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Comparative oncology is a field of study that has been recently adopted for studying cancer and developing cancer therapies.
Companion animals such as dogs can be used to evaluate novel biomarkers or anticancer targets before clinical translation. Thus,
the value of canine models is increasing, and numerous studies have been conducted to analyze similarities and differences
between many types of spontaneously occurring cancers in canines and humans. A growing number of canine cancer models as
well as research-grade reagents for these models are becoming available, leading to substantial growth in comparative oncology
research spanning from basic science to clinical trials. In this review, we summarize comparative oncology studies that have been
conducted on the molecular landscape of various canine cancers and highlight the importance of the integration of comparative

biology into cancer research.
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AN OVERVIEW OF CANCER RESEARCH

Cancer is a disease that affects populations worldwide, with one in
three people developing cancer in their lifetime'. Cancer is usually
characterized by the uncontrolled division of cells, which become
malignant and form metastases that affect other healthy organs in
the body'. Cancer can develop almost anywhere in the human
body, which is made up of trillions of cells®>. Normally, human cells
grow and multiply to form new cells as the body needs them.
When cells grow old or become damaged, they die, and new cells
take their place?. Sometimes, however, when this orderly process
is disrupted, abnormal or damaged cells grow and multiply when
they should not. This can lead to the formation of tumors®. As
tumorigenesis progresses, complex changes occur inside and
outside the cell'. In particular, genetic mutations and epigenetic
changes occur in cancer cells due to various factors'2. Epigenetic
changes, in particular, chromatin structure alterations due to DNA
methylation and/or histone modification, occur and eventually
lead to the dysregulation of oncogenes or tumor suppressor
genes'?. Tumorigenesis is also associated with cancer-related
immune system problems?, including dysregulation of metabo-
lism®. In addition, a cancer-specific tumor microenvironment
forms extracellularly, leading to cancer spread and/or metastasis
and enhancement of aggressive cell behaviors®. Various studies
have focused on the genetic, metabolic, and immunological basis
of cancer (Fig. 1). In addition to these studies, this review
introduces comparative oncology research as a new perspective
on cancer.

Cancer as a genetic disease

Cancer has long been regarded as a genetic disease, and various
studies have been conducted on its genetic basis*®. These studies
provide strong evidence for the genetic basis of cancer, i.e., the

notion that cancer is a disease that results from the accumulation
of genetic alterations, mutations, and epigenetic changes in key
genes that regulate cell growth, division, and replication®°.
Depending on the effects of genetic alterations of key genes in
cancer development, these genes are divided into oncogenes and
tumor suppressors>. Genetic models of cancer development have
provided important insights into the genetic processes that
determine cancer initiation, progression, metastasis, the response
to therapy, and the development of drug resistance®,

A representative example is that mutations in TP53 are found in
~38-50% of many cancers, including ovarian cancer, esophageal
cancer, colon cancer, head and neck cancer, laryngeal cancer, and
lung cancer cases, although they are not observed in all cancers’.
The identification of targets based on the genetic characteristics of
tumors, the development of tumor-specific drugs and the
identification of patients who may benefit from such treatments
are important challenges in overcoming cancer.

Cancer as a metabolic disease

Recently, cancer has received much attention as a metabolic
disease rather than a genetic disease. Several key metabolites
identified in cancer (e.g., acetate, lactate, serine, sarcosine,
asparagine, or choline) are found in almost all cancers, regardless
of genetic modification®. The discovery of these different
metabolic events may provide important insights into cancer
and be useful for cancer diagnosis. For example, recent studies of
metabolites in colon polyps and early-stage pancreatic cancer
showed that metabolites can serve as biomarkers®'°.,

Further evidence that cancer is a metabolic disorder is being
confirmed by nucleocytoplasmic transfer research'’. These studies
aim to identify the origin of cancer by replacing damaged
mitochondria or nuclei of cancer cells with normal mitochondria
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and nuclei'?. If the cancer starts in a cell with a damaged nucleus,
replacing it with a healthy nucleus should inhibit tumor growth.
However, if the cancer originates from metabolic dysregulation
due to mitochondrial dysfunction, restoring mitochondrial func-
tion may prevent cancer'?. In this context, studies interpreting
cancer as a metabolic disease are being conducted to overcome
cancer, and these studies include targets such as glucose,
glutamine, and fatty acid metabolism'"'2,

