, Arsenic), and environmental (UV radiation)
carcinogens.

The genetically engineered mouse models

To generate a more reproducible cancer model
based on loss or gain of specific genes, scientists in

1987 utilized a procedure called homologous recombi-
nation in mouse ES cells allowing them to remove a
gene (knockout) or replace it (knockin). These geneti-
cally altered mouse models allow cancer researchers to
test in the human context, as to how, when, where,
and in which combinations particular gene alterations
may be involved in the initiation and progression of
cancer in immunocompetent animals (Fig. 5.3).

The discovery of oncogenes and their association
with the development of human tumors led to the first
transgenic cancer models. The “knockin” models of
cancer included the overexpression of many oncogenes
such as c-myc, v-Ha-ras, or SV40 T-antigen, etc., which
clearly indicated their roles in the development of dif-
ferent types of tumors, for example, myelomas, lym-
phomas, carcinomas, and sarcomas. For example; in a
model of brain tumor, derived by delivering the viral
oncogene SV40 T-antigen into mouse eggs, the target-
ing of CD8+ T cells was shown to be sufficient for
tumor elimination (Tatum et al., 2008). The SV11
mouse line, which expressed the SV40 T Ag (T Ag) as
a transgene from the SV40 enhancer/promoter, leads
to T Ag expression and promoted the appearance of
small papilloma by 35 days and progressive tumor
growth by 104 days. Using this GEM model, investiga-
tors showed that immunotherapeutic approaches that
target the recruitment of tumor-reactive CD8 + T cells
were effective against well-established tumors.
Furthermore, donor lymphocytes from transgenic mice
expressing a T-cell Ag (epitope IV) specific T cells
enabled rapid regression of established tumors.

Another example where GEM mice developing
breast cancers were produced by delivering a mutant
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human oncogene called c-Myc by MMTV, a mouse
virus that infects mouse mammary tissue. These mice
developed mammary tumors that resembled human
breast tumors. In these models, the role of tumor-
suppressor genes such as Rb, p53, and Brcal was also
implicated in the development of cancers (Singh and
Johnson, 2006). The GEM models for breast cancers also
involved the overexpression of oncogenes such as c-
Myc, cyclin D1, Her2, and Wntl. Of particular impor-
tance are tumors overexpressing Wntl, which showed
heterogeneous ER status, making the model very rele-
vant to the study of both ER-positive and ER-negative
cancers. Several important mouse models of gastrointes-
tinal cancer have also been developed based on genetic
alterations that are known to affect the above pathways.
These models clearly showed the process of multistep
carcinogenesis where a progressive series of mutations
occur during colon cancer development, involving
genes such as Wntl, APC, RAS, p53, and TGFf
(Ramanathan et al., 2012). Indeed, the Apcmm/ * mouse,
developed by Moser and colleagues in 1990, was the
first mouse model of intestinal tumorigenesis to be gen-
erated by mutational inactivation of the adenoma poly-
posis coli (APC) gene through random chemical
carcinogenesis. The APC™"/* mice and other APC
mutant mice develop multiple intestinal adenomas, and
similar mutations in the APC gene were also found in
patients who develop familial adenomatous polyposis.
However, this GEM model has some limitations since
the location of the polyps is predominantly restricted to
the small intestine and some rare but evident occur-
rence of malignant progression to adenocarcinoma.

Despite these limitations, the APC™™" mice model
continues to be one of the most used models particu-
larly for chemopreventive studies that involve the gas-

trointestinal tract.

The Cre/Lox system: a superior genetically
engineered mouse model

It has been almost 15 years since the discovery of
the Cre/lox system which is now frequently used as a
way to artificially control gene expression (Sauer,
1998). This system has allowed researchers to create
various genetically modified animals where the gene
of choice can be externally regulated. The Cre/lox sys-
tem provides a method to produce a mouse that no
longer has a target gene in only one cell type (Fig. 5.4).

In this system, the induction of Cre-recombinase
enzyme mediates the site-directed DNA recombination
between two 34-base pair loxP sequences. To achieve
this in mice, transgenic mice containing a gene sur-
rounded by loxP sites are mated with transgenic mice
that have the cre gene expressed in specific cell types.
In tissues with no cre gene, the target gene functions
normally; however, in cells where cre is expressed, the
target gene is deleted. The correct placement of Lox
sequences around a gene of interest may allow genes
to be activated, repressed, or exchanged for other
genes. Furthermore, the activity of the Cre enzyme can
be controlled, so that it is expressed in a particular cell
type or triggered by external stimulus such as chemical
signals or heat shock. This enables the induction of
somatic mutations in a time-controlled and tissue-
specific manner.
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FIGURE 5.4 Generation of the Cre/Lox mouse model. Source: Modified from Wikipedia images.
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Since a majority of human colorectal cancers exhibit
constitutive Wnt activity due to mutations in the APC
or 3-catenin genes, Wnt-targeted therapeutic strategies
in which expression and activity of this gene product
are altered specifically in cancer cells, have been suc-
cessfully demonstrated using the Cre/Lox system
(Bordonaro, 2009). By using this system, a mammary-
specific deletion on mouse chromosome 11 could be
achieved which accelerated Brcal-associated mam-
mary tumorigenesis in comparison to Brcal condi-
tional knockout mice (Triplett et al., 2008). Similar to
human BRCA1-associated breast cancers, these mouse
carcinomas were ERa-negative and were of basal epi-
thelial origin. Furthermore, to test the role of p53 in
Brcal-associated tumorigenesis, a p53-null allele was
introduced into mice with mammary epithelium-
specific inactivation of Brcal. The loss of p53 acceler-
ated the formation of mammary tumors in these
females. Since the Brcal knockout mice were found to
die during embryonic development, the Brcal condi-
tional mice-expressing Cre in the mammary gland epi-
thelia enabled the development of mammary tumors
only during adulthood. Therefore this newly devel-
oped homologous recombination system closely mod-
els carcinogenesis in humans where tumors evolve
from somatic gene mutations in normal cells in a time-
controlled and tissue-specific fashion in vivo.

Immunodeficient mice

In order to know whether a patient’s tumor will
respond to a specific therapeutic regime, it is essential
to examine the anticancer response to the human

tumor and not a mouse tumor. This is where the
human tumor xenograft on athymic nude mice, SCID
mice, or nonobese diabetic (NOD)/SCID humanized
mice can be helpful. The availability of tumor
grafts has made transplanted tumors the test models
of choice to investigate anticancer therapeutics
(Richmond and Su, 2008). The transplantation models
allow us to propagate tumor tissues in vivo. Thus
transplanted tumors have contributed in a made major
way to our understanding of cancer biology which
would be wunrealizable with the GEM models.
Orthotopic xenografts can reproduce the organ envi-
ronment in which the tumor grows to mimic the
effects of the tumor microenvironment. In addition,
stromal cells can be included in the xenograft to more
completely mimic the human tumor microenviron-
ment; and xenografts using NOD/SCID mice that have
been “humanized” by injection of PBLs or HSCs (bone
marrow or cord blood), allow for an almost complete
reconstitution of the immune response to the tumor
(Fig. 5.5) (Richmond and Su, 2008; Kerbel, 2003).

Both retrospective and prospective studies reveal
that human tumor xenografts can be remarkably pre-
dictive of cytotoxic chemotherapeutic drugs that have
activity in humans, especially when the drugs are
tested in mice using clinically equivalent or “rational”
drug doses. However, the magnitude of benefit
observed in mice, both in terms of the degree of tumor
responses and overall survival may be different when
compared with the clinical activity of the drug
observed in humans. Furthermore, since transplanted
tumors allow large quantities of tissue of uniform
character, both pathologic and molecular studies can

Mouse cancer cells

Immunocom petent

Primary tumor M etelstam

Allograft (syngenic) model

Human cancer cells

Immunodefecient

Xenograft model

FIGURE 5.5 Generation of allograft and
xenograft tumor models.
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be easily carried out. The choice of tumor and the site
of transplantation must also be validated in advance,
so that it is comparable with the normal tissue from
which the tumor was derived. A variety of sites has
been used for transplantation to mimic that observed
in human, but the most commonly used are the subcu-
taneous (s.c.), intraperitoneal (i.p.), and intramuscular
(i.m.) sites. Indeed, in contrast to the “spontaneous”
cancers, transplanted tumors are most widely used for
assaying the therapeutic effectiveness of a large array
of anticancer compounds. Two different tumor trans-
plantation models are currently used in different
laboratories.

Allograft transplants

In the Allograft (or Syngeneic) transplantation mod-
els, the cancerous cells or solid tumors are itself of
mouse origin and are transplanted into another host
mouse containing a specific genetic trait, for example,
GEM mice. Because the recipient and the cancer cells
have the same origin; the transplant is not rejected by
mice with an intact immune system. The results of
therapeutic interventions can thus be analyzed in an
environment that closely recapitulates the real scenario
where the tumor grows in an immunocompetent envi-
ronment. A disadvantage however is that transplanted
mouse tissue may not represent in whole the complex-
ity of human tumors in clinical situations (Maulik,
2009). This transplantation strategy circumvents some
of the difficulties observed in GEM models compli-
cated breeding schemes, variable tumor latency, and
chemotherapeutic drug inefficacy. Tumor fragments
from tumor-bearing MMTV-PyMT or cell suspensions
from MMTV-PyMT, -Her2/neu, -Wntl, -Wnt1/p53*/
o, BRCAl/p53+/7, and C3(1)T Ag mice can be trans-
planted into the mammary fat pad or s.c. into naive
syngeneic or immunosuppressed mice. Tumor devel-
opment can be monitored and tissues can be processed
for histopathology and gene expression profiling, and
metastasis can be scored at 40—60 days after removal
of original tumors.

In a recent study by Prosperi et al. (2011), APC
mutation was shown to enhance PyMT-induced mam-
mary tumorigenesis. In serial passages, regardless of
the site of implantation, several other investigators
showed that PyMT tumors from anterior glands grow
faster than posterior gland-derived tumors. Microarray
analysis also revealed genetic differences between
these glandular tumors. The differences in transplanta-
tion were reproducible using anterior tumors from
multiple GEM and tumor growth rates correlated with
the number of transplanted cells. Similar morphologic
appearances were also observed in both original and
transplanted tumors. Metastasis developed in >90% of
mice transplanted with PyMT, 40% with BRCA1/

p53*/~ and wntl/p53"/~, and 15% with Her2/neu
tumors. Interestingly however, expansion of PyMT
and wntl tumors by serial transplantation for two pas-
sages did not lead to significant changes in gene
expression. Furthermore, PyMT-transplanted tumors
and anterior tumors of transgenic mice showed similar
sensitivities to cyclophosphamide and paclitaxel. Thus
allograft transplantation of GEM tumors can provide a
large cohort of mice-bearing mammary tumors at the
same stage of tumor development and with a defined
frequency of metastasis in a well-characterized molec-
ular and genetic background.

Xenograft transplants

In the xenograft model, human tumor cells are
transplanted, either under the skin or into the organ
type (orthotopic) in which the tumor originated, into
immunocompromised mice such as athymic nude
mice, severely compromised immunodeficient (SCID)
mice, so that the human cells are not rejected. In this
model, human cancer cells or solid tumors are trans-
planted into a host mouse. These transplants may be
orthotopic or they may be s.c. or placed just beneath
the host’s skin. Because the cancer xenograft is of
human origin, it represents the properties and to an
extent the complexities of the human cancer. On the
other hand, the compromised host immune system is
not truly representative of actual patients.

Tumors obtained from patients can be kept viable in
the frozen state for prolonged periods. The usual
method for preparing solid tumors for freezing is to
immerse small pieces in media such as glycerol-
glucose, in sealed sterile ampoules. The tumor-
medium mixture should be slowly cooled to the final
storage temperature and rapidly thawed (at 37°C) on
removal and after thawing, tumors should be immedi-
ately inoculated in mice. Depending upon the number
of cells injected, once the tumor develops to an appro-
priate size, the response to therapeutic regimes can be
studied in vivo.

Using s.c. prostate tumor xenografts of both
androgen-dependent (LNCaP) and castration-resistant
(HR-LNCaP) prostate cancer cells, Schayowitz et al.
(2010) showed that dual inhibition of AR and mTOR
can prolong the hormone sensitivity of prostate can-
cers (Schayowitz et al., 2010). Male SCID mice 4—6
weeks of age (from the National Cancer Institute-
Frederick Cancer Research Center) were inoculated
with the LNCaP or HR-LNCaP cells 2.0 x 10°) along
with Matrigel (10 mg/mL) in 100 pL of cell suspension.
The mice were then treated with a combination of inhi-
bitors to block the AR and mTOR activation when
tumors reached 500 mm® for 3—7 weeks. The addition
of everolimus (androgen synthesis inhibitor) to bicalu-
tamide (antiandrogen) treatment of resistant tumors
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significantly reduced tumor growth rates and tumor
volumes and decreased serum prostate-specific antigen
(PSA) levels.

In another study by Kataoka et al. (2012), the efficacy
of chemoendocrine therapy in both premenopausal and
postmenopausal models with ER-positive human breast
cancer xenografts was studied (Kataoka et al., 2012).
Female 4—5-week-old BALB/c-nu/nu mice were inocu-
lated with a suspension of MCF-7 breast cancer cells
(5% 10° cells/mouse) subcutaneously into the right
flank. For the premenopausal breast cancer model, mice
were subcutaneously implanted with slow-release estro-
gen pellets (0.25 mg/pellet 173-estradiol) the day before
tumor cell inoculation. After several weeks, mice bear-
ing a tumor (~200—400 mm?) were randomly allocated
to control and treatment groups (eight mice each) and
received 6-week oral therapy with capecitabine and/or
tamoxifen (30 or 100 mg/kg/day). For the postmeno-
pausal breast cancer model, mice were ovariectomized
and subcutaneously implanted with slow-release andro-
stenedione pellets (1.5 mg/pellet) the day before tumor
cell inoculation. Mice-bearing tumors (~200—400 mm>
in volume) were treated for 6-week oral administration
of capecitabine (359 mg/kg/day) and/or letrozole
(0.1 mg/kg/day). In each model, control mice received
vehicle alone. Tumor volumes and body weights were
monitored two or three times a week starting from
the first day of the treatment. The combination of
5'-deoxy-5-fluorouridine (5'-DFUR; an intermediate of
capecitabine) with 4-hydroxytamoxifen (4-OHT; an
active form of tamoxifen) or letrozole (aromatase inhibi-
tor) decreased the number of estrogen-responding cells
and size of breast tumor xenografts in both premeno-
pausal and postmenopausal models.

Tumor xenografts have been used in the preclinical
and clinical development of anticancer therapeutics. In
human breast cancer xenografts, several investigators
showed that herceptin (Trastuzumab) can enhance the
antitumor activity of paclitaxel and doxorubicin against
HER2/neu-overexpressing cells, and this led to its sub-
sequent use successful clinical trials. In addition, her-
ceptin is now a standard drug used in the treatment of
human epidermal growth factor receptor 2-positive
(HER2 +) early-stage breast cancer. Multiple Myeloma
has remained an aggressive and incurable cancer, and
while melphalan and predinisone provide symptomatic
relief, survival rates were only 3 years. However in the
past decade, the combination of bortezomib and mel-
phalan was demonstrated as effective for the treatment
of multiple myeloma, first in preclinical xenograft trials
and then in patients. This has led to the new standard
of clinical care for multiple myeloma patients over 65
years of age or those with pre-existing conditions to
whom the option of high-dose chemotherapy followed
by stem-cell transplantation is an unavailable option.

Therefore xenograft models are useful for toxicity stud-
ies from targeted therapies and in many cases to predict
biomarkers of target modulation. However, several ethi-
cal issues need to be first addressed before the testing
of toxic chemotherapeutic agents in mouse cancer
models.

Humanized mice

Humanized mice are used to model the human
immune system in tumor-bearing mice, and enable
proper evaluation of therapeutic candidates in an
in vivo setting (Shultz et al., 2007). Shultz et al. (2007)
pioneered the development of human lymphoid and
myeloid cells in NOD/SCID/IL2R~ null (NSG) mice
using CD34 + mobilized HSCs transplanted into the
sublethally irradiated NSG mice (Shultz et al., 2007).
Humanized mice allowed these researchers to examine
xenograft growth in the context of a functional human
immune system and resultant tumor microenviron-
ment. Indeed, a number of recent studies have
highlighted the increased similarities in tumor growth,
metastasis, drug response, and mimic tumor microen-
vironmental signaling similar to those seen in vivo in
cancer patients (Morton et al., 2016). Immunodeficient
mice can accept human stem cells due to the lack of
host immunity and can thus be used to test promising
anticancer therapies (Holzapfel et al., 2015b). In this
model, mice are treated with radiation to knockdown
the existing blood system, and then human stem cells
are introduced to regrow the human immune system.
After a few months, the mice become chimeras with
human blood cells and the human immune system.
Zhou et al. (2014) have published a highly comprehen-
sive review on the use of humanized NOD-SCID-
IL2rg/~ mice as a preclinical model for cancer
research and its potential use for individualized cancer
therapies (Zhou et al., 2014). Humanized CD34 + NSG
mice supported multilineage engraftment of human
cells including B cells, T cells, dendritic cells, and
monocytes. Indeed, the NSG mice injected with human
HSCs showed robust engraftment efficiencies as mea-
sured by flow cytometry using cell-specific markers of
human leukocytes (Morton et al., 2016; Holzapfel et al.,
2015b; Zhou et al., 2014).

Traditionally, although the severe combined immu-
nodeficiency (SCID) mouse have been used for human-
ization purpose, recently the NOD/Shi-SCID IL2r~null
(NOG) mouse and the NOD SCID gamma, that is,
NOD.Cg-Prkdcscid II2rgtm1Wijl/Sz] (NSG) mice have
been shown to engraft human cells more efficiently
(Brehm et al., 2014). In these mice, three options are
available for humanization: (1) the HSC engraftment
model, which develops a multilineage immune system;
(2) the BLT mouse, where the NOD/SCID mice are
cotransplanted with human liver and thymus tissues
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FIGURE 5.6 Generation of humanized mice (https://www.jax.
org/strain/013062).

along with autologous CD34 + HSCs; and (3) the
PBMC engraftment model, where co-injection of
human PBMC with tumor cells can be done at the
same site. Ishikawa et al. (2008) had first developed
the human hemato-lymphoid system in NSG mice
using 10° CD34 + Cord Blood cells (depleted of CD3,
CD4, CD8, CDl11b, CD19, CD20, and CD56, and
enriched for CD34 cells) into the sublethally irradiated
(100 cGy) NSG newborns (Ishikawa et al., 2008). By
using human cord blood HSC (CD34+ cells),
McDermott et al. (2010) also showed that the NSG-
recipient mouse support greater engraftment of human
stem cells (McDermott et al., 2010). Multilineage differ-
entiation of cells (T, B, NK, myeloid, DC, HSC) was
clearly observed, and most importantly, no graft ver-
sus host disease (GvH) development was seen. In this
protocol, 3—4 weeks old mice underwent sublethal
irradiation followed by intravenous (i.v.) injection of
human CD34 + cells (cord blood, mobilized peripheral
blood). These Hu-CD34 + mice clearly showed multili-
neage reconstitution, consisting of the myeloid lineage,
lymphoid lineage, and some mucosal immune func-
tion. The human CD34 + cells stably engrafted in the
bone marrow, and the engraftment was stable for over
1 year. Both human CD4 + and CD8+ T cells were
present in the circulation and in other tissues. Indeed,
the engraftment of mature human white blood cells
(hCD45 +) was confirmed 12 weeks after injection
(Fig. 5.6).

Checklist for a successful in vivo experiment

Prior to initiating the studies, a successful in vivo
experiment involves critical planning and addressing
of multiple factors. It is very important to make sure
that everything is ready and the guidelines and proto-
cols have been well thought out and you have the
IUCAC approved animal protocol in place.

1. Identifying the experimental goals. It is important to
first identify what one plans to answer by using

the animal experiments and justify the utility of
mouse models. This could be based on either the
role of a certain gene or the effect of a certain
anticancer therapy. It is also important to pinpoint
whether one aims to study tumor initiation, tumor
progression, tumor metastasis, or tumor
recurrence/resistance. For this purpose, it is
imperative that one chooses the best mouse model
to be tested and decide on when to initiate the
tumor transplant or drug treatment. At this stage,
the investigator needs to choose whether an
immunocompetent or immunodeficient model
would be optimal and whether an easier
subcutaneous tumor model or a more difficult
orthotopic tumor model would be needed.

. Finalizing the experimental setup and budget. The next

most important criteria would be to design an
experimental setup based on the budget. Since
animal experiments can be very costly, it is important
to plan the number of animals available for the
studies. Some immunocompetent mouse strains are
relatively inexpensive ($10—30 per mouse); however,
most of the transgenic strains and especially the
immunocompromised (SCID or nu/nu) mice are
much more expensive ($60—100 per mouse). Multiple
animals (at least 6—10 per group) would be necessary
to generate statistically significant effects, and the use
of multiple groups to assess drug treatments can
become very expensive at the end. Furthermore, right
from the beginning, the costs toward animal housing
and care in the vivarium should be taken into
account. Vivarium charges per day and per animal
can add up to be significantly expensive if the
experiments are for long-term tumor growth and
anticancer efficacy measurements. The investigators
should be well aware of the time, efforts, and costs
associated with the in vivo experiment themselves
and should be able to analyze the validity of the data
obtained from these in vivo studies. Therefore time
management is very crucial and enough time for
performing the in vivo experiment, and dosing of
multiple animals will need to be coordinated.
Rushing the surgical procedures and drug treatments
may ruin the entire experiment.

. Training of personnel. Before starting an experiment,

it is important that animal handling workshop/
certifications are obtained for all personnel
involved. It is crucial that each researcher
understands the ethics involved in animal research
which will enable them to make important
decisions about the protocol, the number of
animals required, the end points needed for
animal data collection, and the method and
timeliness of animal euthanization. Some
experiments may take several hours to do,
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especially with a large number of replicates and
multiple treatment groups. Thus for accurate and
efficient progress, it is advisable to have
experienced assistance.

. Ordering of animals. Once the experiments are
finalized, IACUC approval is obtained, and trained
personnel is available, it is advisable to order the
animals at least 2 weeks in advance of initiating
the experiments. Some experiments may need
specific sex, such as prostate cancer model, breast
cancer model, etc. The age of the mice is also an
important consideration because 6 and 8 weeks old
mice may not respond to treatment the same way
as mice that are 4 months old. Also, different
strains respond to treatment differently, so one
treatment that works in one strain may not work in
another and vice versa. Therefore make the choice
of strain, sex, and age according to the type of
cancer and the application of experiment.

There are several different vendors who sell
different mouse strains for researchers and the
costs may vary significantly, for example, Harlan
Laboratories, Charles River Laboratories, etc. It is
advisable to shop around for the best prices for the
animals, but also be aware of previous publications
using the mouse strains from different vendors
since minute differences in the genetic makeups of
different strains can significantly alter the end
results. Before ordering the animals, one needs to
contact the vivarium staff in order to secure
designated space for the animals, the specifics of
animal housing and treatments. In case vivarial
staff, for example, veterinarians, surgery specialists
are needed, it would be important to schedule and
coordinate the experiments in advance.

. Preparation of animals for anesthesia. Mice should be
healthy and well-prepared for the experiments. All
mice should be housed in a pathogen-free
environment under controlled conditions
(temperature 20°C—26°C, humidity 40%—70%,
light/dark cycle 12 h/12 h). All mice should be
allowed to acclimatize and recover from shipping-
related stress for at least 1 week prior to the study.
The body fat, or lack thereof, age, sex, and strain
can all impact a mouse’s response to anesthetic
agents. Pre-anesthetic fasting is not usually
necessary in mice; however, if fasting is employed
it should be limited to no more than 2—3 hours
prior to the procedure. Because mice have a
greater body surface area to body mass ratio than
larger animals, thermal support is critical to their
survival and successful anesthetic recovery.
Parenteral anesthesia may be administered to mice
via i.p., s.c., or intravenous injection. Inhalation
anesthesia may be delivered by chamber or

facemask. Animal anesthesia can be achieved with
isoflurane without the use of specialized anesthesia
equipment. Alternative methods of anesthesia
include injectable anesthesia that is achieved by
Avertin (200 mg/kg) or ketamine/xylazine (100/
10 mg/kg) i.p. injections. Irrespective of the
method used, the mouse should be monitored to
avoid excess cardiac and respiratory depression,
and insufficient anesthesia.

. Preparation of humanized mice. Roth et al. (2015)

used human tumor-infiltrating lymphocytes (TIL)
and showed their ability to cooperatively regulate
prostate tumor growth in a humanized mouse
model (Roth and Harui, 2015). Simultaneous
implantation of human PBLs, DC, and tumor
results in a huPBL-NSG model that recapitulates
the development of human TIL and allows an
assessment of tumor and immune system
interaction. In this protocol, NSG mice were
implanted with 1 X 10" human PBLs (expressing
CD14 and/or CD16) and activated T cells (CD25)
in combination with 5 X 10° autologous DC by i.p.
injection. The PC3 prostate cancer cells (2 X 10°)
were implanted subcutaneously on the same day.
Most interestingly, tumors recovered from these
huPBL-NSG mice were significantly smaller than
tumors from NSG mice that were not immune
reconstituted. Furthermore, the human effector
memory T lymphocytes (T-em) were increased in
the TIL recovered from tumor-bearing huPBL-NSG
animals. These findings clearly emphasized that
despite the predominance of CD8 + TIL in the
tumors, the CD4 + T cells play an essential role in
tumor regression.

7. Preparation of human tumor cells for xenografts. For

some studies, it is advisable to use labeled tumor
cells to be able to measure tumor growth and
metastasis without invasive surgery. Therefore
fluorescent-labeled cells (GFP or Luciferase) will
need to be prepared in advance. Healthy tumor
cells in the logarithmic phase of growth are the key
to a successful in vivo transplantation experiment.
The cell should not be over confluent nor should
they be too sparse, during the passage of cells.
Three days before the in vivo experiment, seed the
cells into a new culture dish or flask, 1 day before
the experiment, change to fresh medium, when
harvesting the cells, the cells must be 70%—80%
confluent (for monolayer culture). These cells
should then be used to prepare single-cell
suspension. If cells are clumped, disrupt the
suspension via aspiration or gentle vortexing.
However, only one person should do all the cell
injections to mice to minimize experimental errors.
The quicker one can inject the cells into animals
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after harvesting the better and more uniform will
be the tumor growth.

