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&ﬁace to the Fourth Edi-

15. Tumors of the Eye,
739

R.R. Dubielzig

Same name, new edition, new authors, new text, new pub-
lisher, new and old photos, and a lot more information. In
the 12 years since the third edition of Tumors in Domestic
Animals there has been an enormous expansion of our
knowledge about the molecular mechanisms of tumor
development and the ancillary aids used to diagnose neo-
plasms. The information about molecular events in oncol-
ogy, application of diagnostic techniques, recognition of
new tumors, creation of subtypes, new acronyms, new epi-
demiologic data, paraneoplastic syndromes, treatment reg-
imens, and classification schemes is overwhelming and is
a credit to the researchers who generated this information.
It was our task to condense this new body of information
and present it in a way that is useful to diagnostic patholo-
gists, residents, veterinarians, and oncologists.

In the first three editions of Tumors in Domestic
Animals, Dr. Moulton and his authors produced one of the
landmark textbooks for veterinary pathology. I believe we
can maintain that subjective ranking and gather some new
readers as well. In deference to all of us, I will not sum our
total years of experience with diagnostic material and
research; suffice it to say that the blend of these two char-
acteristics in the authors is outstanding, and this is
reflected in the quality of each of the chapters.

The format of the previous editions has been main-
tained, but the text and illustrations are substantially
changed or entirely different. Each chapter has a section on
relevant clinical pathology, and the black-and-white illus-
trations in the book are supplemented by color images that
are available on CD-ROM. Readers will be able to find
salient clinical information, prevalence data, biological
behavior, and most importantly, accurate information about
gross and microscopic lesions to help diagnostic patholo-
gists establish an accurate morphological diagnosis.

Histopathologic diagnoses are now often supple-
mented by ancillary diagnostic tests such as immunohisto-
chemistry. This information is provided in an applicable
fashion and with the knowledge that it is only one step in
the process of establishing a diagnosis—a step that is con-
stantly evolving as more cases and newer techniques are
evaluated. For most veterinarians and in most of our diag-
nostic settings, the morphological diagnosis from H&E
stained material is still the gold standard. The clear need
for accurate morphological diagnoses in veterinary patient
care is even more apparent today with the numerous treat-
ment modalities that are available to oncologists and own-



ers. It is our responsibility to provide as accurate a diagno-
sis as our capabilities permit and to provide the type of
information that clinicians need to make decisions. An
excellent example of this is the grading schemes used in
the evaluation of connective tissue tumors of the subcutis.
It is apparent that the morphological diagnosis is not as
predictive of survival or as useful in the selection of treat-
ments as are specific microscopic assessments such as a
mitotic index. This has made our job easier and more ful-
filling in that we do not have to struggle over the separa-
tion of hemangiopericytoma, Schwannoma, neurofibroma,
and peripheral nerve sheath tumors to establish a progno-
sis. Yet we provide applicable information (e.g., grade of
connective tissue tumor) that clinical veterinarians need
and want to make their decisions. Research projects corre-
lating morphological features of cancer, which a patholo-
gist can provide, with outcome analyses of survival,
metastasis, and treatments that clinicians can provide,
require a team approach to a much needed area of veteri-
nary oncology. The algorithms that flow from this
approach need to be accurate, reproducible, predictive, and
simple.

I was delighted when Dr. Moulton asked me to be the
next editor of his book. The delight waned about 3 years
ago as the enormity of this undertaking became fully
apparent, but my enthusiasm is high again as the comple-
tion of this project nears. I developed a love-hate relation-
ship with the authors. They loved me when I said their con-
tribution was terrific, and they hated the suggestion of a
change. We are a dangerously well informed and opinion-
ated group who need little input from various types of edi-
tors. The quality of the authors of this text is such that
input was rarely needed; however, to keep us on course and
to keep the book a manageable size I asked for modifi-
cations. I thank the authors for considering different
ideas.

I am deeply indebted to the contributors for their hard
work with few rewards, and I take full responsibility for
any errors in the text. I thank Dr. Moulton for trusting me
with the care of this project and hope he is pleased that his
book continues to be a cornerstone of veterinary pathology.

—Don Meuten
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1 2an Overview of
Cancer Pathogenesis,
Diagnosis, and
Management

J. M. Qullen, R.

Page, and W.

Misdorp

CANCER PATHOGENESIS

The Molecular BRasis
of Cancer

Cancer is a genetic disease. Damage to the cellular genome
is a common feature for virtually all neoplasms, despite the
facts that neoplasms arise in a broad variety of tissues and
that diverse agents such as viruses, mutagenic chemicals,
and radiation induce their outgrowth. The genetic damage
produced by carcinogens is believed to be random, and
many mutations may be inconsequential. Cancer can
develop, however, when nonlethal mutations occur in a
small subset of the genome, perhaps a few hundred of the
10 thousand genes thought to comprise the mammalian
genome. This subset of critical genes can be divided fur-
ther into two subclasses, oncogenes and tumor suppressor
genes, based on their functional attributes. Each of these
gene subclasses is discussed below.

Oncogenes

The concept that genes can cause cancer arose from
experiments in which animals infected with certain viruses
(i.e., retroviruses) rapidly developed tumors. Such viruses
were predicted to carry genes, termed oncogenes, that
transformed normal cells into tumor cells.! Years of
research into the molecular characteristics of chicken and
mouse retroviruses confirmed this prediction, and a wide

variety of oncogenes have been isolated and characterized.
Surprisingly, the origin of the oncogenic genes was found
to be cellular, not viral. That is, the oncogenic retroviruses
had acquired (or transduced) certain cellular genes and
incorporated them into their genomes. The normal cellular
counterparts of the retroviral oncogenes are termed pro-
tooncogenes. They encode proteins that participate in one
or more signal transduction pathways. Such signaling
pathways regulate cell proliferation and maturation.?
Because of their central role in the life cycle of the cell,
protooncogenes have been conserved throughout evolution
and vary little from yeast to humans. Once usurped by
viruses, the activities of protooncogenes are deregulated
via mutation or inappropriate expression and thus perturb
mechanisms that strictly regulate the proliferation of mam-
malian cells.