Cancer as an immunological disease
Much research has been conducted to interpret and treat cancer,
both solid and hematological, as an immunological disease, and
numerous approaches are being pursued worldwide. In this regard,
it is very important to understand how the immune system
influences the development and progression of cancer®. According
to a recent study, immune escape due to tumor induction and
tumor-induced alterations in the stromal tissue and immune system
around the cancer mass is very important. Suppression of antigen
exposure and presentation by malignant cancer cells, abnormal
expression of certain chemokines and cytokines, induction of
apoptosis in immune cells, and loss of immune cell function are
associated with tumor evasion of recognition and elimination by
the immune system'>. Importantly, both adaptive and innate
responses can be disrupted in the tumor microenvironment. As a
result, many therapies modulating the immune system have been
developed; these include immune checkpoint inhibitors and
chimeric antigen receptor (CAR) T-cell therapies, which exploit a
person’s immune system or immune cells to kill cancers.
Recently, there have been advances in methods of diagnosing
and treating cancer in the new research area of molecular biology.
Genetic, epigenetic, and omics approaches have provided a
wealth of information to study the development and progression
of cancer and to interpret different aspects of cancer, such as
genetic, metabolic, and immunological aspects. Nevertheless, the
mechanisms of tumorigenesis need to be further explored and
investigated to find successful therapies for all types of cancer.

LIMITATIONS IN CURRENT CANCER RESEARCH
There are many proposed causes and mechanisms to explain the
formation and progression of various cancers. Although there
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Schematic diagram outlining the cancer disease model. Cancer can be interpreted as a genetic disease, a metabolic disease, and an

have been extensive studies on the pathogenesis of human
cancer, there are numerous limitations associated with traditional
preclinical research methods that tend to focus on cancer cells
grown in 2-dimensional (2D) or 3D cultures or murine xenograft
models to assess the efficacy of cancer agents; these limitations
have contributed to the high drug attrition rates. In addition, there
are some limitations to overcoming cancer'® (Fig. 2): (1)
Limitations related to targeting cancer stem cells (CSCs), (2)
anticancer drug immunity due to drug resistance of cancer stem
cells, (3) lack of cancer epigenetic profiles and specificity of
existing epi-drugs, (4) treatment difficulties due to problems
related to cancer diagnosis, (5) lack of effective biomarkers for
cancer diagnosis and prognosis, (6) limitations of conventional
chemotherapeutic agents, and (7) problems in treating cancer
metastasis'*.

Therefore, the identification of novel biomarkers for human
cancer and the discovery of new therapeutic candidates are
essential to overcoming the major obstacles to improving existing
therapies for the treatment and prevention of cancer. Ultimately,
we highlight the importance of comparative research on cancer
that occurs naturally in companion animals that share a living
environment with humans as a new approach to studying cancer
prevention and treatment.

COMPARATIVE ONCOLOGY: NEW INSIGHTS INTO A HUMAN
CANCER

Comparative oncology is the study of cancers in companion
animals for the determination of their translational relevance to
human cancers'>. Numerous types of cancers naturally occur in
many types of companion animals, such as dogs, cats, rabbits, and
horses'®'”. A significant number of canine cancers are diagnosed
every year, and dogs are very popular companion animals.
Moreover, the ever-increasing accessibility of canine-specific
reagents, resources, and scientific literature is opening up avenues
for comparative oncology research between canines and humans
(Fig. 3).

Much of the research on human cancers is based on mouse
models due to their advantages, such as their small size and cost-
efficiency'®. Nevertheless, mouse models of cancer have limita-
tions in mimicking human cancers because tumors arise
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* Problems in treating cancer metastasis
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Fig.2 Limitations in current cancer research. There are still limitations to overcoming cancer for the following reasons: limitations regarding
targeting of cancer stem cells (CSCs), anticancer drug immunity due to drug resistance of cancer stem cells, lack of cancer epigenetic profiles
and specificity of existing epi-drugs, treatment difficulties due to problems related to cancer diagnosis, lack of effective biomarkers for cancer
diagnosis and prognosis, limitations of conventional chemotherapeutic agents, and problems in treating cancer metastasis.
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Fig. 3 Schematic diagram outlining comparative medicine in
companion animals and humans. Companion animals and humans
share very similar living environments, exposing both species to
similar toxic substances, viruses, and/or pollution. From these
external stimuli, companion animals and humans develop cancer
from genetic/epigenetic alterations, metabolic changes, and/or
immune-related changes.

spontaneously in humans, whereas tumor formation must be
induced in mouse models. As a result, mouse models of human
cancers usually lack any gene networks and interactions that
account for tumorigenesis in humans.

Canines are excellent models for comparative oncology since
they spontaneously develop the same types of cancers as humans.
The histological types of these cancers are similar between dogs
and humans. There is strong evidence that canines and humans
share similar genes and pathways involved in tumorigenesis
(Table 1). For example, it has been reported that BRCA1 and
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BRCA2 SNP markers are notably associated with mammary cancers
in English Springer Spaniels and in breast cancers in humans'®.