8. Preparation of surgical instruments and cells.
Depending upon the experimental strategy, the site
of injection may be orthotopic, s.c., or directly
under the skin. Sterile syringes and needles are
required for the procedure along with alcohol
swabs. In many cases, matrigel or basement
membrane-like matrix is mixed with the human
cancer cells in a 1:1 ratio before injecting into mice.
Matrigel provides a natural environment for the
cancer cells to grow.

9. Tumor monitoring. Human tumor usually takes 1—2
weeks to grow in a nude mouse depending upon
cancer cell type and the number of cells injected. It
is advisable to inject not more than 100 pL of 1-5
million cells per mouse for a xenograft mouse
model. Nutritional support is critical during
postprocedure recovery periods and moistened
rodent chow is recommended to encourage
animals to eat following anesthetic events. The
health of the mice should be monitored by daily
observation. Regular animal monitoring and
scheduling of sampling need to be coordinated
with all of the personnel involved. When
measuring tumor growth using the
bioluminescence method, injection of p-luciferin
(15 mg/mL) to a final 150 mg p-luciferin/kg body
weight is used. At 12 minutes after p-luciferin
injection, the animals can be imaged in the dorsal
position for 2—5 seconds at field of view. The
tumor regions of interest and tissues around the
tumor sites are both imaged, and emitted signals
are quantified as total photons/second using a
Living Image Software. Upon reaching a relevant
tumor size, volume mice are randomly separated
into treatment groups, and treatment ensues. At
the end of the study period, the primary tumors
are surgically removed from the animals, isolated
from surrounding tissues and weighed. At this
stage, other organs such as lung, liver, bone, and
lymph nodes can also be dissected to measure
metastasis. The mice should be euthanized if there
is more than 20% weight loss or the tumors are too
big and impede movement or the tumor burden or
treatment results in sickness. Scheduling of
euthanization needs to be made, and the vivarial
staff should be informed in advance.

10. Analysis of data. Once promising data with tumor
growth or antitumor effects of the drug of interest
is obtained in the first set of mice, it is important
to repeat a similar experiment in another set of
mice. This will facilitate the statistical data
analysis and manuscript preparation. Perform
statistical analysis utilizing repeated measures

analysis of variance (ANOVA) to evaluate the
treatment effects on tumor growth. Compare
tumor weight measurements between treatment
groups utilizing one-way or two-way ANOVA.
All data are presented as the mean standard error
(SE). Statistical differences are evaluated by
Student’s t-test and ANOVA, followed by
Dunnett’s post-hoc test. The criterion for
statistical significance will need to set at P <.05.
At this stage, the in vivo data would be ready for
publication. A flow chart (Flow Chart 5.1) is
provided here to help the researcher to plan
ahead. In addition, a detailed checklist that will
help the animal researcher initiate their studies is
provided below.

Protocols

The above checklist on mouse models of cancer will
demonstrate the successes of using the xenografted
tumors in many types of human cancers. Similar stud-
ies clearly illustrated that information learned from
these studies can be translated into successful clinical
trials for drugs. Thus the human tumor xenograft
models are the most often utilized system to determine
anticancer drug efficacies. In the following sections, we
are including two examples of protocols using these
models where each of the experimental steps is more
thoroughly addressed.

An orthotopic mouse model of colorectal cancer

The traditional s.c. tumor model is not ideal for
studying colorectal cancer and does not replicate the
human disease. Therefore the orthotopic mouse
model of colorectal cancer has been very useful for
studying both the natural progression of cancer and
the testing of new therapeutic agents. In a recent pub-
lication by Bhattacharya et al. (2011), the effects of the
natural antioxidant supplement selenium on tumor
progression and angiogenesis in an orthotopic model
of human colon cancer (Bhattacharya et al., 2011).
Real-time imaging using both fluorescent protein
imaging (FPI) and magnetic resonance imaging (MRI)
was utilized to demonstrate tumor progression and
angiogenesis. In this model, human colon carcinoma
cells (GEO) were fluorescent-labeled with GFP and
implanted orthotopically into the colon of athymic
nude mice. Beginning at 5 days postimplantation,
whole-body FPI was performed to monitor tumor
growth in vivo. Tumor-bearing animals were
treated with daily oral administration of methyl-
selenocysteine (0.2 mg/day) for 5 weeks. Dynamic
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contrast-enhanced MRI was performed to examine
the change in tumor blood volume following treat-
ment, and CD31 immunostaining of tumor sections
was also performed to quantify microvessel density
(MVD). Selenium treatment resulted in a significant
reduction in blood volume and MVD of GEO-derived
tumors and highlighted the usefulness of multimodal
imaging approaches to demonstrate antitumor and
antiangiogenic therapies against colon cancers. Below
are two protocols that have been used to establish the
orthotopic model of colorectal cancer. The first
involves an injection of a colorectal cancer cell sus-
pension into the cecal wall, and the second technique

involves transplantation of a piece of s.c. tumor,
obtained from a different mouse, into the cecum.

Design and execution

A. Cell preparation/tumor preparation

1. Colorectal cancer cells (e.g., GEO or HT-29) are
grown in culture and harvested when
subconfluent, and single-cell suspension is
prepared in phosphate-buffered saline (PBS).
Alternatively, a mouse with a previously
established s.c. colorectal tumor is euthanized,
the tumor is removed and divided into 2—3 mm
pieces and kept in PBS on ice.
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B. Mouse preparation

1. Use inhaled isoflurane (2-chloro-2-
(difluoromethoxy)-1,1,1-trifluoro-ethane).
Alternatively, use
ketamine—xylazine—acepromazine (KXA)
combination.

2. The depth of anesthesia is assessed using toe
pinch and the absence of withdrawal reflex.

3. The anesthetized mouse is shaved at the site of
injection, properly positioned, and the abdomen
is prepped with a sterile betadine solution.

C. Laparotomy

1. A small nick is made in the skin, and the
abdominal wall musculature is grasped and
lifted up to expose the abdominal cavity. The
abdominal cavity is entered with a single blade
of scissors which is used to push the intra-
abdominal contents away from the cecum. At
this stage, the abdominal incision can be
extended to 2—3 cm to gain better access.

D. Exposure of the cecum

1. The cecum and its pouch are identified and
exteriorized. The cecum is isolated from the rest
of the mouse and placed on a precut, sterile
gauze. Warm saline is continuously used to keep
the cecum moist.

E. Injection of cells or tumor pieces

1. Injection of cells into the cecal wall.

a. A 27-G needle is used to inject a 50 pL volume
of cells (2—5 X 10°) into the cecal wall.

b. The needle is removed, the injection site is
inspected to ensure no leakage, and the
cecum is returned to the abdominal cavity.

2. Transplantation of tumors into the cecum
a. A “figure of 8” stitch is placed onto the

cecum using 6- or 7-sized suture. The cecal
wall is lightly damaged and the tumor piece
is positioned.

b. The stitch is tied down and the cecum is
returned to the abdominal cavity.

F. Mouse abdominal wall closure.

1. The abdominal wall is closed using three
interrupted stitches using 3 or 4 sized suture
(alternatively, one can use a simple running
stitch). Postoperative analgesics and a fluid
bolus may be given at this point.

2. The mouse is allowed to recover from
anesthesia.

G. Monitoring tumor development.

1. Tumor formation may vary by cell line, the
number of cells inoculated, or size of tumor
strips used, but palpable tumors (~100 mm?) is
seen within 4—6 weeks.

2. When animals develop visible tumors at the site
of cell implantation, approximately 12 days after

cell implantation, obtain images of the animals
(ventral position).

3. Remove outlier animals with tumors larger or
smaller compared to the majority of mice and
randomize the remaining mice into different
treatment groups.

H. Monitoring drug effects.

1. Most drug treatments are started at this
stage and treatment ended at about 8—10
weeks or when tumors reach a volume of
~500 mm®.

2. For each treatment arm, mice are grouped by 5 or
10 with equal tumor volumes. Tumor size is
measured twice weekly with calipers, and tumor
volume is calculated by the formula 4/ 3112 X 1o,
where 7, is the smaller radius.

3. At the end of treatments, mice are euthanized
and tumors are excised, cleaned, weighed, and
stored in —80°C for additional analysis.

Interpretation of results

The time to developing primary tumors and liver
metastases may vary depending on the technique, cell
line, and mouse species used. Tumor response to anti-
cancer therapy can vary dramatically depending on
whether cancer cells are implanted in an ectopic (s.c.)
versus orthotopic location. However, the orthotopic
models of colorectal cancer replicate human disease
with high fidelity. The two techniques have unique
advantages and disadvantages. The use of colorectal
cancer cell lines which have been growing in vitro
allows for the inoculation of homogeneous cells.
However, these cells may have reduced invasive or
metastatic potential after several passages in culture.
Transplantation of a piece of s.c. tumor introduces a
more heterogeneous population of cancer cells that
have been established in vivo. However, since tumors
contain stromal cells, this may affect the consistency of
the tumors in different mice. Primary, invasive rectal
cancers can develop in mice as early as 1 week after
injection; however, mice do not usually develop
metastatic lesions.

A xenograft model of prostate cancer metastasis

To better understand the process involved in cancer
metastasis and the effects of drugs in suppressing breast
cancer metastasis, the design, experimental setup, and
analysis of tumor-bearing mice are the important
aspects to consider. While prostate cancer metastasizes
to lymph nodes, lung, and liver, the predominant site of
metastatic prostate cancer is bone; approximately 80%—
90% of patients with advanced prostate cancer have
bone metastases. We are presenting a recent study that
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determined the effects of Angiotensin-(1—-7) in attenuat-
ing metastatic prostate cancer in mice (Krishnan et al.,
2012). Angiotensin-(1-7) [Ang-(1-7)] is an endogenous,
heptapeptide hormone with antiproliferative and anti-
angiogenic properties. In vitro studies were performed
to establish the role of Ang 1—-7 as an antimetastatic
agent against advanced prostate cancer. For example, in
the in vitro migration studies, Ang-(1-7) mediated a
decrease in migration of both PC3 and DU145 cell lines.
This suppression of cell migration was blocked by a
specific Ang-(1—7) receptor antagonist, D-alanine’-Ang-
(1-7). This suggested that Ang 1—7 may reduce the
in vivo metastatis of prostate cancer cells. To demon-
strate this in a xenograft mouse model, these investiga-
tors used luciferase-expressing PC3 cells injected into
the middle of the tibial plateau in 5—6-week old male
SCID mice. The SCID mouse does not have an active
immune system (as that would lead to the clearance of
tumor cells) and thus has a good tumor intake. The abil-
ity to make T or B lymphocytes, or activate some com-
ponents of the complement system, is impaired in SCID
mice, and they also cannot efficiently fight infections
nor reject tumors and transplants.

Design and execution

A. Cell preparation

1. Grow PC3 cells (CRL-1435; American Tissue
Culture Collection) in RPMI1640 medium
(HyClone) with 10% fetal bovine serum and
antibiotics.

2. Infect PC3 cells with the UBC-GFPLuc lentivirus
construct (expressing a GFP-Fireflyluciferase
fusion protein behind the human ubiquitin C
promoter) and select with 10 mg/mL blasticidin
for 2 weeks to establish a stable cell line.

Note: The percentage of GFPLuc-positive cells
can be determined by flow cytometry or via the
expression of luciferase using a Luciferase Assay
kit (Promega).

B. Mouse preparation

Model 1: in vivo model of prostate cancer metastasis.

Injection of tumor cells into the left ventricle is a
commonly used method to mimic the extravasation
of tumor cells from the circulation into metastatic
sites.

1. Anesthetize animals with 1% isoflurane. Make a
midline incision over the trachea and throat of
the mouse. Isolate the carotid artery and insert a
catheter (14-mm long) into the artery. Ensure
that the tip of the catheter extends down the
carotid artery to the aortic arch.

2. Inject one million (1 X 10°) PC3"Y< cells in
100 mL of Hank’s-buffered saline solution

(HBBS) into the aortic arch catheter using a

28-G needle.

Model 2: orthotopic intratibial model.

3. Anesthetize animals with 1% isoflurane. Make a
2—3 mm longitudinal incision over the
midpatellar region of the right hind limb. Make
a percutaneous interosseal bore in the tibia using
a 27-G needle.

4. Inject 20,000 (2 X 10*) PC3"Y“ cells into the
middle of the tibial plateau.

Note: Hold a cotton swab over the injection site
to prevent leakage of cells.
C. Mouse closure
Perform skin closure with a 5-0 coated vicryl
suture.
D. Ang(1-7) treatment
Model 1:

1. Two days prior to injection of PC cells into
the aorta, implant a s.c. osmotic minipump to
infuse 24 mg/kg/h of Ang-(1—7) in SCID mice
or control mice.

Model 2:

1. Two weeks postinjection of PC cells into the
bone, implant a s.c. osmotic minipump to infuse
24 mg/kg/h of Ang-(1-7) in SCID mice or
control mice.

2. Treat mice for 5 weeks with Ang-(1-7).

D. Monitor tumor development

1. Monitor tumor metastasis in different organs at
6 weeks after treatment with Ang-(1-7) by
bioluminescent imaging of the whole mouse.

2. Measure tumor growth by bioluminescence
image analysis and determine tumor volumes in
the bone by MRL

3. At the end of treatments, mice are euthanized
and tumors are excised, cleaned, weighed, and
stored in —80°C for additional analysis.

3LUC

Interpretation of results

In model 1 (metastasis from aorta), even at 6 weeks
after treatment, no detectable tumors were observed in
mice treated with the Ang-(1-7), whereas 83% of the
control mice developed metastatic lesions in either the
tibia, mandible, or spine. In model 2 (orthotopic
tumors), the 5-week regimen of Ang-(1-7) attenuated
intratibial tumor growth. Circulating vascular endo-
thelial growth factor (VEGF) levels were significantly
higher in control mice when compared with mice
administered Ang-(1-7), clearly indicating its role as
an antiangiogenic factor. Furthermore, osteoclastogen-
esis in the bone was reduced by 50% in the presence of
Ang-(1-7), suggesting its role in preventing the forma-
tion of osteolytic lesions to reduce tumor survival in
the bone microenvironment. These findings using two
different prostate tumor xenograft models clearly
showed that Ang-(1—7) may serve as an antiangiogenic
and antimetastatic agent for advanced prostate cancer
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and may provide effective therapy for bone metastasis
produced from primary tumors sites.

Humanized mouse models for tumor xenografts

Humanized CD34 + mice (hu-CD34) are robust
in vivo platform for analyzing the safety and effective-
ness of potential new drugs to modulate the immune
system (Epperly et al., 2010; Coutelle et al., 2015). The
hosts for hu-CD34 and hu-PBMC models are NOD
SCID gamma (NSG) mouse (JAX laboratories). These
NSG mice combine the features of the NOD back-
ground, the SCID, and IL2 receptor gamma chain defi-
ciency (IL2Rg™"). As a result, these NSG mice lack
mature T cells, B cells, or functional NK cells and are
deficient in cytokine signaling, leading to better
engraftment of human HSC and PBMC cells. Although
the hu-HSC mice provide the optimal humanized
immune system, the Hu-PBMC models have the fastest
engraftment rate and enable short-term studies.

Briefly, the NSG mice (https://www jax.org/strain/
013062) are maintained under specific pathogen-free
conditions in sterile microisolator cages. Mice are first
irradiated with whole-body gamma irradiation (most
commonly performed by exposure to a 137Cs radioac-
tive source). After 24 hours, mice are injected i.v. (tail
vein) with CD34 + HSCs (0.5—2 X 10° cells/mice) and
allowed to reconstitute the human immune system for
12—15 weeks. Successful engraftment of the human
immune cells is then checked by staining the PBMCs
for the panhuman marker CD45 (huCD45 +). These
humanized mice can then be inoculated with the
tumor cells (Huang et al., 2012).

Design and execution

The generation of humanized BLT mice first requires
the processing of fetal tissue and preparation of human
CD34 + HSC, followed by their transplantation in the
NSG mice and monitoring of humanization (official
strain designation, NOD.Cg-Prkdc™™ I12rg"™ "1 /Sz]).

A. Processing of fetal thymus and liver tissue

1. Wash thymus with RPMI + 10% fetal calf serum
in a 60-mm dish and shear into 1.5—2 mm pieces
with scalpels. Homogenize the tissue with a 16-
G blunt needle three or four times. Incubate with
the enzymes for tissue digestion: collagenase
type IV (1 mg/mL), hyaluronidase (1 mg/mL),
and DNase I (2 U/mL).

2. Underlay the homogenized cells with 10 mL of
Ficoll. Spin at 2400 rpm for 20 minutes. Transfer
the cells to a flask and add 30 mL of RPMI +
10% FCS. Incubate for 1—1.5 hours at 37°C to
remove adherent cells.

3. The CD34 + cells can then be sorted using a
microBead kit, for example, Miltenyi Biotech’s
CD34 Direct Kit (http://www.miltenyibiotec.
com). The yield of CD34 + cells should be
3%—5% of your total cell counts. Note:
Younger fetal livers give a higher yield of
CD34 + cells.

4. Anesthesia treatment of mice using isoflurane,
ketamine/zylazine: weigh all the mice (6—8-
week old) and load syringes with a dose of
15 pL/g of ketamine/xylazine and inject (inject
0.3 mL drugs subcutaneously over the shoulder).
After mice become sluggish, shave their left side
from hip to shoulder.

5. A 16-G needle, with the tip filed round is used
to insert the tissue.

6. Locate the spleen under the skin. Pick up the
skin over this spot and make a cut parallel to the
spleen about 15 mm long. Add a piece of spleen
with the needle-nose forceps.

7. Make a little hole in the posterior end of the
kidney capsule. Slide the trochar into this hole
and along the kidney until the orifice of the
trochar is completely covered by the kidney
capsule, inject the tissue. Push the kidney back
in gently with the closed hemostat.

8. Put one stitch in the peritoneum tied with a
double knot. Squeeze the skin up like a purse
and put in two wound clips.

. Transplantation of CD34 + cells

The goal of this second step in the generation of
BLT mice is to populate the mouse bone marrow
with human CD34 + HSCs. During this secondary
transplant, sublethal irradiation of the mice is
needed to deplete murine bone marrow cells thus
generating “space” for the implantation of the
human CD34 + cells.

9. Place NSG mice into an autoclaved, filtered,
ventilated housing device for containment during
irradiation("*’Cs gamma irradiator). Note: an
autoclaved, filtered, ventilated device for housing
mice is needed while in the irradiator chamber.

10. Irradiate mice with 240 cGy whole-body
gamma irradiation (most commonly
performed by exposure to a '*’Cs radioactive
source). The mice are then injected (the same
day) with CD34 + cells. Note: This timeframe
is based on the establishment and growth of
the thy/liv implant transplanted.

11. Anesthetize a mouse with an isoflurane tube
by scruffing it and holding its nose in the
tubes for about 20 seconds. Load 28 G insulin
syringes with 0.1 mL of cells (10°—5 X 10° cells
per 0.1 mL per mouse) for one cage of mice
(each cage contains a maximum of five mice).
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12. Two to three months later, the mice are bled
retro-orbitally (maximum of 200 pL of blood
per month per mouse). 50—100 pL of blood
should be sufficient for FACS analysis.

13. Blood samples are stained for the expression
of the human lymphocyte marker CD45 to
assess reconstitution.

14. Blood samples are added into 1 mL red blood
cell lysis buffer (160 mM NH,CI, 100 mM
KHCOs;, 0.01 mM EDTA) and incubated for
5 minutes at room temperature. Remove
supernatant and resuspend pellets in 100 pL
FACS-PBS. Add antibodies to assess human
lymphocyte reconstitution, for example, CD45
(human lymphocyte marker), CD8, CD4,
CD14, and CD16 for macrophages and
monocytes, CD19 for B cells, and CD56 for NK
cells. Incubate at 4°C for 30 minutes.

15. If mice are reconstituted (humanized), proceed
with tumor injections.

C. Transplantation of tumor cells

16. Tumor cell lines are cultured according to the
manufacturer’s or laboratory recommendations.
Cells are harvested, washed and resuspended
in matrigel at a 1:1 ratio (50 pL cells/50 pL
matrigel). Samples are kept on ice at all times.

17. Mice are anesthetized and shaved in the area of
injection. The area is sterilized using an
isopropanol pad. Tumor cells are injected s.c.
Note: The site of injection should be treated
with antibiotic ointment. Tumors should
establish and begin growing in 4 weeks.

Ethical issues

Many believe that in vivo experimentations are
unacceptable because they cause suffering to animals,
and the resulting benefits of such experiments are not
clearly proven in human beings. However, another
school of thought justifies that animal experiments
are necessary for successful drug development and
should be acceptable if adverse physical and emo-
tional effects on the animals are minimized. Indeed,
animal studies should be avoided wherever alterna-
tive testing methods that produce equally valid
results and should only be conducted after in vitro
studies have been successfully performed on
suitable cell lines. Tissue-engineered 3D tumor mod-
els have been developed to recapitulate some features
of the tumor environment while enabling control of
environmental factors and measurement of cell
responses (Holzapfel et al.,, 2015a). Although it is
widely agreed upon that since all animal experiments
cannot be immediately replaced, it is important to

uphold the highest standards of welfare for the care
and use of animals (Workman et al., 2010).

Turning point

* 2001: Albert Lasker Award on “Knockout mice as
models for human disease.”

Drs. Capecchi, Evans, and Smithies received the
Lasker Award for the development of a powerful
technology that allowed scientists to create animal
models of human disease.

The Albert Lasker Award recognizes outstanding
discovery, contribution, and achievement in the field of
medicine and Human Physiology.

* 2007: Nobel Prize for the development of knockout
mouse technology.

Drs. Capecchi, Evans, and Smithies received the
2007 Nobel Prize in Physiology or Medicine for their
discoveries of specific gene modifications in mice.
Their knockout technology has elucidated the role of
specific genes in development, physiology, and pathol-
ogy and has facilitated the discovery of novel thera-
peutic targets.

Translational significance

Translational research on anticancer drug develop-
ment is evolving at a very fast pace toward the discov-
ery of novel therapeutics. The in vitro screens are
primarily aimed at identifying targets or pathways of
interest, then defining the effect a compound on the
target(s) or pathway(s). Traditionally, lead compounds
are selected for in vivo study based on their in vitro
evidence of cytotoxicity and targeted effects on cancer
cells. The use of in vivo models to obtain vast quanti-
ties of pharmacokinetic (PK) and PD data is a well-
established preclinical approach. Before any clinical
testing can be initiated in humans, it is important to
compare the PK and PD properties of candidate mole-
cules; model potential relationships among dose, con-
centration, efficacy, and/or toxicity in appropriate
animal model systems. Indeed, the in vivo evaluations
in numerous mouse cancer models have enabled the
success of these screening paradigms which regularly
identify diverse types of lead compounds, and their
progress toward promising anticancer therapeutics in
the clinical setting.

In the past few years, the in vivo models have been
able to capitalize on the explosion of new “data min-
ing” technologies to cell-based in vitro assays which
have also facilitated the identification of anticancer
agents with nonclassical end points such as those which
suppress tumor angiogenesis or tumor invasion. The
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ultimate goal of in vivo model studies is to form a
strictly pragmatic standpoint and the demonstration of
unbiased and well understood in vivo activity.
Therefore there is a critical need to maximize the utility
of the animal model information in selecting agents for
translational studies in humans. Many lead compounds
that show compromised potency in vitro can turn out
to be more effective in vivo because of their favorable
PK, for example, greater absorption, better distribution,
and stability. Studies are first initiated in small animal
models, for example, mouse, rats, and rabbits, to test
for acute, subchronic, and then chronic toxicity. In acute
toxicity tests, one administration of the drug or chemi-
cal is given to each animal in order to generate a safe
and effective dose—response curve. Appropriate phar-
macological testing in disease models is carried out to
determine a 50% effective dose (EDsy). Following acute
administration, analytical methods are developed for
the determination of absorption, distribution, metabo-
lism, and excretion (ADME) of the drug. The subchro-
nic toxicity tests usually involve animals exposed to the
drug for 60—90 days duration. Both multiple adminis-
trations and/or continuous exposure via food or water
to one dose level of a chemical per animal is carried out
to measure drug accumulation and possible toxicities.
Both genetically altered mice and immunocompro-
mised mice are providing powerful tools for the pre-
clinical evaluation of numerous pharmacological
agents. Mutant mice, engineered to mirror the genetic
alterations characteristic of human tumors, are also
facilitating the identification and validation of biomar-
kers for early detection of cancer.

However, there are several challenging issues with
the interpretation of data obtained in small animal
models and to prioritize the lead compounds toward
human therapeutics. These are the intrinsic differences
in pharmacology and drug metabolism observed
between rodents and humans. Although several algo-
rithms exist to predict the drug efficacy in humans,
such as the extrapolation of cytochrome p450 (Cyp-
450) metabolism or bioavailability features in small
animals, even minor differences from the human can
translate into decreased relevance for murine dosing
and efficacy information as predicting clinical value.
This is especially relevant since molecules being tested
for cancer treatments are usually exploited at close to
their maximum tolerated dose. Indeed, in rodents, the
pharmacokinetic parameters such as absorption,
plasma protein binding, clearance mechanisms, and
intrinsic susceptibility of the host tissues will need to
be determined precisely in order to extrapolate a safe
and effective dose in humans. It is therefore essential
to demonstrate that logarithmic dose increments of the
agent can produce a significant parallel reduction in
tumor mass. It is becoming clear that in order to

manifest the highest antitumor efficacies and ulti-
mately tumor-free survival, agents have to be adminis-
tered in successive “cycles.” Another paradigm that
addresses the relationship between tumor cell inocu-
Ium to curability is that when antitumor efficacy is not
achieved at a constant dose then “adjuvant” treatment
programs using multiple drugs that target parallel
pathways need to be implemented.

Efficient translational steps taken toward a successful
anticancer agent development in mouse models should
have a more early integration of pharmacological infor-
mation, both kinetic and dynamic. In order to be
efficacious, the in vivo model should also reflect phar-
macological action at a distance and should be able to
function across physiological and anatomical barriers.
This should be evident at an acceptable therapeutic
index and at the clinical proposed dose range and
schedule. Thus the ideal in vivo model use should be
able to guide therapeutics development, the design and
ultimate interpretation of the initial human clinical trial.
Therefore from an ethical standpoint, a clear demonstra-
tion of in vivo activity in small animal models should
form the basis for potentially justifying patient participa-
tion in the clinical study. A short list of currently avail-
able mouse cancer models used for drug discovery
against different types of human cancers is provided
(Table 5.3).

