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Overview

Overview

Genomic instability is a hallmark of cancer. Cancer does/results due to numerous

genetic events. A few are drivers, but others accumulate as passive progression. Critical

identification of specific cancer causative drivers should be more useful for the

development of therapeutic strategies. A study with the model organism facilitates better

understanding of the drivers. The term “spontaneous cancer model” revealed to be a better

identifying and understanding the drivers. Dog’s oral melanoma considered as a

spontaneous cancer model for human melanoma. However, melanoma transcriptome and its

analogy between the two species has been entirely undetermined yet. Moreover, to be a

useful therapeutic preclinical model knowing the melanoma transcriptome between humans

and dogs is important. Gene expression monitoring by analyzing the transcriptome helps in

investigation of the cancer drivers. Moreover, in human 80% of the genome is biologically

active however, proteins translated from coding RNA occupy less than 2% of the genomic

information. It reveals that a considerable portion of the DNA is transcribed into non-

coding RNA (ncRNA) including functional RNA molecules. Studies have been shown that

ncRNAs are not a junk transcriptional sequences, but active, functional regulatory



Overview

molecules. So, cancer transciptomic study I include both coding and non-coding RNA

analysis.

In this study I represent the systematic analysis of the whole canine oral melanoma (COM)

transcriptome including the non-coding and coding RNAs by next generation sequencing. |

present my transcriptome study in three parts based on the RNA species. First microRNA

(miRNA/miR)-a well studied non-coding RNA, second other non-coding RNAs (snoRNA,

snRNAs, and tRNA fragments, and also the piRNAs) and finally the mRNA profile in

COM. In each section I also compare their analogy with human melanoma. In the miRNA

section along with tumor suppressor, I report several oncogenic miRNAs in COM without

previous implication. Gene regulatory function of oncogenic miRNAs was also investigated

in reference to human study. Thus I established a comprehensive miRNA study profile. In

the other non-coding RNAs section I find several non-coding RNAs like snoRNA,

snRNAs, tRNA derived fragments and also piRNAs are aberrantly expressed in our next

generation sequencing analysis. I confirmed their expression in the tissue, cell line and

plasma by qPCR. I also found that snRNA and snoRNA have similar expression pattern in

human melanoma cell line. In my final mRNA transcriptome analysis several differentially

expressed annotated and novel genes are identified. Known and novel transcription factors
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binding site for the up-regulated genes are reported. Finally, driver signature genes for

melanoma are listed by the cross species analysis.



General Introduction

General Introduction

Dogs are, no doubt, man’s best friend. There is an old joke that, after a while human

begins look like their pets. But unfortunately, the similarities also extend to cancer. Dogs

develop many of the same types of cancer as humans, such as brain, lung, bone and skin

cancer like melanoma. For dog, to be a useful therapeutic preclinical model, knowing the

cancer transcriptome and its analogy with human is important. Canine oral melanoma

(COM) considered a natural spontaneous model for human melanoma. However, until now

the transcriptome alterations of COM and its analogy with human melanoma still

unrevealed. So, the objectives of this thesis are to comprehensive study of COM

transcriptome by high-throughput sequencing technology and find out its analogy with

human melanoma.

Initially, I will introduce the aspects and backgrounds about the history of studying

dog for the benefit of human diseases, the term “comparative oncology” canine model of

human cancer, and significance of transcriptome analysis of a model organism. Later, I will

introduce my study in detail. I present the transcriptome analysis broadly into two parts;

non-coding RNA and mRNA. In the first part of non-coding RNA transcriptome analysis, |

will introduce the microRNA (miRNA) transcriptome profile in COM in the first chapter
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and the profile of small RNA other than miRNA (snoRNA, snRNA, tRNA fragments and

piRNA) will be presented in the second chapter. Later, I will introduce the mRNA profile

of COM and its human analogy in the third chapter.

G.1 Animal model for human study

Animals were used to study human physiology and anatomy in the second century

AD as documented by a Greek physician and philosopher, Galen (1). However, in 2011

medical journal “Animal testing and medicine” author Rachel Hajar examines the earliest

known use of animals dates back during great Greek philosophers, Aristotle, (384 — 322

BC) and Erasistratus, (304 — 258 BC) (2). From then till now, the trending for the use of

animal as diseases model varies from non-human primates to rodents. Until now many lives

changing breakthroughs were achieved through the animal model study. Research on cow

helped to develop world’s first vaccine which ends smallpox (Figure G.1). Monkeys, dogs,

and mice led to opining the polio vaccine.
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Figure G.1 Development of the smallpox vaccine. (a). This file comes from welcome
images, a website operated by welcome trust, a global charitable foundation based in the

united kingdom. (b)The vial is containing the 1902 smallpox vaccine sample.