In fact, T million out of 77 million dogs in the United States
develop cancer each year; 50% of canine cancers develop in
animals 10 or more years old, and a quarter of all dogs will
develop cancer during their lifetime'®. In this context, the United
States launched the Canine Comparative Oncology Genomics
Consortium (CCOGC) research project at the National Cancer
Center (NCI) in 2004 to create a biorepository of canine cancer
tissues and blood samples to decode their genes to conduct
cancer research. Nevertheless, the last decade’s work on canine
cancers focused on tumor biology, pathology, and genetics, and
epigenetic pathways has not been thoroughly analyzed. Conse-
quently, in this review, we aim to examine any epigenetic
signatures that are shared by cancers in dogs and humans, which
is of special interest. It is known that the noncoding regulatory
regions of canine genomes are more similar to human genomes
than mouse genomes are?. Our recent studies involving genomic
and epigenomic comparisons across tissues of different species
also revealed that chromatin map overlaps more between canines
and humans (~40-50%) than between mice and humans
(~10-20%). Furthermore, we also found that super enhancers
were more highly conserved between canines and humans (~90%
at ~50% minimum mismatch ratio) than between humans and
mice (~30% at ~50% minimum mismatch ratio)®’. Thus, the
epigenetic changes affected by the environment might be more
similar between canines and humans than between mice and
humans. Therefore, we focused on comparing genetic and
epigenetic aspects in canine and human cancers.

CANINE CANCER MODELS FOR COMPARATIVE MEDICINE
Breast cancer

Human breast cancer became the most common cancer globally
in 2021, accounting for 12% of new cancer cases worldwide
according to the World Health Organization. Breast cancer is a
disease in which malignant tumor cells form in the tissues of the
breast, and it can be found in both men and women worldwide?,
More specifically, breast cancer cells tend to form in the terminal
ductal lobular unit, which is made up of the lobe and the ducts?>.
At the molecular level, breast cancer can be categorized into five
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Table 1.

Types of cancer
Breast cancer

Prostate cancer

Lung cancer

Bladder cancer

Glioma

Melanoma

Lymphoma

Leukemia

Comparison of human and canine cancers.

Alteration features
Signaling pathway

Molecular level (Mutation and/
or loss/gain)

Molecular level (Mutation and/
or loss/gain)

Molecular level (Mutation and/
or loss/gain)

Molecular level (Mutation and/
or loss/gain)

Signaling pathway

Molecular level (Mutation and/
or loss/gain)

Signaling pathway

Signaling pathway

Molecular level (Mutation and/
or loss/gain)

Molecular level (Mutation and/
or loss/gain)

Alterations in human
PI3K-AKT signaling
WNT-B-catenin signaling
ERK signaling

p53 pathway -ATM, CHEK2, TP53, MDM2,
and MDM4

Mutations in PIK3CA
ESR1, BRCA2

CDKN2A, PTEN, CDH1, TP53, CSMD1,
and PSD3

Mucin-1

BRCA1, IGF2R, FOXC2, DLG2 and USH2A
POLD1

MDM2, AKT3

MDM2, PTEN, TP53, CTNNB1, CDH1,
and ZBTB4

AURKA
NKX3.1 -Loss of PTEN

EGFR and ALK
TP53, PTEN, SMAD4, KRAS, VHL, and HRAS

BRAFV6%E mutation

EGFR, HER2, CDKN2A, CDKN2B, PIK3CA,
BRCA2, and NF-xB

RTK/RAS/PI3K signaling

RB signaling

p53 signaling

MGMT promoter methylation

IDH1 or IDH2

chromosome 1p and 199 co-deletion
PI3K-AKT signaling

NF1, BRAF, and KIT

PD-L1

NF-kB pathway

Tyrosine kinase translocation
RB1

Alterations in canine
PI3K-AKT signaling
WNT-B-catenin signaling
ERK signaling

p53 pathway -ATM, CHEK2, TP53, MDM2,
and MDM4

PIK3CA (A3140G) mutation
ESR1 and BRCA2

CDKN2A, PTEN, CDH1, TP53, CSMD1,
and PSD3

Mucin-1
BRCA1, IGF2R, FOXC2, DLG2 and USH2A
POLD1

MDM2, PTEN, TP53, CTNNB1, CDH1,
and ZBTB4

ATM, BRCAT1, and MEN1

CDKN1B, NKX3.1, PTEN

AR, TMPRSS2-ERG, TMPRSS2-ETV5
HER2Y%>°% mutation

TP53, PTEN, SMAD4, KRAS, VHL, and HRAS
Tyrosine kinase receptor (TKR)