More than 100 oncogenes have been identified, and
their number is expected to increase with continued ge-
netic analyses of neoplasms. Often, the genes are referred
to using a three-letter nomenclature that is related to the
virus from which they were originally identified. For
example, the protooncogene myc was originally isolated
from the avian myelocytomatosis virus, and erbA and erbB
were isolated from avian erythroblastosis virus. The viral
oncogene is usually preceded by a v, as in v-myc to distin-
guish it from the related protooncogene (often preceded by
a c for cellular, as in c-myc). It is important to remember
that it is not the gene, but the encoded protein that leads to
cell transformation. The proteins encoded by oncogenes
are referred to as oncoproteins.

A brief review of signal transduction is required to
clarify the role of oncogenes in tumor development. Sig-
nal transduction pathways convey extracellular stimuli to
the nucleus via a cascade of messengers (fig. 1.1 A). Most
of the extracellular molecular messengers (usually growth
factors) are soluble proteins or polypeptides, although
other classes of molecules, such as ions and lipids, can
play an important role in signaling. In addition to the sol-
uble factors, the constituents of the extracellular matrix
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Fig. 1.1. Signal transduction via RAS protein. A. Extracellular stimuli to the nucleus conveyed via a cascade of messengers. B. Dephosphorylation by
GAP. C. Dephosphorylation by GAP blocked.

play an important, although generally less well recog- cascade include cytoplasmic enzymes termed kinases
nized, role in cellular signaling. The extracellular mole- (enzymes that attach phosphate atoms onto other proteins)
cules bind to cell receptors that bridge the cell membrane and transcription factors (proteins that regulate gene
and conduct signals from the outer aspect of the cell into expression). Such protein messengers are normally in an

the cytoplasm. Intracellular components of the signaling inactive state or in an active, but regulated, state. Many of



the messengers can be activated by phosphorylation, and
once activated they interact with the next messenger in the
cascade, passing on the activation until the message
reaches the nucleus. Two groups of kinases that are impor-
tant in neoplastic transformation phosphorylate the amino
acids tyrosine (tyrosine kinases) or serine/threonine (ser-
ine/threonine kinases) where they occur in proteins. Swift
dephosphorylation returns the proteins to an inactive state,
and in normal cells signal transduction is carefully regu-
lated by a matrix of overlapping regulatory pathways.

One of the better characterized signal transduction
pathways involves ras protein (fig. 1.1 A,B). Signaling via
ras begins when growth factors bind to specific cell surface
receptors. This induces the receptors to dimerize, and the
dimerized receptors autophosphorylate and undergo a con-
formational change. As a result of the conformational
change, the receptors can interact with an associated bridg-
ing protein complex that in turn transfers activation to the
ras protein located on the cytoplasmic surface of the cell
membrane. Normally, the ras protein is inactive and is
bound to guanine diphosphate (GDP). When the ras pro-
tein is stimulated it exchanges GDP for guanine triphos-
phate (GTP) and becomes activated (fig 1.1 B). Ras protein
is negatively regulated by GAP (GTPase activating pro-
tein), a protein that enhances the hydrolysis of ras-bound
GTP to GDP. Activated ras attracts a serine/threonine
kinase, termed raf, to the inner aspect of the cell membrane
where raf is phosphorylated by membrane associated
kinases. Activated raf in turn phosphorylates mitogen acti-
vated protein (MAP) kinases, and these kinases migrate to
the nucleus, where they stimulate the synthesis of nuclear
transcription factors, such as myc. These transcription fac-
tors stimulate the expression of genes that cause resting
cells either to enter the cell cycle and divide or to alter their
differentiation or synthesis patterns.

Conversion of Protooncogenes
to Oncogenes

Protooncogenes are converted into oncogenes by one
of two means: alteration of gene expression or alteration of
gene structure.

Alterations of Gene Expression

Gene expression can be altered via gene amplifica-
tion, promoter insertion, and/or gene translocation. Each of
these genetic mechanisms can lead to the deregulated syn-
thesis of normal (i.e., wild type) protooncogene proteins.
Given that proteins, such as ras and erbB, function to stim-
ulate cell proliferation, it is obvious that their overexpres-
sion would have dire consequences for homeostasis.

For reasons that are not well understood, tumor cells
often sustain excessive rounds of localized DNA replica-
tion that can result in the formation of multiple copies
(hence the term gene amplification) of the same gene or
genes. The duplicated genes (or amplicon) may be found
in small chromosome-like structures termed double min-
utes or may form concatenated structures within a chro-

mosome that can be identified as homogeneously staining
regions (HSRs). HSRs are portions of chromosomes that
lack the characteristic banding pattern found in normal
chromosomes. In general, gene amplification leads to the
overproduction of the products encoded by the genes
within the amplicon.

When certain retroviruses insert their genome into
cellular DNA, the regulatory elements that normally con-
trol viral gene expression can also affect the expression of
nearby cellular genes. Viruses and cells have two types of
these regulatory elements, enhancers and promoters. Both
elements stimulate gene expression, but differ in their
functional attributes. Promoters stimulate adjacent genes
but must be properly oriented (upstream of the gene) to
facilitate expression. Enhancers stimulate promoter activ-
ity, but unlike promoters, their capacity to stimulate tran-
scription is orientation independent. Since, in general, viral
promoters and enhancers are more potent than their cellu-
lar counterparts, they can significantly increase and thus
deregulate cellular gene expression. Should a retrovirus
integrate within a region of genomic DNA that flanks a
protooncogene, transcription of the protooncogene can be
deregulated, leading to cell transformation. In most cir-
cumstances, viral insertion events affect the regulation of
gene expression, not the function of the gene or genes
affected.

Gene expression can be altered by spontaneous or
carcinogen-induced structural changes in chromosomes,
such as insertions, deletions, or translocations. Chromo-
some translocation results in the movement of portions of
one chromosome to another chromosome, or portions may
be exchanged between chromosomes in reciprocal translo-
cation events. This process can deregulate transcription by
bringing in close juxtaposition active cellular promoters
and protooncogenes. One example occurs in both humans
and mice: the protooncogene c-myc is overexpressed in
lymphomas of B cell lineage due to translocation of an
active cellular promoter from the immunoglobulin gene to
another chromosome that contains c-myc.