World Wide Web resources

Mouse models that mimic human diseases play a vital
role in understanding the etiology (cause and origin) of
cancer. There are a number of informative web resources
that provide guidance and more thorough discussions
on the choice of mouse strains to be used in cancer
research. Some of these links are provided below:

1. http://www.ncbi.nlm.nih.gov/sites/entrez.

a. Inactivating mutations in the p53 gene occur
frequently in various human cancers. For more
information on the study, applications of the human
P53 knockin mouse model for human carcinogen
testing are provided in the above website.

2. http://emice.nci.nih.gov/aam/mouse/inbred-mice-1

a. http://emice.nci.nih.gov/

b. The electronic Models Information, Communication,
and Education (eMICE) database is maintained by
the US National Cancer Institute (NCI) and
provides information about a wide variety of
animal models of cancer, including mice.

3. http://iospress.metapress.com/content/
4806g13r56726741/.

a. Genetically modified mice are prone to
develop specific cancer types. Therefore the
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TABLE 5.3 A short list of currently available mouse cancer models.

Available mouse cancer models

*  Spontaneous

*  Virus-induced
—  Classic models of virus-induced leukemia:

. Rauscher
. Moloney
¢+ LPBMS

. Friend

—  Non-leukemic tumors including:
] Mammary tumars due to MMTV
. Thymomas of AKR mice

*  Transgenic

—  GEM mice (Knock-out/in)
*  Lung adenoarcinoma (K.}
*  Breast ductal carcinoma (Brca2; Trp53)
*  Prostate carcinoma (Pten; Pten:Nio.1; Rb1:Trp53)
*  Liver carcinoma {Apc, MycTrp53, Myc:TGFA)
: Many others available through commercial sources
*  http://emice.nci.nih.gov/emice/mouse_modek

*  Induced/carcinogens

B DMBA [initiator mutagen]followed by TPA [pro-inflammatory]
B 1,2 Dimethlhydrazine-2-HC|
*  Azoxymethane
*  Nitrosamine 4- {methyl-nitrosamino}-14{3-pyridyl}-1-butanone
N Methylcholanthrene

—  Epithelial tumorigenesis
— Gl tumorigenesis
— Sarcomainduction
— Lung tumorigenesis
*  Transplanted
— Syngeneic
*  B16tumorsin C57BI/6 mice
—  Allogeneic —same species, different strain
o M5076 sarcomas in athymic mice
— Xenogeneic—different species
. Human tumors grown in immunocompromised mice
— Implant site
*  Orthotopic
¢ Heterotopic

evaluation of imaging strategies could be
undertaken at various stages during the course
of cancer progression. Similarly, body fluids
could be collected at early to late time points
during the course of cancer progression. To
learn more about this work, “Cancer
Biomarkers, NCI Early Detection Research
Network: 5th Scientific Workshop,” visit the
above website.
4. http://www.informatics.jax.org/mgihome/other/

mgi_people.shtml

a. The Origins of Inbred Mice is available online from
the Mouse Genome Informatics (MGI) website.
This website is maintained by The Jackson
Laboratory and integrates access to several

databases providing genetic, genomic, and
biological data on the laboratory mouse to aid its
use as a model of human diseases.

5. http://tumour.informatics.jax.org/mtbwi/index.do

a. The Mouse Tumor Biology Database (MTBD) is part
of the MGI database. It integrates data on tumor
frequency, incidence, genetics, and pathology in
mice to support the use of the mouse as a cancer
model.

6. http://phenome.jax.org/

a. The Mouse Phenome Database is also maintained
by The Jackson Laboratory and contains strain
characterization data (phenotype and genotype)
for the laboratory mouse to facilitate translational
research.

I. Human diseases: in vivo and in vitro models


http://www.informatics.jax.org/mgihome/other/mgi_people.shtml
http://www.informatics.jax.org/mgihome/other/mgi_people.shtml
http://tumour.informatics.jax.org/mtbwi/index.do
http://phenome.jax.org/

98 5. Development of mouse models for cancer research

References

Bhattacharya, A., Turowski, S.G., San Martin, I.D., Rustum, Y.M.,
Hoffman, R.M., Seshadri, M., 2011. Magnetic resonance and
fluorescence-protein imaging of the anti-angiogenic and anti-
tumor efficacy of selenium in an orthotopic model of human
colon cancer. Anticancer Res. 31 (2), 387—393.

Bordonaro, M., 2009. Modular Cre/lox system and genetic therapeutics
for colorectal cancer. J. Biomed. Biotechnol. 2009, 358230. Review.
Brehm, M.A., Wiles, M.V., Greiner, D.L., Shultz, L.D., 2014.
Generation of improved humanized mouse models for human

infectious diseases. J. Immunol. Methods 410, 3—17. Review.

Cardiff, R.D., Anver, M.R., Boivin, G.P., Bosenberg, M.W., Maronpot,
R.R., Molinolo, A.A., et al., 2006. Precancer in mice: animal mod-
els used to understand, prevent, and treat human precancers.
Toxicol Pathol. 34 (6), 699—707.

Casellas, J., 2011. Inbred mouse strains and genetic stability: a
review. Animal. 5 (1), 1-7.

Cheon, D.J., Orsulic, S., 2011. Mouse models of cancer. Annu. Rev.
Pathol 6, 95—119. Review.

Coutelle, O., Schiffmann, L.M., Liwschitz, M., Brunold, M., Goede,
V., Hallek, M., et al., 2015. Dual targeting of Angiopoetin-2 and
VEGEF potentiates effective vascular normalisation without induc-
ing empty basement membrane sleeves in xenograft tumours. Br.
J. Cancer 112 (3), 495—503.

Crow, J.F., 2002. C. C. Little, cancer and inbred mice. Genetics 161
(4), 1357—1361.

Ding, Y., Cravero, ].D., Adrian, K., Grippo, P., 2010. Modeling pan-
creatic cancer in vivo:from xenograft and carcinogen-induced sys-
tems to genetically engineered mice. Pancreas 39 (3), 283—292.
Review.

Epperly, M\W,, Lai, S.Y., Kanai, A.J., Mason, N., Lopresi, B., Dixon,
T., et al., 2010. Effectiveness of combined modality radiotherapy
of orthotopic human squamous cell carcinomas in Nu/Nu mice
using cetuximab, tirapazamine and MnSOD-plasmid liposome
gene therapy. In Vivo. 24 (1), 1-8.

Hanahan, D., Weinberg, R.A., 2000. The hallmarks of cancer. Cell 100
(1), 57—70. Review.

Hanahan, D., Wagner, E.F., Palmiter, R.D., 2007. The origins of onco-
mice: a history of the first transgenic mice genetically engineered
to develop cancer. Genes Dev. 21 (18), 2258—2270. Review.

Holzapfel, B.M., Hutmacher, D.W., Nowlan, B., Barbier, V.,
Thibaudeau, L., Theodoropoulos, C., et al., 2015a. Tissue engi-
neered humanized bone supports human hematopoiesis in vivo.
Biomaterials 61, 103—114.

Holzapfel, B.M., Wagner, F. Thibaudeau, L., Levesque, ].P,
Hutmacher, D.W., 2015b. Concise review: humanized models of
tumor immunology in the 21st century: convergence of cancer
research and tissue engineering. Stem Cells 33 (6), 1696—1704.

Huang, B., Qu, Z.,, Ong, CW., Tsang, Y.H., Xiao, G., et al., 2012.
RUNX3 acts as a tumor suppressor in breast cancer by targeting
estrogen receptor a. Oncogene 31, 527—534.

Ishikawa, F., Saito, Y., Yoshida, S., Harada, M., Shultz, L.D., 2008.
The differentiative and regenerative properties of human hemato-
poietic stem/progenitor cells in NOD-SCID/IL2rgamma(null)
mice. Curr. Top. Microbiol. Immunol 324, 87—94. Review.

Kataoka, M., Yamaguchi, Y., Moriya, Y., Sawada, N., Yasuno, H.,
Kondoh, K., et al., 2012. Antitumor activity of chemoendocrine
therapy in premenopausal and postmenopausal models with
human breast cancer xenografts. Oncol. Rep. 27 (2), 303—310.

Kerbel, R.S., 2003. Human tumor xenografts as predictive preclinical
models for anticancer drug activity in humans: better than com-
monly perceived-but they can be improved. Cancer Biol. Ther. 2
(4 Suppl. 1), S134—5139.

Krishnan, B., Smith, T.L., Dubey, P., Zapadka, M.E., Torti, F.M.,
Willingham, M.C,, et al., 2012. Angiotensin-(1—7) attenuates met-
astatic prostate cancer and reduces osteoclastogenesis. Prostate .
Auvailable from: https://doi.org/10.1002/pros.22542 [Epub ahead
of print].

Maulik, P., 2009. Suthar and Ankur Javia. Xenograft cancer mice
models in cancer drug Discovery. Pharma. Times. 41 (1).

McDermott, S.P., Eppert, K., Lechman, E.R., Doedens, M., Dick, J.
E., 2010. Comparison of human cord blood engraftment
between immunocompromised mouse strains. Blood. 116 (2),
193-200.

Mondal, D., Gerlach, S.L., Datta, A., Chakravarty, G., Abdel-Mageed,
B., 2012. Pharmacogenomics dictate pharmacokinetics: poly-
morphisms in drug-metabolizing enzymes and drug-transporters.
Readings in Advanced Pharmacokinetics—Theory, Methods and
Applications. Intech Open Access Publications, USA, ISBN: 979-
953-307-315-5.

Morton, J.J., Bird, G., Keysar, S.B., Astling, D.P., Lyons, TR,
Anderson, R.T., et al., 2016. XactMice: humanizing mouse bone
marrow enables microenvironment reconstitution in a patient-
derived xenograft model of head and neck cancer. Oncogene. 35
(3), 290—300.

Miiller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M.E.,
et al., 2001. Involvement of chemokine receptors in breast cancer
metastasis. Nature. 410 (6824), 50—56.

Pal, SK., Hurria, A., 2010. Impact of age, sex, and comorbidity on
cancer therapy and disease progression. J. Clin. Oncol 28 (26),
4086—4093. Epub 2010 Jul 19. Review.

Pelekanou, V., Leclercq, G., 2011. Recent insights into the effect of
natural and environmental estrogens on mammary development
and carcinogenesis. Int. J. Dev. Biol 55 (7—9), 869—878.

Piegari, M., Diaz Mdel, P., Eynard, AR., Valentich, M.A., 2011.
Characterization of a murine lung adenocarcinoma (LAC1), a use-
ful experimental model to study progression of lung cancer. J.
Exp. Ther. Oncol 9 (3), 231—-239.

Prosperi, J.R., Khramtsov, A.l, Khramtsova, G.F., Goss, K.H., 2011.
Apc mutation enhances PyMT-induced mammary tumorigenesis.
PLo0S One 6 (12), €29339. Epub 2011 Dec22.

Ramanathan, V., Jin, G., Westphalen, C.B., Whelan, A,
Dubeykovskiy, A., Takaishi, S., et al., 2012. P53 gene mutation
increases progastrin dependent colonic proliferation and colon
cancer formation in mice. Cancer Invest. 30 (4), 275—286.

Richmond, A., Su, Y., 2008. Mouse xenograft models vs GEM models
for human cancer therapeutics. Dis. Model Mech 1 (2—3), 78—82.

Roth, M.D., Harui, A., 2015. Human tumor infiltrating lymphocytes
cooperatively regulate prostate tumor growth in a humanized
mouse model. J. Immunother. Cancer 3, 12.

Sauer, B., 1998. Inducible gene targeting in mice using the Cre/lox
system. Methods. 14 (4), 381—-392. Review.

Schayowitz, A., Sabnis, G., Goloubeva, O., Njar, V.C., Brodie, A.M.,
2010. Prolonging hormone sensitivity in prostate cancer xeno-
grafts through dual inhibition of AR and mTOR. Br. J. Cancer 103
(7), 1001—-1007.

Shacter, E., Weitzman, S.A., 2002. Chronic inflammation and cancer.
Oncology. 16 (2), 217—226. Review.

Shultz, L.D., Ishikawa, F., Greiner, D.L., 2007. Humanized mice in
translational biomedical research. Nat. Rev. Immunol 7 (2),
118—130. Review.

Singh, M., Johnson, L., 2006. Using genetically engineered mouse
models of cancer to aid drug development: an industry perspec-
tive. Clin. Cancer. Res 12 (18), 5312—5328. Review.

Tatum, A.M., Mylin, L.M., Bender, S.J., Fischer, M.A., Vigliotti, B.A.,
Tevethia, M.]., et al., 2008. CD8 + T cells targeting a single immu-
nodominant epitope are sufficient for elimination of established

I. Human diseases: in vivo and in vitro models


http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref1
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref2
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref3
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref4
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref5
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref6
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref6
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref6
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref7
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref8
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref8
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref8
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref9
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref10
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref11
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref11
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref11
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref12
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref13
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref14
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref15
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref16
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref17
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref18
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref18
https://doi.org/10.1002/pros.22542
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref20
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref20
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref21
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref22
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref23
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref24
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref25
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref26
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref27
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref27
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref27
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref27
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref27
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref28
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref28
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref28
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref29
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref29
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref29
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref29
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref29
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref30
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref30
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref30
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref30
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref31
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref31
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref31
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref32
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref32
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref32
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref33
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref33
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref33
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref33
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref33
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref34
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref34
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref34
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref35
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref35
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref35
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref35
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref36
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref36
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref36
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref36
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref37
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref37
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref37
http://refhub.elsevier.com/B978-0-12-811710-1.00005-7/sbref37

Abbreviations 99

SV40 T antigen-induced brain tumors. ]J. Immunol. 181 (6),
4406—4417.

Tian, T., Olson, S., Whitacre, ].M., Harding, A., 2011. The origins of
cancer robustness and evolvability. Integr. Biol. (Camb) 3 (1),
17-30. Review.

Triplett, A.A., Montagna, C., Wagner, K.U., 2008. A mammary-
specific, long-range deletion on mouse chromosome 11 acceler-
ates Brcal-associated mammary tumorigenesis. Neoplasia 10 (12),
1325—1334.

Wang, T., Gavin, HM., Arlt, V.M., Lawrence, B.P., Fenton, SE.,
Medina, D., et al., 2011. Aryl hydrocarbon receptor activation
during pregnancy, and in adult nulliparous mice, delays the sub-
sequent development of DMBA-induced mammary tumors. Int. J.
Cancer 128 (7), 1509—1523.

Workman, P., Aboagye, E.O., Balkwill, F., Balmain, A., Bruder, G,
Chaplin, D.J., et al., 2010. Committee of the National Cancer
Research Institute. Guidelines for the welfare and use of animals
in cancer research. Br. J. Cancer 102 (11), 1555—1577.

Zhou, Q., Facciponte, J., Jin, M., Shen, Q., Lin, Q., 2014. Humanized
NOD-SCID IL2rg—/— mice as a preclinical model for cancer
research and its potential use for individualized cancer therapies.
Cancer Lett. 344 (1), 13—19. Review.

Glossary

Allograft A graft between indices, but of different genotypes.

Angiogenesis Blood vessel formation. Angiogenesis that occurs in
cancer is the growth of blood vessels from surrounding tissue to
a solid tumor.

Benign A swelling or growth that is not cancerous and does not
metastasize.

Cancer stem cells A small population of cells inside tumors that
have the ability to self-renew while giving rise to different types
of cells. Cancer stem cells might be resistant to many cancer
drugs and reconstitute a tumor after chemotherapy.

Congenic Relating to a strain of animals developed from an inbred
(isogenic) strain by repeated matings with animals from another
stock that has a foreign gene, the final congenic strain then pre-
sumably differing from the original inbred strain by the presence
of this gene.

Consomic An inbred strain with one of its chromosomes replaced
by the homologous chromosome of another inbred strain via a
series of marker-assisted backcrosses.

DCIS Ductal carcinoma in situ. A precancerous condition character-
ized by the clonal proliferation of malignant-looking cells in the
lining of a breast duct without evidence of spread outside the
duct to other tissues in the breast or outside the breast.

Epigenetic Having to do with the chemical attachments to DNA or
the histone proteins. Epigenetic marks change the pattern of
genes expressed in a given cell or tissue by amplifying or mutat-
ing the effect of a gene.

GEM model Genetically engineered mouse model based on the loss
or gain of specific genes, to study a disease like cancer in immu-
nocompetent animals.

Germ line Genetic material that is passed down through the
gametes (sperm and egg).

Hazard ratio A summary of the difference between two survival
curves, representing the reduction in the risk of death on treat-
ment compared to control.

HER2 (human epidermal growth factor receptor-2) The HER2 gene
is responsible for making HER2 protein, which plays an impor-
tant role in normal cell growth and development.

Hyperplasia An overgrowth of cells.

Humanization Immunodeficient mouse models used for effective
human cell and tissue engraftment.

Institutional review board (IRB) A board designed to oversee the
research process in order to protect participant safety.

Karyotype A photomicrograph of an individual’s complete set of
chromosomes arranged in homologous pairs and ordered by size.
Karyotypes show the number, size, shape, and banding pattern of
each chromosome type.

Leukemia Cancer of white blood cells.

Mitosis The process of cell division, resulting in the formation of
two daughter cells that are genetically identical to the parent cell.

Neoadjuvant Initial treatment that is not the primary therapy (for
instance, chemotherapy or radiation, prior to surgery).

Neoplasm An abnormal new growth of tissues or cells. Neoplasms
can be benign or malignant.

NSG mice NOD SCID gamma is a strain of inbred laboratory mice
that lack mature T cells, B cells, and natural killer (NK) cells and
is the most immunodeficient mice used for humanization.

Oncogene A mutated proto-oncogene that is locked into an active
state and continuously stimulates unregulated cell growth and
proliferation that leads to tumor development. The normal allele
of an oncogene is called a proto-oncogene.

Palliative treatment Treatment aimed at the relief of pain and symp-
toms of disease but is not intended to cure the disease.

Recurrence The return of cancer, at the same site as the original (pri-
mary) tumor or in another location, after the tumor had
disappeared.

Remission A decrease in or disappearance of signs and symptoms
of cancer. In partial remission, some, but not all, signs and symp-
toms of cancer have disappeared. In complete remission, all signs
and symptoms of cancer have disappeared, although there still
may be cancer in the body.

Telomeres Special DNA sequences at the ends of each chromosome
that grow shorter each time a cell divides.

Telomerase An enzyme that rebuilds telomeres. Telomerase is over-
expressed in many cancer cells, and it contributes to their immor-
tality, or ability to divide endlessly.

VEGF (vascular endothelial growth factor) A protein that is
secreted by oxygen-deprived cells, such as cancerous cells. VEGF
stimulates new blood vessel formation, or angiogenesis, by bind-
ing to specific receptors on nearby blood vessels, encouraging
new blood vessels to form.

Xenograft A graft of tissue transplanted between animals of differ-
ent species

Abbreviations
4-OHT 4-hydroxytamoxifen
ADME Absorption distribution metabolism excretion
AHR Aryl hydrocarbon receptor
Ang-(1-7) Angiotensin-(1-7)
ANOVA Analysis of variance
APC Adenomatous polyposis coli

AR Androgen receptor

ATCC American Tissue Culture Collection
AVMA Animal Veterinary Medical Association
Cyp-450 Cytochrome p450

DBA strain  Dilute, brown and non-Agouti strain
DMBA 7, 12-Dimethylbenz(a)anthracene
DNA Deoxyribonucleic acid

EDsq 50% effective dose
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5. Development of mouse models for cancer research

eMICE electronic Models Information, Communication, and
Education database

ERa Estrogen receptor o

ER3 Estrogen receptor (3

ES cells Embryonic stem cells

FPI Fluorescent protein imaging

GEM Genetically engineered mouse

GFP Green fluorescent protein

HBBS Hank’s-buffered saline solution

HER2 Human epidermal growth factor receptor 2

im. Intramuscular

ip. Intraperitoneal

IACUC International Animal Core and Use Committee

K-Ras Kirsten rat sarcoma viral oncogene homolog

KXA Ketamine—xylazine—acepromazine

MGI Mouse Genome Informatics website

MMTV Mouse mammary tumor virus

MRI Magnetic resonance imaging

MTBD Mouse Tumor Biology Database

mTOR Mammalian target of rapamycin

MVD Microvessel density

NCI National Cancer Institute

NOD Nonobese diabetic

NSCLC Non-small cell lung cancer

NSG NOD SCID gamma

PBS Phosphate-buffered saline

PD Pharmacodynamics

PDX Patient-derived tumor xenograft

PG Pharmacogenomics

PK Pharmacokinetics

PSA Prostate-specific antigen

PyMT Polyoma virus, medium T antigen

Rb Retinoblastoma protein

RNA Ribonucleic acid

s.C. Subcutaneous

SCID Severe combined immunodeficiency

SCLC Non-small cell lung cancer

SE Standard error

SERM Selective estrogen receptor modulators

SNP Single nucleotide polymorphism

SV40 Simian virus 40

uv Ultraviolet

VEGF Vascular endothelial growth factor

Long answer questions

1. Discuss the different applications of genetically
engineered mouse (GEM) models used in cancer

research.

2. Explain how different recombinant DNA vectors

can be used to generate the (i) constitutive and (ii)
inducible models of transgenic mice used in cancer
research.

. Explain the concept of “humanized mice” and
provide an example of how these mice can be used
to discover new anticancer agents.

. Describe in detail how preclinical drug
development has led to clinical approval of
numerous chemotherapeutic agents, for example,
target identification, library screening, in vitro

studies, lead candidates, and mouse PK and PD
studies in vivo.

. You have generated a prostate cancer (PC) cell line

which grows in the absence of androgen, suggesting
that it would be a good model to identify drugs
against castration-resistant prostate cancers (CRPC).
Using this cell line, how will you study CRPC
tumor development and screen for drugs in vivo?

Short answer questions

. What are the advantages and disadvantages of

mouse models in cancer research?

. What points will need to be addressed to obtain an

IACUC approval?

. Provide an example where GEM models were used

to test for tumor-suppressor genes.

. What are the differences between xenograft and

allograft models in cancer research?

. Discuss the Cre-lox model of transgenic mouse

development for cancer research.

Answers to short answer questions

. The small size and short-tumor generation time in

mice make them ideal models of cancer studies.
They are relatively inexpensive compared to larger
animal models which enable the use of large
numbers for statistical measurements. Some inbred
strains of mice are genetically well-characterized,
and several transgenic and knockout mouse models
are available for cancer research. However, since the
metabolic rates in mice are very different from
humans, there are considerable differences in drug
efficacies and toxicities, which need to be taken into
account. Furthermore, most mouse models develop
fewer metastases or display metastases with
different tissue specificity as compared to human
tumors. Due to a limited number of initiating
genetic alterations, mouse tumors are typically more
homogeneous, and this can be an obstacle to
modeling the heterogeneity of human cancers.

. The 3Rs (Refine, Reduce, Replace) are important

considerations and criteria when writing an IACUC
protocol. Refinement involves careful consideration
of the aspects of research methodology and animal
maintenance. The in vivo techniques should be
thoroughly reviewed so that they cause a minimal
amount of pain, stress, or suffering. Reduction aims
at limiting the amount of animals needed for a
study. Replace takes into account that new
technologies are developing that provide an
alternative to animal testing or at least minimize
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their use. The initial toxicology studies should be
carried out using cultured liver cells or other
normal cell lines such that supportive data are
gained to test the efficacy and toxicity prior to
animal testing. The protocol needs to first identify
the mouse strain, sex, and age, and an approximate
number of mice that will be used. A thorough
rationale for using mice and the appropriateness
and a complete description of the proposed use of
mice has to be justified. A description of anesthetic
and euthanasia procedures, a description of
appropriate living conditions such as housing,
feeding, and nonmedical care of the animals will
also need to be included.

. In a recent publication, Huang et al. showed that
RUNXS3 acts as a tumor suppressor in breast cancer
by targeting estrogen receptor o (Huang et al.,
2012). RUNX3, a runt-related gene family protein, is
known to act as a tumor suppressor in breast
cancer. To demonstrate the role of RUNX3 as a
tumor suppressor, these investigators used
heterozy;;ous female mice with RUNX3 mutation
(Runx3"/7) and compared mammary tumor
development with control mice. In different age
mice, they isolated mammary gland specimens from
wild-type and Runx3*/~ mice and evaluated
RUNX3-immunohistochemical (IHC) staining.
Tumor sections were stained with hematoxylin and
eosin (HE) and evaluated by a pathologist to
designate tumor cells. About one-fifth of the
Runx3*/~ female mice developed mammary tumors
whereas none of the wild-type mice developed
mammary tumors. The RUNX3 genes were
overexpressed in human breast cancer cells (MCF-7)
and their ability to form tumors in mouse
xenografts was also studied. Both vector-MCEF-7
(control) or RUNX3-MCEF-7 cells were
subcutaneously implanted in SCID mice (C.B-17/
IcrCrl-scidBR). Compared with vector-MCF-7 cells,
RUNX3-MCF-7 cells produced <80% smaller
tumors. These results, using both GEM and
xenograft models, indicated that RUNX3 acts as a
tumor suppressor.

. In the Allograft (or Syngeneic) transplantation
models, the cancerous cells or solid tumors are itself
of mouse origin and are transplanted into another
host mouse containing a specific genetic trait, for
example, GEM mice. Because the recipient and the
cancer cells have the same origin, the transplant is
not rejected by mice with an intact immune system.
The results of therapeutic interventions can thus be
analyzed in an environment that closely
recapitulates the real scenario where the tumor
grows in an immunocompetent environment. A
disadvantage however is that transplanted mouse

tissue may not represent in whole the complexity of
human tumors in clinical situations. In the xenograft
model, human tumor cells are transplanted either
under the skin or into the organ type (orthotopic) in
which the tumor originated into
immunocompromised mice like athymic nude mice
(nu/nu) or SCID mice, so that the human cells are
not rejected. In this model, human cancer cells or
solid tumors are transplanted into a host mouse.
Because the cancer xenograft is of human origin, it
represents the properties and to an extent the
complexities of the human cancer. On the other
hand, the compromised host immune system is not
truly representative of actual patients. Tumor
xenografts have been used in the preclinical and
clinical development of anticancer therapeutics, and
xenograft models are useful for toxicity studies
from targeted therapies and in many cases to
predict biomarkers of target modulation.