Mutations in BRAF'>°°E, FAM133B,
RAB3GAP2, and ANKRD52

EGFR, HER2, CDKN2A, CDKN2B, PIK3CA,
BRCA2, and NF-xB

RTK/RAS/PI3K signaling
RB signaling

p53 signaling

CDKN2A and CDKN2B
PDGFRA

PI3K-AKT signaling
NF1, BRAF, and KIT
PD-L1

RAS family members

TP53, PTEN, MYC, MDM2, and
CDKN2A164-168

NF-kB pathway
CD28, ABCA5, CCDC3 and SMOC2

Tyrosine kinase translocation
RB1
c-KIT

molecular subtypes depending on the hormone receptors the
cells express: Luminal A (ER/PR+, HER2—), luminal B (ER/PR+,
HER2+), HER2-enriched (ER/PR—, HER2+), triple-negative (ER/PR—,
HER2—), and normal-like (ER/PR+, HER2—, KI67—)**. These
classifications are based on the presence or absence of estrogen,
progesterone, and HER2 receptors. Breast cancer subtyping is
important for treatment decision making®.

Canine mammary tumors and human mammary tumors are
similar in various aspects, such as hormonal dependence,
metastasis pattern, relative age of onset, and role of environ-
mental factors at the onset of the disease®. Approximately 60% of
human cancers and 45% of canine breast cancers are estrogen
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receptor-positive’’, and recent evidence suggests that many
pathological and molecular similarities also exist between canine
and human mammary tumors®®, More recently, mammary tumor
phenotypes found in humans, such as luminal A, luminal B and
triple-negative (basal-like), have been identified in canines®.
Comparative gene expression profiling and whole-exome sequen-
cing studies between canine and human breast cancers revealed
similarities such as cell cycle activation, WNT-B-Catenin signaling,
PI3K-AKT and ERK signaling and mutations in ESR1 and BRCA2%°.
Moreover, loss of tumor suppressors such as CDKN2A, PTEN, CDH1
(which encodes E-cadherin) and TP53 was also observed in canine
mammary tumors®® (Fig. 4). We previously performed high-

Experimental & Molecular Medicine (2023) 55:725 - 734
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human cancers
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Fig.4 Comparison of human breast cancer and canine mammary gland tumor features. Canine mammary cancers (left panel) are typically
categorized by histological subtype. On the other hand, human breast cancers (right panel) are usually categorized based on the presence or
absence of hormone receptors. Numerous molecular and signaling pathway alterations (middle panel) are observed in both canine and

human species.

throughput whole-exome sequencing using a total of 20 pairs of
canine mammary gland tumors and adjacent normal tissues for
genomic DNA isolation as a model for mammary gland tumors in
dogs®'. We found seven significantly mutated genes (SMGs)
whose mutation rates were significantly higher than the back-
ground mutation rate in canine mammary tumors (CMTs) and
reported that the PIK3CA gene was the most frequently mutated
in CMT (45%). All somatic mutations identified in the PIK3CA gene
resulted in corresponding amino acid sequence changes at six
different loci, two variants (c.1637A > C and c.3140A > G) of which
were identified as hotspots in CMT>". Analysis of an additional 62
CMT specimens reported that ~18 (~29%) harbored the PIK3CA
(A3140G) mutation. The hotspot mutations in canine mammary
gland tumors were an exact match for previously reported hotspot
PIK3CA mutations in human breast cancer with a prevalence of
~30%>". This is very noteworthy from a comparative medicine
point of view. Moreover, canine PIK3CA has a remarkable 99.8%
DNA sequence identity to human PIK3CA and 99% amino acid
identity to the encoded protein®'. The location of the hotspot
somatic mutation [nt 3140A > G (aa 1047His > Arg)] was exactly
the same in both species®’. In this respect, the mutational
information of naturally occurring canine cancer provides valuable
perspectives for translational comparative medicine studies for
human cancer.

HER2 status has been investigated in numerous studies in
canine mammary tumors to emphasize the similarity between
canine and human cancers*2. Multiple methods have been used to
identify and classify HER2 expression in canine mammary tumor
tissues; however, there is still a lack of validated methods for
canine-specific HER2 detection, scoring, and clinical relevance3,
More specifically, the association between HER2 status and tumor
stage, grade, or clinical outcome still needs to be analyzed in

Experimental & Molecular Medicine (2023) 55:725 - 734

canine mammary tumor models. Therefore, the status and role of
HER2 expression in canine mammary tumors still needs to be
further scrutinized to determine if it is a diagnostic, therapeutic
and/or prognostic marker.