Alterations of Gene Structure (Function)
Protooncogenes can be transformed into oncogenes
following damage to their structure. Structural alterations
can occur by mutation of individual nucleotides or alter-
ations that may occur during more global genetic events,
such as the translocation of chromosomes. Damage to indi-
vidual nucleotides (i.e., point mutations) is the most com-
mon structural change sustained by protooncogenes.
Chemical carcinogens and some forms of radiation exert
their influence this way. Mutation of a single nucleotide
can lead to the incorporation of a novel amino acid into a
protein, and if appropriately localized, the activity of the
protein can be profoundly altered. For example, a point
mutation in the ras gene is often detected in certain mouse
tumors. Normally, hydrolysis of GTP to GDP inactivates
ras, but point mutations can alter ras protein so that it is
unable to interact with GAP and remains constitutively
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Fig. 1.2. Chromosomal translocation producing an oncogenic fusion

protein in chronic myelogenous leukemia in humans.

activated (fig 1.1 C). As a consequence, the proliferative
signals that emanate from ras proceed unchecked.

In some circumstances the functions of protoonco-
genes are altered by chromosome translocation. A well-
characterized example of this process occurs in the dis-
tinctive translocation that produces the Philadelphia
chromosome found in many instances of human chronic

myelogenous leukemia and some forms of acute myeloge-
nous leukemia (fig. 1.2). During this reciprocal transloca-
tion a fragment of a protooncogene (c-abl) is moved to a
site within a gene on another chromosome, termed the
break point cluster region (bcr). This fusion of genes
yields an abnormal hybrid gene that encodes messenger
RNA that contains information from both genes. When the
message is translated, a hybrid protein, termed a fusion
protein, results. In this circumstance the fusion protein is
an active oncoprotein.

Classification of Oncogenes

Oncogenes can be grouped into five categories based
on the types of oncoproteins they encode. These categories
include growth factors, growth factor receptors, intracellu-
lar signal transducers, nuclear regulatory proteins (tran-
scription factors), and cyclins (table 1.1). An example of a
growth factor, the sis protooncogene, encodes the beta
chain of platelet derived growth factor. Simian sarcoma
virus is a retrovirus that contains the oncogene v-sis and
can cause transformation of infected fibroblasts by stimu-
lating platelet derived growth factor receptors on their cell
surface in an autocrine fashion. In this circumstance the
oncoprotein has a normal amino acid sequence but is pro-
duced in an abnormal, deregulated amount. Mutant forms
of growth factors also occur, and they may inappropriately
stimulate receptors by binding to them in an abnormal
fashion.

Oncogenes may encode growth factor receptors. A
typical growth factor receptor has three components: an
extracellular growth factor binding domain, a transmem-
branous segment, and a cytoplasmic domain with kinase
activity. Oncogene encoded growth factor receptors, such
as erbB, are often truncated into a form that no longer has
the extracellular receptor portion of the normal protein.
These abnormal receptors do not require growth factor
binding to be stimulated and are constitutively activated.

The intracellular signal transducers are located in the
cytosol (e.g., abl, raf) or are membrane associated (e.g.,
ras, src). Typically, these molecules are protein kinases.
Point mutations or more gross structural alterations can
constitutively activate these proteins, producing a level of
activity that in turn leads to uncontrolled cell proliferation.

Transcription factors are nuclear proteins that regu-
late gene expression. They bind to selected sites on DNA,
alone or in a complex with other proteins to facilitate gene
expression. The oncoproteins encoded by myc, jun, and fos
are transcription factors that stimulate expression of genes
that are necessary for cell division. Abnormal levels of
expression or mutations that alter the function of these pro-
teins can compromise growth control.

Cyclins are a series of proteins that precisely regulate
movement through the cell cycle. Individual cyclins are
expressed for brief intervals at appropriate points in the cell
cycle? The cyclins interact with and activate enzymes
termed cyclin dependant kinases (cdk). The cdks, in turn,



TABLE 1.1. Oncogene categories

Category Protooncogene
Growth factors Platelet derived Sis
growth factor
(B-chain)
Fibroblast int2
growth factor
Growth factor EGF receptor erbB
receptors EGF-like receptor erbB2
CSF-1 receptor fims
Angiotensin receptor mas
Intracellular GTP-binding protein ras
signal transducers =~ Membrane-associated src
Cytosolic abl
Cytosolic raf
Cytosolic mos
Nuclear regulatory Transcription factor myc
proteins Transcription factor myb
Transcription factor fos
Transcription factor jun
Cell cycle Cyclins cyclin D
regulators Cyclin-dependent CDK4
kinase

activate proteins that are essential for progression through
the cell cycle. Disruption in the function of cyclins leads to
dysregulated control of cell replication. Several types of
tumors in humans have been described with mutations in
the genes that encode cyclins or cyclin dependant kinases.*’

Although mutation and altered expression of onco-
genes have been recognized in rodent and human neo-
plasms for many years, tumors of domestic animals have
only recently been examined. Most studies in domestic
animals have been conducted on lung, mammary, and lym-
phoid neoplasms. Mutations in K-ras were detected in
about 25 percent of canine non—small cell pulmonary neo-
plasms in one study, but no mutations in K-ras were found
in another study.® Lung tumors from dogs exposed to plu-
tonium-239 were characterized by overexpression of
c-erbB-2 protein in 18 percent of irradiated dogs, and an
increase in epidermal growth factor receptor and its ligand
transforming growth factor alpha were found in approxi-
mately half of the neoplasms.” The c-erbB-2 protein was
overexpressed in 74 percent of spontaneous canine mam-
mary cancers and tumor derived cell lines, while no
increase was seen in histologically benign mammary
tumors.® N-ras mutations were not found in 10 dogs with
mammary carcinoma.’ Expression of c-myc is increased in
most malignant plasmacytomas compared to benign plas-
macytoma in dogs.' Mutated N-ras was uncommon in
canine lymphoma, occurring in only one of 28 cases.’
Overexpression of c-erbB-2 and c-myc was associated with
the metastatic potential of canine malignant melanoma
cells when transplanted into nude mice.® Structural abnor-
malities and overexpression of the myc gene were found in
30 percent of feline leukemias.!!

Tumor Suppressor Genes

Tumor suppressor genes play a critical role in the
control of normal cell growth.'? They serve as the “brakes”
to cell replication. When tumor suppressor genes are inac-
tivated, cells lose regulatory control of cell proliferation. A
single intact copy of a tumor suppressor gene is sufficient
to maintain control of cell proliferation. When both alleles
are lost or damaged the affected cell has a high risk of neo-
plastic transformation.