. The Cre/lox system is frequently used as a way to

artificially control gene expression in transgenic
mice. In this system, the induction of Cre-recombinase
enzyme mediates the site-directed DNA
recombination between two 34-base pair loxP
sequences. To achieve this in mice, transgenic mice
containing a gene surrounded by “lox-P” sites are
mated with transgenic mice that have the cre gene
expressed in specific cell types. In tissues with no cre
gene, the target gene will function normally;
however, in cells where cre is expressed, the target
gene is deleted. Therefore the correct placement of
Lox sequences around a gene of interest may allow
genes to be activated, repressed, or exchanged for
other genes. Furthermore, the activity of the Cre
enzyme can be controlled, so that it is expressed in a
particular cell type or triggered by an external
stimulus like chemical signals or heat shock. This
enables the induction of somatic mutations in a time-
controlled and tissue-specific manner. Therefore this
homologous recombination system closely models
carcinogenesis in humans where tumors evolve from
somatic gene mutations in normal cells in a time-
controlled and tissue-specific fashion in vivo.

Yes/no type questions

1. Is the approval of institutional IACUC protocol is

necessary before the initiation of any animal
experiments?

. Can immunocompetent mouse models be used to

investigate the process of carcinogenesis in human
cells?

. Can human tumor xenografts in immunodeficient

mice effectively address the role of tumor
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10.

microenvironments and tumor immune
surveillance?

. Is it possible to generate a humanized mouse

model to study the role of the immune system in
tumor surveillance?

. Do mice containing the mutant K-Ras oncogene

(G12D) can spontaneously develop tumors in the
pancreas?

. Can mouse tumor xenografts be used in the

preclinical and clinical development of anticancer
therapeutics?

. Can immunodeficient mouse models be used to

measure the pharmacokinetics and toxicity of
anticancer agents?

. Is the age and sex of mice important

considerations when designing an experiment?

. Do all of the mouse tumor models tested show

evidence of metastatic lesions?

Can an ideal in vivo mouse model guide
therapeutics development and aid in the design of
human clinical trials?

Answers to yes/no type questions

. Yes—An approved IACUC protocol is mandatory

before starting any animal experiments.

. No—The immune system of mice will reject the

foreign (human) tumor cells, but genetic
mutations in mouse cells can be used to study
carcinogenesis.

3.

10.

5. Development of mouse models for cancer research

No—The tumor microenvironment in
immunodeficient mice lacks the necessary
antitumor cells, for example, cytotoxic T-cells and
natural killer cells.

. Yes—A humanized mouse model will contain

human immune cells that are differentiated from
the implanted human hematopoietic progenitor
cells (CD34 +).

. Yes—Mutations in the K-Ras oncogene often lead

to the overactivation and/or dysregulation of this
critical signal transduction protein and can lead to
rapid tumorigenesis.

. Yes—Although the immune system is important in

tumor surveillance, human tumor xenografts can
still recapitulate most of the anticancer effects of
drugs in clinical development.

. Yes—The immunodeficient mice, necessary for

xenografts, will still contain the barriers needed for
drug transport and metabolism, for example,
endothelial cells and liver cyp450 enzymes.

. Yes—The age and sex of mice are very important

since significant physiological and hormonal
changes may alter the pharmacokinetics and
pharmacodynamics of drugs.

. No—Only a few tested mouse models show

evidence of active metastasis to the lungs, bone
marrow, and brain. This is most likely due to the
non-aggressive nature of cell lines used.
Yes—The choice of in vivo tumor models in
mice is of utmost importance in designing
experiments that will portray the efficacy of
drugs in humans.
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Summary

Cancer is a multistep process, characterized by
uncontrolled growth of cells in the body, invading
nearby tissues and distant sites leading to alterations
in genetic and molecular pathways of cell. Uterine cer-
vical cancer is the third most common cancer among
women worldwide. A large number of risk factors con-
tribute to its high incidence but the most important
factor is considered to be the infection of human papil-
lomavirus (HPV). HPVs are small DNA viruses, which
are epitheliotropic (infects epithelial cells) in nature
and cause a variety of benign epithelial lesions such as
warts and condyloma acuminate and neoplasias of the
lower genital tracts in humans. More than 100 geno-
types of HPV are described and are of high- or low-risk
types. The oncogenic potential of HPV is attributed to
its E6 and E7 genes. The products of these two genes
stimulate cell proliferation by activating the cell-cycle-
specific proteins and interfere with the functions of
cellular growth regulatory proteins, p53 and pRb.

It is imperative to add that incidence of cervical can-
cer has been dropped down due to awareness/vac-
cines and regular Pap screening test. In Western
countries, more initiatives have been taken for the
development of therapeutic vaccines against HPV but
most of them are in infancy and will take time till it
becomes a clinical reality.

In this chapter an attempt has been made wherever
possible to present the clinical, molecular, and
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epidemiological aspects of cervical cancer with special
emphasis on the diagnostic/prognostic applications
for cervical cancer management.

What you can expect to know

* Human papillomavirus (HPV), major risk factor of
cervical cancer are common worldwide.

* More than 100 types of HPV include high- and low-
risk types and cause cancer.

* HPV is mainly transmitted after the onset of sexual
activity.

¢ Cervical cancer is caused by different types of
HPVs.

* Two HPV types (16 and 18) cause 70% of cervical
cancers.

* In India cervical cancer is the fourth most common
cancer in women living in less developed regions
with an estimated 570,000 new cases (1) in 2018
(84% of the new cases worldwide).

* In 2018 approximately 311,000 women died from
cervical cancer and more than 85% of these deaths
occurring in low- and middle-income countries
(Bray et al., 2018).

* Primary prevention (vaccination against HPV),
secondary prevention (screening and treatment of
precancerous lesions), tertiary prevention (diagnosis
and treatment of invasive cervical cancer), and
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https://doi.org/10.1016/B978-0-12-811710-1.00006-9

104

palliative care are the measures used for cervical
cancer control.

* Three vaccines that protect against HPV are
recommended by WHO and have been approved
for use.

e To prevent cervical cancer, the most cost-effective
method is to do screening and treatment of
precancer lesions (with women age of 30 years).

e Early-stage diagnosis of cervical cancer can be
cured.

Introduction

Cancer

Cancer refers to a class of disease wherein a cell or
a group of cells divide and replicate uncontrollably
due to accumulation of both genetic and/or epigenetic
changes occurred in a multistep manner. This leads to
unregulated cell proliferation, intrude into adjacent
cells and tissues (invasion), and ultimately spread to
other parts of the body than the location at which they
arose (metastasis). These cells continue to grow despite
restriction of space, nutrients, and initiating stimulus
with a tendency to invade or spread into adjoining
and/or distant tissues. Cancer development includes
six essential alterations in cell physiology that include
malignant growth, self-sufficiency in growth signals,
insensitivity to growth-inhibitory signals, evasion of
programmed cell death (apoptosis), limitless replica-
tive potential, sustained angiogenesis, and tissue inva-
sion and metastasis (Kaivosoja, 2008).

Cervical cancer

Cervical cancer (CA) results from the abnormal
growth and division of cells at the opening of the
uterus or womb—the area known as the cervix. The
progression of cervical cancer is a multistep process.
Initially normal cells undergo precancerous changes
and ultimately develop into cancer cells. These precan-
cerous conditions include cervical intraepithelial neo-
plasia (CIN), squamous intraepithelial lesion (SIL), and
dysplasia. It takes several years to develop into an
invasive cancer and this cancer is preventable if it is
detected early. Thus the cervical cancer provides an
excellent human model for studying the process of car-
cinogenesis in vivo.

Noble Prize

Harald zur Hausen was awarded a Nobel Prize in
Physiology or Medicine in 2008 for his discovery of
“human papillomaviruses causing cervical cancer.” He
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hypothesized against the current dogma that the cervical
cancer which is the most common cancer among women
is caused by oncogenic human papilloma virus (HPV)
and suggested HPV DNA which is present in tumor
should be detectable for viral DNA. He concluded that
the HPV belongs to the heterogeneous family of viruses
and only few of their subtype can cause cancer. This
facilitates to understand the molecular mechanisms
behind HPV-induced carcinogenesis and further in the
development of prophylactic vaccines against HPV.

Historical overview

Cervical cancer is a major health concern for all
women. In most developing countries, it is the leading
female malignancy and a common cause of death
among middle-aged women. In developed populations
with good awareness and screening options, invasive
cervical cancer is a relatively rare condition, whereas
its precursors and the equivocal cytological results rep-
resent a major health burden.

The disease has been known since ancient times.
However the cause was unknown. In 400 BCE the
Greek physician Hippocrates wrote about the disease
and even attempted to treat the cancer with a procedure
known as the trachelectomy, but could not eradicate it.

Mistaken theories of cervical cancer causation

Epidemiologists working in the early 20th century
noted that cervical cancer behaved like a sexually
transmitted disease and summarized as follows:

1. Cervical cancer was common in female sex workers.

2. For centuries, doctors were confused as to the cause
of cervical cancer. The first theory rose to
prominence in 1842 in Florence, when a doctor
noticed that married women and prostitutes were
susceptible to cervical cancer, but nuns had a very
low incidence of the cancer (Rigoni 1841). However
because nuns did suffer from breast cancer, it was
incorrectly determined that the cause of both
diseases was tight corsets.

3. It was more common in the second wives of men
whose first wives had died from cervical cancer.

4. It was rare in Jewish women.

5. Syverton and Berry (1935) discovered a relationship
between rabbit papillomavirus and skin cancer in
rabbits (HPV is species-specific and therefore cannot
be transmitted to rabbits).

This led to the suspicion that cervical cancer could
be caused by a sexually transmitted agent. Initial

I. Human diseases: in vivo and in vitro models



The first breakthrough

research in the 1940s and 1950s put the blame on
smegma (Heins et al., 1958). During the 1960s and
1970s it was suspected that infection with herpes sim-
plex virus was the cause of the disease. In summary
HSV was seen as a likely cause because it is known to
survive in the female reproductive tract, to be trans-
mitted sexually in a way compatible with known risk
factors, such as promiscuity and low socioeconomic
status. Herpes viruses were also implicated in other
malignant diseases, including Burkitt’'s lymphoma,
Nasopharyngeal carcinoma, Marek’s disease, and the
Lucké renal adenocarcinoma (ADC). HSV was recov-
ered from cervical tumor cells.

In the 1950s doctors were convinced that cervical
cancer was caused by smegma. In the 1970s the pre-
vailing thought in American medicine was that cervi-
cal cancer was linked to herpes, which was also
incorrect.

The first breakthrough

While the majority of doctors were completely in
the dark, in the 1930s, Dr. Richard Shope of the
Rockefeller University studied wild rabbits that had
developed “horns,” which upon further analysis was
found to be caused by a virus that could be transmit-
ted. This research eventually led to the discovery that
cervical cancer was caused by a papillomavirus.

The development of Dr. George Papanicolaou’s,
famous smear in the United States, and introduced into
practice in the 1940s. He proceeds to tell the story of the
development of cervical cytology as an effective screen-
ing test, its widespread use in the United Kingdom as
early as 1950s, and the development of a national cervi-
cal screening program in United Kingdom in 1988,
which effectively solved the problem.

In 1951 first successful in vitro cell line HeLa was
derived from biopsy of cervical cancer of Henrietta
Lacks.

zur Hausen

Dr. Shope paved the way for Dr. Harald zur
Hausen’s work in the 1980s. The link between genital
HPV infections and cervical cancer was first demon-
strated in the early 1980s by Harold zur Hausen, a
German virologist who cloned two most important
high-risk HPV types 16 and 18 and showed the associ-
ation between HPV infection and cervical cancer
(Gasparini and Panatto, 2009). He has done tremen-
dous research on cervical cancer (zur Hausen, 1991,
2002) and has received the Nobel Prize in Physiology
or Medicine (2008) for his discovery of HPV. This
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association is now well established by a large number
of clinicoepidemiological, molecular and experimental
studies on HPV. With the cause of cervical cancer
finally understood, doctors started working on better
treatments and vaccines.

In 1988 Bethesda System for reporting Pap results
was developed, and in 2006 first HPV vaccine was
approved by FDA.

A description of human papillomavirus (HPV) by
electron microscopy was given in 1949, and HPV DNA
was identified in 1963. It was not until the 1980s that
HPV was identified in cervical cancer tissues. It has
since been demonstrated that HPV is implicated in vir-
tually all cervical cancers (Eileen., 2003). Specific viral
subtypes implicated are HPV 16, 18, 31, 45, and others.

Hence it was not until the 20th century that scien-
tists understood that the disease was caused by expo-
sure to the HPV. Vaccines against some forms of the
virus are now widely available, but for most of
recorded history, the causes of cervical cancer were
completely misunderstood.

Cancer research is becoming multidisciplinary.
Complex structural and therapeutic problems require
synergistic approaches employing an assortment of
molecular cancer biology, which synthesizes the find-
ings of three decades of recent cancer research and
proposes a conceptual framework that teaches about
these discoveries. This chapter continues to provide a
detailed overview of the process that lead to the
development and proliferation of cancer cells, includ-
ing the techniques available for their study. It also
describes HPV biology including role of tumor sup-
pressor genes and oncogenes used in the diagnosis
and in determining the prognosis of cervical cancer. It
will update various methods of cytology screening
including colposcopy, detection of HPV 16 and 18,
and treatment with ultimate success in reducing cer-
vical cancer mortality. Finally the development of the
HPV vaccine is outlined.

Decreased incidence rates for cervical cancer in
countries with organized screening, whereas
increased rate of cervical cancer has been reported in
several populations due to the failures of cytology-
based screening programs. Therefore complete aware-
ness and knowledge of current screening approaches
of cervical cancer are important to eradicate this can-
cer. Hence this chapter provides a broad spectrum of
current strategies, techniques, and their application to
the diagnosis and treatment of cervical cancer. This
chapter will help clinicians, virologists, cytologists,
epidemiologists, and public health specialists in
understanding all clinical, molecular, and epidemio-
logical aspects of cervical cancer. Overall this chapter
is comprehensive and offers many pedagogical fea-
tures such as cervical cancer epidemiology, screening,
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and HPV biology, vaccine development, helping read-
ers to hone their analytical abilities and to assimilate
and think clearly about complex biological processes.

Prevalence and epidemiology of cervical cancer

Global scenario

Cervical cancer is the major reproductive health
problem of women globally being the commonest
cause of cancer-related female mortality in developing
countries. According to GLOBACAN, 2018, it ranks
fourth both by incidence (569,847cases per year) and
mortality (number of deaths 311,365) every year with
nearly 80% in developing countries. In developed
countries, cervical cancer accounts for only 3.6% of
new cancers, with a cumulative risk (0—64) of 0.8%.
The highest incidence rates are observed in Sub-
Saharan Africa, Melanesia, Latin America and the
Caribbean, and southcentral and southeast Asia. For
example incidence was 38.0 per 100,000 in the Second
National Cancer Survey of the United States. Very low
rates are also observed in China (6.8 per 100,000) and
Western Asia (5.8 per 100,000) and the lowest recorded
rate is 0.4 per 100,000 in Ardabil, northwest Iran.

Symptoms of cervical cancer

Precancerous changes and early cancers of the cer-
vix generally do not cause pain or other symptoms.
When the disease gets worse, women may notice one
or more of the following symptoms:

* abnormal vaginal bleeding,

* bleeding that occurs between regular menstrual
periods,

* bleeding after sexual intercourse, douching, or a
pelvic examination,

* menstrual periods that last longer and are heavier
than before,

* bleeding after menopause,

* increased vaginal discharge, and

e pelvic pain.

Anatomy of female pelvis

The cervix connects the upper body of the uterus to
the vagina. The cervix is the lower one-third of the
uterus and is composed of dense, fibromuscular tissue
lined by two types of epithelium: squamous epithelium
and columnar epithelium. It is about 3 cm in length and
25cm in diameter. The endocervix (the upper part
which is close to the uterus) is covered by glandular
cells, and the ectocervix (the lower part which is close
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to the vagina) is covered by squamous cells. The strati-
fied squamous epithelium covers most of the ectocervix
and vagina. Its lowest (basal) layer, composed of
rounded cells, is attached to the basement membrane,
which separates the epithelium from the underlying
fibromuscular stroma. The columnar epithelium lines
the cervical canal and extends outward to a variable
portion of the ectocervix. The transformation zone refers
to the place where these two regions of the cervix meet.
The original squamo-columnar junction (SCJ) appears
as a sharp line, with a step produced by the different
thicknesses of the columnar and squamous epithelia.

Types of cervical cancer

There are several types of cervical cancer, classified
on the basis of where they develop in the cervix.
Cancer that develops in the ectocervix is called squa-
mous cell carcinoma (SCC), and around 80%—90% of
cervical cancer cases belong to this category arising
from the metaplastic squamous epithelium of the
transformation zone. The development of cancer in the
endocervix is called ADC (10%) arising from the
columnar epithelium of the endocervix. In addition, a
small percentage of cervical cancer cases are mixed
versions of the above two and are called adenosqua-
mous carcinomas or mixed carcinomas.

Risk factors for cervical cancer

A risk factor is anything that increases the chance of
getting a disease such as cancer. Various cervical can-
cer risk factors are illustrated in Fig. 6.1. These are cat-
egorized into two factors as follows:

1. Nongenetic factors
a. Lower socioeconomic status and lack of regular
Pap tests
b. Poor genital/sexual hygiene
. Multiple sexual partners or promiscuity
. Early age of first sexual intercourse below 18
years
. Oral contraceptives use and smoking
. Multiple pregnancies and parity
. Socioeconomic status
. Dietary factors
. Religion and ethnicity
2. Genetic factors
a. High-risk type HPVs
. Multiple HPV infection
. Viral load (severity of a viral infection)
HPV variants
. Genetic predisposition
. Infections of other STDs like HIV.
. Weakened immune system
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FIGURE 6.1 Integration of HPV and other risk
factors leading to cervical cancer.
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Human papillomaviruses

HPV infection is a major etiological factor in the
development of normal cervical epithelium into cancer
(Onon, 2011; Hussain et al., 2012). More than 100 geno-
types have been described till date, 15 types are cate-
gorized as high-risk (HR-HPVs) types (HPV 16, 18, 31,
33. 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82) that are
associated with genital and other epithelial cancers,
and 12 low-risk (LR-HPVs) types (HPV 6, 11, 40, 42,
43,44, 54, 61, 70, 72, 81, CP6108), which are responsible
for benign tumors and genital warts.

Mainly HPV types 16 and 18 are considered as most
prevalent “high-risk” types for cervical cancer, while
types 6 and 11 are considered to be the most prevalent
low-risk types associated with benign lesions and geni-
tal warts. Together HPV 16/18 is estimated to account
for more than 80% of invasive cervical cancer. HPV
induce hyperplastic, papillomatous, and verruicous
squamous cell lesions in the skin and at various muco-
sal sites in a wide range of hosts including humans.
HPV infections have been reported in a number of
body sites, including the anogenital tract, urethra, skin,
larynx, tracheobronchial mucosa, nasal cavity, conjunc-
tiva, and esophagus. HPVs can be passed from person
to person through sexual contact. Most adults have
been infected with HPV at some times in their lives.

Genomic organization of human papillomavirus

HPVs are ubiquitous DNA viruses belonging to fam-
ily papillomaviridae. They are small, nonenveloped

DNA viruses with a circular, double-stranded DNA
genome of approximately 7200—8000 base pairs (bp).
The HPV particles are about 55nm in diameter and
consist of a 72-capsomere capsid containing the viral
genome. Capsomeres are composed of two structural
proteins: the 57 kD late protein L1, which accounts for
80% of the viral particle, and the 43—53 kD minor cap-
sid protein L2. The genome can be divided into three
regions: the long control region (LCR) without coding
potential; the region of early proteins (E1—ES8), and the
region of late proteins (L1 and L2). HPVs have further
been classified into subtypes, when they have 90%—
98% sequence similarity to the corresponding types and
variants when they show no more than 98% sequence
homology to the prototype. Some naturally occurring
variants have different biological and biochemical prop-
erties important in cancer risk. All the putative protein
coding sequences called open reading frames (ORFs)
are restricted to one strand.

Upstream regulatory region (URR)/LCR: This region
constitutes about 10% of the viral genome, varying
between 800 and 900 bp. It is the noncoding region,
but contains the origin of replication, viral promoters,
and enhancer sequences. Viral gene expression is gen-
erally regulated by several viral and host—cell tran-
scription factors, which bind to the URR.

The early region: It constitutes nearly 45%—50% of
the viral genome lying downstream of URR and con-
sists of 8 ORFs, such as E1, E2, E3, E4, E5, E6, E7, and
E8. It encodes regulatory proteins. It is engaged in
genomic persistence, DNA replication, and activation
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of lytic cycle. E6 functions to activate telomerase and
the SRC kinases and inhibit p53 and BAK. E7 inhibits
RB, which releases E2F and results in the upregulation
of INK4A, but E7 also inactivates INK4A.

The late regions: It spans nearly 40% and is responsi-
ble for encoding structural proteins for the production
of the viral particles. It contains two ORFs L1 and L2.

Transcriptional regulation of human
papillomavirus

Although E6 and E7 themselves possess intrinsic
transactivation capacity on their homologous pro-
moter, constitutive expression of E6 and E7 in
immortalized or malignantly transformed human
keratinocytes is mainly dependent on the availability
of a defined set of transcription factors derived from
the infected host cell. HPV 16 E6/E7 transcription
is regulated by cis-acting elements contained within
the URR.

HPV has a circular DNA genome in which viral late
and early genes are separated by transcriptional con-
trol region called URR or LCR. Functionally the 850 bp
HPV 16 URR can be divided into three parts:

1. A 5-terminal portion of unknown function, which
only marginally contributes to the activity of E6/E7
promoter.

2. A central 400 bp constitutive enhancer essential for
E6/E7 promoter activity.

3. A promoter proximal region containing E6/E7
promoter p97 at its 3’end.

The complete URR as well as the constitutive
enhancer regions of the virus have been shown to
exhibit a tissue preference for epithelial cells in their
transcriptional activity.

Life cycle of human papillomavirus

The HPV life cycle is closely linked to their host cell
biology. Normal squamous epithelial cells grow as
stratified epithelium, with those in the basal layers
dividing as stem cells or transit amplifying cells. After
division one of the daughter cells migrates upward
and begins to undergo terminal differentiation while
the other remains in the basal layer as a slow-cycling,
self-renewing population. HPV virions initially infect
the basal layers of the epithelium, probably through
microwounds and enter cells via interaction with
receptors such as a-6 integrin for HPV 16. In infected
cells at the basal layer, low levels of viral DNA are
synthesized to an episomal copy number of approxi-
mately 50—100 genomes per cell. The early HPV genes
E1 and E2 support viral DNA replication and its segre-
gation so that the infected stem cells can be maintained
in the lesion for a long period. As infected daughter
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cells migrate to the upper layers of the epithelium,
viral late gene products are produced to initiate the
vegetative phase of the HPV life cycle, resulting in
high-level amplification of the viral genome.

As the viral DNA replication almost totally depends
on host replication factors except for viral helicase E1,
other early genes E5, E6, and E7 are considered to
coordinate a host cell suitable for viral DNA replica-
tion, which sometimes induces host cellular DNA syn-
thesis and prevents apoptosis. In the outer layers of
the epithelium, viral DNA is packaged into capsids
and progeny virions are released to reinitiate infection.
Because the highly immunogenic virions are synthe-
sized at the upper layers of stratified squamous epithe-
lia they undergo only relatively limited surveillance by
cells of the immune system. In addition E6 and E7
inactivate interferon (IFN) regulatory factor (IRF) so
that HPV viruses can remain as persistent, asymptom-
atic infections.

High-risk HPV types can be distinguished from
other HPV types largely by the structure and function
of the E6 and E7 gene products. In benign lesions
caused by HPV, viral DNA is located extrachromoso-
mally in the nucleus. In high-grade intraepithelial neo-
plasias and cancers, HPV DNA is generally integrated
into the host genome. In some cases episomal and inte-
grated HPV DNAs are carried simultaneously in the
host cell. Integration of HPV DNA specifically disrupts
or deletes the E2 ORF, which results in loss of its
expression. This interferes with the function of E2,
which normally down-regulates the transcription of
the E6 and E7 genes and leads to an increased expres-
sion of E6 and E7. In high-risk HPV types the E6 and
E7 proteins have a high affinity for tumor suppressor
genes p53 and pRB, resulting in increased proliferation
rate and genomic instability. As a consequence, the
host cell accumulates more and more damaged DNA
that cannot be repaired. Efficient immortalization of
keratinocytes requires the cooperation of the E6 and E7
gene proteins; however the E7 gene product alone at
high levels can immortalize host cells. Eventually
mutations accumulate that lead to fully transformed
cancerous cells. In addition to the effects of activated
oncogenes and chromosome instability, potential
mechanisms contributing to transformation include
methylation of viral and cellular DNA, telomerase acti-
vation, and hormonal and immunogenetic factors.
Progression to cancer generally takes place over a
period of 10 to 20 years.

Functions of human papillomavirus oncoproteins
E6 and E7

Both E6 and E7 proteins are essential to induce and
maintain cellular transformation, due to their interference
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with cell-cycle control and apoptosis. The HPV viral
oncogenes, E6 and E7, have been shown to be the main
contributors to the development of HPV-induced cervi-
cal cancer and increased expression, probably due to
integration of the viral DNA in the host cell genome,
has been detected in invasive cancers and a subset of
high-grade lesions.

Inactivation and degradation of p53 through the
E6/E6AP complex

The most important function of the E6 protein is to
promote the degradation of p53 through its interaction
with a cellular protein, E6-associated protein (E6AP),
an E3 ubiquitin ligase (Fig. 6.2). The affinity of E6AP
for p53 is likely to be modified in association with E6.
The p53 tumor suppressor gene itself regulates
growth arrest and apoptosis after DNA damage.
When DNA damage is moderate, a prolonged p53-
dependent arrest and DNA repair are induced, but
when the damage is severe, apoptosis is provoked.
Although aberrant inactivation of pRb family mem-
bers would also normally induce apoptosis through
p53, HPV-infected cells avoid such cell death by E6
inactivation of p53. In addition E6 interferes with
other proapoptotic proteins, Bak, FADD and procaspase
8, to comprehensively prevent apoptosis. Alternatively
the susceptibility of E6-induced degradation of p53 has
been suggested to link the polymorphisms in codon 72
of p53.