In an epigenetic study, our group first comprehensively profiled
CMT methylation and inspected its correlation with the human
breast cancer methylome®*. We also suggested that changes in
intron methylation play an important role in CMT by altering TF
binding affinity®. The importance of intron methylation was
further confirmed in human breast cancer data by the anti-
correlation of LRIGT gene expression with intronic hypermethy-
lated PAX5 and hypomethylated PAX6 motifs**. Genome-wide
methylation profiling was also performed in CMT and adjacent
normal tissues coupled with matching PBMCs obtained from
canines®>. Methylation profiling in CMT identified miRNA candi-
dates associated with human breast cancer. This study successfully
revealed CMT-enriched differentially methylated regions (DMRs) in
both tissues and PBMCs, and the putative roles of DMRs were
characterized by GO and pathway analysis of associated genes>>.
As expected, many apoptosis-related genes, including ARHGEF2,
TNFRSF12A, and SFRP2, were hypermethylated in CMT, and some
oncogenes in human cancers, such as HRAS, FAM83H, and RET,
were found to be hypomethylated®. Ultimately, these results
suggest that molecular similarities between CMT and human
breast cancer exist not only at the genomic and transcriptomic
levels but also at the epigenomic level. As another example of
epigenetic regulation, we assessed the diagnostic value of
repeated, abundant, but strongly cancer-associated LINE-1 methy-
lation in cfDNA isolated from small amounts of plasma from CMT
and HBC subjects in previous studies*®. Canine LINE-1 hypo-
methylation clearly differentiated subjects with CMT from healthy
controls, and the same approach was applied to human breast
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cancer®®. Altogether, these data suggest that the comparative
approach using a canine model might aid in the rapid
development of a new diagnostic biomarker and that the
methylation of LINE-1 in ¢fDNA may be a good t a diagnostic
marker for both human BC and CMT>®.

Additionally, we sequenced total RNA from ten pairs of CMT
tissues and matching adjacent normal tissues to identify CMT-
associated transcriptomic signatures®’. By comprehensive tran-
scriptome analysis, 351 differentially expressed genes (DEGs) were
identified in CMT®’. Comparative analysis based on the DEGs
revealed correlations between the three histological subtypes of
CMT (ductal, simple, and complex) and four molecular subtypes of
human BC (HER2+, ER+, ER&HER2+, and TNBC)*’. Eight DEGs
shared by all three subtypes of CMT had been previously reported
as cancer-associated genes in human studies®”. In addition, we
previously published comparative medical studies with proteo-
mics analysis in human breast cancer and CMT?®, In the study,
comparative analysis of canine and human cases revealed that the
plasma protein LCAT was found a biomarker for advanced breast
cancer as well as mammary tumors undergoing metastasis>®.

Although limited, these reports indicate that canine mammary
tumors share numerous downstream oncogenic alterations with
human breast cancers and suggest potential for comparative
research and drug development.

Prostate cancer

Prostate cancer is the second most common cancer and the fifth
leading cause of cancer-related death in men worldwide®.
Prostate cancer is also found in canines, and it is more serious
than in humans since prostate cancer is usually diagnosed at
advanced stages in dogs, resulting in short overall survival and
poor quality of life*®*'. The incidence of prostate cancer in both
species constitutes a model for therapies for advanced prostate
cancers in humans*?. Prostate cancer can be treated with local and
systemic therapies and with nonsteroidal anti-inflammatory drugs
(NSAIDs) in both canines and humans****,

Nevertheless, a large difference exists in that human prostate
cancer is dependent on androgens, whereas canine prostate
cancer is androgen-independent®. In the male reproductive
system, androgens play a key role in the testes and adrenal
glands, producing steroid hormones such as testosterone and
dihydrotestosterone®®. These hormones physically bind to andro-
gen receptors, ultimately regulating gene expression that is
involved in protein secretion, gene fusion, cell growth stimulation,
growth factor production, and cell cycle regulation®’. As a result,
androgen receptors are directly responsible for the onset and
progression of prostate cancers with numerous underlying
mechanisms, such as receptor amplification or mutation, andro-
gen biosynthesis changes, and/or androgen receptor binding
cofactor changes, resulting in transcriptional activity modifica-
tion*®*°. However, there are now reports showing that many
human prostate cancer patients develop the disease through
pathways unrelated to androgen receptors®®®'. In this line, canine
prostate cancer, which is unaffected by androgen receptor
aberrations, can serve as a good model. Not only does it mirror
androgen-independent human prostate cancer, but it is also
clinically similar to hormone-resistant human prostate cancer.