To understand the relevance of tumor suppressor
gene inactivation in tumorigenesis, a brief review of the
normal cell cycle and how it differs from that in neoplastic
cells is warranted (fig. 1.3 A). A review on cell cycle is
available.’ The cell cycle consists of a series of biochemi-
cally distinct temporal periods that prepare the cell for
division."”® Following mitosis, a cell may either withdraw
from the cell cycle and enter a quiescent stage (G, phase)
or continue to proliferate. In most instances, cells in G can
be recruited into the cell cycle when necessary by interac-
tions with one or more growth factors. The first growth
phase of the cell cycle is termed G, for the gap in time
between mitosis and the next round of DNA synthesis. The
duration of this phase of the cell cycle is more variable
than the duration of the others, ranging from 6 to 12 hours.
During this cell cycle phase, RNA and proteins are synthe-
sized but no DNA is formed. Synthesis of DNA occurs in
the S phase during which the DNA content of the cell
increases from diploid to tetraploid. The duration of the
S phase is similar in all cells and takes from 3 to 8 hours.
The S phase is followed by the G, phase, a pause of about
3 to 4 hours that precedes mitosis. During the G, phase the
cell has two complete sets of diploid chromosomes. Mito-
sis, or the M phase, takes no more than an hour to complete
in normal cells.

The ability of cells to restrict or slow their movement
through the cell cycle is regulated. This can be observed
when normal cells in tissue culture sustain irradiation
induced genetic damage.>'* Irradiated cells in the early
stages of the cell cycle respond by halting their progress
prior to the S phase; this pause in the cell cycle has been
termed the G,/S checkpoint. During the pause, DNA that
has been damaged by irradiation can be repaired before
mutations are passed on to the genomes of daughter cells.
In cells in which tumor suppressor genes are absent or not
functioning properly, genetic damage is left unrepaired and
often leads to genetic instability and additional oncogenic
events. A similar checkpoint is present at the transition
between the G, and the M phase of the cell cycle.

The best characterized of the tumor suppressor genes
are p53 and the retinoblastoma (Rb) gene.'>'” Both of these
genes encode nuclear phosphoproteins that regulate cell
cycle progression. When the Rb protein is in its nonphos-
phorylated form it inhibits entry of the cell into the S phase
of the cell cycle by binding a transcription factor that stim-
ulates growth promoting genes (fig. 1.3 B).!® When a cell
is stimulated to divide, the Rb protein is phosphorylated,
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Fig. 1.4. Effect of p53 function on cellular response to mutagenic events. A. Normal p53 function. B. Abnormal p53 function.

causing it to release sequestered transcription factors that
enable cells to enter the S phase. Following the S phase,
the Rb protein is dephosphorylated and is, once again, able
to bind transcription factors and inhibit entry into the S
phase. In tumor cells, the ability of Rb to bind transcription
factors is disrupted and the checkpoint is eliminated. For
example, oncogenic DNA viruses (discussed later) can dis-
rupt cell cycle control by synthesizing viral proteins that
block the uptake of transcription factors by Rb protein.?
The p53 gene encodes a nuclear phosphoprotein that
can regulate movement of the cell through the cell
cycle.'”? Although this phosphoprotein is not involved in
regulation of the normal cell cycle, it plays an important
role in cells that have sustained genetic damage. Through
mechanisms that are not well understood, p53 can detect
when a cell sustains genetic damage by U.V. light, irradia-
tion, or carcinogenic chemicals and then arrests the entry
of the cell into the S phase from the G1 phase of the cell
cycle to allow time for the repair of cellular DNA damage.
It also induces DNA repair enzymes to aid in elimination
of mutations. If the extent of DNA damage is too exces-
sive, p53 can promote cellular apoptosis. Although nor-
mally a short-lived protein, after genetic damage, p53 is
modified in a way that causes it to have a significantly

longer half-life, accumulate in the nucleus, and activate
transcription of genes that inhibit specific cyclin-depend-
ent kinases and prevent the phosphorylation of the Rb pro-
tein leading to cell cycle arrest (fig. 1.4A). Other effects
include expression of genes involved in DNA repair or
apoptosis. Cells carrying mutated p53 genes or cells
infected with oncogenic DNA viruses that alter the func-
tion of p53, do not arrest before entering the S phase of the
cell cycle and are less likely to undergo apoptosis (fig.
1.4B). Affected cells can continue to replicate with dam-
aged DNA, and those that do not develop lethal genetic
changes are at risk for acquiring additional genetic damage
leading to neoplastic transformation.

The DNA sequence for p53 is very similar in dogs,
cats, and humans.?' Because mutations in p53 occur in a
high proportion of some types of human neoplasms, the
frequency of p53 mutations in animals has been examined.
Mutations in p53 have been detected in canine neoplasms
including thyroid carcinomas,” osteosarcomas,”® and
mammary tumors.?* Equine squamous cell carcinomas
have been identified with p53 mutations, but the signifi-
cance of these mutations is not clear.>® Abnormal cellular
distribution of p53, indicative of mutant p53, has been
shown in canine colorectal tumors.”® The number of neo-



plasms from domestic species that have been studied is
small, and it is not possible to determine the relative fre-
quency of p53 mutations in different tumor types.

Regulators of Apoptosis

Genes that control programmed cell death can play a
significant role in tumor development when they fail to
function normally. Certain types of lymphoid tumors serve
as an example of the importance of the genes that control
apoptosis.”” These tumors are characterized by an increased
expression of a gene, bcl-2, that blocks apoptosis. Bcl-2 is
only one of a family of genes that participate in the regula-
tion of apoptosis. The ability of oncoproteins such as bcl2
to block cell death pathways may enable cells that have sus-
tained genetic damage to escape mechanisms that would
stimulate normal cells to undergo programmed cell death.
Whereas normal lymphoid cells have a finite life span, the
neoplastic lymphocytes that overexpress bcl-2 persist and

slowly form lymphoid masses.”® Consequently, cells elud-
ing apoptosis could multiply and are at risk to accumulate
additional genetic damage that can heighten malignancy.