Also, animal models require for any drug development. In 1937, an American

pharmaceutical company created sulfanilamide preparation without animal testing. The

preparation led to causing death for more than hundred people. In 1938 the several similar

disasters led to pass the Federal Food, Drug, and Cosmetic Act requiring safety testing of

drugs on animals before human medication (2). As a result drugs used to combat cancer,

HIV/AIDS, malaria, hepatitis, Alzheimer’s would not be developed without animal

experiments. More interestingly, from 1901 two-third of the most prestigious award “Nobel

prizes” in medicine was awarded to the researcher for their achievement on the animal

model. More recently, from 2003-2015 seven out of ten and even the most recent Nobel

prize of 2018 in medicine were animal based breakthroughs (1). So, the use of animals as a
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study model for human diseases is recognized as an imperative understanding of the causes,

biology, and prevention of diseases. Now a day’s researchers study animal models almost

any diseases like eye diseases, diabetes, cardiovascular, obesity, metabolic, kidney, liver,

hereditary disorder and most promisingly in cancer (3). Previously, larger animals like

chimpanzees were used as experimental models because they seem to be closer to humans.

However, large animals have increasingly difficult to handle and maintain; besides they are

costly in nature. The other disturbing fact is most human diseases could not be induced or

replicated to them. As a result, scientists started to develop simpler and effective

(humanized) model especially transgenic mice (4). Therefore, during the selection or

development of an induced animal model researchers adopt different criteria like

homology, analogy, and fidelity of the model animal with humans (5). In this case

homology refers to the genetic similarity; analogy is the quality of resemblance or

similarity in function or appearance, but not of origin or development and fidelity refers to

resemblance of model with the human for the condition being investigated. Human diseases

are typically artificially induced in animals. These enormous efforts of reproducing

complex human diseases in animals limit their usefulness(6). However, discordance exists

in the translation of induced model’s experimental outcome to human clinical trial even if

the design and conduct of animal experiment are sound and standardized (6-9). For
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example, in cancer less than 8% successful translation from animal experiments is being

considered for human clinical trials (7). So a considerable number of experimental animal

efforts seem to be useless. Therefore these limitations intend the researcher to look for the

more natural model so that the achievements of the animal experiment can be translated to

human therapy successfully. Hence the term “spontaneous model” revealed (5,10). Because

as the term “spontaneous” implies, this model requires appearing the diseases naturally in

the population. Scientist those are interested in the hereditary and cancer, focusing more on

the spontaneous natural model. Also, several examples exist in the hereditary, inflammation

and cancer (5). For example, NOD strain of mouse exhibits a heritable susceptibility to

diabetes comparing to most mice strains. Therefore it has been used as a spontaneous

model for type 1 diabetes (11). N-IF mouse is spontaneous model for chronic liver

inflammation (12). Dog appears as one of the most common spontaneous models of several

human diseases (13,14).

G.2 Dog model for human diseases

The time frame for dog domestication varies from 12,000-40,000 years ago (15—18).

Whenever is the time of dog domestication, they are trusted friend of human. Unfortunately

their friendship also exists in case of diseases. The domestic dog, Canis familiaris bears
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over 450 diseases, among them approximately 360 of which are reported analogous to

human diseases (19-21). Because of strong anatomical and physiological similarities

especially with respect to the cardiovascular, urogenital, nervous and musculoskeletal

systems they are in early interest and efforts for the scientist and researcher. Dogs provide

an excellent system for the identification and study diseases loci as a spontaneous model for

many heritable diseases (19,20,22). A well known disorder is congenital stationary night

blindness described in Briards breed. Leber amaurosis in children is the counter-part of this

disease in children. On the other hand, Duchenne muscular dystrophy has its canine

counter-parts in the Golden retriever, Beagle and German short-haired pointer (23). Alport

syndrome (AS) is a form of hereditary nephropathy (HN) in human caused by the defects in

the glomerular basement membrane. Spontaneous AS has been identified in several canine

families. X-linked HN (XLHN) was identified first in the Samoyed breed which also later

found in the mixed-breed family (24). Co-relation was found among the amyloid-B (Ap)

plaque deposition between the dog cognitive dysfunction (CCD) and Alzheimer's disease

(AD) in humans. This finding supports the senescent dog with spontaneous CCD is a

valuable non-transgenic model for the investigation of the neurodegenerative process

associated with the aging and early stage AD (25). Numerous studies also exist which
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support the dog as a model for human cancer. In the following section 1 will gather the

studies that reported the dog as a valuable spontaneous model for various human cancers.

G.3 Comparative study of dog and human cancer

The canine model has long been used in cancer drug discovery and development

research because of its similarities to human anatomy and physiology (Figure G.2). NIH

proposes spontaneous animal tumor registries to study comparative oncology. The high

level of veterinary health care, available data and as a most common companion animal

species make the dog as one of the suitable spontaneous model candidates for human

cancer (26-28).