Consequently, comparative medical techniques can be utilized
to characterize any DNA copy number aberrations, changes in
signaling pathways, and expression of cancer-related genes,
ultimately leading to alterations in molecular interaction networks.
Moreover, canine-human interspecies cross-validation analysis
revealed 79 genes that were simultaneously altered, further
proving the molecular similarities behind human and canine
prostate cancer’®. These genes include ADRA1A, CCL17, CDH1,
CFDP1, CHST4, CLU, CNGB1, CX3CL1, CYBA, EIF4A1, GALNS,
GP1BA, GUCY2D, HSF4, MC1R, MX1, MYH1, NIP7, PLA2G15,
SLC7A5, and TP53%°. As an example, the tumor suppressor gene
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phosphatase and tensin homolog (PTEN) and oncogene signal
transducer and activator of transcription 3 (STAT3) are known to
be dysregulated in human prostate cancer and are linked to
increased malignancy and a poor prognosis®®. According to
research, canine prostate carcinogenesis is also involved in the
overexpression of STAT3 and downregulation of PTEN, and both
indicators may be associated with the histological subtypes of
prostate cancer and the degree of differentiation of neoplastic
cells®®. Moreover, VEGFR-2 appears to be an independent
prognostic factor in animals with prostate cancers®. VEGF-A and
VEGFR-2 are highly conserved between humans and canines>>. In
addition to the similarities, differences between canine and
human prostate cancer exist. Highly prevalent alterations in
human prostate cancer, such as gains of the MYC oncogene and
deletions of the tumor suppressors NKX3-1, PTEN, RB1, and
CDKN1B, were either absent or present in only very limited
cases™.

Lung cancer

Lung cancer is by far the leading cause of human cancer death,
accounting for one-fourth of all cancer deaths*. Lung cancer can
be classified largely into two histopathological subtypes: non-
small-cell lung cancer (NSCLC; accounts for 85%) and small-cell
lung cancer (SCLC; 15%). NSCLC can be further categorized into
adenocarcinoma, squamous cell carcinoma, and bronchoalveolar
and large cell carcinoma®*. SCLC occurs in neuroendocrine cells of
the bronchus’>.

Unlike humans, lung cancer is rarely observed in dogs. The
incidence is 1% in canines’®. Surgery is the main form of therapy
for both canines and humans; however, there is a heightened
possibility of recurrence and metastasis in canines’. As a result,
targeted systemic therapy, including conventional or immu-
notherapeutic reagents, is needed, and its development for
canine use is crucial. The application of targeted systemic therapy
for canines is receiving attention due to the success rate of
immune checkpoint blockade therapy in humans®®~°,

More importantly, even though canine lung cancers are
infrequent, they can function as excellent comparative models
for human NSCLC patients who have never smoked before. These
human patients often have EGFR and ALK genetic mutations®®¢",
However, a few studies have shown that canine pulmonary
adenocarcinomas do not show EGFR mutations or ALK alterations.
Rather, in a study that analyzed 77 canine primary pulmonary
carcinomas and 11 cell lines using whole-exome sequencing with
selectively designed amplicons for 53 well-studied cancer genes,
some commonly recurring mutated genes were included: HER2,
TP53, PTEN, SMAD4, KRAS, VHL, and HRAS?2. Therefore, although
canine and human lung cancer models do share some clinical
features, more studies need to be conducted to specify where
there is biologic convergence and/or divergence to support
molecular studies with targeted therapeutic agents in canine lung
cancer patients for further validation in humans.

Bladder cancer
Bladder cancer, also known as urothelial carcinoma (UC) or
transitional cell carcinoma (TCC), is another type of cancer that is
also found in both humans and canines®>®3. Bladder cancer is a
frequently occurring cancer in both men and women and can be
categorized into nonmuscle-invasive bladder cancer (NMIBC) and
muscle-invasive bladder cancer (MIBC), with NMIBC comprising
~80% of all bladder cancer patients®®. NMIBC patients tend to
have a good prognosis since this type of tumor is hardly invasive.
Nevertheless, MIBC tumors tend to invade beyond the epithelial
layer into the muscle®; therefore, the identification of their
molecular signatures and molecular drivers is crucial.