Inactivation of pRb: E7 is a small nuclear phospho-
protein separated into three conserved regions denoted
in an analogous fashion to adenovirus E1A as CR1,
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FIGURE 6.2 Role of HPV in cervical cancer E6 and E7 proteins of
HPV inactivates p53 and pRb.
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CR2, and CR3. E7 is known to bind to the retinoblas-
toma tumor suppressor gene product, pRb, and its
family members, p107 and p130, via a LXCXE (where
X represents any amino acid) binding motif conserved
in its CR2 region. In the hypophosphorylated state,
pPRb family proteins can bind to transcription factors
such as E2F family members and repress the transcrip-
tion of particular genes involved in DNA synthesis
and cell-cycle progression. Phosphorylation of pRb by
G1 cyclin-dependent kinases releases E2F leading to
cell cycle progression into the S phase. Because E7 can
bind to unphosphorylated pRb, it may prematurely
induce cells to enter the S phase by disrupting
pRb—E2F complexes. Most recently it was found that
E7 promotes C-terminal cleavage of pRb by the
calcium-activated cysteine protease calpain and that
this cleavage is required before E7 can promote the
proteasomal degradation of pRb (A. Suhrbier, personal
communication, 2007). The E7 protein function enables
HPV replication in the upper layers of the epithelium
where uninfected daughter cells normally differentiate
and completely exit the cell cycle (Fig. 6.2). One cyclin-
dependent kinase inhibitor, p16INK4a, which prevents
the phosphorylation of pRb family members, is
reported to be overexpressed when pRb is inactivated
by HPV E7. Normally over-expression of pl6INK4a
results in cell cycle arrest, but it is overcome with E7
expression. Thus over-expression of p16INK4a is sug-
gested to be a useful biomarker for evaluating HPV
pathogenic activity in cervical lesions.

Screening and diagnostic methodologies of
cervical cancer

Screening

Screening is a public health intervention used on a
population at risk or target-population. Screening can
detect abnormalities before they become cancer. Also if
cancer itself is detected early, it can be cured with
proper treatment. Cervical cancer screening aims to
test the largest possible proportion of women at risk
and to ensure appropriate follow-up for those who
have a positive or abnormal test results. Such women
will need diagnostic testing and follow-up or treat-
ment. Colposcopy and biopsy are often used to reach a
specific diagnosis of the extent of the abnormality in
women with a positive screening test. Decisions on the
target age group and frequency of screening are usu-
ally made at the national level based on the local prev-
alence and incidence of cervical cancer-related factors
such as HIV prevalence and availability of resources
and infrastructure.
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Methods used for screening/diagnosis of cervical
cancer

Visual methods
Two visual methods are available:

e visual inspection with acetic acid (VIA) and
¢ visual inspection with Lugol’s iodine (VILI).

Abnormalities are identified by inspection of the
cervix without magnification, after application of
dilute acetic acid (vinegar) (in VIA) or Lugol’s iodine
(in VILI). When vinegar is applied to abnormal cervi-
cal tissue, it temporarily turns white (acetowhite)
allowing the provider to make an immediate assess-
ment of a positive (abnormal) or negative (normal)
result. If iodine is applied to the cervix, precancerous
and cancerous lesions appear well-defined, thick, and
mustard or saffron-yellow in color, while squamous
epithelium stains brown or black, and columnar epi-
thelium retains its normal pink color. VIA and VILI
are promising alternatives to cytology where resources
are limited. They are currently being tested in large,
cross-sectional, randomized controlled trials in devel-
oping countries. In research settings VIA has been
shown to have an average sensitivity for detection of
precancer and cancer of almost 77%, and a range of
56%—94%. The specificity ranges from 74% to 94%
with an average of 86%. They are both short proce-
dures, less costly, and cause no pain. Assessment is
immediate and no specimen is required.

Indications

VIA and VILI are indicated for all women in the tar-
get age group specified in national guidelines, pro-
vided that:

* They are premenopausal. Visual methods are not
recommended for postmenopausal women, because
the transition zone in these women is most often
inside the endocervical canal and not visible on
speculum inspection.

e Both SCJ s (i.e., the entire transformation zone)
are visible. If the patient does not meet the
above indications and no alternative screening
method is available in the particular clinical
setting, then the patient should be referred for a
Pap smear.

Other screening tests

The other screening tests that can help to prevent
cervical cancer or find it early are as follows:

1. The Pap test (or Pap smear) looks for precancers, cell
changes on the cervix that might become cervical
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cancer if they are not treated appropriately. It is
recommended for all women, and the doctor will
use a plastic or metal instrument, called a
speculum, to widen your vagina. It is most
important that an adequate sample be taken from
the squamo-columnar junction (the transformation
zone), transferred to the cytology slide, and
immediately fixed with a commercial fixative. The
location of the squamo—columnar junction can be
identified by a change in color and texture between
the squamous and columnar epithelia. The
squamous epithelium appears pale pink, shiny,
and smooth. The columnar epithelium appears
reddish with a granular surface. Pap smear
screening is a rapid method for detecting cervical
dysplasia and in situ cancer, as well as invasive
cancer. A Pap smear evaluates cells harvested from
the ectocervix and endocervix for abnormal
changes associated with the development of
cervical cancer.

2. Thin Prep Pap test: The Thin Prep Pap Test, which
has been approved by FDA has been described as
more effective than a conventional Pap smear, is a
liquid-based test that employs a fluid medium to
collect and preserve cervical cells.

3. Speculoscopy: Recently approved by the US FDA,
this procedure involves the use of a magnifier and a
special wavelength of light. Speculoscopy allows the
physician to see cervical abnormalities that would
otherwise be undetectable when performing a Pap
test.

Reporting systems terminology

Fig. 6.3A—C represents normal human cervix, histo-
pathological changes in precancerous lesions and in
cancerous tissue of human cervix. The reporting of
Cervical Pap smears varied tremendously from one
laboratory to another, because different classification
systems put forth at different times added due to the
lack of uniformity. An outline of all classifications is
mentioned below.

Precancer classification

WHO classification

According to this classification, cervical lesions can
be classified into dysplasia, carcinoma in situ (CIS),
and invasive cancer. Cervical dysplasia can be further
graded into mild, moderate, and severe dysplasia
based on the degree of involvement that is the ratio
between the thicknesses of abnormal cervical epithe-
lium and its complete thickness.
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FIGURE 6.3 (A) Normal human cervix; (B) precancerous lesion of human cervix (Dysplasia); (C) invasive squamous cell carcinoma.

CIN classification (Bhambhani., 2007)

1. Richart (in 1968) introduced the term CIN which
was used to distinguish severe dysplasia from
carcinoma in situ. It is further classified into three
groups namely CIN1, CIN2, and CIN3, which are
compatible with WHO classification in which mild
dysplasia corresponds to CIN1, moderate to CIN2,
and CIN3 includes both severe dysplasia and
carcinoma in situ.

2. Reagen and associates promulgated the use of the
term “dysplasia” to designate these
intraepithelial lesions and classified further

severe dysplasia and carcinoma in situ suggested
as separate disease and were clubbed to CIN III,

CIN II to moderate dysplasia and CIN 1 to mild
dysplasia. Cervical cancer follows a progressive
course from epithelial dysplasia to carcinoma in
situ to invasive cancer. It may take years for
dysplasia to turn into carcinoma in situ or
microinvasive cancer, but once this process
occurs, cancer can quickly become invasive and

spread deeper into lymph nodes, nearby tissues,

or other organs, such as the bladder, intestines,
liver, or lungs.

Bethesda classification
In December 1988, the National Cancer Institu

te

sponsored a workshop to develop a uniform reporting
system for cervico-vaginal cytology, which is known
as “The Bethesda System.” In 2001 it classifies squa-
mous cell abnormalities into following categories

(Apgar et al., 2003).

1. Atypical squamous cell (ASC) including lesions that

have several abnormalities suggestive of SIL.
2. Low squamous intraepithelial lesions (LSIL)
encompassing cellular changes associated with
HPVs and mild dysplasia or CIN1.
3. High squamous intraepithelial lesions (HSIL)
include moderate dysplasia or CIN2, severe
dysplasia and CIS as CIN3.

Subsequently modifications were made after a sec-
ond meeting convened in 1991. The Bethesda System
has the following advantages:

* A uniform diagnostic terminology to improve
communication both among cytopathologists and
between cytopathologists and health care providers.

* A descriptive diagnosis of ASC s of undetermined
significance (ASC-US) and of atypical glandular
cells of undetermined significance (AGUS), which
refers to glandular cell nuclear enlargement,
hyperchromasia and/or architectural abnormalities.

* The inclusion of changes associated with HPV such
as koilocyctosis along with CIN within the category
of low-grade squamous intraepithelial lesion
(LGSIL). In other words the use of terminology that
reflects current understanding of the pathogenesis
and biology of cervical neoplasia.

e Evaluation of specimen adequacy as an integral part
of the report.

Cancer classification

Cancer staging is one of the fundamental activities
in oncology and is of pivotal importance to the modern
management of cancer patients. Tumor classification is
generally conceived so that the clinical and/or patho-
logical spread is stratified into four stages: Stage I
refers to a tumor strictly confined to the organ of ori-
gin, hence of relatively small size; Stage II describes
disease that has extended locally beyond the site of ori-
gin to involve adjacent organs or structures; Stage III
represents more extensive involvement, that is wide
infiltration reaching neighboring organs; and Stage IV
represents clearly distant metastatic disease. These
four basic stages are then classified into substages, as a
reflection of specific clinical, pathological, or biological
prognostic factors within a given stage.

The invasive cervical cancer can be classified by the
FIGO system (International Federation of Gynaecology
and Obstetrics, Montreal, 1994) (Table 6.1).
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TABLE 6.1

6. The clinico-molecular approaches for detection of human papillomavirus

Figo staging in cervical cancer.

Stage 0
Stage I

Carcinoma in situ. It is found only in the top layer of cells in the tissue that lines the cervix.
The carcinoma is strictly confined to the cervix (extension to the corpus would be disregarded).

Ia Invasive carcinoma which can be diagnosed only by microscopy.
Ib All macroscopically visible lesions — even with superficial invasion — are allotted to Stage Ib carcinomas. Invasion is limited
to a measured stromal invasion with a maximal depth of 5.0 mm and a horizontal extension not wider than 7.00 mm. Depth of

invasion should not be more than 5.0 mm taken from the base of the epithelium of the original tissue should not change the

stage allotment.

Ial Measured stromal invasion of not more than 3.0 mm in depth and extension of 7.0 mm.
Ia2 Measured stromal invasion of more than 3.0 mm and not more than 5.0 mm with an extension of 7.0 mm.

Ib Clinically visible lesions limited to the cervix uteri or preclinical cancers greater than Stage Ia

Ib1 Clinically visible lesions 4.0 cm.
Ib2 Clinically visible lesions 4.0 cm.

Stage II

IIa No obvious parametrial involvement.
IIb Obvious parametrial involvement.

Stage III

Cervical carcinoma invades beyond uterus, but not to the pelvic wall or to the lower third of vagina

The carcinoma has extended to the pelvic wall. On rectal examination, there is no cancer-free space between the tumor and the

pelvic wall. The tumor involves the lower third of the vagina. All cases with hydronephrosis or nonfunctioning kidney are
included, unless they are known to be due to other causes.

IIIa Tumor involves lower third of the vagina, with no extension to the pelvic wall.
IITb Extension to the pelvic wall and/or hydronephrosis or nonfunctioning kidney.

Stage IV

The carcinoma has extended beyond the true pelvis or has involved (biopsy proven) the mucosa of the bladder or rectum. A

bullous edema, as such, does not permit a case to be allotted to stage IV.

IVa Spread of the growth to adjacent organs.
IVb Spread to distant organs.

Source: Quinn, M.A., Benedet, ].L., Odicino, F., Maisonneuve, P., Beller, U., Creasman, W.T., et al., 2006. Carcinoma of the cervix uteri. Int. ]. Gynecol. Obstet. 95 (Suppl. 1),

543.

Colposcopy and biopsy

Colposcopy is the procedure of viewing the cervix,
vagina, and vulva with a magnifying lens (colposcope)
to identify abnormal epithelial patterns. The colpos-
copy procedure begins by wiping away cervical mucus
with normal saline. Inspection of the cervix is done
with a colposcope that magnifies the tissues with fil-
tered and unfiltered light. A 3%—5% acetic acid solu-
tion is then applied to the cervix and upper vagina. If
an epithelial abnormality is identified, a biopsy is
done. If the entire lesion is not visualized, an endocer-
vical curettage is indicated. During pregnancy colpos-
copy is done in order to exclude the presence of
invasive cancer and to reassure the woman that her
pregnancy will not be affected by the presence of an
abnormal Pap test.

1. Endocervical curettage: This procedure which
generally is performed at the same time as
colposcopic biopsy removes cells from the
endocervix (part of the cervix that opens into the
uterus). A woman who has endocervical curettage
may experience menstrual-type cramping or light
bleeding for a short time afterward.

2. Cone biopsy: This procedure consists of removing a
cone-shaped piece of tissue from the cervix. Tissue
is removed from the “transformation zone” area
between the ectocervix (the part of the cervix that
connects with the vagina) and the endocervix (the
part of the cervix that opens into the uterus). It will
only be safe to have a cone biopsy if the cancer cells
are only in the cervix, the cancer is less than
3—5 mm deep into the tissue of the cervix, the area
affected is no bigger than 10 mm across at any
point, and there is absolutely no sign of any cancer
in a blood vessel, lymphatic vessel, or lymph gland.
The two methods commonly used to perform cone
biopsy are:

a. Loop electrosurgical excision procedure (LEEP):
A wire heated by electrical current is used to
remove cervical tissue for laboratory analysis.
This procedure takes about 10 minutes. Mild
cramping may occur during and after the
procedure. Mild or moderate bleeding may
persist for several weeks.

b. Cold knife cone biopsy: The physician uses a
surgical scalpel or laser (intense, focused light
beam) to remove abnormal cervical tissue.
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A woman who undergoes the procedure can go
home the same day but may experience
cramping and bleeding for a few weeks
afterward.

New technologies

New technologies provide adjuncts to cervical can-
cer screening.

1. Autopap provides automated cytology scanning with
interpretation. It is primarily used as a secondary
screening to enhance laboratory quality control.
Autopap rescreens all satisfactory slides read as
“within normal limits” and selects 10% of the slides
most likely to be false negatives for review by
cytotechnologists.

2. Papnet provides computerized selective rescreening
of all slides read as “within normal limits,” creates a
digitized image of the entire slide, and selects 128 of
the most questionable fields of each slide for review
by a cytotechnologist or pathologist.

3. Cervicography is a visual adjunct to cervical
screening. Because one limitation of the Pap smear
is the false-negative rate, cervicography is being
considered for screening and/or secondary triage.
The advantages include the following: it is simple
to perform, less expensive and noninvasive than
colposcopy and biopsy. If cervicography is
performed concomitantly with a screening Pap
smear, it may improve the false-negative rate. If it
is used to distinguish women with an abnormal
Pap who should be referred for immediate
colposcopy from those for whom follow-up with
repeat Pap smears is appropriate, it may also
effectively decrease the false-negative rate.
Cervicography is not currently FDA approved for
primary screening.

DNA cytometry

Dysplastic lesions progress to more severe
lesions or regress to normalcy through an unknown
series of changes in the abnormal epithelium.
Microspectrophotometric ~ determination of nuclear
DNA content has contributed valuable information in
understanding the pathogenesis of cervical dysplasia.
An increased aneuploidy rate with increase in grade of
CIN has been observed by number of investigators and
aneuploidy has been regarded as malignancy-specific
marker. Quantitative cytochemical DNA measurements
in individual cell showed a correlation between pro-
gressive morphological alterations with progressive
increase in nuclear DNA content. Hence aneuploid
DNA has been considered as risk indicator of malignant
potential of dysplastic tissues.
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Human papillomavirus DNA-based screening
methods (protocol)

Reliable diagnosis of HPV infection, particularly the
“high-risk” types (16/18), may facilitate early identifi-
cation of high-risk populations for developing cervical
cancer and may augment the sensitivity and specificity
of primary cervical cancer screening programs by com-
plementing the conventional Pap test. HPV is not gen-
erally used on its own as the primary screening test.

Advantages: It is mainly used in combination with
cytology to improve the sensitivity of the screening or
as a triage tool to assess the women with borderline.
New screening procedures are based on the detection
of high-risk HPV DNA in vaginal or cervical smears or
tissue biopsies (Flow Chart 6.1).

Urine-based noninvasive human papillomavirus
DNA detection method

Conventional testing for genital HPV infections
requires the collection of smears, scrapes, or tissue
biopsies from the cervico-vaginal region, which
involves pelvic examination and invasive procedures
in a gynecologic/cancer clinic. Such invasive methods
are not only unsuitable for large-scale population
screening, but are strictly prohibited for adolescent or
unmarried girls due to strong sociocultural and reli-
gious reasons in developing countries.

Advantages: The use of noninvasive urine sampling
for detection of various genital infections including
HPV has developed which has been validated over
and over again to confirm its utility, sensitivity, and
reliability by comparing the results of urine with that
of biopsy specimens or cervical scrapes/swabs of the
same patients. Exfoliated cells containing HPV DNA
or virions shed into the urine from epithelial lesions of
the cervix could be detected by a highly sensitive tech-
nique such as PCR.

Simple “paper smear” method for rapid detection
of human papillomavirus infection

A simple “paper smear” method has been devel-
oped for dry collection, transport, and storage of
cervical smears/scrapes at room temperature for sub-
sequent detection of HPV DNA by a simple PCR
assay. This method requires several types of biologi-
cal specimens such as imprint biopsies, blood, and
fine-needle aspirates.

Advantages: It is simple, rapid, and cost effective,
and can be effectively employed for large-scale popu-
lation screening, especially for regions where the spe-
cimens are to be transported from distant places to
the laboratory. This method is under US patent
application.
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Collection of cervical specimens from women aged 25-65 years

6. The clinico-molecular approaches for detection of human papillomavirus

FLOW CHART 6.1 HPV DNA testing.

Cervical biopsies or scrapes in 1X PBS solution. Stored in—80°C

|

DNA isolation (phenol-chloroform method)

v

DNA quantification in ethidiumbromide stained 1% agarose gel or spectrophotometer

v

Initial HPV detection by L1 region consensus sequence primers

(MY09/11; 450 bp, GP 5+/6+ 150bp, SPF 1/2; 65 bp)

v

Type-specific PCRs for detection of HPV high-risk (16, 18 etc.) or low-risk type (6, 11 etc.)

v

PCR product check in 2-3% ethidium bromide stained agarose gels

Further confirmation can be done by direct DNA sequencing

Detection of HPV by multiplex PCR and RFLP

A low-cost method was developed for the detection
of HPV types 6, 11, 16, 18, and 33 including coinfections
from the cervical swabs of the females attending gyne-
cological outpatient departments and cancer clinics. The
method detects the five most prevalent HPV types com-
monly associated with cervical abnormalities.

Principle: This technique involves restriction fragment
length polymorphism (RFLP) of the approximately
450 bp amplicon, obtained after the amplification of L1
region of HPV genome by MY09/11 consensus primers.
MY09/11 primers are used routinely for HPV detection
covering a broad spectrum of HPV types as compared
with general primers GP5 + /GP6 + . About 90% of the
cervical carcinoma that contain some high-risk HPV
types, HPV 16, 18, and 33 and few others are associated
with CIN and cervical cancer, whereas HPV types 6
and 11 are associated with genital warts (condyloma
accuminata and flat genital warts). Hence the detection
of coinfection is equally important to understand the
biological behavior of HPVs. This method detects the
above five HPV types by digesting the PCR product of
MY09/11 primers with Rsa-1 and resolving on 8% non-
denaturing polyacrylamide gel.

Advantages: This method has advantage over other
conventional methods of HPV typing, as it saves the
cost and time for second PCR by type-specific primers.
Most of the PCR-RFLP studies show either use of mul-
tiple restriction enzymes with two rounds of PCR.
Hence it was found to be less combursive, low cost,

and user friendly for the detection of HPV DNA from
cervical swabs, both at clinical and research level.

High-quality screening programs are also important
to prevent cervical cancer among unvaccinated older
women. The WHO recommends the screening of
women aged 30—49 years—either through visual
inspection with acetic acid in low-resource settings,
papanicolaou tests (cervical cytology) every 3—5 years,
or HPV testing every 5 years—coupled with timely
treatment of precancerous lesions.

Statistical information

Chi-square (x?) test for trend is used to evaluate if
there is a statistical significant increase in the HPV
detection rate due to the technique applied (one-step
PCR, RT-PCR, nested PCR, and double-nested PCR).
The results were considered to be statistically signifi-
cant with a P value below .05.

Hybrid Capture II Method

Hybrid Capture II (HCII, Digene Corp., Gaithersburg,
Maryland, United States) is a semiquantitative assay
for signal amplification, which was first licensed and
approved methodology for screening purposes and
ASC-US triage by the US FDA. Like many PCR meth-
ods, HPV DNA can be detected, with similar analytic
sensitivity. All the emerging technologies for HPV
DNA detection are clinically validated in comparison
to HCII.
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Principle

The HCII high-risk HPV DNA test using Hybrid
Capture? technology is a nucleic acid hybridization
assay with signal amplification that utilizes microplate
chemiluminescent detection. Specimens containing the
target DNA hybridize with a specific HPV RNA probe
cocktail. The resultant RNA:DNA hybrids are captured
onto the surface of a microplate well coated with anti-
bodies specific for RNA:DNA hybrids. Immobilized
hybrids are then reacted with alkaline phosphatase con-
jugated antibodies specific for the RNA:DNA hybrids,
and detected with a chemiluminescent substrate.
Several alkaline phosphatase molecules are conjugated
to each antibody. Multiple conjugated antibodies bind
to each captured hybrid resulting in substantial signal
amplification. As the substrate is cleaved by the bound
alkaline phosphatase, light is emitted which is mea-
sured as relative light units on a luminometer. The
intensity of the light emitted denotes the presence or
absence of target DNA in the specimen.

Applications

Next-generation sequencing

The information on viral genome sequence classifies
papillomaviruses. A distinct HPV type is established
when the viral DNA sequence of the L1 ORF differs
from any other closely related type by at least 10% of
this region of the viral genome. Major advances in
HPV genome analyses are being made with next-
generation sequencing (NGS) that constitutes a multi-
ple highly parallel sequencing technique that is able to
sequence individual molecules from small amounts of
DNA. It has been progressively applied to HPV typing
and has proven to be highly accurate, reproducible,
with high sensitivity to detect and identify multiple
HPV type infections, and/or detect uncharacterized
HPV types. Target enrichment combined with NGS
allows the detection of integrated forms of HPV DNA
with mapping of viral—cellular junctions to host chro-
mosomes. Hence NGS makes it possible to document
and describe HPV integration events.

Clinical correlations

Previously our study revealed that 85% (109/128) of
total (precancer and cervical cancer) HPV-L1 positivity,
80% (24/30) of precancerous lesions, and 86.7% (85/98)
of tumor biopsies were infected with HPV (Tripathi
et al., 2014). Subsequent PCR-based HPV typing using
type-specific primers revealed that a 96%(82/85) of
HPV-L1 positive cervical tumors harbored high-risk
HPV (HR-HPV) type 16; however 7.0%(6/85) of cancer
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ones were found to be infected with HPV 18 and 3.5%
(03/85) of L1 positive cervical tumor cases showed coin-
fection with HPV type 16 and 18 and all the precancer-
ous HPV-L1 positive lesions were infected with HPV
type 16. Further the analysis of HPV infection was cor-
related with clinicopathological parameters. Tumor vag-
inal involvement was found to be associated with 89.2%
of HPV 16 (P =.03), tumor histopathological degree,
moderately and poorly differentiated ISCC had higher
percentage (94.2%) of HPV 16 positivity as compared to
well-differentiated ISCC (71.7%, P =.003) and 89.2% of
HPV 16 with progressed FIGO stage (IIl+1V) and
792% in FIGO stage-I+1II (P=.03) (Tripathi et al,
2014). Hence HPV 16 confirms its significant involve-
ment with clinical progression of cervical cancer.

Treatment

If a biopsy shows persistent LSIL or HSIL, or if
there is a question of invasive cancer, further evalua-
tion and/or treatment is indicated. Choice of treatment
modality depends on several factors such as age of
patient, type of lesion, experience of attending sur-
geon, facilities available with the hospital, and others.
Other possible therapeutic modalities are both ablative
and excisional. The ablative techniques include laser
and cryosurgery. The excisional modalities include
cold knife conization, laser conization, loop electrocau-
tery excision, and hysterectomy.

Ablative techniques

e Laser ablation: Laser stands for light amplification by
stimulated emission of radiation. Laser ablation is a
procedure in which a carbon dioxide laser directed
through a microscope is used to vaporize the
cervical transformation zone. This procedure is
done under local anesthetic and takes
15—20 minutes to perform. Post therapy the patient
may experience pain, some uterine cramping and
bloody discharge/vaginal spotting.

* Cryotherapy: Among ablative techniques,
cryotherapy is a procedure performed under direct
visualization in which a probe is placed against the
cervix. The probe freezes the affected tissue, which
in turn results in the destruction and sloughing of
cervical cells. The entire procedure takes about
15 minutes. During the procedure the patient may
experience uterine cramping. Subsequently the
patient may expect to have a profuse watery
discharge for 7—10 days. Recurrence rate is low and
4 months after cryotherapy, the reevaluation of pap
smear is done.
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Excisional techniques

e Electrosurgical excision (LEEP): Electrosurgical
excision of the transformation zone is a procedure
in which an electrical current generating a
radiofrequency is passed through a wire loop that
excises the tissue and cauterizes the base. This
procedure can usually be performed in an
outpatient setting with the use of local anesthetic.
Depending on the size of the loop and the lesion,
either the transformation zone or a “cone-like”
specimen can be obtained. The patient must be
grounded for safety purposes, because an electrical
current is used. The electrical current also generates
heat, which can cause distortion of the surgical
margins, thus making accurate interpretation of the
regions difficult, if not impossible. Risks of all
excisional procedures include bleeding, cervical
stenosis, cervical incompetence, decrease in cervical
mucus, and possible infertility.

e Laser conization: Laser conization is an operative
procedure requiring an anesthetic in which the
carbon dioxide laser is used as a knife to
generate the same type of specimen obtained
with cold knife conization. Postoperatively the
patient will experience cramping and some
bleeding.

* Cold knife conization: A cold knife conization (CKC)
is an operative procedure requiring either a regional
or general anesthetic. During the procedure the
involved ectocervix and endocervix are excised
using a circumferential excision. Postoperatively the
patient may have cramping and bleeding.
Postoperative infection requiring antibiotic therapy
may also occur.

Follow-up for excisional/ablative treatment

Following excisional/ablative treatment, a woman
will need a follow-up Pap smear in 3 to 4 months. If
the cytology report is normal at subsequent visits, the
Pap smear should be repeated every 6 months for the
first 2 years and then annually thereafter as long as the
cervical smear is normal. If, however, a cervical smear
is reported abnormal (based on the Bethesda
Classification), the patient should be reintroduced into
the observation/treatment protocol.