10
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Figure G.2 The remarkable similarity in cancers shared by human and dog. The cancers
shown are found in both human and canine populations, and several ongoing studies are
highlighting the similarities at the genomic level. The incidence of cancers in both species
is shown, highlighting the more than 2.5xnumber of cancers diagnosed in pet doges each
year. Comparative oncology is a growing trans-disciplinary field that harnesses these data,

adding evidence to support a shared pathogenesis.(29)

Human and dog share common environmental factors. These give the benefit to study the
environmental factors inducing in human cancers. Dog’s age length is five to seven times
shorter than human and lives till old age. So disease progression is more rapid which
permits the assessment of a novel treatment faster (e.g., 1-2 years than 5-10 years) and also
promptly. On the other hand, high coverage genome sequencing has shown stronger

similarities between the canine and human genomes as compared with mouse genomes

11
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(30). Moreover, canine cancers are described as in the same language as their human

counterparts. For example, histological and clinical staging systems used in human cancers

classifications (National Cancer Institute Working Formulation, World Health Organization

histopathological classification system) (31,32). A Cancer registry is one of the important

features of the epidemiological study of comparative oncology. Cancer registry for human

has been established in 1940s, while for dog it becomes available from 1960s (33,34). Also

cancers in dog face key feature like surgery, chemotherapy and radiation therapy as like to

human. For example, CHOP (Cyclophosphamide, Hydroxydaunorubicin, Oncovin,

Prednisone) based chemotherapy protocol is the mainstay both for human and dog

lymphoma treatment. Additionally, the incidence of certain cancer is higher in dogs than

human. For example, less than 1,000 people have osteosarcoma (OSA) in a year, while dog

OSA s at least 10 times more prevalent (35). These cancers assist in providing significant

larger study population to develop and evaluate new therapeutic strategies for rare and

common human cancer. Advancement of the recent comparative studies between the

species highlights the future scope to study the human counterpart of the dog cancer more

specifically.

12
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G.3.1 Dog mammary gland tumor and human breast cancer

The mammary tumor is the most common neoplasm identified in female dog. About

70% of tumors in dog European cancer registries are mammary gland tumors (36). In

human mammary cancer (breast cancer) is also the most common and leading cause of

cancer associated death among women in the world. According to the biennial update from

American cancer society 2019, more than 4 women will die per hour due to breast cancer in

the US. Clinical stage and tumor grade are the two most consistently reported prognostic

factors in both dog and human mammary cancer (32,37). Although, other risk factors like

breed, age, hormonal exposure, and possibly obesity were also reported for the

development of mammary tumor (32). Specific molecular markers not only classified

human breast cancer but also lead to successful cancer therapies that improve patient

survival. There is estrogen receptor (ER)-positive subtypes; Luminal A and Luminal B. On

the other hand ER negative subtypes are HER2 over-expressing, normal breast like and

basal-like subtypes that are characterized by the lack of estrogen, progesterone, and HER2

receptor expression(38,39). In dog stromal cell MMP9 and tumor cell Ki-67 expression

considered independent molecular markers for canine mammary tumors (40). Breast cancer

in human is recently now characterized by the gene expression profiles targeting specific

molecular markers (41). The correlation was found among three histological subtypes of

13
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canine MGC (ductal, simple, and complex) and four molecular subtypes of human BC

(HER2+, ER+, ER&HER2+, and TNBC) when analyzing the differential expressed genes

obtained by the transcriptome analysis. BRCA, a candidate gene for human breast cancer

was investigated in the English springer spaniel; a breed frequently develops mammary

tumors. The study found germline mutation of BRCA1 and BRCA2 has significant

association of mammary cancer in that breed (42). Moreover, comparative pathway

expression analysis of orthologous dog/human genes demonstrates that cancer-related

pathways were similar in mammary or breast cancer in both species (43). Thus

identification of molecular drivers in the pathogenesis of the mammary or breast cancer led

to the development successful cancer therapy. For example, HER2 expression is now used

as biomarker to identify patients those can be treated with the trastuzumab (Herceptin®), a

monoclonal antibody targeting HER2. In canine mammary carcinomas loss of HER2

expression associated with poor prognosis is also reported. 20-29.7% canine malignant

tumors over expressed HER2 mirroring the incidence of human breast cancer (44—46).

G.3.2 Soft tissue sarcoma

Soft tissue sarcomas (STS) are heterogeneous groups of mesenchymal tumors

clinically present on both human and dog. The annual incidence in dog is 35 per 10,0000

14
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(32), whereas 1% people diagnosed STS among all types of cancer (47). A recurrent
chromosomal aberration has been identified both in human and dog (48-50). Loss or
chromosomal rearrangements of CDKN2A/CDKN2B have been identified both in the
human and dog in where human CDKN2 loss associated with worse prognosis (51,52).
Molecular subtypes of gastrointestinal stromal tumors (GIST) have been classified by the
KIT mutation in both species (32,53). In human mutation rate is around 80%, whereas in
dog it’s 35.5% and the location of mutation in both species are in exon 11 (53,54). Local
control is a crucial strategy for successful treatment for the both species including surgery

with or without radiation therapy (32,55).