Studies have revealed that the histological, biological, and
clinical attributes are similar between human and canine bladder
cancer®®®, Bladder cancer in both species shares molecular
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targets such as EGFR, HER2, CDKN2A, CDKN2B, PIK3CA, BRCA2,
and NF-kB'%°. In particular, EGFR, which is overexpressed in more
than 70% of human bladder cancer, is also observed in the canine
patient population. Due to these molecular similarities, dogs are
great models for the study of biomarkers and the development of
therapeutic drugs for bladder cancer®®. In addition, coordinated
differential expression of genes within cytogenetic bands occurs
in canine bladder cancer, and these patterns are similar to those
found in human bladder cancer®®. It was discovered that genes
with mutations in canine bladder cancer are more likely than
nonmutated genes to be downregulated at the transcriptional
level in the tumor®. Moreover, the tumors tend to invade
neighboring urinary tract structures or metastasize to loco-
regional and remote sites in humans and canines'®. Occasionally,
similar but different molecular mutations arise. For instance,
canine invasive urothelial carcinoma presents a BRAF'>?°t muta-
tion in 67-85% of cases, whereas human tumors harbor a
BRAFV°E mutation’®’2, In this context, some new mutations
(FAM133B, RAB3GAP2, and ANKRD52) were found for canine
bladder cancer®®. However, even though different mutations were
identified in the two species, the fact that many molecular targets
are shared between the two species of bladder cancer is an
important aspect of comparative oncological study.

Glioma

Intracranial gliomas are the most frequently occurring and one of
the most lethal primary brain tumors in both humans and canines.
In humans, gliomas are classified by progression, from low-grade
(I-1) to high-grade (I-IV)”3. Gliomas are one of the most
frequently occurring brain tumors, especially in brachycephalic
dog breeds”*”>. Similar to humans, canines with gliomas display
extremely poor survival despite various treatments ranging from
chemotherapy radiation therapy to gene therapy’®~°.

Studies on molecular alterations in GBM in humans have been
investigated;2°~82 the three main pathways involved are RTK/RAS/
PI3K, RB, and p53 signaling®. Similar research has been conducted
in canine gliomas, revealing genetic alterations in RTK/RAS/PI3K,
RB, p53, CDKN2A, CDKN2B, and PDGFRA®*. These genes and
pathways are also found during human glioma genesis, revealing
the similarities between human and canine glioma models®.

However, molecular phenotyping to differentiate human
tumors based upon MGMT promoter methylation, mutation of
IDH1 or IDH2 and chromosome 1p and 19q co-deletion has
defined different prognostic subgroups, largely unrelated of
histologic appearance, among human gliomas®®®’. This is
particularly relevant for human tumor samples that have a degree
of mixed features and/or are complicated by insufficient and/or
nonrepresentative sampling and provides avenues for targeted
therapy development based upon molecular features.

Melanoma
Melanoma is the most commonly occurring type of skin cancer in
humans, usually due to exposure to the sun and ultimately UV
ray588'89. Canine melanoma, on the other hand, usually does not
occur on the outer skin, as it is sun-protected by their coat. Rather,
canine melanoma frequently occurs within oral cavities and nail
beds?®®'. The treatment of melanoma is still difficult, as
chemotherapy is not effective; however, the recent development
of targeted therapy and immunotherapy has improved the
prognosis of melanoma patients®?~*%, Melanoma is usually treated
with surgical resection in canines; however, aggressive melanoma
treatment cannot depend solely on surgery since the rate of
metastasis is too high®™®. As a result, similar to humans, systemic
chemotherapy drugs are needed to minimize metastasis®™.
Human and canine melanoma share numerous similarities,
making dogs a decent preclinical model to study melanoma'’".
Canine melanomas have mutations in the RAS family members
TP53, PTEN, MYC, MDM2, and CDKN2A®™7_ Interestingly, these
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genes have also been found to be altered in human melanomas.
Furthermore, NF1, BRAF, and KIT oncogenic mutations have also
been discovered in both species. ERK and/or PI3K signaling
activation has also been identified in human and canine
melanomas®®~'%°. Moreover, PD-L1 expression has been detected
in both canine melanoma cell lines and patient-derived tumor
tissues, further elucidating the potential for the use of checkpoint
inhibitors and/or immunotherapies to be applied to canines, as in
humans'®''%2. Therefore, canine models can be used as repre-
sentative models of human melanoma, especially in the develop-
ment of next-generation therapies'®. These reports suggest that
canine melanoma may be particularly sensitive to checkpoint
inhibitory antibodies or other immunotherapeutic modalities as
they become available, which may reflect the success of such
agents in melanoma therapy in humans'®'%4,

Lymphoma

Lymphoma is a cancer of lymphocytes, which are immune cells
that can usually be found in the lymph nodes, spleen, thymus, and
bone marrow. Lymphoma can be categorized into two types: non-
Hodgkin lymphoma (NHL) and Hodgkin lymphoma'®. Lymphoma
is found in both humans and canines, and multiple similarities
exist, including cytogenetic and clinical features, pathology, tumor
biology, tumor behavior, and genetic aberrations'®>'%’. Conse-
quently, canines can serve as an important animal model to study
lymphoma and potential therapeutic options'~'°,

One type of lymphoma is non-Hodgkin’s lymphoma (NHL), in
which ~90% of cases are of B-cell origin in humans. On the other
hand, the ratio of T-cell and B-cell lymphomas is 2:1 in canines,
although there exists variance between breeds''"'"2. In a study
involving a cohort of 608 canine lymphoma patients, 76% were
found to have high-grade malignant lymphomas based on
cytomorphological, histomorphological and immunological cri-
teria and epidemiological and clinical data''".