Hysterectomy

Historically hysterectomy was performed either
vaginally or abdominally for CIN III of the cervix.
Currently with the advent of colposcopy and good
excisional therapy, hysterectomy is indicated in only
5%—10% of patients. There are still situations where
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hysterectomy is acceptable management of the patient.
In the presence of the more aggressive recurrent high-
grade squamous intraepithelial lesions (HGSIL) in
women who have coexisting gynecologic disease and
have completed childbearing, hysterectomy may be an
option. If hysterectomy is performed for cancerous
lesions, the patient’s postoperative follow-up care
should include a vaginal smear of the upper 1/3 of the
vagina every 6 months for 2 years and then annually.
Once the patient has had her first postoperative return
visit (which should occur within 6 weeks of treatment)
she should follow an observation or follow-up protocol
because of her increased risk of vaginal neoplasia. The
role of HPV testing in this situation requires further
investigation.

Stage-wise management of cervical cancer

Treatment of microinvasive carcinoma

Stage IA1 and IA2

Cone biopsy is done in cancer-suspected lesions
with clear margins at stages IA1 and 1A2. IA1l stage
with clear margins is followed by simple observation if
fertility is desired or simple hysterectomy if fertility is
not desired. However IA2 stages with clear margins is
followed by radial trachelectomy and pelvic lymph
node dissection. Repeat cone biopsy or modified radial
hysterectomy plus pelvic lymph node dissection is
done in patients with stage 1A1 and 1A2 where mar-
gins involved with cancer/CIN3 (Souhami, and
Tobias, 2005).

Treatment of early invasive cancer (stage IB1

and IIA < 4 cm)

When the tumor is more extensive but predomi-
nantly situated in the cervix, possibly with some vagi-
nal involvement, surgical removal is preferred by
radial hysterectomy/pelvic lymphadenectomy fol-
lowed by simple observation in negative nodes and
pelvic teletherapy * brachytherapy * chemotherapy
(cisplatin, 30—40 mg/m? per week) in positive nodes.
Treatment with radiotherapy as for early bulky disease
is done in medically unfit patient.

Treatment of early bulky disease (stage IB2 and
IIA > 4 cm)

Treatment is done according to skills and
resources, either by pelvic teletherapy * brachyther-
apy * chemotherapy or by radial hysterectomy/pel-
vic lymphadenectomy.
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Treatment of extensive disease: stages

IIB—-IIIB

These patients are managed by radical (curative
intent) radiotherapy, comprising teletherapy and
brachytherapy. The role of chemotherapy has not yet
been proven in developing country settings.

Treatment of stage IVA

Stage IVB (5% of cases) indicates the presence of
distant haematogenous metastasis and is incurable by
any currently known means such as pelvic teletherapy
and/or brachytherapy.

Treatment of stage IVB or recurrent disease

Cases with pelvic metastasis with no prior radio-
therapy are treated with radiotherapy/chemotherapy.
Such patients who had prior radiotherapy and have
tumor in central pelvis are treated with pelvic exenter-
ation, radial hysterectomy if = 2cm, and palliative
care, and patients with tumor in pelvic sidewall
undergo palliative care. Patients with extrapelvic
metastasis undergo palliative radiotherapy/resection
of isolated metastasis/palliative care.

Pelvic exenteration is infrequently used as it has
major sequel of urinary and colonic diversions, both of
which is difficult to care for in developing countries,
and are unacceptable to many patients when it is not
possible to offer a cure.

Human papillomavirus vaccines

Prophylactic human papillomavirus vaccines

Currently three successful prophylactic HPV vac-
cines quadrivalent “Gardasil” (HPV 16/18/6/11)
developed by Merck while bivalent “Cervarix” (HPV
16/18) by Glaxo SmithKline (GSK) are recommended
for vaccinating young adolescent girls at or before
onset of puberty. In these vaccines viral capsid pro-
teins are present in the form of spontaneously reas-
sembled virus-like particles (VLPs) expressed either in
yeast for Gardasil or in baculovirus for Cervarix. These
two vaccines protect from infection with two of the
most common cancer-causing HPV types 16 and 18
and more than 70% of cervical cancer cases are associ-
ated with these two HPV types. Both the vaccines
were found to be highly immunogenic, safe, well-
tolerated, and effective in preventing incident and per-
sistent HPV infections including developing precancer-
ous lesions.
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Turning point

Three vaccines Gardasil, Cervarix, and Gardasil 9 that
prevent infection with different HPV types has been
approved by the FDA. All three vaccines prevent infec-
tions with high-risk types HPV 16 and 18 that cause
about 70% of cervical cancers. Gardasil (which causes
90% of genital warts) also prevents infection with HPV
types 6 and 11. Recently a new vaccine Gardasil 9 for
HPV has achieved 100% protection in young women
against nine HPV types, such as HPV 16, 18, 31, 33, 45,
52,58, 6, and 11.

As of May 2017, Gardasil 9 is the only HPV vaccine
available for use in the United States. Cervarix and
Gardasil are still used in other countries.

Although these vaccines are expected to provide
protection against other malignancies such as vaginal,
anal, vulvar, oral, esophageal, and laryngeal papillo-
matosis that are associated with these HPV types,
against which vaccines are developed, they will cer-
tainly not provide protection against about 10%—30%
of cervical cancer that arise due to infection of other
high-risk HPV types (31, 35, 39, 45, 51, 52, 56, 58, etc.).
It is suspected that some of these HPV types may take
lead because of change in microenvironment.

Therapeutic human papillomavirus vaccine

Although prophylactic vaccines appear to be suc-
cessful, it would take decades to perceive the benefits
because it takes 10—20 years to develop invasive cervi-
cal cancer. Therapeutic vaccines are to bridge the tem-
poral deficit by attacking already persistent HPV
infections and to treat cervical cancer in women.
Several animal studies showed promising results and
indicated that therapeutic HPV vaccine may regress
disease progression. As a result several therapeutic
HPV vaccines are in phase I and II clinical trials (Das
et al., 2008) (Table 6.2). Most efforts have been directed
toward the early proteins, HPV E6 and E7, or small
peptides derived from them, mainly because these are
the major transforming viral proteins that are invari-
ably retained and expressed throughout the full spec-
trum of HPV-related disease progression and cervical
carcinogenesis. Financial concerns are compounded by
health care structures that can impede a woman’s
timely progress to the appropriate provider and may
limit her access to the vaccine.

Genetic-based DNA vaccine

* No risk of infection
* Cheap to produce
e Stable product
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TABLE 6.2 Summary of the current status of the selective human papillomavirus vaccines (Das et al., 2008).

6. The clinico-molecular approaches for detection of human papillomavirus

Antigen used

Type of vaccine

Nature of vaccine

Current status

Mode of administration

Quadrivalent HPV types Prophylactic Virus-like particle(VLP), protein US FDA approved  Injectable
HPV(16/18/6/11)L1
(Gardasil)
HPV 16/18 L1 (Cervarix) ~ Prophylactic VLP, protein Applied for US Injectable
FDA approval
HPV 16 E6/E7 Therapeutic Fusion protein Phase I clinical trial Injectable
HPV 16 E7 Therapeutic Peptide Phase I clinical trial ~Injectable
HPV 16/18 E6/E7 Therapeutic Recombinant Vaccinia virus Late-stage cervical  Injectable
cancer
Second generation vaccine = Prophylactic VLP, protein Injectable
Other high-risk
(HPV31,45,33)L1
HPV 16 L1 Prophylactic Capsomeres (pentameric) protein ~ Animal model Intranasal delivery
HPV 16 L1 in plant Prophylactic VLP, protein Animal model Oral delivery
HPV 16 L1 as recombinant Prophylactic VLP produced in recombinant Animal model Mucosal
bacteria Lactobacillus, protein
HPV 16 L1 Prophylactic DNA based Animal model Parenteral, oral
HPV 16 E7 Therapeutic DNA based Clinical trial Injectable with Micro
particles (ZYC101)
HPV 16 E7 Detox (Sig/E7  Therapeutic DNA based Phase I Injectable
detox/HSP70)
HPV 16 L1/L2-E7 Chimeric (prophylactic/ Fusion protein Animal model Injectable
therapeutic)
HPV 16L2E7E6 Chimeric (prophylactic/ Fusion protein Phase I, II clinical Injectable

therapeutic) trial

Source: Das, B.C., Hussain,, S., Nasare, V., Bharadwaj, M., 2008. Prospects and prejudices of human papillomavirus vaccines in India. Vaccine, 26, 2669—2679.

* Needs long-term monitoring of vaccinated woman
(to reach 35—45 years) to prove that vaccine
prevents HPV-related cancers.

¢ High antigenicity
e All proteins present in best effectiveness

Who should be vaccinated

* What age group of females to be vaccinated?
Childhood (1-5 years)
Young adolescent (9—19 years)
Immediately after marriage (18—25 years)
* Whether men also to be vaccinated?

Issues/unanswered questions associated with
human papillomavirus vaccine

Vaccine efficacy

e Will HPV vaccine work for lifelong?

* How long it will last?

e Whether booster shots needed?

* How long will it protect from HPV infection?

* End point of vaccine trial. Fthical issues

Vaccine protection With screening implementation

* Does HPV vaccine ultimately prevent development
of cervical cancer?

In recent years medical ethics has become an undis-
puted part of medical studies. Cervical screening
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Ethical issues

programs do have the potential to save lives at mini-
mum risk but at considerable cost. One of the biggest
limitations at present is that few of the cervical screen-
ing programs seem to address these ethical impera-
tives, and many causing more harm than good. Types
of cancer screenings have created the bioethical dilem-
mas. Debates over research and screening ethics have
until recently revolved around two related questions:
the voluntary, informed consent of subjects and the
appropriate relationship between risk and benefit to
subjects in the experiment. Every patient has a right to
full and accurate information about his or her medical
condition. Hence in planning a screening program
physicians must also think about the ethical responsi-
bilities entailed. Ethical principles to be followed in
cancer screening programs are intended mainly to
minimize unnecessary harm to the participating indivi-
duals. The dilemma facing physicians today is to
decide whether the current method of cervical screen-
ing is justified in the light of increasing evidence that
these programs can be damaging to patients.

Risk

There is now growing evidence to suggest that cer-
vical screening programs cause psychological harm to
patients, particularly increased anxiety, embarrass-
ment, and fear of outcome. False-positive results can
lead to considerable distress, and perhaps unnecessary
treatment. Negative results can produce false reassur-
ance to women. These negative effects of screening are
probably quite common, and in some cases, can con-
tinue to cause long-term anxiety and distress. In order
to choose between screening and not screening, physi-
cian has to establish a balance to ensure that the bene-
fit of screening is maximized and the risks minimized.
This can be accomplished in several ways, such as
rethinking how the program is organized, providing
effective training of operators to ensure high-quality
smears, and maintaining an effective quality control
system. One of the most crucial ways of reducing anxi-
ety is to ensure that before, during, and after the
screening process, the patient is fully informed and
thus involved in the decision-making process.
Individual women require varying amounts of infor-
mation with differing levels of detail. It is therefore
ethically imperative that all screening programs attend
to these details.

Benefit versus cost

Socioeconomic status, access to care, and lack of
health insurance coverage correlates with delay in
diagnosis, advanced stage, and impaired survival. It is
widely believed that screening programs attract wor-
ried healthy patients, particularly in the higher socio-
economic groupings, and that the patients most at risk
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are habitually missed. It has also been calculated that
it takes 40,000 smears and 200 excision biopsies to pre-
vent one death from cervical cancer. This has been cal-
culated to be equivalent to $600,000 per life saved.
However the return is not worth the effort, especially
as that effort is not directed to the population of
women at greatest risk, which is primarily those that
habitually fail to respond to screening invitations.

Patient autonomy and coercion

“Autonomy” means leaving the decision to have a
cervical screening entirely up to the patient. Screening
will be effective only if a high proportion of women
are screened, and such a proportion can be achieved
only by infringing patient autonomy and using coer-
cion. In this case certain dangers have to be consid-
ered, as some patients may visit too often, use
resources too frequently, and perhaps receive false
reassurance. Some will not come at all, who are most
at risk. So, a patient should be properly informed prior
to screening.

With vaccine implementation

Cervical cancer and HPV vaccine awareness among
school, undergraduate students, and also to their par-
ents was found to be very low in both urban and rural
school population of Noida and Delhi, India (Hussain
et al.,, 2014) The level of awareness and education
appears to be insignificant determinants in rural com-
pared with urban setup. In a survey of parents of
school girls in developing countries, it has been dis-
covered that the majority of parents are unaware of
HPV and perceived that their children were not at a
risk of acquiring sexually transmitted HPV infection as
they have good family backgrounds and the children
are not allowed to be involved in premarital sexual
activity (Das et al., 2008). Some parents have diverse
opinions that HPV vaccines would make sex safe, lead-
ing to freedom for promiscuity, and risky sexual
behavior, which is not very common in this region of
the globe due to sociocultural factors. They also sus-
pected that the vaccine itself might cause infection in
children. Therefore it is extremely important to raise
general awareness about HPV, destigmatization of
HPV infection and subsequently to gain acceptance for
a mass vaccination program for preadolescent and
adolescent girls in India. Better health education is
needed to maximize public awareness for cervical can-
cer prevention (Hussain et al., 2015).

Potential strategies may therefore include vacci-
nation of school girls (which may miss the more vul-
nerable girls not attending school), through
mother—daughter  initiatives or other existing
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community outreach programs. Although boys do not
develop genital cancer, they may develop other HPV-
associated diseases such as penile, anal, and oral can-
cers and genital warts.

Translational significance

It is an established fact that HPV infection is neces-
sary but insufficient to cause malignancy. Furthermore
persistence of HPV 16 or 18 in women does not nec-
essarily result in cancer. Persistence indicates the
importance of other factors for malignant conversion
of high-grade HPV infection. Progression of the HPV-
infected cell to a malignant phenotype involves further
modification of host gene expression and/or mutations.
The appearance of chromosomal aberrations can lead
to mutational inactivation or loss of tumor suppressor
genes, activation and amplification of oncogenes play
central role in cancer progression.

The process of gene expression in response to physi-
ological and environmental entities is mainly regulated
at transcriptional level where transcription factors bind
to cis regulatory DNA sequences. Transcription factors
are proteins involved in the regulation of gene expres-
sion that bind to the promoter elements upstream of
genes and either facilitate or inhibit transcription. They
control and regulate gene expression through this pro-
cess. Transcription factors are composed of two essen-
tial functional regions: a DNA-binding domain and an
activator domain. The DNA-binding domain consists
of amino acids that recognize specific DNA bases near
the start of transcription. The activator domains of
transcription factors interact with the components of
the transcriptional apparatus (RNA polymerase) and
with other regulatory proteins, thereby affecting the
efficiency of DNA binding.

HPV 16 E6/E7 transcription is regulated by cis-act-
ing elements contained within the URR. The URR is a
transcriptional control region in HPV. It is an 850 bp
region which is functionally divided into three parts, a
5 terminal portion of unknown function, central
400 bp constitutive enhancer for E6/E7 promoter activ-
ity, and a terminal 3’ region containing the E6/E7 pro-
moter. All the transcription factors are known to bind
the URR region. These transcription factors do not
function in isolation, but form regulatory networks in
which several factors interact with them at a DNA-
binding domain also called transactivation domain
that mediates the interaction between host and envi-
ronment including viruses. A number of oncogenic sig-
naling pathways all seem to converge on a limited set
of nuclear transcription factors. These transcription fac-
tors are the final “switches” that activate the gene
expression patterns that ultimately lead to malignancy.
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Targeting a single transcription factor can block the
effects of a multitude of upstream genetic aberrations
that cause its persistent activation. Certain transcrip-
tion factors such as signal transducer and activator of
transcription, activator protein-1 (AP-1), and nuclear
factor-xB (NF-xB) have been identified as important
components of signal transduction pathways leading
to pathological outcomes such as inflammation and
tumourigenesis and are current molecular targets for
cancer therapy. These transcription factors are nor-
mally modulated at the level of expression and/or
their activation. Host transcription factors in associa-
tion with viral factors are likely to dictate viral latency,
vegetative replication, or oncogenic transcription dur-
ing HPV infection.

The multistep cervical carcinogenesis process is
amendable to molecular therapeutics such as therapeu-
tic nucleic acids (TNAs). TNA-based therapies for
cervical carcinoma include ribozymes, antisense oligo-
nucleotides (AS-ODNs), micro RNA (mRNA), and
small interfering RNAs (siRNAs). In vitro experiments
with TNAs have successfully inhibited E6/E7 expres-
sion and caused induction of apoptosis and/or senes-
cence in cervical carcinoma cells. Early ribozyme and
AS-ODN approaches showed promise as therapeutic
moieties for cervical cancer. Viral early genes E6 and
E7 from high-risk HPV types are responsible for the
transformation of epithelial cells, and their continuous
expression is essential for ongoing cervical cancer cell
survival as they function as oncogenes. Therefore E6
and E7 are ideal targets for RNAi therapy. In recent
years there have been a number of publications show-
ing the potential use of RNAIi as a treatment for cervi-
cal cancer.

MicroRNAs and siRNAs belong to a family of small
noncoding RNAs that bind through partial sequence
complementarity to 3'-UTR regions of mRNA from tar-
get genes, resulting in the regulation of gene expres-
sion. MicroRNAs have become an attractive target for
genetic and pharmacological modulation due to the
critical function of their target proteins in several sig-
naling pathways, and their expression profiles have
been found to be altered in various cancers.

Rapid advances in the study of microRNA expres-
sion profiles and siRNAs for silencing gene expression
have led to many ongoing efforts to exploit these mole-
cules as biomarkers and therapeutic agents, respec-
tively, in the treatment of several cancers. A key
feature of microRNAs and siRNAs is that they are not
translated into proteins but rather function in the regu-
lation of gene expression. The new knowledge has
contributed to an improved understanding of the
mechanism of microRNAs biogenesis and an emerging
consensus about the function of microRNAs and their
targets in several species including humans. One of
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the most successful approaches utilizes microRNAs as
biomarkers in several diseases. The siRNNAs, on the
other hand, represent a fast, cost-effective, and rela-
tively simple tool for inducing downregulation of vir-
tually any gene sequence in many species. Therefore
siRNA-based drugs may be the next generation of bio-
chemical compounds because they are highly gene
specific due to nucleotide complementarity and have
less challenging pharmacodynamics because siRNAs
are biologic molecules.

MicroRNA expression profiles in cervical cancer

By comparing microRNA expression profiles
between normal and tumor tissues, studies have iden-
tified deregulated microRNAs and mRNAs, demon-
strating an aberrant microRNA expression pattern in
various malignancies. However it is unclear whether
microRNA expression is altered at the onset of cell
transformation or as a consequence. Since microRNAs
regulate the expression of their mRNA targets, it is
expected that the over- or underexpression of
microRNAs would have an effect on cellular pheno-
type (Diaz-Gonzélez et al., 2015). Several microRNAs
with altered expression in cervical cancer have been
identified and put forth as oncomirs or tumor suppres-
sor genes. For instance, miR-10a, miR-106b, miR-21,
miR-135b, miR-141, miR146, miR-148a, miR-214, and
miR-886-5p have been proposed to act as oncomirs in
cervical cancer, contributing to the development of
cancer through dysregulation of gene products
involved in cell proliferation, apoptosis, or cell—cell
adhesion (Li et al., 2011; Long et al., 2012).

Recently our laboratory has identified 383 miRNAs
that were differentially expressed in cervical cancer
cases, (P <.0001) of which 350 miRNAs were upregu-
lated and 33 miRNAs were downregulated. We also
observed that 182 miRNAs were differentially
expressed (P <.0001) in HPV 16/18-positive (SiHa/
HeLa) cell lines compared with HPV-negative (C33A)
cell line. In addition we identified the novel
microRNAs such as miR-892b, miR-500, miR-888, miR-
505, and miR-711 in cervical precancerous lesions and
cervical cancer cases in Indian population. Taken
together our study demonstrates a crucial role of
microRNAs in cervical cancer, which may serve as
potential early diagnostic markers for cervical carcino-
genesis (Sharma et al., 2015).

siRNAs for human papillomavirus oncogenes as
potential gene therapy for cervical cancer

The silencing of genes by siRNAs is a potential
mechanism to inactivate foreign DNA sequences and
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may be employed to silence the expression of HPV
oncogenes in cervical cancer. The first studies carried
out with synthetic siRNAs to silence HPV 16 E6 and
E7 oncogene expression were described by Jiang and
Milner (2002). Also, E6 silencing induced expression of
the p53 gene and transactivation of the p21 gene and
decreased cell proliferation, while silencing of E7
induced cell death by apoptosis. These findings dem-
onstrated for the first time that the expression of HPV
E6 and E7 oncogenes may be specifically silenced by
siRNAs in human tumor cervical cells.

Recent investigation has focused on silencing the
HPV E6-E7 bicistron with siRNAs. These oncogenes
are transcribed jointly, as a bicistron, which is the
result of alternate splicing. The effect of siRNAs
against the HPV 16 E6 oncogene on the E6-E7 bicistron
has been studied in vitro and in vivo. Administration
of siRNAs for E7 induces silencing of both oncogenes,
while siRNAs for E6 inhibit E6 expression but do not
affect E7 expression (Lea et al., 2007). However siRNA-
based targeting requires further validation of its effi-
cacy in vitro and in vivo, for its potential off-target
effects, and of the design of conventional therapies to
be used in combination with siRNAs and their drug
delivery vehicles.

Chemotherapeutic drugs and siRNAs

Although the effect of chemotherapeutic drugs on
P53 expression in cervical cancer cells is known, new
research has focused on the association between the
activation of p53 gene, the cytotoxic effect of drugs,
and the silencing of HPV oncogenes with siRNAs.
Different groups have analyzed the expression of p53
in HeLa cells (HPV 18 +) treated with siRNAs for
HPV 18 E6, combined with carboplatin, cisplatin,
doxorubicin, etoposide, gemcitabine, mitomicine,
mitoxantrone, oxaliplatin, paclitaxel, and/or topotecan
treatment (Koivusalo et al., 2005). The researchers
observed silencing of HPV 18 E6 and E7 oncogenes, as
well as an increase in pb53 protein expression and
changes in cytotoxicity dependent on the nature of
each chemotherapeutical compound. This evidence
suggests that the silencing of HPV E6 and E7 onco-
genes with siRNAs can increase cellular sensitivity to
the cytotoxic effects of drugs and that combined treat-
ment may have a synergistic effect and reduce resis-
tance to chemotherapeutical drugs, representing an
advantage for treatment.

Cancer stem cells (CSCs) within a tumor possess the
capacity to self-renew and to cause the heterogeneous
lineages of cancer cells that comprise the tumor. CSC
population that fuels the tumor growth have emerged
a new therapeutic intervention in cervical cancer
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progression. Cervical cancer contains a heterogeneous
population of cancer cells. Several investigations have
identified putative stem cells from solid tumors and
cancer cell lines via the capacity to self-renew and
drive tumor formation. Cervical CSCs have a 10-fold
higher binding capacity for papillomavirus-like parti-
cles than any other cervical epithelial subpopulations,
suggesting that HPVs might indeed preferentially bind
and infect cervical CSCs cells in vivo. CSCs are respon-
sible for tumor initiation and maintenance and are
attractive target for advanced cancer therapy. Sphere-
forming cells (SFCs) from cervical cancer cell lines
HeLa and SiHa have been isolated. These cells showed
an expression pattern of CD44high/CD24low that
resembles the CSC surface biomarker of breast cancer.
HeLa-SFCs expressed a higher level (6.9-fold) of the
HPV oncogene E6, compared with that of parental
HeLa cells. Silencing oncogene expression in cervical
cancer stem-like cells inhibits their cell growth and
self-renewal ability.

Conclusion

Cervical cancer provides a unique window to study
the deregulation of important molecular gate keepers
that are important for normal cell cycle events.
However tumorigenic transformation of cervical epi-
thelial cells takes 10—15 years to develop histopatho-
logically well-characterized precursors and cancerous
lesions. So the question arises why it takes so long to
develop cervical cancer compared with other cancers
that have poor prognosis. Cervical intraepithelial
lesions is a common precancerous condition among
HPV-infected cases and are known to progress to inva-
sive cancer. To intensify the scenario, until date there
is no standard therapeutic modality available that can
cure these viral infections. Therefore for effective ther-
apeutic intervention of HPV and to prevent cervical
cancer development at an early stage, it is important to
develop understanding of molecular mechanisms
involved in HPV-mediated cervical carcinogenesis.
Therefore it is mandatory to address important ques-
tions that would eventually help us to understand the
molecular basis of cervical cancer.

World Wide Web resources

The American Cancer Society Southwest
Division

Tel: (505) 260—2105

WWW: http://www.cancer.org/
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Address: 5800 Lomas Boulevard, NE, Albuquerque,
NM 87110

The ACS is a nonprofit, nationwide organization
that supports research, conducts educational pro-
grams, and offers a variety of services to people with
cancer and to their families. ACS helps women with
cancer through various patient services and support
groups (Albuquerque, 1997).

CancerNet

E-mail: Cancernet@icic.nci.nih.gov

CancerNet is a way to obtain PDQ information sum-
maries and other NCI information via Internet and
selected electronic information services. To use
CancerNet, send a mail to the address above. Enter the
word “HELP” as the text of the message to receive
materials in English; enter “SPANISH” to receive the
information in Spanish.

People Living Through Cancer

Tel: (505) 242—-3263

Fax: (505) 2426756

Address: 323 Eighth Street SW, Albuquerque, NM
87102

PLTC was founded by and for those coping with a
cancer diagnosis or with the cancer of a friend or loved
one. PLTC cervical cancer resources.

American Institute for Cancer Research

Provides information on cancer and nutrition.
Publishes a newsletter, cookbooks, and diet/nutrition
brochures. AICR is also a hotline for nutrition-related
cancer inquiries, where callers will be connected with
a registered dietitian.

American Society of Plastic and Reconstructive
Surgeons

For referrals to a plastic surgeon for corrective or
reconstructive procedures, contact the American
Society of Plastic and Reconstructive Surgeons for a
list of local board-certified plastic surgeons.

Asian and Pacific Islander American Health
Forum

The Asian and Pacific Islander American Health
Forum is a national advocacy organization dedicated
to promoting policy, program, and research efforts for
the improvement of health status of all Asian
American and Pacific Islander Communities. The
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Further information

Women’s Health Information Network strives to
increase the public understanding of Asian and Pacific
Islander women’s health status including cancer.
Translations include Chinese, Tagolog, Vietnamese,
Korean, Hindi, Gujurati, Urdu, Farsi, Thai, and
Cambodian.