G.3.3 Osteosarcoma (OSA)

OSA is significantly prevalent in dog and human with a reported incidence of 13.9
in dog and 1.02 in human per 100,000 individuals (35). The incidence is higher in older dog
(median age is 7 years), whereas in human its more common in the adolescence group (10
to 14 years old age group) (35). Fundamental genes and signaling-pathways related to OSA
pathogenesis are conserved between human and dog. Similar mutation or alteration of
oncogenes implicated in the etiopathogenesis of OSA is also reported between the species.

For example, mutations of the tumor suppressor genes like p53, RBI, PTEN and alteration

15
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of the MET and MYC were reported in both species (35). The mutation rate of the p53 in

OSA is near to be similar (23-47% human and 15-30% dogs) between these two species

(35,56-61). Dog and human OSA represent 29-61.5% and 30-75% genomic alteration of

RBI respectively (62,63). IL8 and SCLIA3 are over-expressed in canine OSA which is also

associated with an aggressive clinical course and poor outcome in human OSA (64).

Similar to the other tumors constitutive activation of the STAT3 was found in the human

and canine OSA and cell lines (65-67). This evidence bring the consideration of canine

OSA into comparative cancer and translational cancer research which indicates the

potentiality to share and novel therapeutic targets ultimately care the advancements in both

species.

G.3.4 Lymphoma

Both human and dog have increased similarities non-Hodgkin lymphoma, one of

the most common lymphomas in both species. The incidence is around 15-30 per 100,000

individuals in both species (68,69). B-cell lymphoma is more prevalent than T-cell, and

diffuse large B-cell lymphoma (DLBCL) is the most common subtype in both species

(68,69). Several shared incidence of molecular signaling and pathologic features are also

reported (68). For example, MYC associated dysregulation and cytogenic abnormalities are

16
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conserved between human and dog (70,71). Significant overlap exists in case of altered

FLT3, NF-kB and B-cell receptor pathway signaling (72-75). Mutation in the

immunoglobulin heavy chain in canine DLBCL also co-relates with the human DLBCL

(73). TRAF3 inactivating mutation was first identified in canine DLBCL and then in the

human (76). These reports provide strong support for the utility of dog as a model for

human lymphoma study.

G.3.5 Leukemias

Chronic lymphocytic leukemias represent the most common forms of adult

leukemia in people where the incidence is far more common in the dogs (77,78). Conserved

genetic alteration of RB1 gene locus exists in both species. A region CFA22 homologous to

the human HSA13q4 which is related to the RB1 gene expression was reported to be

deleted in both species in leukemias (70). These indicate that the disease may have

molecular similarities with respect to RBI signaling. Chromosomal rearrangement or

translocation (Raleigh chromosome in dog equivalent to Philadelphia chromosome in

human) was found both in the human and dog in case of chronic myelogenous leukemia

(CML) (70,79). In case of acute lymphocytic leukemia (ALL) FTL3 tandem duplication is

17
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also present in human and dog with a variable percentage which supports the notion that the

biology of the ALL and FTL3 are conserved between the species (80,81).

G.3.6 Transitional cell carcinoma (TCC)

TCC in the urinary bladder of dogs shares many biological, clinical histological and

molecular similarities with high grade invasive TCC in human (82). For example, the

COX2 over-expression is reported both human and canine invasive TCC (83,84). More

importantly, treatment with COX inhibitor produces similar biologic effects (85).

Additionally, telomerase activity and altered expression or activation of several other

proteins like survivin, androgen receptor, urine basic fibroblast growth factor is observed

(83,84).

G.4 Study of Transcriptome

Most of the previous studies were the single or multiple gene approach to

investigate the similarities in the comparative oncology. However, with the advancement of

the sequencing technologies it’s becoming the far better choice to study the comparative

oncology at the whole transcriptomic level. Cancer transcriptome study in veterinary

research is scarce. However the trend of transcriptome study is increasing recently. On the

other hand, after the first revealing of the partial transcriptome from human brain the
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transcriptome study in cancer is increasing year by year. For example, only the breast

cancer transcriptome study increases more than 200 times within 2006-2014 (Figure G.3)

which shows the necessity to study the canine mammary gland tumor transcriptome in the

field of comparative oncology.

Figure G.3 The increase in the number of cancer transcriptome profiling studies.
ArrayExpress was queried for human cancer data sets acquired from at least 30 samples by
RNA microarray or sequencing assays. Main bar plot data sets acquired from any cancer

type; insert plot: data sets from breast cancer studies only(86).

The transcriptome is the study of all RNA molecules in cell. More specifically,

transcriptome study refers to the complete set of mRNA and non-coding RNA transcripts

produced by cells from the genome under specific circumstances. The study of the

transcriptome of different circumstances allows the identification of genes or transcripts
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that are changed (differentially expressed) due to the condition. Some of them are driver,

and others are changed due to the secondary effect. So the comparison of the transcriptome

in various diseases or experimental conditions reveals the differential as well as the driver

genes or transcripts.

G.4.1 Short history of Transcriptome study

Transcriptomics study has been characterized by the advancement of new

technologies. The first attempt to report the transcriptome was human brain, which was

published in 1991. They reported 609 mRNA sequences from the brain (87). The first

cancer portrait of transcriptome was published from human breast cancer in 2000 (39).