Another type of lymphoma, diffuse large B-cell lymphoma
(DLBCL), has been extensively studied in the canine model'"*™"">,
Gene expression profiling and immunohistochemistry analyses
revealed that canine DLBCL has similar profiles to human
DLBCL'"™. For example, NF-kB pathway genes are activated, and
immunoglobulin heavy chain is altered''®. Furthermore, germinal
center and post-germinal center subtypes were identified in
canine DLBCL, and these types showed different survival times;
the findings in canines were consistent with DLBCL observations
in humans''®. In another study, gene expression profiles of 35
lymphoma samples in dogs were used to define three main
groups: (1) low-grade T-cell lymphomas consisting exclusively of
T-zone lymphomas; (2) high-grade T-cell lymphomas consisting of
lymphoblastic T-cell ymphomas and peripheral T-cell lymphomas
not otherwise specified; and (3) B-cell lymphomas consisting of
marginal B-cell lymphomas, diffuse large B-cell lymphomas and
Burkitt lymphomas''. The identified gene expression profiles
were further categorized based on the expression of four genes
related to lymphoma subtype and survival (CD28, ABCA5, CCDC3
and SMOC2)''®. Moreover, a transcriptome comparison study
based on RNA sequencing was performed with samples from 50
DLBCL patients and normal follicular B cells from 11 healthy dogs’
lymph nodes'"’. Transcripts involved in B-cell receptor (BCR), MYC
signaling, the PI3K/AKT/mTOR pathway, DNA replication, and the
cell cycle were significantly upregulated in DLBCL samples'"’.
Furthermore, transcripts involved in the nuclear factor-kB (NF-kB)
pathway (CD79, CD19, SYK, LYN, CARD11, BCL10, BTK, TRAF6,
MYD88, NFKB2, TLR7, TLR9) were differentially expressed between
DLBCL and normal samples''”. Similar to these findings in canines,
human DLBCL shows constitutive activation of NF-kB resulting
from mutations in genes involved in this pathway''’. These
findings need further confirmation in larger cohorts of both
humans and canines to evaluate the universal clinical utility of this
comparative approach.
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Leukemia

Leukemia is a cancer of white blood cells that begins in the bone
marrow. Leukemia is another hematologic malignancy that is
equally common in dogs and humans. Numerous genomic studies
in canine leukemia have been performed, revealing that the
mechanisms behind leukemogenesis are similar between canines
and humans''®. For instance, in both species, RB1 is deleted in
chronic lymphocytic leukemia (CLL), and BCR-ABL is fused in
chronic myeloid leukemia (CML)'"®. In more detail, the BCR-ABL
tyrosine kinase translocation, which is called the “Raleigh
chromosome” in canines and the “Philadelphia chromosome” in
humans, is being used for categorizing additional subtypes and is
utilized in monitoring cytogenetic remission in CMLs'2%7'22,
Additionally, in acute lymphoblastic leukemia (ALL)/acute undif-
ferentiated leukemia (AUL) and chronic lymphocytic leukemia
(CLL), increased expression of c-KIT was observed'?3, suggesting
the use of tyrosine kinase inhibitors as a treatment option for
canine leukemia patients, and this treatment is commonly used in
human leukemia patients with tyrosine kinase-related aberrations.

CONCLUSION AND PERSPECTIVES

In this review, we explored several preclinical cancer models in
both human and canine species that could be helpful for cancer
research in terms of diagnosis, prognosis and treatment.
Comparative medicine is a powerful tool and thus enables
the development of novel therapeutic drugs. Currently,
targeted therapies and personalized therapies are being
actively developed, so the benefit of comparative medicine
lies in that the selection of targets can be quickly and more
easily made using animal targets. Through comparative
medicine, researchers can identify new molecular targets,
assess novel drugs, and identify which patient population
would be fit for such novel therapies.

Numerous studies have been conducted to compare molecular
profiles and tumor phenotypes in canine cancers and human
cancers. Although further evaluation and clarification are neces-
sary to associate canine cancers with human cancers, extensive
studies have allowed the translation of diagnostic and prognostic
markers to human oncology research. This review highlights the
importance of canine models as ideal experimental models for
studying and improving cancer treatments for humans.
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