Avon’s Breast Cancer Awareness Crusade

Avon’s Breast Cancer Awareness Crusade, a
national initiative of Avon Products, Inc., provides
women, particularly low-income, minority, and older
women, with direct access to a full range of breast can-
cer education and early detection services.

Cancer Information Service

CIS interprets and explains research findings to the
public in a clear and understandable manner. The
Northwest Regional Cancer Information Service serves
Alaska. The CPCD provides bibliographic citations,
abstracts of journal articles, book chapters, technical
reports, papers, materials, curricula, and descriptions
of cancer prevention programs and risk reduction
activities at national, state, and local levels in English,
Spanish, or on TTY equipment.

Cancer Mail

National Cancer Institute information about cancer
treatment, screening, prevention, and supportive care.
To obtain a contents list, send e-mail to cancermail@i-
ciccncinih.gov with the word “help” in the body of
the message.

CancerNet

CancerNet contains material for health profes-
sionals, patients, and the public, including information
from PDQ about cancer treatment, screening, preven-
tion, supportive care, and clinical trials and
CANCERLIT a bibliographic database.

Cancer Patient Education Database

Provides information on cancer patient education
resources for cancer patients, their family members,
and health professions.

Cancer Research Foundation of America

Women’s health ages 18—27, 28—39, 40—49, 50 +
years (breast cancer and cervical cancer).
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Cancer source.com

Cancer Types: Cervical Cancer
Here you will find information and resources
related specifically to cervical cancer.

Further information

Division of Cancer Studies,
Birmingham

http:/ /www .birmingham.ac.uk/schools/cancer/
index.aspx

The School of Cancer Sciences is one of the world’s
premier translational cancer research institutes.
Underpinned by excellent basic science across the
University campus, we work with many clinical part-

ners to improve the outlook for cancer patients.

University  of

Keywords

1. Cancer: It refers to a class of disease wherein a cell
or a group of cells divide and replicate
uncontrollably due to accumulation of both genetic
and/or epigenetic changes occurred in a multistep
manner. This leads to unregulated cell proliferation,
intrude into adjacent cells and tissues (invasion)
and ultimately spread to other parts of the body
than the location at which they arose (metastasis).
Different types of cancer include cervical lung,
breast, oral, colon, prostate, and ovarian cancers.

2. Cervical cancer: It results from the abnormal growth
and division of cells at the opening of the uterus or
womb—the area known as the cervix. The
progression of cervical cancer is a multistep process.
Initially normal cells undergo precancerous changes
and ultimately develop into cancer cells. These
precancerous conditions include cervical
intraepithelial neoplasia (CIN), squamous
intraepithelial lesion (SIL), and dysplasia. It takes
several years to develop into an invasive cancer.

3. Human papilloma virus (HPV): These are ubiquitous
DNA viruses belonging to family Papillomaviridae.
They are small, nonenveloped DNA virus with a
circular, double-stranded DNA genome of
approximately 7200—8000 base pairs (bp). HPV
infection is a major cause of uterine cervical cancer
and benign epithelial lesions such as warts and
condyloma acuminate in lower genital tracts in
humans. More than 100 genotypes have been
described till date, 15 types are categorized as high-
risk (HR-HPVs) types (HPV 16, 18, 31, 33. 35, 39, 45,
51, 52, 56, 58, 59, 68, 73, and 82) that are associated
with genital and other epithelial cancers, and 12
low-risk (LR-HPVs) types (HPV 6, 11, 40, 42, 43, 44,
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54, 61, 70, 72, 81, CP6108), which are responsible for
benign tumors and genital warts.

. Proto-oncogene and oncogene: A proto-oncogene is a
normal gene that can become an oncogene due to
mutations or increased expression. The resultant
protein may be termed an oncoprotein. Proto-
oncogenes code for proteins that help to regulate
cell growth and differentiation. Proto-oncogenes are
often involved in signal transduction and execution
of mitogenic signals, usually through their protein
products. Upon activation, a proto-oncogene (or its
product) becomes a tumor-inducing agent, an
oncogene that has the potential to cause cancer.
Examples of proto-oncogenes include RAS, WNT,
MYC, ERK, and TRK. The MYC gene is implicated
in Burkitt’s Lymphoma. In tumor cells they are
often mutated or expressed at high levels. Since the
1970s dozens of oncogenes have been identified in
human cancer. Many cancer drugs target the
proteins encoded by oncogenes.

. Tumor suppressor gene: These genes normally
function to inhibit cell growth/division and prevent
cancer. If a tumor suppressor gene is deleted or
becomes mutated, this can contribute to cancer
development. Examples include the BRCA1 gene
that is mutated in some breast cancers and RB1
which is mutated in retinoblastoma. A tumor
suppressor gene, or antioncogene, is a gene that
protects a cell from being cancerous and encodes
the proteins that either have a dampening or
repressive effect on the regulation of the cell cycle
or promote apoptosis, and sometimes do both.
When this gene is mutated to cause a loss or
reduction in its function, the cell can progress to
cancer, usually in combination with other genetic
changes example: p53 tumor suppressor protein
encoded by the TP53 gene. Homozygous loss of p53
is found in 70% of colon cancers, 30%—50% of
breast cancers, and 50% of lung cancers. Mutated
p53 is also involved in the pathophysiology of
leukemias, lymphomas, sarcomas, and neurogenic
tumors.

Care taker genes: Genes involved in repair or
prevent DNA damage and arise by deletion, point
mutation, or methylation (mutation is generally
recessive). Their inactivation results in genetic
instabilities causing an increased mutation rate
affecting all genes including DNA repair genes
(XPD, XRCQO).

. Screening: Screening is a public health intervention
used on a population at risk, or target-population.
Screening is not undertaken to diagnose a disease,
but to identify individuals with a high probability
of having or developing a disease. Screening can
detect abnormalities before they become cancer.

6. The clinico-molecular approaches for detection of human papillomavirus

Also, if cancer itself is detected early, it can be
cured with proper treatment. For example,
cervical cancer screening aims to test the largest
possible proportion of women at risk and to
ensure appropriate follow-up for those who have
a positive or abnormal test result. Such women
will need diagnostic testing and follow-up or
treatment. Methodologies include colposcopy and
biopsy.

Key points to remember

HPYV infection is the cause of almost all cases of
cervical cancer and also associated with the
development of carcinoma of other organ sites.
HPV is one of the common sexually transmitted
infection (ST1Is) but may not be an indicator of
sexual practice or promiscuity.

HPYV infections are often asymptomatic but may
transmit infection to sex partners.

Majority (~90%) of HPV infections resolve
spontaneously.

Persistent infection of HPV is essential before
initiation of events in host cells.

Most predominant is the high-risk HPV type 16,
and HPV 16 and 18 account for more than 80%
cervical cancer.

High-risk HPV types 16/18 can immortalize human
squamous epithelial cells in vitro.

Systemic immunization with HPV-VLP can confer
protection against HPV infection.

Key points for effective cervical cancer
screening program in low-resource settings

Cervical cancer can be prevented if precancerous
lesions are identified early through screening.
Every woman should undergo cervical Pap smear
screening or HPV DNA testing at least once in her
life time.

An optimal age for cervical cancer screening to
achieve maximum effect is 30—40 years.

Visual inspection with acetic acid (VIA) and
cytology-based Pap smear test should continue for
screening but HPV DNA testing must be
incorporated for confirmation particularly in
unequivocal cases till an affordable, cost-effective
and reliable HPV test is available.

Ablative techniques

Laser ablation: Laser stands for light amplification by
stimulated emission of radiation. It is a procedure in
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which a carbon dioxide laser directed through a
microscope is used to vaporize the cervical
transformation zone. This procedure is done under
local anesthetic and takes 15—20 minutes to
perform. Post therapy, the patient may experience
pain, some uterine cramping and bloody discharge/
vaginal spotting.

Cryotherapy: Among ablative techniques,
cryotherapy is a procedure performed under direct
visualization in which a probe is placed against the
cervix. The probe freezes the affected tissue, which
in turn results in the destruction and sloughing of
cervical cells. The entire procedure takes about

15 minutes. During the procedure the patient may
experience uterine cramping. Subsequently the
patient may expect to have a profuse watery
discharge for 7—10 days. Recurrence rate is low and
4 months after cryotherapy, the reevaluation of pap
smear is done.

Excisional techniques

Electrosurgical excision (LEEP): Electrosurgical
excision of the transformation zone is a procedure
in which an electrical current generating a
radiofrequency is passed through a wire loop that
excises the tissue and cauterizes the base. The
procedure usually can be performed in an
outpatient setting with the use of local anesthetic.
Depending on the size of the loop and the lesion,
either the transformation zone or a “cone-like”
specimen can be obtained. The patient must be
grounded for safety purposes, because an electrical
current is used. The electrical current also
generates heat, which can cause distortion of the
surgical margins, thus making accurate
interpretation of the regions difficult, if not
impossible. Risks of all excisional procedures
include bleeding, cervical stenosis, cervical
incompetence, decrease in cervical mucus, and
possible infertility.

Laser conization: It is an operative procedure
requiring an anesthetic in which the carbon dioxide
laser is used as a knife to generate the same type of
specimen obtained with cold knife conization
(CKCQ). Postoperatively the patient will experience
cramping and some bleeding.

Cold knife conization: It is an operative procedure
requiring either a regional or general anesthetic.
During the procedure, the involved ectocervix
and endocervix are excised using a
circumferential excision. Postoperatively, the
patient may have cramping and bleeding.

Postoperative infection requiring antibiotic
therapy may also occur.

* Hysterectomy: Historically hysterectomy was
performed either vaginally or abdominally for CIN
III of the cervix. Currently with the advent of
colposcopy and good excisional therapy,
hysterectomy is indicated in only 5%—10% of
patients. There are still situations where
hysterectomy is acceptable management of the
patient. In the presence of the more aggressive
recurrent high-grade squamous intraepithelial
lesions (HGSIL) in women who have coexisting
gynecologic disease and have completed
childbearing, hysterectomy may be an option. If
hysterectomy is performed for cancerous lesions,
the patient’s postoperative follow-up care should
include a vaginal smear of the upper 1/3 of the
vagina every 6 months for 2 years and then
annually. Once the patient has had her first
postoperative return visit (which should occur
within 6 weeks of treatment) then the patient should
follow an observation or follow-up protocol because
of her increased risk of vaginal neoplasia. The role
of HPV testing in this situation requires further
investigation.
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Glossary

DNA Deoxyribonucleic acid is a molecule composed of two chains
that form a double helix carrying the genetic information used in
the growth, development, functioning, and reproduction of all
known organisms and many viruses.

HCII Hybrid capture II is a quantitative HPV nucleic acid test that
uses an efficient signal amplification strategy with a chemilumi-
nescent readout.

6. The clinico-molecular approaches for detection of human papillomavirus

HPV HPV stands for human papillomavirus. It is the most common
sexually transmitted infection that causes cervical cancer.

miRNA A microRNA is a small noncoding RNA molecule found in
plants, animals, and some viruses, which functions in RNA
silencing and post-transcriptional regulation of gene expression.

Oncogene An oncogene is a gene that has the potential to cause can-
cer. In tumor cells, they are often mutated or expressed at high
levels.

p53 Tumor protein p53, also known as p53, cellular tumor antigen
p53, phosphoprotein p53, tumor suppressor p53, is any isoform
of a protein encoded by homologous genes in various organisms,
such as TP53 and Trp53. It is a gene that codes for a protein that
regulates the cell cycle and hence functions as a tumor
suppression.

PRb The retinoblastoma protein is a tumor suppressor protein that
is dysfunctional in several major cancers.

siRNA Small interfering RNA, sometimes known as short interfer-
ing RNA or silencing RNA, is a class of double-stranded RNA
molecules, 20—25 base pairs in length, similar to miRNA, and
operating within the RNA interference pathway.

Tumor suppressor gene A tumor suppressor gene, or antioncogene,
is a gene that protects a cell from one step on the path to cancer.
When this gene mutates to cause a loss or reduction in its func-
tion, the cell can progress to cancer, usually in combination with
other genetic changes.

Vaccine A vaccine is a biological preparation that improves immu-
nity to a particular disease.

Abbreviations
ACS American Cancer Society
ADC Adenocarcinoma
AP-1 Activator protein-1
AS-ODNs  Antisense oligonucleotides
BAK BCL1-antagonist/killer-1
BRCA1 Breast cancer type 1
CC Cervical cancer
CIN Cervical intraepithelial neoplasia
CIS Carcinoma in situ
CR Conserved region
CIS Cancer information service
CPCD Cancer prevention and control database
CSC Cancer stem cell
CKC Cold knife conization
DNA Deoxyribonucleic acid
ERK Extracellular signal regulated kinase
E6AP E6-associated protein
FADD Fas-associated protein with death domain
FDA Food and Drug Administration
FIGO International Federation of Gynaecology and Obstetrics
Gl GAP1
GP General primers
GSK Glaxo SmithKline
HPV Human papilloma virus
HGSIL High-grade squamous intraepithelial lesions
HSIL High squamous intraepithelial lesions
HCII Hybrid capture II
IFN Interferon
IRF Interferon regulatory factor
LCR Long coding region SIL
LSIL Low squamous intraepithelial lesions
LEEP Electrosurgical excision
miRNA Micro RNA
NCI National Cancer Institute
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Answers to long answer questions

NF-xB Nuclear factor-xb

PLTC People living through cancer
PDQ Physician data query

PCR Polymerase chain reaction
PBS Phosphate-buffered saline

RB Retinoblastoma

RFLP Restriction fragment length polymorphism
RAS Renin angiotensin system

SIL Squamous intraepithelial lesion

S Stationary

SCC Squamous cell carcinoma

STATs Signal transducer and activator of transcription
siRNA Short interfering RNA

SFC Sphere-forming cell

STIs Sexually transmitted infection

TRK Tropomyosin receptor kinase

TP53 Tumor protein 53

TNA Therapeutic nucleic acids

TTY Tele-type writer (text telephone)

URR Upstream Regulatory Region

us United States

VIA Visual inspection with acetic acid

VILI Visual inspection with Lugol’s iodine
VLP Virus-like particle

WHO World Health Organization

WNT Wingless integrated

XPD Xeroderma pigmentosum group D
XRCC X-ray repair cross-complementing group

Long answer questions

1. What are the visual methods used for diagnosis of
cervical cancer?

2. What are the HPV vaccines available commercially?
Are they therapeutic or prophylactic in nature?

3. How HPV can be detected by multiplex PCR and
RFLP?

4. What are siRNAs and how they are used as
potential gene therapy?

5. What ablative techniques are used to treat cervical
cancer?

Answers to long answer questions

1. Visual methods used for screening/diagnoses of
cervical cancer are as follows:

* Visual inspection with acetic acid (VIA);
* Visual inspection with Lugol’s iodine (VILI).

Abnormalities are identified by inspection of the
cervix without magnification, after application of
dilute acetic acid (vinegar) (in VIA) or Lugol’s iodine
(in VILI). When vinegar is applied to abnormal cervi-
cal tissue, it temporarily turns white (acetowhite)
allowing the provider to make an immediate assess-
ment of a positive (abnormal) or negative (normal)
result. If iodine is applied to the cervix, precancerous
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and cancerous lesions appear well-defined, thick, and
mustard or saffron-yellow in color, while squamous
epithelium stains brown or black, and columnar epi-
thelium retains its normal pink color. VIA and VILI
are promising alternatives to cytology where resources
are limited. They are currently being tested in large,
cross-sectional, randomized controlled trials in devel-
oping countries. In research settings VIA has been
shown to have an average sensitivity for detection of
precancer and cancer of almost 77%, and a range of
56%—94%. The specificity ranges from 74% to 94%
with an average of 86%. They are both short proce-
dures, less costly, and cause no pain. Assessment is
immediate, and no specimen is required.

*VIA and VILI are indicated for all women in the
target age group specified in national guidelines, pro-
vided that:

*They are premenopausal. Visual methods are not
recommended for postmenopausal women, because
the transition zone in these women is most often inside
the endocervical canal and not visible on speculum
inspection.

eBoth SCJs (i.e., the entire transformation zone) are
visible. If the patient does not meet the above indica-
tions and no alternative screening method is available
in the particular clinical setting, then the patient
should be referred for a Pap smear.

2. HPV vaccines are of two types: prophylactic and
therapeutic. Two successful prophylactic HPV
vaccines -quadrivalent “Gardasil” (HPV 16/18/6/
11) developed by Merck while bivalent “Cervarix”
(HPV 16/18) by GSK are recommended for
vaccinating young adolescent girls at or before
onset of puberty. In these vaccines viral capsid
proteins are present in the form of spontaneously
reassembled virus-like particles (VLPs) expressed
either in yeast for ‘Gardasil or in baculovirus for
Cervarix. These two vaccines protect from infection
with two of the most common cancer-causing HPV
types 16 and 18 and more than 70% of cervical
cancer cases are associated with these two HPV
types.

Therapeutic vaccines are to bridge the temporal
deficit by attacking already persistent HPV
infections and to treat cervical cancer in women.
Several animal studies showed promising results
and indicated that therapeutic HPV vaccine may
regresses disease progression. As a result several
therapeutic HPV vaccines are in phase I and II
clinical trials (Das et al., 2008). Most efforts have
been directed toward the early proteins, HPV E6
and E7 or small peptides derived from them,
mainly because these are the major transforming
viral proteins that are invariably retained and
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expressed throughout the full spectrum of HPV-
related disease progression and cervical
carcinogenesis.
. This method detects the five most prevalent HPV
types commonly associated with cervical
abnormalities. The technique involves RFLP of the
approximately 450 bp amplicon, obtained after the
amplification of L1 region of HPV genome by
MY09/11 consensus primers. MY09/11 primers are
used routinely for HPV detection covering a broad
spectrum of HPV types as compared to general
primers GP5 + /GP6 + . About 90% of the cervical
carcinoma that contain some high-risk HPV types,
HPV 16, 18, and 33 and few others are associated
with CIN and cervical cancer, whereas HPV type 6
and 11 are associated with genital warts (condyloma
accuminata and flat genital warts). Hence the
detection of coinfection is equally important to
understand the biological behavior of HPVs. The
method detects the above five HPV types by
digesting the PCR product of MY09/11 primers
with Rsa-1 and resolving on 8% nondenaturing
polyacrylamide gel. This method has advantage
over other conventional methods of HPV typing, as
it saves the cost and time for second PCR by type-
specific primers. Most of the PCR-RFLP studies
show either use of multiple restriction enzymes
with two round of PCR. Hence it was found to be
less combursive, low cost, and user friendly for the
detection of HPV DNA from cervical swabs, both at
clinical and research level. High-quality screening
programs are also important to prevent cervical
cancer among unvaccinated older women. The
WHO recommends the screening of women aged
30—49 years—either through visual inspection with
acetic acid in low-resource settings, Papanicolaou
tests (cervical cytology) every 3—5 years, or HPV
testing every 5 years—coupled with timely
treatment of precancerous lesions.
. The silencing of genes by siRNAs is a potential
mechanism to inactivate foreign DNA sequences
and may be employed to silence the expression of
HPV oncogenes in cervical cancer. The first studies
carried out with synthetic siRNAs to silence HPV 16
E6 and E7 oncogene expression were described by
Jiang and Milner (2002). Also, E6 silencing induced
expression of the p53 gene and transactivation of
the p21 gene and decreased cell proliferation, while
silencing of E7 induced cell death by apoptosis.
These findings demonstrated for the first time that
the expression of HPV E6 and E7 oncogenes may be
specifically silenced by siRNAs in human tumor
cervical cells.

Recent investigation has focused on silencing the
HPV E6-E7 bicistron with siRNAs. These oncogenes
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are transcribed jointly, as a bicistron, which is the
result of alternative splicing. The effect of siRNAs
against the HPV 16 E6 oncogene on the E6-E7
bicistron has been studied in vitro as well as

in vivo. Administration of siRNAs for E7 induces
silencing of both oncogenes, while siRNAs for E6
inhibit E6 expression but do not affect E7
expression. However siRNA-based targeting
requires further validation of its efficacy in vitro
and in vivo, for its potential off-target effects, and of
the design of conventional therapies to be used in
combination with siRNAs and their drug delivery
vehicles.

. The ablative techniques include laser and

cryosurgery. The excisional modalities include cold
knife conization, laser conization, loop
electrocautery excision, and hysterectomy.

Short answer questions

. What is the status of cervical cancer incidence

worldwide?

. What are the symptoms and risk factors of cervical

cancer?

. What are the risk factors of cervical cancer?
. What oncogenes in the HPV genome which are

involved in cervical cancer and what are their
functions?

. What is Pap test?
. What are miRNA and siRNA?

Answers to short answer questions

. According to GLOBOCAN 2018, it is the fourth

most frequent women malignancy for both
incidence and mortality with an estimated 5,30,232
new cases and 275,008 deaths every year with
nearly 80% in developing countries. Incidence rates
are now generally low in developed countries.

. Women may notice one or more of the following

symptoms: abnormal vaginal bleeding, bleeding
that occurs between regular menstrual periods,
bleeding after sexual intercourse, douching,
menstrual periods that last longer and are heavier
than before, bleeding after menopause, increased
vaginal discharge, and pelvic pain.

. The risk factors are categorized into two categories

as follows:
a. Nongenetic factors

Lower socioeconomic status and lack of regular
Pap tests, poor genital/sexual hygiene, multiple
sexual partners or promiscuity, early age of first
sexual intercourse below 18 years, oral
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Answers to yes/no type questions

contraceptives use and smoking, multiple
pregnancies and parity, socioeconomic status,
dietary factors, religion, and ethnicity.
b. Genetic factors

High-risk type human papillomaviruses (HPVs),
viral load (severity of a viral infection), HPV
variants, genetic predisposition, infections of other
STDs like HIV, weakened Immune system.
. Both E6 and E7 proteins are essential to induce and
maintain cellular transformation, due to their
interference with cell-cycle control and apoptosis.
The HPV viral oncogenes, E6 and E7, have been
shown to be the main contributors to the
development of HPV-induced cervical cancer and
increased expression, probably due to integration of
the viral DNA in the host cell genome, has been
detected in invasive cancers and a subset of high-
grade lesions. Both E6 and E7 HPV oncogenes
interact with and inhibit the activities of tumor
suppressors p53 and/or retinoblastoma protein
(pRb), which is a common event for the
carcinogenesis of human cells. This appears to
result from deregulation of Plk1 by the loss of p53
through E6, and pRb family members by E7,
overcoming the safeguard arrest response. Acute
loss of pRb family members by E7 has also shown
to induce centrosome amplification and aneuploidy,
In addition E6 and E7 cause deregulation of cellular
genes controlling the G2/M phase transition and
progression through mitosis, such as the genes
controlling centrosome homeostasis.
. The Pap test looks for precancers, cell changes on
the cervix that might become cervical cancer if they
are not treated appropriately. An adequate sample
should be taken from the squamo-columnar
junction (the transformation zone), transferred to
the cytology slide, and immediately fixed with a
commercial fixative. Pap smear screening is a rapid
method for detecting cervical dysplasia and in situ
cancer, as well as invasive cancer. A Pap smear
evaluates cells harvested from the ectocervix and
endocervix for abnormal changes associated with
the development of cervical cancer.
. MicroRNAs and siRNAs belong to a family of small
noncoding RNAs that bind through partial
sequence complementarity to 3'-UTR regions of
mRNA from target genes, resulting in the regulation
of gene expression. By comparing microRNA
expression profiles between normal tissue and
tumor tissue, studies have identified deregulated
microRNAs and mRNAs, demonstrating an
aberrant microRNA expression pattern in various
malignancies. However it is unclear whether
microRNA expression is altered at the onset of cell
transformation or as a consequence. Since
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microRNAs regulate the expression of their mRNA
targets, it is expected that the over- or
underexpression of microRNAs would have an
effect on cellular phenotype. Also the silencing of
genes by siRNAs is a potential mechanism to
inactivate foreign DNA sequences and may be
employed to silence the expression of HPV
oncogenes in cervical cancer. However, siRNA-
based targeting requires further validation of its
efficacy in vitro and in vivo, for its potential off-
target effects, and of the design of conventional
therapies to be used in combination with siRNAs
and their drug delivery vehicles.

“Yes/no” type questions

. Cervical cancer is the major reproductive health

problem of women globally.

. HPV is discovered by Frangoise Barré-Sinoussi and

Luc Montagnier.

. HPV oncogenes are E6 and E7.
. Low-risk HPV does not involve in causing cervical

cancer.

. A proto-oncogene is a normal gene that helps to

regulate cell growth and differentiation.

. High-risk (HR-HPVs) types are associated with

genital and other epithelial cancers.

. Benign tumors and genital warts are also caused

by HPV infection.

. HPV infection can be diagnosed.
. Till date, no micro RNA has been identified in

cervical cancer.
There is no need of cervical Pap smear screening
until any problem persists.

Answers to yes/no type questions

. Yes—It is the commonest cause of cancer-related

female mortality in developing countries.
According to GLOBACAN, 2012, it is the third
most frequent women malignancy worldwide with
an estimated 5,27,624 new cases and 2,65,653
deaths every year with nearly 80% in developing
countries.

. No—HPYV is discovered by Harald zur Hausen who

got noble prize in Physiology or Medicine 2008.

. Yes—E6 and E7 are the main contributors to the

development of HPV-induced cervical cancer due
to integration of the viral DNA in the host cell
genome and apoptosis.

. No—Both low-risk and high-risk HPV are

involved in causing cervical cancer.
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5. Yes—A proto-oncogene is a normal gene that can

become an oncogene due to mutations or increased
expression and then regulate cell growth and
differentiation. Its resultant protein may be termed
an oncoprotein.

. Yes—15 types are categorized as high-risk (HR-
HPVs) types (HPV 16, 18, 31, 33. 35, 39, 45, 51, 52,
56, 58, 59, 68, 73 and 82) and are associated with
genital and other epithelial cancers.

. Yes—12 low-risk (LR-HPVs) types (HPV 6, 11, 40,
42,43, 44, 54, 61, 70, 72, 81, CP6108), are
responsible for benign tumors and genital warts.

. Yes—Reliable diagnosis of HPV infection,
particularly the high-risk HPV DNA in vaginal

or cervical smears or tissue biopsies is done.

It can also be diagnosed by urine-based

9.

10.

6. The clinico-molecular approaches for detection of human papillomavirus

noninvasive HPV DNA detection method,
simple paper smear method, by multiplex PCR
and RFLP.

No—Several microRNAs with altered expression
in cervical cancer have been identified and put
forth as oncomirs or tumor suppressor genes like
miR-10a, miR-106b, miR-21, miR-135b, miR-141,
miR146, miR-148a, miR-214, and miR-886-5p have
been proposed to act as oncomirs in cervical
cancer, contributing to the development of cancer
through dysregulation of gene products involved
in cell proliferation, apoptosis, or cell—cell
adhesion.