Growth of Tumors

The biology of cell growth and differentiation is
quite similar for normal and neoplastic cells.** What dis-
tinguishes transformed cells from normal cells is deficient
regulation of cell proliferation, differentiation, and chro-
mosomal integrity. This aberrant regulation affects several
aspects of the natural history of tumor growth including
tumor cell growth and differentiation, malignant conver-
sion, and tumor progression and tumor stroma formation.
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Growth Kinetics
and Differentiation

It is generally agreed upon that most tumors arise
from clonal expansion of a single cell that has undergone
malignant transformation (fig. 1.5)%. To form a clinically
detectable mass of about 1 g, a single 10 p diameter cell
would have to increase to a mass of 10° cells, taking about
30 population doublings. Only 10 more doublings would
yield a 1 kg mass, which is the maximum size compatible
with life for humans and is likely to be in excess of a fatal
tumor burden for small animal species, although benign
neoplasms can grow to larger sizes without such a delete-
rious effect on the host. Clearly, by the time most neo-
plasms have been detected, the greater part of their growth
is complete. In this example it was assumed that all prog-
eny cells survive and continue to replicate, which as will
be discussed below, is an unlikely assumption. If all the
tumor cells were to continue to divide and if a 24 hour
period to complete the cell cycle were assumed, a 1 g mass
would take 30 days to develop, and only 10 additional days
would be required for the mass to become lethal.

One goal of tumor biology is to understand the fac-
tors that govern the growth of transformed cells and to use
this information to assist in earlier detection of neoplasms
or to arrest the growth of tumors before they become clin-
ically evident.

The rate at which any tumor increases in size is
dependant on three factors: (1) the rate of mitosis of indi-
vidual cells, (2) the proportion of cells in the replicating
pool (growth fraction), and (3) the rate of cell death or dif-
ferentiation into a postmitotic stage.

Not all neoplasms have a high rate of cell replica-
tion. The rate of mitosis does not necessarily separate neo-
plasms from normal tissue or even benign neoplasms from
malignant neoplasms. It is well recognized that the rate of
cellular replication in normal tissues, such as the intestinal
crypt epithelium, or inflamed tissues can exceed the rate
of cell replication in many neoplasms by more than
10-fold.*** Mitotic figures are constant microscopic fea-
tures of intestinal epithelium and are often seen in areas of
neovascularization and fibroplasia. Benign tumors and
some tumors that spontaneously regress (e.g., transmissi-
ble venereal tumors and histiocytomas) are characterized
by a high mitotic index.

The initial growth rate of neoplasms is often expo-
nential, each cell giving rise to two viable daughter cells
that enter the cell cycle. Later, constraints on tumor growth
develop. These restraints include a lower proportion of
cells in the replicative pool and an increase in cell death.
Both of these events can be partly attributed to diminished
vascular perfusion due to insufficient vascular ingrowth or
the dysfunctional vasculature that is characteristic of neo-
plasms. Cells that lack sufficient nutritive support often
leave the replicative pool and remain in the G, phase of the
cell cycle until adequate nutrient support, including oxy-
gen supply, is available. By the time most tumors are clin-

ically detectable, the majority of the tumor cells are resting
in G, or a prolonged G, not in the replicative pool. Other
constraints on tumor growth include the differentiation of
some cells into a postmitotic stage in which they are lost
from the replicative pool as well as the shedding of other
cells from the original mass. In some neoplasms fewer
than 10 percent of cells may survive following mitosis due
to the loss of genetic integrity. In neoplasms for which the
rate of cell death approaches the rate of cell proliferation,
the growth of the neoplasm will appear slow despite a high
number of mitotic figures. In the end, the rate of growth of
a mass is determined by the difference between the rate of
cell replication and the rate of cell loss. It should be
remembered, however, that the rate of growth of neo-
plasms is not always consistent. Sudden spurts of growth
after long periods of apparent dormancy can occur. This
may occur when subclones of cells with greater replicative
ability emerge from the population of neoplastic cells
through the process of tumor progression.

Tumor growth can be enhanced by the failure of
tumor cells to respond to stimuli that would lead to apop-
tosis. In some tumor cells, the apoptosis pathways are dis-
rupted and these tumor cells fail to die. As a result, tumor
growth is facilitated by the accumulation of cells that do
not undergo apoptosis.

The clinically relevant aspect of tumor cell growth
kinetics centers on its impact on therapy.** Classical treat-
ment approaches (chemotherapy and radiation therapy)
involve Kkilling cells that are rapidly synthesizing DNA.
Tumors with only a small proportion of cells in the repli-
cating pool may not respond well to these types of treat-
ment. The more histologically aggressive appearing
masses with high rates of mitosis may be much more
responsive to therapy despite their more anaplastic and
invasive characteristics.

Malignant Transformation,
Progression, and Tumor Heterogeneity

Malignant transformation (or malignant conversion)
is the process by which a normal cell acquires the pheno-
type of a malignant cell. The emergence of the malignant
phenotype is dependent on the sequential acquisition of
genetic damage until, in a rare event, one cell accumulates
sufficient numbers and types of genetic changes to become
malignant. There are likely to be many pathways that lead
a cell to the malignant phenotype, but they all involve mul-
tiple genetic alterations.

Tumor progression is a process by which cells that
have developed the malignant phenotype acquire more
characteristics that are deleterious to the host (fig. 1.6).
Tumor growth starts with a single cell that has undergone
neoplastic transformation, and the incipient tumor develops
by clonal expansion of this one cell. Initially, all cells in the
mass are identical, but due to the lack of regulation of chro-
mosomal integrity the tumor cells acquire genetic changes



Fig. 1.6. Tumor heterogeneity. Modified from Hospital Practice (1983) 18:81, with permission.

that give rise to tumor heterogeneity. Some genetic changes
are lethal to the affected cells, but some changes confer new
phenotypes that may have inherent growth advantages.
Over time, the tumor mass becomes composed of a hetero-
geneous cell population, and neoplasms accumulate char-
acteristics that make them more dangerous. As a neoplastic
cell replicates, subclones emerge that are more locally
aggressive, more likely to metastasize, and less responsive
to therapy. This process has been attributed to a greater
genetic instability in affected cells. It is because of tumor
progression that early detection is associated with improved

prognosis. By the time most tumors are detected, however,
they are most likely composed of a heterogeneous cell pop-
ulation, because by this time most neoplasms have com-
pleted the greater part of their growth.