They identified the variation in messenger RNA levels related to the specific feature of

diseases. From 2003, new sequencing technologies; next generation sequencing (NGS) has

increased the speed and reduced the cost of sequencing. This technology advanced our

understanding of cancer subtypes through several national and international large-scale

transcriptome studies. The International network for cancer genome projects was

established in 2010. This network deal with the systematic studies of over 25,000 cancer

genomes at the genomic, epigenomic, and transcriptomic levels (88). From 2011, clinicians
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have begun to translate genome and transcriptomic approaches for patients with cancer in

the clinic (89).

G.4.2 Common strategies for transcriptome analysis

The contemporary technique for whole transcriptome analysis s
microarrays and RNA-Seq. Microarrays measures a defined set of transcripts via their
hybridization to an array. This technology allowed the assay of thousands of transcripts
simultaneously at a greatly reduced cost per gene. To perform microarray analysis, RNA
molecules are converted to complementary DNA (cDNA), and each sample group is
labeled with a fluorescent probe with a specific color. Then the sample group mixed
together and allowed to hybridization. Following hybridization the microarray slide is
scanned to measure the expression of each gene depending on the fluorescent intensity.

An RNA-seq method totally depends on sequencing technologies. It refers to the
sequencing of the transcript cDNAs. Therefore the technique heavily depends on the
development of high-throughput sequencing technologies. Massively parallel signature
sequencing (MPSS) was an early example of generating 16-20 bp sequences via a series of
hybridization (90). Four hundred fifty four technologies are the pioneer as the earliest

RNA-seq work, published in 2006 (91). This technology allows 10° transcripts sequence.
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RNA-seq gains more popularity when new Solexa/lllumina technologies (San Diego, CA)

allowed 10° transcript sequences to be recorded in 2008 (92-95).

G.4.3 Significance of transcriptome analysis

In multicellular organism, nearly every cell contains the same genome and thus
capable of encoding the same genes. However, in every cell all genes are not
transcriptionally active. Different cells show different patterns of gene expression. The
variations underlie due to the wide range of physiological and pathological conditions
under different mechanisms. Thus comparing different types of cell’s or tissue’s
transcriptomes, we can gain deeper access how the transcriptional activity changes reflect
or contribute to disease or physiological condition. For example, transcript study of the
stem cells reveals their unique property of plasticity or continues growth in the cell culture.
Also gene expression associated with cancer progression can be examined.
Moreover, proteins are interacting dynamic molecules. The changeability of the proteins
makes the proteomic snapshots study difficult. Also there are many technical challenges in
characterizing the molecules. One example is a gene can produce variant of mRNA because
of alternative splicing, RNA editing, or alternative transcription initiation and termination

sites. Moreover, non-coding RNAs like microRNA (miRNA), piRNA, snoRNAs or other
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RNAs also contribute to the fine tuning of the proteome. Thus transcriptome study is able

to capture a level of complexity which is not visible only with the simple genome or

proteome analysis. Therefore measuring the intermediate step of the genes and proteins

(transcripts of messenger RNA) researcher able to understand the modification during the

transformation process. Also the transcriptome study of different cells and tissues facilitates

to develop the complex gene expression databases (96—98). These databases are useful to

understand the complex transcripts aberration under different diseases and physiological

state. Thus it helps to distinguish "driver" from "passenger" genomic events. Transcriptome

study revolutionized our understanding how genomes are expressed in a functional way and

the modifications that are taken place during the process of a functional state.

G.4.4 Review of transcriptome study in comparative oncology

Cross species comparison of genomes, transcriptome and gene regulation are the

key features for the study of spontaneous cancer in the field of comparative oncology.

During the study researcher try to find out the comparative similarities and dissimilarities

regarding the diseases between the species. Insights have been gained in case of

conservation between human and the other model animals at the level of not only gene

expression, but also in the epigenetics and other inter-individual variation. The comparative
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transcriptome of the three distant species (human, worm and fly) have been studied to

identify conserved biological principles (99). They found co-expression modules shared

across animals, many of which are developmental genes. Moreover, non-canonical, non-

coding transcription is similar in between the organism. After these early study comparative

transcriptomics between human and mouse “a well known cancer model” was reported

(100). With the advancement of time comparative study of the cancer transcriptome

between human and its spontaneous counterpart are in continuous investigations.

Transcriptome study of the Canine Mammary Gland Tumors and its comparison with

human breast cancer showed the co-relation between the subtypes (101). Another study

showed the conserved stromal reprogramming during mammary carcinoma development

(102). Conserved intertumor transcriptional variation was present in tumor sets when

osteosarcoma from human, dog, and mice were compared in the transcriptomic level (103).