No—Every women should undergo cervical Pap
smear screening or HPV DNA testing at least once
in her life time.

I. Human diseases: in vivo and in vitro models
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Human DNA tumor viruses and oncogenesis
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Summary

Viruses with transforming abilities can change a
normal cell into a cancer cell when persist in the
infected cells. Tumor viruses are subclassified as either
DNA viruses, which include Epstein—Barr virus
(EBV), Kaposi's sarcoma—associated herpesvirus
(KSHV), human papillomavirus (HPV), hepatitis B
virus (HBV), and Merkel cell polyomavirus (MCPyV),
or RNA viruses, such as hepatitis C virus (HCV) and
human T-cell lymphotropic virus (HTLV-1).

What you can expect to know

Cancer involves the deregulation of multiple cell-
signaling pathways that govern fundamental cellular
processes such as cell death, proliferation, differentia-
tion, and migration (Abhik Saha et al., 2010). The bio-
logical pathways that lead to cancer are more complex
and intertwined (Hanahan and Weinberg, 2000).
Globally, it is estimated that 15%—20% of all cancers
are linked to oncogenic viruses (Parkin, 2006).
However, most viral infections do not lead to tumor
formation as several other factors influence the pro-
gression from viral infection to cancer development.
Some of these factors include the host's genetic
makeup, mutation occurrence, exposure to cancer-
causing agents, and immune impairment. Initially,
viruses were believed to be the causative agents of can-
cers only in animals. It was almost half a century
before the first human tumor virus, Epstein—Barr virus
(EBV), was identified in 1964 (Moore and Chang,
2010). Subsequently, several human tumor viruses
were identified. Tumor viruses are subcategorized as
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either DNA viruses, which include EBV, Kaposi’s sar-
coma—associated herpesvirus (KSHV), human papillo-
mavirus (HPV), hepatitis B virus (HBV), and Merkel
cell polyomavirus (MCPyV), or RNA viruses, such as
hepatitis C virus (HCV) and human T-cell lymphotro-
pic virus (HTLV-1) (Abhik Saha et al., 2010). The nor-
mal cell is transformed into a cancer cell on persistent
viral infection, either by integrating or retaining its
genome as an extrachromosomal entity. The infected
cells are regulated by the viral genes, which have the
ability to drive the abnormal growth. The virally
infected cells are either eliminated via cell-mediated
apoptosis or they persist in a state of chronic infection.
Importantly, the chronic persistence of infection by
tumor viruses can lead to oncogenesis (Damania and
Pipas, 2009). This chapter specifically focuses on the
major tumor DNA viruses associated with human can-
cer and their mechanism of oncogenesis.

History and methods

Oncogenesis or tumorigenesis, that is, the develop-
ment of cancer, begins with the accumulation of dis-
ruptions in several normal cellular activities that can
eventually transform normal cells into cancer cells.
These disruptions upset the normal balance between
cell proliferation and death, allowing cells to acquire
certain capabilities essential to malignant growth and
spread. These general hallmarks of cancer include self-
sufficient growth, insensitivity to antigrowth signaling,
evasion of apoptosis, limitless replication, tissue inva-
sion/metastasis, and angiogenesis (Hanahan and
Weinberg, 2000). The progression stage of oncogenesis
occurs when cells acquire a combination of these

© 2020 Elsevier Inc. All rights reserved.
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abilities, which allows conversion of a normal cell into
a cancer cell (Hahn et al., 1999). As the repertoire of
capabilities continues to build, the next stage of onco-
genesis is observed when cells acquire the ability to
degrade the local basement membrane, allowing them
to spread and invade the surrounding tissues. In the
case of solid tumors, these now invasive cancer cells
can acquire the ability to induce blood vessel growth
(i.e., a blood supply) from preexisting vessels via
angiogenesis (Folkman, 2002). This provides the cancer
with nutrients and oxygen needed to further grow and
spread. At this point, the cancer cells may concurrently
acquire the ability to metastasize to distant sites (such
as other organs) as tumor-mediated angiogenesis can
provide primary tumor cells with a mode of transport
to metastasize. This metastatic process includes the
successful intravasation of cancer cells into blood/
lymphatic vessels, transit, extravasation out of blood
vessels, and finally, establishment of a secondary site
of the tumor growth. These cancer cells can then
either lie dormant or can aggressively propagate into
a secondary tumor. Each of these successive phases of
carcinogenesis increases the likelihood of cancer-
related morbidity and mortality, the metastasis stage
representing the largest contributor. In addition, pro-
moting a permissive microenvironment is crucial to
the progression of carcinogenesis, one major example
being the modulation of immune responses (Hanahan
and Weinberg, 2000). Similar to environmental and host-
related oncogenic events, human tumor—associated
viruses can lead to malignancies by providing viral
mechanisms that promote one or more general hallmarks
of cancer (Damania and Pipas, 2009). Furthermore, it
is recognized that chronic inflammation and immuno-
suppression provide a microenvironment more con-
ducive to the progression of oncogenesis (Goedert,
2001). This chapter specifically focuses on human
DNA tumor viruses that are known to associate with
various cancers and also highlights mechanisms of
virus-induced oncogenesis.

Transformation and oncogenesis

Studies on DNA tumor viruses have been instru-
mental to our understanding of basic cell biology and
how the perturbations of cellular pathways contribute
to the initiation and maintenance of cancer. DNA
tumor virus infection leads to immortalization of the
infected cell through deregulation of multiple cellular
pathways via expression of many potent oncoproteins
(Abhik Saha et al., 2010) as shown in Fig. 7.1. Research
on various viral oncoproteins has revealed many of
their novel cellular targets that are directly associated
with cellular signaling, cell-cycle control, and the
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host's defense system (Abhik Saha et al., 2010;
Stevenson, 2004) (Table 7.1). Tumor viruses reprogram
the host quiescent, GO cell into the S phase of the cell
cycle, allowing viral access to the nucleotide pools and
cellular machinery that are required for viral replica-
tion and transmission. The host cellular innate immune
responses respond to viral infection by activating
tumor-suppressor proteins, pRB1 and p53, to induce
cell death. However, the tumor viruses have evolved
the means to inactivate these signaling pathways for
their own benefits (Goedert, 2001; Bouvard et al.,
2009). Importantly, p53, the “guardian of the genome,”
and its downstream effectors are inactivated in 50% of
human cancers. Herpesvirus family members, EBV-
and KSHV-encoded oncoproteins, have been shown to
manipulate p53 and pRb functional activity to block
apoptosis during tumor progression. The EBV-
encoded proteins, EBNA3C and LMP1, modulate p53
function either by repressing its transcriptional activity
or by blocking p53-mediated apoptosis (Abhik Saha
et al.,, 2010). Several studies have demonstrated that
EBNA3C recruits MDM2 E3-ubiquitin ligase activity
for augmenting proteasome-dependent degradation of
p53. Recently, EBNA3C has been shown to bind and
stabilize Gemin3 expression, which is crucial for inhi-
biting p53-dependent transcriptional activity and apo-
ptosis. EBNA3C has also been shown to induce pRb
degradation, thus leading to an establishment of latent
infection (Moore and Chang, 2010). Similarly, KSHV-
encoded latency-associated nuclear antigen (LANA)
and K8 proteins, block p53-mediated host cell death
through their interaction with p53. The KSHV-encoded
LANA can also directly interact with pRb and enhance
E2F-dependent transactivation activity and contribute
to KSHV-induced oncogenesis by targeting the pRb-
E2F regulatory pathway (Abhik Saha et al, 2010;
Verma et al., 2007). Likewise, other DNA tumor virus-
encoded oncoproteins also target tumor-suppressor
proteins; HPV-encoded E6 protein has been shown to
bind and degrade p53 through the ubiquitin-
proteasome pathway (Cai et al., 2010; Enrique et al.,
2010). In addition, HPV E7 oncoprotein bypasses cell
cycle arrest through binding to the hypophosphory-
lated form of pRb, thereby inducing the degradation of
pPRb through a proteasome-mediated pathway (Moore
and Chang, 2010). Also, HBV-encoded HBx interacts
with p53 to inhibit its functional activity, which leads
to the development of human hepatocellular carci-
noma (HCQ). In addition, the HBV-encoded HBx onco-
protein destabilizes pRb by upregulating the E2F1
promoter activity (Abhik Saha et al,, 2010; Damania,
2007). Recent studies show that KSHV-encoded LANA
and HBV-encoded HBx can downregulate von Hippel-
Lindau, a tumor-suppressor gene, along with p53
(Damania, 2007; Colin et al., 2006). The association
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TABLE 7.1 KEY VIRAL ONCOPROTEINS AND THEIR CELLULAR TARGETS.

Tumor

virus Viral oncoproteins Important cellular binding partners Deregulated signaling pathways

EBV LMP1 P53, Mdm2, pRb, p300, Chk2, c-Myc, HDAC1, SUMO-1, Cellular transcription, cell cycle, metastasis, ub-

SUMO-3, Cyclin A, E and D1, TRAFs, TRADD, JAK proteasome, apoptosis, inflammation, chromatin
remodeling, cellular signaling

KSHV  vGPCR, vIL-6, P53, pRb, c-Myc, core histones, apoptosis, TRAF2, Cellular transcription, cell cycle, apoptosis, ub-
vBcl2, vCyclin, Transcriptional activators- Sp1, AP-1, and proteasome, chromatin remodeling, cellular
LANA and vFLIP  transcriptional inhibitors HP1 and mSin3 signaling

HPV E6 P53, p73, c-Myc, pRb, p21CIP1, p27KIP1, Cell cycle, ub-proteasome
E7 IRF-1, cyclin A and E

MCPyV LT P53, pRb Cell cycle

HBV HBx NFxB, p53, c-jun, c-fos, PKC, c-myc Cell cycle, apoptosis, cellular transcription,

Cellular signaling, metastasis.
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between viral oncoproteins and cell-cycle regulatory
factors, that is, cyclin/CDK complexes, also play a cru-
cial role in viral transformation. The EBV-encoded
latent antigen, EBV nuclear antigen 2 (EBNA2), trans-
activates cyclin D2 through the activation of c-Myc in
EBV-associated lymphomas. Similarly, KSHV-encoded
LANA stabilizes {3-catenin, resulting in the increased
expression of both (3-catenin and cyclin D1 in KSHV
tumors (Abhik Saha et al., 2010). Viral oncoproteins
also deregulate various cellular signaling pathways
that are directly linked to the development of oncogen-
esis, such as Notch signaling, MAPK, TLR, JAK/STAT,
JNK, Wnt, interferon regulatory factors (IRFs), the
ubiquitin-proteasome system, tumor necrosis factor
(TNF), and nuclear factor (NF)-kB-signaling pathways,
to evade host immune responses and facilitate their
survival (Abhik Saha et al., 2010).

History of human DNA tumor viruses and
cancer

The International Agency for Research on Cancer
estimates that one-fifth of cancers worldwide are asso-
ciated with viral infections (Ignatovich et al., 2002).
Viruses have played a central role in the modern can-
cer research and have been providing profound
insights into both infectious and noninfectious cancer
cases. This diverse group of viruses revealed unex-
pected connections among innate immunity, immune
sensors, and tumor-suppressor signaling that control
both viral infection and cancer (Parkin, 2006). The first
human tumor virus, EBV [also known as human
herpesvirus-4 (HHV-4)], was identified by Anthony
Epstein, Bert Achong, and Yvonne-Barr in 1964 in
African pediatric patients with Burkitt’s lymphoma.

TABLE 7.2 HUMAN ONCOGENIC VIRUSES.

7. Human DNA tumor viruses and oncogenesis

To date, seven viruses—EBV, KSHV [also known as
human herpesvirus-8 (HHV-8)], high-risk HPV, HBV,
HCV, HTLV-1, and MCPyV—have been classified as
type-1 carcinogenic agents, linked to different types of
human cancers (Table 7.2). Infectious cancer agents
have been divided into two broad categories: direct-
acting carcinogens, which are generally found in a
monoclonal form within the tumor cells and express
either viral or cellular oncogenes that directly contrib-
ute to cell transformation into cancer cell and indirect
transform carcinogens, which are not conditioned to
exist within the cell that forms the tumor. These agents
presumably cause cancer by triggering chronic inflam-
mation and oxidative stress or by producing immuno-
suppression that reduces or eliminates antitumor
immune surveillance mechanisms, which in turn even-
tually leads to carcinogenic mutations in host cells
(Moore and Chang, 2010). By definition, a direct viral
carcinogen is present in each cancer cell and expresses
at least one transcript to maintain the transformed
tumor cell phenotype, as occurs with HPV, MCPyV,
EBV, and KSHV-related cancers. Evidence supporting
this comes from knockdown studies in which the loss
of viral proteins results in the loss of host cancer via-
bility. Even in these cases, external factors such as
immunity and exposure to other infectious agents
directly affect carcinogenesis. Indirect carcinogens
could potentially also include “hit-and-run” viruses in
which the viral genes are lost as the tumor begins to
mature. Several agents such as HBV, HCV, and HTLV-
I, which are involved in HCC, partly fit into this cate-
gory (Moore and Chang, 2010). The oncogenic viruses
are generally characterized by prolonged and often
lifelong latency and evasion of the host immune sur-
veillance as only a small subset of viral genes are nor-
mally expressed that may elicit an immune response

Year

Virus Genome Notable cancers identified
Epstein—Barr virus (EBV) 174 kb linear dsDNA Burkitt’s lymphoma, nasopharyngeal 1964

Carcinoma, Hodgkin's disease, infectious mononucleosis and X-

linked lymphoproliferative disorders
Kaposi's sarcoma 137 kb linear ds DNA Kaposi’s sarcoma, primary effusion lymphoma, and 1994
herpesvirus (KSHV) . . .

multicentric Castleman’s disease
Human papillomaviruses 8 kb circular ds DNA Most cervical cancer, penile cancers, anogenital, head and neck 1983
(HPV) cancers
Merkel cell polyomavirus 5 kb circular ds DNA Merkel cell carcinoma 2008
(MCV)
Hepeatitis B virus (HBV) ~ 3—3.3 kb of relaxed circular, Hepatocellular carcinoma 1965

partially duplex DNA
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(Moore and Chang, 2010). Among DNA tumor viruses,
latency is well studied on herpesvirus family mem-
bers, EBV and KSHV. During latency, the virus is
tumorigenic and persists as multiple copy, extrachro-
mosomal circular episomes in a highly ordered chro-
matin structure whose propagation is dependent on
their ability to hijack the replicative machinery of the
host (Moore and Chang, 2010). The most likely expla-
nation for the connection between virus latency and
tumorigenesis is that productively replicating viruses
initiate cell death, which has long been known to virol-
ogists as the cytopathic effect (Cai et al., 2010; Enrique
et al., 2010; Ann Arvin et al., 2007). Small DNA tumor
viruses, that is, HPV and MCPyV do not encode their
own replication proteins, while large DNA tumor
viruses, such as EBV, KSHV, and HBV, do encode
their own viral DNA polymerase, but still require com-
ponents of cellular replicative machinery for efficient
viral DNA synthesis. A contrasting feature between
small and large DNA tumor viruses is that small DNA
tumor viruses can integrate into the host chromosomal
DNA during or before cancer progression (Moore and
Chang, 2010).

Epstein—Barr virus

EBV/HHV-4 is a double-stranded (ds) DNA virus
that belongs to the genus Lymphocryptovirus of the
human ~-herpesvirus family and is found in approxi-
mately 95% of the adult population worldwide. EBV is
the primary cause of infectious mononucleosis (IM)
and is associated with epithelial cell malignancies
such as nasopharyngeal carcinoma and gastric carci-
noma, as well as lymphoid malignancies including
Hodgkin’s disease, Burkitt’s lymphoma, non-Hodgkin
lymphoma, and posttransplant lymphoproliferative
disorder (Moore and Chang, 2010; Damania, 2007).
Immunocompromised patients, including AIDS or
postorgan transplant patients, have a high probability
of getting EBV-associated lymphomas. The virus only
infects cells expressing the receptor for complement
C3d component (CR2 or CD21); these cells include epi-
thelial cells (mainly in the upper digestive tract) and
B-lymphocytes. EBV has a powerful transforming
potential for B-lymphocytes and establishes a lifelong
latent infection in the B-cell of the infected host. The
EBV genome is a linear, 175 kb dsDNA genome, which
is maintained in the nucleus as an episome via tether-
ing to the host chromosome (Ann Arvin et al., 2007).
EBV encodes several viral proteins that have a trans-
forming potential. EBV latency proteins (LMP1,
EBNA2, EBNA3A, and EBNA3C) have been shown to
express in AlIDS-associated lymphoma, posttransplant
lymphoma patients and lymphoblastoid cell lines
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(LCLs) generated from EBV infection of primary B-
cells (Ann Arvin et al.,, 2007). LMP1 and EBNA2 are
essential for the ability of EBV to immortalize B-cells
because deletion of LMP1 from EBV renders the virus
nontransforming (Abhik Saha et al, 2010). EBV-
encoded latent protein EBNA-LP functions like a co-
stimulator of EBNA2-mediated transactivation of
many cellular and viral genes shown to be critical for
B-cell immortalization (Damania, 2007). EBV nuclear
antigen 1 (EBNA1) is essential for the maintenance and
segregation of the EBV genome. EBNA3A and 3C are
also critical for B-cell immortalization, while EBNA3B
enhances the survival of cells. All three EBNA3 pro-
teins are shown to bind with RBP-Jx/CBF1 and regu-
late cellular gene transcription important for
transforming B-cells into immortalized LCLs (Abhik
Saha et al., 2010).

Kaposi’s sarcoma—associated herpesvirus

KSHV/HHV-8 is a member of the ~-herpesvirus
family (genus Rhadinovirus), which is tightly associated
with human cancers, including Kaposi’s sarcoma (KS),
primary effusion lymphoma (PEL), and multicentric
Castleman’s disease (MCD) (Abhik Saha et al., 2010).
More recently, KSHV-inflammatory cytokine syn-
drome (KICS) has been identified as a new inflamma-
tory disorder associated with KSHV infection (Ann
Arvin et al., 2007). KSHV remains asymptomatic in
healthy individuals and establishes a lifelong persis-
tence in B-lymphocytes after primary infection, similar
to EBV (Uldrick et al., 2010). KS, originally called “idi-
opathic multiple pigmented sarcoma of the skin,” was
first described by Moritz Kaposi, a Hungarian derma-
tologist (Blake, 2010). KS was initially thought to be an
uncommon tumor of Mediterranean populations until
it was identified throughout sub-Saharan Africa and
later became more widely known as one of the AIDS-
defining illnesses in the 1980s (Ann Arvin et al., 2007).
The viral cause for this cancer was found by Yuan
Chang and Patrick Moore in 1994 by isolation of DNA
fragments of a herpesvirus from a KS (Enrique et al.,
2010) tumor in an AIDS patient (Hahn et al., 1999).
Similar to EBV, KSHV has a linear dsDNA genome of
approximately 165—170 kb that encodes for nearly 86
viral open reading frames (ORFs); however, only a
small subset of these genes is expressed during
latency, which includes LANA, vCyclin, vFLIP/K13,
K12/Kaposin, and an micro RNA (miRNA) cluster
(Chang et al., 1994). LANA, encoded by ORF73, is a
multifunctional nuclear antigen and functional
homolog to the EBV EBNA1 protein that plays a
central role in deregulating various cellular
functions, including maintenance of the viral episome

I. Human diseases: in vivo and in vitro models



136

(Cai et al., 2010; Enrique et al., 2010), degradation of
the p53 and pRb tumor suppressors, transactivation of
the telomerase reverse transcriptase promoter, promo-
tion of chromosome instability in KSHV-infected B-cells
(Verma et al., 2007), and accumulation of the intracellu-
lar domain of Notch in KSHV-mediated tumorigenesis
(Verma et al., 2007). LANA also plays a crucial role in
maintaining latency by regulating the expression of
RTA, another critical viral-encoded transcriptional acti-
vator required to switch from the latent to the lytic cycle
(Abhik Saha et al., 2010; Moore and Chang, 2010).
During latency, LANA tethers the viral episomal DNA
to the host chromosomes, which helps in the efficient
partitioning of the viral DNA in the daughter cells after
cell division. Disruptions of LANA expression led to
reduction in episomal copies, suggesting the importance
of LANA in KSHV-mediated pathogenesis (Verma
et al., 2007). Several KSHV genes have oncogenic poten-
tial, for instance, modulation of various cellular signal-
ing pathways by K1 and K15, regulation of cell cycle by
vCyclin and vIRF3, inhibition of cell death by K1,
vFLIP, and vBcl-2, and immune modulation by vIRF3,
K3, and K5 (Abhik Saha et al., 2010).

Kaposi’s sarcoma

KS is a multifocal vascular tumor of mixed cellular
composition that develops from the cells that line
lymph or blood vessels and is most often seen as a
cutaneous lesion (Hahn et al.,, 1999). The abnormal
cells of KS form purple, red, or brown blotches or
tumors on the skin called lesions (Hahn et al., 1999).
KSHYV is always found in the spindle cells of the
lesion, which are thought to be of endothelial origin.
In some cases, the disease causes painful swelling,
especially in the legs, groin area, or skin around the
eyes. KS can cause serious problems or even become
life threatening when the lesions are in the lungs, liver,
or digestive tract (Ann Arvin et al.,, 2007). KS in the
digestive tract, for example, can cause bleeding, while
tumors in the lungs can cause difficulty in breathing.
There are four distinct clinical variants of KS, defined
on the extent of immunosuppression and the severity
of infection:

1. Classic KS is seen in HIV-negative elderly male
patients of Mediterranean, Eastern European, and
Middle Eastern heritage. Classic KS is more
common in men than in women. Patients typically
have one or more lesions on the legs, ankles, or the
soles of the feet.

2. Endemic KS is a second type of KS, which is seen in
Africa and affects HIV-positive and HIV-negative
individuals and even children (Damania and Pipas,
2009). Rarely a more aggressive form of endemic KS
is seen in children before puberty; it usually affects
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the lymph nodes and other organs and can lead to
death within a year. There could be other factors in
Africa (such as environmental cofactor and genetic
predispositions in the population) that could
contribute to the development of aggressive KS
since the disease affects a broader group of people
that includes children and women.

3. The third type of KS lesion is an iatrogenic form of
KS that develops in posttransplant patients
undergoing immunosuppressive therapy to prevent
graft rejection after the organ transplantation
(Enrique et al., 2010). Greater than 95% of all KS
lesions, regardless of type, have been shown to
contain KSHV viral DNA, thereby indicating a
strong epidemiological link between KSHV infection
and KS (Enrique et al., 2010; Damania, 2007).

4. AIDS-associated epidemic KS is a highly aggressive
tumor and is primarily detected in HIV-infected
individuals whose immune systems are severely
damaged. In these individuals, the KS lesion is not
restricted to the skin and often disseminates to the
liver, spleen, gastrointestinal tract, and lungs. KS is
the most frequently detected tumor in AIDS
patients.

Primary effusion lymphoma

PEL (also called body cavity-based lymphoma) is a
rare, rapidly fatal B-cell lymphoma commonly found
in HIV-infected patients and is considered an AIDS-
defining illness (Enrique et al., 2010; Damania, 2007).
PEL is generally present as a pleural or pericardial
effusion without a detectable tumor mass (Enrique
et al., 2010; Yi-Bin Chen and Hochberg 2007). PEL cells
are morphologically variable, with a null lymphocyte
immunophenotype with evidence of HHV-8 infection.
In PEL cells, KSHV presents as a single positive, indi-
cating a strong epidemiological link between the pres-
ence of KSHV and the induction of PEL; however, 90%
of these lymphoma cells often contain EBV as well.
PELs are observed in both HIV-positive and HIV-
negative individuals, with both types of PELs invari-
ably containing KSHV viral DNA (Yi-Bin Chen and
Hochberg, 2007).

Multicentric Castleman’s disease

Castleman’s disease, also called angiofollicular or
giant lymph node hyperplasia, is a clinically heteroge-
neous entity that can be either localized (unicentric) or
multicentric. MCD is an atypical lymphoproliferative
disorder of a plasma cell type and is related to
immune dysfunction (Damania, 2007; Yi-Bin Chen and
Hochberg, 2007). There are two types of MCD, a hya-
line vascular form, which presents as a solid mass, and
a plasma-cell variant, which is associated with lymph-
adenopathy. Sometimes a mixture of both hyaline
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vascular and plasma cell variants can also be found
(Cai et al., 2010; Enrique et al., 2010). KSHV-MCD is
characterized by intermittent flares of inflammatory
symptoms, including fever, fatigue, cachexia, and
edema, together with lymphadenopathy and/or
splenomegaly. Nearly 100% of AIDS-associated MCD
is positive for KSHV, whereas less than 50% of
non—AlIDS-associated MCD contains KSHV viral DNA
(Damania, 2007). Patients with AIDS-associated MCD
often develop malignancies like KS and non-Hodgkin's
lymphoma (Damania, 2007).

KSHYV inflammatory cytokine syndrome

KICS is a newly described clinical inflammatory
condition that is characterized by systemic illness,
poor prognosis, high KSHV viral loads, and elevated
levels of interleukin 6 (IL-6) and interleukin 10 (IL-10)
(Cai et al., 2010; Damania, 2007), comparable to those
seen in KSHV-MCD. These features of KICS are com-
parable to the KSHV-MCD without the characteristic
lymphadenopathy (Box 7.1).

Human papillomavirus

The main risk factor for the development of cervical
cancer, the second leading cause of cancer death in
women worldwide, is the persistent HPV infection
(Uldrick et al., 2010). The first century of tumor virol-
ogy research culminated with the Medicine Nobel
prize granted to Harald zur Hausen for demonstrating
an association between high-risk HPV infection and
the development of cervical cancer (Damania and
Pipas, 2009). The HPVs are small, nonenveloped, icosa-
hedral DNA viruses, with a diameter of 52—55 nm.
The virus particle contains a single dsDNA genome of
approximately 8000 bps. The majority of the known
types of HPV are asymptomatic, but some types may
cause warts, while others can lead to cancers of the
cervix, vulva, vagina, and anus (in women) or cancers
of the anus and penis (in men) (Damania, 2007).
Nearly, 50%—80% of sexually active population
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becomes HPV infected at some point in their lives.
Most HPV infections in young females are temporary
and have little long-term significance. Seventy percent
of infections are gone in 1 year and 90% in 2 years.
However, when the infection persists, in 5%—10% of
infected women, there is high risk of developing pre-
cancerous lesions of the cervix, which can progress to
invasive cervical cancer (Dam