Tumor Angiogenesis and Stroma

Formation

Solid neoplasms depend on the blood vessels and
supporting stroma that they recruit from adjacent tissue for
their survival and growth.>* Tumor cells that secrete growth



factors or stimulate other cells to release angiogenic fac-
tors stimulate the vessels and supporting stroma in tumors.
Without angiogenesis tumors have to rely on diffusion to
provide needed nutrients and eliminate waste products.
Tumors lacking the ability to stimulate vascular ingrowth
are limited to a diameter of 1-2 mm.**3> Moreover, angio-
genesis plays an essential role in sustained tumor growth,
as well as metastasis.’ Angiogenesis, measured as the den-
sity of the microvasculature within a tumor, has been
shown to be a significant prognostic indicator for some
human neoplasms such as those of the breast and
prostate.’™* Because of this powerful effect on tumor
growth, angiogenesis is an area of particular interest in
tumor biology. Angiogenesis by itself, however, is not an
indication of malignancy as even benign neoplasms have
the ability to stimulate vascular growth.*

The mechanisms of angiogenesis and stroma forma-
tion are similar in tumors and in wound healing, although
there are some distinct differences in the structure and
function of the vessels that are formed during each
process.*’ In tumors, the blood vessels are poorly differen-
tiated and are not distributed uniformly through the
tumor.*' Tumor blood vessels tend to be more tortuous and
dilated than normal vessels. Blood vessels in tumors often
have gaps in the endothelium and are persistently perme-
able, unlike vessels in healing wounds that have a transient
phase of permeability. Increased interstitial pressure due to
the permeable vessels and the lack of lymphatics to carry
away the leaked fluid lead to edema formation. This edema
and the resultant interstitial fluid pressure tend to collapse
the vessels within the tumor, thus obstructing local blood
flow. The density of vascular supply to tumors is fre-
quently minimally adequate and is deficient in arteriolar
supply, in particular. As a result, irregular blood flow and
perfusion cause localized areas of hypoxia and anoxia,
leading to apoptosis or necrosis.*?

Tumor stromata are composed of nonneoplastic con-
nective tissue, blood vessels, and inflammatory cells.
While the vasculature is an essential component of stroma
formation because of its nutrient support of the neoplasm,
the greatest proportion of the tumor stroma is nonvascular.
The noncellular components of the stroma include colla-
gen types I, III, and V, glycosaminoglycans, proteoglycans,
fibronectin, fibrin, and plasma proteins.** Fibroblasts,
endothelial cells, and inflammatory cells are the principal
cellular constituents. Initially, the tumor stroma resembles
granulation tissue with a high density of blood vessels and
smaller numbers of fibroblasts. The persistent permeability
of tumor vessels allows a continued leakage of macromol-
ecules that engenders a perivascular deposition of fibrin
that serves as scaffolding for migration of host stromal
cells and tumor stroma formation. As this tissue matures,
collagenous stroma predominates and vascularity dimin-
ishes, creating a desmoplastic or scirrhous response. For
reasons that are unclear, the amount of stroma produced by
different neoplasms varies considerably. Certain carcino-
mas such as gastric, transitional cell, and mammary carci-

nomas are more prone to develop desmoplasia than other
neoplasms. The resultant masses are very firm to the touch,
and the stroma can comprise a larger proportion of the
mass than the tumor cells do.

A newly emerging understanding of epithelial-mes-
enchymal interactions is clarifying the role of fibroblasts
and other stromal elements in tumor growth. Fibroblasts
adjacent to carcinomas have a fetal-like phenotype that dif-
fers from fibroblasts in other parts of the body.*#> Tumor
associated fibroblasts release growth factors and proteases
in response to cytokines released by neoplastic epithelial
cells. The factors released by the fibroblasts can accelerate
the process of cancer progression and facilitate tumor cell
mobility. For example, scirrhous gastric carcinoma cells
can be stimulated to proliferate by normal fibroblasts that
are adjacent to tumor cells.*®

Tumor Growth Characteristics
and Clinical Observations

As the mechanisms of tumor growth are clarified,
some of the long recognized growth characteristics of
tumors can be better understood. For example, umbilica-
tion of the surface of a mass commonly results from cen-
tral necrosis. Central necrosis occurs more often in epithe-
lial than in mesenchymal neoplasms and more often in
malignant than in benign neoplasia.*’ This has been attrib-
uted to the fact that epithelial neoplasms have a greater
dependency on recruited stroma to support tumor cell
growth than mesenchymal neoplasms do. Several causes
for central necrosis in neoplasms have been proposed; all
of them involve disruption of blood flow that supports the
growth of the neoplasm, and they may act independently or
in conjunction to lead to necrosis within a neoplasm.
Although the vessels are composed of normal cells, they
do not function as well as normal vessels. They tend to
leak plasma constituents in a fashion similar to inflamed
vessels. Ischemia may result from inadequate patency or
perfusion through the abnormally permeable vasculature
or increased tissue pressure at the center of a mass that
restricts perfusion of small caliber vessels. Thrombosis
within the tumor mass is another possible cause for tumor
necrosis. For example, hemangiosarcomas may, due to
altered neoplastic endothelial cell-lined vascular spaces,
stimulate platelet aggregation or stimulate the coagulation
cascade by other mechanisms. Studies in canine neoplasms
have shown tissue hypoxia in tumors beginning no more
than 1 mm away from capillaries.*®

Benign and malignant neoplasms can often be dis-
tinguished by their pattern of growth during physical
examination. A capsule (a circumferential rim of com-
pressed connective tissue) often surrounds benign neo-
plasms. The capsule is produced primarily by the sur-
rounding normal tissue, possibly in response to tumor
derived growth factors, although the tumor may contribute
to the capsule in some tumor types. Since the capsule sep-
arates the neoplasm from adjoining tissue, benign neo-



plasms are usually freely moveable when palpated. The
term cancer, from the Greek for crab, is derived from the
early observation that malignant neoplasms tended to
attach firmly to adjacent tissues in a ‘“‘crab-like” fashion.
This characteristic is a consequence of invasive behavior
that is typical of malignancies. The inability to move over-
lying skin fully or to discern the margins of a neoplasm by
palpation is suggestive of the invasive behavior character-
istic of malignancy. Malignant neoplasms may also be sur-
rounded by compressed normal tissue, termed a pseudo-
capsule, that does not restrict tumor invasion but may be
misinterpreted at the time of surgery as a true capsule.