Metastasis associated gene signature was reported in osteosarcoma by the cross species

analysis of the genes between the human and dog. Genetic similarities of osteosarcoma also

identified between children and dog (61). RNA-seq of the invasive urothelial bladder

carcinoma in dog showed similar ERBB2 and TP53 pathway aberration (104,105). Another

cross species analysis of the canine and human bladder cancer transcriptome revealed that

gene functions are remarkably similar in the functional and pathway levels (106).
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G.5 Author’s perspective in the experimental topics

Since 2003, The National cancer institute (NCI) has been using the “comparative

oncology” terms as a field of studies of canine cancer to help and guide the studies of

human cancer and vice versa. Human and pet dogs share similar living spaces, so they are

exposed to some of the same environmental factors related to cancer. Moreover, cancers in

both species take several years to develop, and in many cases it’s often driven by similar

genetic mutations. And not only that cancer spread, or metastasizes, from one body part to

another usually spreads to the same organs such as the lungs, liver, and brain. Furthermore,

the immune system which can help and or prevent cancer growth works a lot like dog’s do.

No one model can perfect for understanding cancer. However, comparative oncology

studies offer a different perspective than studies of artificially created cancers in lab

animals such as mice and rats. Because the cancers developed in an immunocompetent

animal model. Considering these important similarities, studying pet dogs with naturally

occurring cancers provide researchers valuable clues about human cancer therapy.

Since the 1960s, attempts have been conducted and reported to answer the questions

about cancer therapy using canine model (107—-112). However, at that time we didn’t know

how many genomic similarities exist between these two species. Thanks to the high-

throughput sequencing technology which revealed the mystery of whole genome sequence
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both human and dog. Genome sequencing reveals that dogs share much of their ancestral
DNA with humans (30). This study encourages us for the comparative transcriptomics
study of COM. I characterize the global transcriptome profile, both small and mRNA of
COM by using the high-throughput sequencing technology to understand the alteration in
the non-coding and coding components and further validation by the quantitative real-time
PCR (qPCR). Molecular pathways and common gene signature impacts by the altered
transcriptome are investigated. Furthermore, the shared transcriptomic analogy between

COM and human melanoma are also reported.
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Chapter 1
Micro RNA Transcriptome Profile in Canine Oral

melanoma.
(Rahman, M et al., 2019 Int J Mol Sci. Sep 28;20(19).

pii: E4832)
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1.1 Abstract

MicroRNAs (miRNAs) dysregulation contribute the cancer pathogenesis. However,

the miRNA profile of canine oral melanoma (COM), one of the frequent malignant

melanoma in dogs is still unrevealed. This study aims to reveal the miRNA profile in

canine oral melanoma. MiRNAs profile of oral tissues from normal healthy dogs and COM

patients were compared by next-generation sequencing. Along with tumor suppressor

miRNAs, I report 30 oncogenic miRNAs in COM. The expressions of miRNAs were

further confirmed by quantitative real-time PCR (qPCR). Pathway analysis showed that

deregulated miRNAs impact on cancer and signaling pathways. Three oncogenic miRNAs

targets (miR-450b, 301a, and 223) from human study also were down-regulated in COM

and had a significant negative correlation with their respective miRNA. Furthermore, I

found that miR-450b expression is higher in metastatic cells and regulated MMP9

expression through a PAX9-BMP4-MMP9 axis. In silico analysis indicated that miR-126,

miR-20b, and miR-106a regulated the highest numbers of differentially expressed

transcription factors with respect to human melanoma. Chromosomal enrichment analysis

revealed the X chromosome was enriched with oncogenic miRNAs. I comprehensively
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analyzed the miRNA’s profile in COM, which will be a useful resource for developing

therapeutic interventions in both species.

29



Chapter 1

1.2 Introduction

The Neoplastic proliferation of melanocytes results the melanoma development.

One person dies every hour from melanomas; new melanoma cases have increased by 53%

in the US (113), and the WHO reported that 132,000 new melanoma cases are diagnosed

every year in the world. These reports clearly confirm the importance of melanoma studies.

In human, melanoma arises from cutaneous, uvea of the eye, and within mucous

membrane. Molecular studies have enriched the definition of melanoma sub-types

(114,115). The continuous investigation makes the scenario more diverse. In human

cutaneous melanoma is more common, which characterize by the mutation in BRAF,

N/H/K/-RAS, or NFI mutation (116—118). Alongside the triple wild-type (TWT) subtype

bears the features that underlie non-cutaneous melanoma, including mucosal melanoma

(115,119). Human mucosal melanoma is more aggressive with less favorable prognosis

than other subtypes.