Invasion and Metastasis

Metastasis is an inefficient multistep process, and
only a very small proportion of cells is able to complete the
process.* Once a malignancy develops, a metastatic sub-
clone may arise within the tumor through the process of
tumor progression. Loss of epithelial adhesion by impaired
activity of cell adhesion factors such as E cadherins pre-
cedes invasion by epithelial tumors. During the transition
from noninvasive (in situ) carcinoma to infiltrating carci-
noma, malignant cells penetrate the basement membrane.
First, tumor cells attach to the basement membrane; subse-
quently, they secrete hydrolytic enzymes (proteases) that
degrade the membrane. The next step is locomotion. Tumor
cells migrate into the extracellular matrix and create a path-
way through it by the release of various enzymes secreted
by the tumor cells and host macrophages. Connective tis-
sues are unequally susceptible to invasive processes. Hya-
line cartilage, for example, contains inhibitors of matrix
degrading enzymes and is highly resistant to invasion.™

Intravasation, entry of tumor cells into the vascular
spaces of the blood stream or lymphatics, is facilitated by
increased permeability of tumor vessels and increased
tumor cell motility. Intravasation via blood vessels is only
possible after attachment of tumor cells to the basement
membrane of the vessel and degradation of this barrier.
Tumor cells can then pass through the junctions between
adjacent endothelial cells or pass directly through the
intact endothelium. Lymphatic vessels pose less of a bar-
rier to entry than blood vessels because lymphatic vessels
lack a basement membrane.

The mere presence of tumor cells in vessels does not
ensure that those cells will eventually give rise to metasta-
tic populations. Once tumor cells enter the vasculature,
they encounter the array of host cells involved in immune-
mediated killing of tumor cells. To survive, the tumor cells
must evade intense scrutiny by the host immune response.
One way tumor cells evade host defenses is by interacting
with blood components, such as platelets and fibrin, to
form thrombi. When the tumor cells are enclosed by fibrin,
they may be protected from recognition by the immune
system and have a better chance to survive in the hostile
environment of the blood. Extravasation of surviving
tumor cells may occur in a directed, nonrandom fashion.
Recent studies help explain the predilection for certain
tumors to metastasize to particular organs. Some tumor
cells are guided to particular organs because they bind to

tissue-specific endothelial cell surface markers. In other
tumor types, the cells bear receptors to specific
chemokines, home to organs that release the chemokines,
and are less likely to be found in organs that do not release
these chemokines.">> Tumor cells then penetrate the endo-
thelium, reversing the process of intravasation.

The newly extravasated tumor clone must next
acquire a blood supply. A new vascular network is needed
not only to provide nutrients to the growing tumor, but also
to carry away waste products. Once a metastatic tumor has
established a proper vascular supply, its growth may be lim-
ited by inhibitory growth factors, by a restrictive growth
environment, or by a cytotoxic response by the host.

There are three principal pathways of metastasis:
(1) lymphatic, (2) hematogenous, and (3) transcoelomic.”!

Lymphatic Metastasis

Lymphatic invasion occurs primarily at the periphery
of the tumor. Lymphatic vessels offer little resistance to
penetration by tumor cells because they lack a basement
membrane. Clumps or single cell tumor emboli may be
trapped in the first lymph node encountered, or they may
traverse or bypass lymph nodes to form a more distant
metastasis, a condition termed skip metastasis. Tumor cells
are usually first detected histologically in the subcapsular
region of the lymph nodes. Based on extensive studies in
humans and limited data from animals, carcinomas have a
predilection for metastasis by the lymphatic route com-
pared to sarcomas.’>>4

In dogs with mammary cancer, regional lymph
nodes appeared to function as good filters since bypassing
the node was found to be extremely uncommon.® An
enlarged local lymph node does not necessarily mean
metastasis has occurred because at this stage the node may
be enlarged and palpable due to lymphoid hyperplasia
and/or metastasis. In most cases, an enlarged lymph node
draining a region with malignancy is probably no longer
immunologically effective, but there is no consensus
regarding the value of the removal of such an enlarged
node.> Fine needle aspiration by an experienced cytologist
or biopsy for histologic examination may be necessary to
distinguish lymphoid hyperplasia from metastasis and to
allow appropriate clinical staging and treatment planning.

Hematogenous Metastasis

Tumor cells can enter the blood directly by invasion
of blood vessels or indirectly via the lymphatic system that
connects with venous tributaries at sites such as the tho-
racic duct and subsequently enter into the vena cava. Dis-
tribution of hematogenous metastases can be explained by
the hemodynamic theory based on circulatory anatomy.
Briefly, primary tumors spread along the vena cava route
(mammary, skin, soft tissue, bone, thyroid tumors) or
along the portal vein route (gastrointestinal and pancreatic
tumors). The vast majority of tumor cells are arrested in
the first capillary bed they encounter. The first capillary fil-
ter of the vena caval drainage is the lung, and the liver is
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the first microvascular field draining the portal vein sys-
tem. From those sites, tumors can spread to secondary
microvascular filters like bone marrow. However, in the
human, and to a lesser extent also in domestic animals,
preferential metastatic sites can also be explained by organ
tropism or the seed and soil hypothesis. Since extravasa-
tion requires adhesion to endothelial cells or underlying
basement membrane, tumor cell attachment may be
directed to specific sites by receptor and ligand interac-
tions. The release of chemokines can also direct some
types of tumor cells to specific organs. Organ tropism
seems to play a role in metastasis of melanomas in dog and
man (brain) and prostatic carcinoma in dog and man
(bone). For these tumors occult micrometastases are fre-
quently present at the time of primary tumor diagnosis.

Pulmonary metastases can be nodular, diffuse, or
radiating in a linear fashion (lymphangitic type). Nodular
pulmonary metastases can be used for determination of
growth rate by repeated radiological examination. In dogs,
doubling time of pulmonary metastases ranged from 8 to
31 days, shorter than in most human metastases. Nourish-
ment of primary and metastatic lung tumors in dogs is pro-
vided by new vessels from the bronchial artery and by non-
proliferating branches of pulmonary arteries.’’

Most osseous metastases have intertrabecular
growth. Only in advanced stages are there osteolysis or
endosteal and periosteal bone formation.”® The frequency of
osseous metastasis may be underestimated when the bones
are not carefully checked radiographically or during the
postmortem examination. In a detailed postmortem study,
examination of transected bones revealed that 17 per-
cent of dogs with visceral metastasis from a variety of neo-
plasms also had skeletal metastasis.™ Sites of predilection
are flat bones, including the ribs, the vertebrae, and the
metaphyseal region of the long bones. Frequently, multiple
sites in the bones are affected, and metastatic involvement
of bone is almost always accompanied by concurrent soft
tissue metastasis. Most primary tumors responsible for
bone metastases in the dog are carcinomas, including
mammary gland,>*% lungs,’%¢! and prostate.’®>* Metasta-
sis to bone from mammary carcinomas has been reported
in cats.”

Transcoelomic Metastasis

The coelomic surfaces, covered with a film of fluid,
are an ideal site for metastatic seeding. Neoplastic cells
shed from a primary tumor may not need to be able to
invade the basement membrane if they can survive
implanted onto the serosal surface of the body cavity or
organs. Implantation of tumor cells in serous cavities is
often accompanied by an accumulation of fluid. Peritoneal
or pleural carcinomatosis in dogs is associated either with
a primary tumor within a coelomic cavity (ovarian, pul-
monary carcinoma) or with metastases from carcinoma
elsewhere in the body (e.g., mammary carcinoma). Pleu-
ritic carcinomatosis in dogs and cats with mammary carci-
noma was found to be invariably associated with the

presence of pulmonary metastasis.’>*> The spread of
mesotheliomas is often restricted to the coelomic cavity,
the site of origin.

Etiologies of Cancer

Chemical Carcinogenesis

Chemicals are reported to be responsible for the
largest proportion of human cancer. The major categories
of chemical carcinogens include (1) polycyclic aromatic
hydrocarbons such as benzpyrene, which are encountered
in tobacco smoke, combusted fossil fuels, and cooked
meats, (2) nitrosamines, which may be formed de novo in
the stomach from dietary sources, (3) aromatic amines and
azo dyes used in industrial applications and once used in
food dyes, and (4) a variety of naturally occurring carcino-
gens, such as the mycotoxin aflatoxin B1, a common con-
taminant of corn and peanuts. Much of human exposure to
carcinogenic chemicals occurs in the workplace or through
behaviors such as cigarette smoking. Obviously, direct
exposure of domestic animals to potentially carcinogenic
chemicals occurs in different ways. However, chemical
exposure is not nearly as well documented for domestic
animals as it is for humans, and the importance of envi-
ronmental chemical exposure as a cause of cancer for
domestic animals is largely unknown.

A few studies have demonstrated that environmental
exposure to carcinogenic chemicals can pose a risk for can-
cer in domestic animals. An increased risk of bladder cancer
in dogs has been associated with topical application of insec-
ticide.®® The risk was greatest in dogs that were treated more
than twice yearly. Obesity was an additional risk factor, pos-
sibly because most insecticides are lipid soluble and are
stored in body fat. Dogs exposed to household cigarette
smoke or other household chemicals had no associated tumor
risk,® but when the filtering effect of the nose was bypassed
in an experimental setting, direct inhalation of cigarette
smoke did produce pulmonary adenocarcinomas in labora-
tory dogs.** Exposure to a lawn herbicide, 2,4-dichlorophe-
noxyacetic acid, was reported to increase the risk of lym-
phoma in dogs.> However, a review of the study design cast
doubt on the validity of the design and conclusions of this
study.® Environmental carcinogens can also affect rumi-
nants. Ingestion of bracken fern was, at least, a cofactor with
papillomavirus infection, and the combination led to neo-
plasms of the digestive and urinary tract.

In addition to these environmental carcinogens, many
other chemicals have been established as experimental car-
cinogens for dogs. A few examples include nitrosamines
and polycyclic aromatic hydrocarbons. Nitrosamines are
potent carcinogens in the canine stomach,” lung,”®”" and
liver.”> Pulmonary neoplasms can be produced by exposure
to nitrosamines and several polycyclic aromatic hydrocar-
bons.” Carcinomas in the canine urinary bladder have been
induced by 3, 3’-dichlorobenzidine.”
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Fig. 1.7. Initiators and promoters in chemical carcinogenesis.

The process of carcinogenesis can been divided into
two major phases: initiation and promotion. Initiated cells
have a greater likelihood of becoming malignant than nor-
mal cells, although initiation alone is insufficient for tumor
development. Initiation occurs when cells are exposed to a
chemical that can permanently and irreversibly alter their
cellular DNA. Usually a single brief exposure to an initia-
tor is sufficient to produce a mutation through formation of
covalent bonds between the chemical and a nucleotide in
the DNA. Initiation is a two step process. Following the
initial genetic damage, a round of replication is required to
fix the mutation into the genome as a permanent change.

Chemicals that serve as initiators are highly reactive
electrophiles—molecules that form covalent bonds with
electron rich targets (nucleophiles) such as DNA, RNA,
and proteins to form adducts. Whereas adducts formed
with proteins and RNA can lead to cell death, DNA
adducts can cause mutations and are more significant in
cancer production. This view is supported by the observa-
tion of a general correlation between the amount of DNA
adduct formation and tumor yield.”*’® Thus, most initiators
also are mutagens. A few chemicals (direct acting carcino-
gens) are capable of forming adducts directly with DNA
without metabolic activation. However, most initiators
require metabolic activation in order to form adducts. They
are termed procarcinogens or indirect acting carcinogens.

Most promoters are nongenotoxic chemicals that do
not require metabolic activation and whose effects are
reversible. They are not capable of transforming cells by
their action alone, but sufficient exposure to promoters
after initiation will lead to tumor formation.”” Promotion

only occurs following initiation. Because the effects of
promotion are reversible, they must be administered with
sufficient frequency and for sufficient duration to produce
tumors (fig. 1.7). An important common feature of the
diverse array of compounds that can serve as promoters is
that most of them alter signal transduction within cells and
stimulate clonal replication of initiated cells. Since muta-
tions accumulate more rapidly in dividing cells, clonal
expansion of initiated cells increases the risk of additional
genetic changes and transformation of the cells to a malig-
nant phenotype. Promoters have the ability to diminish the
latency period and increase the number of tumors pro-
duced in animals treated with initiators. Chemicals that can
initiate and promote neoplasms are termed complete car-
cinogens. An overview of the process of chemical carcino-
genesis is shown in figure 1.8.

Viral Carcinogenesis

Viruses have long been recognized as agents of neo-
plasia in domestic animals. As early as the first decade of
the twentieth century, two oncogenic viral infections, an
avian leukosis virus and Rous sarcoma virus, were identi-
fied in poultry.”®” Oncogenic viruses represent a diverse
group, including RNA and DNA viruses, and there are a
variety of mechanisms involved in neoplastic transforma-
tion of infected cells. Despite these differences, th