Engineered mice and zebrafish models were used in melanoma. In this model

system different strategies including BRAFV600E or NRASQ61R/K defined mutation to

CDKNZ2A, or PTEN inactivation were adopted to study the molecular process in cutaneous

melanoma (120-122). Previous studies suggested dog melanoma as a natural model for
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human melanoma (123,124). Malignant melanoma is frequent in dog, and the majorities are
in the oral mucosa. Oral melanoma in dogs is considered a typical model for non-UV or
TWT melanoma in human (114,115). Dog melanoma genes have the same mutations or
aberrant expression as human melanoma genes, BRAFVSE, NRAS (Q61) (125), PTEN
(123), and KIT (126). Besides the protein-coding RNAs, non-coding RNAs (ncRNAs) also
have important roles in gene regulation. Among them, small non-coding RNAs have
widespread regulatory functions in human diseases, and microRNAs (miRNAs) are now in
phase I trials to treat human hepatitis, diabetes, lymphoma, scleroderma, and lung cancer
(127). Next-generation sequencing (NGS) has been used widely to study miRNA, including
their role in human melanoma. For dogs to be a useful therapeutic preclinical model,
knowing the miRNA profile in dog melanoma is important. There are few reports of tumor
suppressor miRNAs in canine oral melanoma (COM) (128,129), and studies of miRNA
profiles of human TWT or mucosal melanoma are scarce. Moreover, the global deregulated
miRNAs expression profile of COM is still unrevealed. So | aimed to use next-generation
sequencing to study global aberration of miRNAs in COM bearing following three
objectives: (1) Comprehensively profile miRNA expression pattern in COM, (2) Validation
of findings in the COM tissue samples by using qPCR, and (3) Investigate the gene-

regulatory function and molecular pathways of differentially expressed miRNAs. In my
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study, | obtained the miRNA profile of eight COM tissue samples by NGS which were

further validated by qPCR. I found several miRNAs were differentially expressed. I also

explored a new function of miR-450b. The impact of global changes in the miRNA profile

was shown by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.

Finally, a common miRNA and transcription factor (TF) network was constructed and

analyzed to find the most important miRNAs for the regulation of TFs expression between

dog and human melanoma.
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1.3 Result

1.3.1 Small RNA Profile of Canine Oral Melanoma

To investigate the miRNA profile in COM, RNA from three normal oral tissue
samples from healthy dogs (hereafter referred to as ‘‘normal’’) and eight samples from
dogs with COM was sequenced (Appendix 1-1A). After adapter trimming and quality
check, I obtained 51 and 142 million clean reads from normal and melanoma libraries,
respectively (Appendix 1-1B). Sequences were submitted to the SRA database
(PRINAS516252). Length distribution analysis showed 90% and 82% of clean reads in the
normal and melanoma libraries, respectively, were 20—24-nt long, indicating an alteration
in the small RNA profile (Appendix 1-2A). I annotated the reads using miRBase or
Ensembl dog and human ncRNAs (see methods), witch 92.5% and 84.23% of the reads in
normal and melanoma, respectively, were annotated (Appendix 1-2B). Among the
annotated reads miRNAs were the most abundant small RNAs. Interestingly, the
percentage of other ncRNAs reads (Mt-rRNA, Mt-tRNA, linc-RNA, sno-RNA, snRNA,
misc-RNA, rRNA, other miR) was two times more in the melanoma group (Figure 1-4A).

SnRNA, snoRNA, and mitochondrial tRNA-derived small RNA fragments were the most
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altered between the two groups. As miRNAs were the most abundant | analyzed the

miRNAs further.

I found significant differences in the chromosome distribution of the annotated

miRNAs mapped reads between the normal and melanoma groups (Figure 1-4B), implying

altered global miRNA profiles in the melanoma group. I annotated 542 miRNAs in both

groups, among them, 64 miRNAs were differentially expressed (Figure 1-4C). The top 20

highly expressed miRNAs made up >70% of the total reads that were annotated to

miRBase (Figure 1-4D). Among them, 12 miRNAs were common between the groups. I

selected the rank of the miRNAs on the basis of their expression. The rank orders of

miRNA’s were different in melanoma than normal (Figure 1-4D). Four of the top 10 highly

expressed miRNAs in melanoma were not in the top 10 of the normal group. Importantly,

miR-21, which is a well-characterized miRNA oncogene frequently found to be over-

expressed in various malignancies, was ranked one in melanoma and 12 in normal. Also,

miR-22, miR-148a, and miR-186, all of which have been reported to be oncogenic, but not

statistically significant in my study, changed their rank within top 10 in melanoma (130-

132). However, the ranks of some known anti-oncogenic miRNAs were much lower in

melanoma than in normal. For example, miR-203 and miR-205, which were reported to be

anti-oncogenic in melanoma (128) were ranked 6 and 7 in normal, were outside the top 20
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in melanoma. So, melanoma reduced expression of anti-oncogenic miRNAs while taking

favor of others highly expressed miRNAs by remodeling their expression position

according to their target functionality.

1.3.2 Global miRNAs Expression in Canine Oral Melanoma

Unsupervised hierarchical clustering and principal component analysis were

performed for all the differentially expressed miRNAs (FC > 1, without considering the

FDR and mean read count) to evaluate similarities between the studied samples at the

global level (Figure 1-5A, and Appendix 1-2C,D). After applying stringent filtering criteria

(Fold change >2, FDR <0.05, and miRNA mean read counts in either normal or melanoma

>50), I obtained 30 up- and 34 down-regulated miRNAs (Figure 1-5B, Appendix 1-3). The

heatmap and clustering tree revealed a distinct miRNA expression pattern between the

groups. The principal component analysis and clustering tree showed that the differentially

expressed miRNA was enough to distinguish the two groups, and heatmap showed the

miRNA expression patterns were similar within a group. Data showed there were

significant changes in the miRNA profile in COM.
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1.3.3 Validation of miRNA Expression

I selected 20 differentially expressed miRNAs for validation by qPCR by 12 normal

oral and 17 melanoma tissue samples (Figure 1-5C, D, and Appendix 1-4). | selected these

20 miRNAs on the basis of three different criteria: (1) miRNAs those were not reported or

validated previously (miR-450b, 301a, 140, 542, 223, 190, 429, 96, 375,183, 200b, 141),

(2) miRNAs those were reported or validated previously (miR-21, miR-122, 383 and 143)

(133), (3) miRNAs those were beyond (numerically close) to the stringent filtering criteria

(miR-122, miR-34a, miR-338, miR-182, and miR-1). Among the up-regulated miRNAs,

miR-450b, miR-223, miR-140, miR-542, and miR-383 showed >10-fold change, and miR-

301a, miR-21, and miR-190 showed >5 fold-change (Figure 1-5C and Appendix 1-4A—C).

Among the down-regulated miRNAs, miR-429, miR-200b, miR-141, and miR-375 showed

<—10-fold change, miR-96 showed <—3 fold-change, and miR-183 and miR-143 showed

<—2-fold change (Figure 1-5D and Appendix 1-4D). There was significant positive

correlation of fold differences between the NGS and qPCR results (Figure 1-5E), and the

expression levels of miR-122, miR-34a, miR-338, miR-182, and miR-1 (Figure 1-5C.,d and

Appendix 1-4) which were beyond my stringent filtering criteria, showed similar trends

between NGS and qPCR indicates the strength of my filtering criteria. These results
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confirm the expression of several oncogenic and tumor suppressor miRNAs in COM

revealed by NGS and validated by qPCR.

1.3.4 Gene Regulatory Function of Oncogenic miRNAs

MiRNAs do their function by negatively regulating the gene expression in the

mRNA and protein levels. To know the differentially expressed miRNAs function, I need

to focus on the expression of their respective target genes. However, it is unfeasible to

explore all the differentially expressed miRNAs targets in a single study. So, I selected

three miRNAs (miR-450b, miR-301a, and miR-223) to know their gene regulatory function

because, to my knowledge, miR-450b has no report in melanoma and other two miRNAs

are less studied in human melanoma and no report in COM. I selected PAX9, NDRG2, and

ACVR2A as targets of miR-450b, miR-301a, and miR-223, respectively, from previous

studies where they validated miRNA-mRNA binding experimentally (134—136). The

binding sites in the 3’ un-translated regions of these genes predicted by TargetScan 7.2

were conserved between human and dog (Appendix 1-5). So, I hypothesized that similar

phenomenon (miRNA-mRNA binding) might exist in the canine oral melanoma. As in my

experiment, miR-450b, 301a, and 223 were up-regulated so if my hypothesis is true the

target genes must be down-regulated, and they should have a strong negative correlation
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with the respective pairs. My qPCR results showed significant down-regulation of PAX9,

NDRG2, and ACVR2a in melanoma compared with normal, and the relative expression of

the respective miRNA—mRNA pairs showed significant negative correlation (Figure 1-6A,

B). This inverse relationship indicates the miRNAs may bind the respective mRNA targets

like previous human studies and suppress their expression in melanoma. In addition, study

reported that PAX9 down-regulation decreases BMP4 expression which can increase

MMPY expression (137,138). So I investigated the PAX9-BMP4-MMP9 axis in my study.

My gPCR results showed that BMP4 was down-regulated and MMP9 was up-regulated in

melanoma tissue samples (Figure 1-6C). MMP9 is required for the degradation of the

extracellular matrix, which is a prerequisite for tumor invasion and positively correlates

with tumor metastasis. So [ expected high MMP9 expression in metastatic cells along with

miR-450b. Therefore, 1 further investigated the relative expressions of miR-450b, PAXY,

BMP4, and MMP9 in two COM cell lines: KMEC established from primary oral melanoma

and LMEC from metastatic mandibular lymph node of oral melanoma (139). qPCR

analysis showed that miR-450b was up-regulated and PAX9 and BMP4 were significantly

down-regulated in LMEC compared with KMEC. Conversely, as expected, MMP9 was

significantly up-regulated in LMEC compared with KMEC, as shown in Figure 1-6D. So, |
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concluded that up-regulation of miR-450b and down-regulation of PAX9 and BMP4 were

interconnected with the high MMP9 expression in metastatic melanoma cells (Figure 1-6E).

1.3.5 Gene Ontology and KEGG Pathway Analysis of the Differentially Expressed

miRNAs

To determine the global function of the differentially expressed miRNAs, I

predicted their target genes by overlaying the results obtained using TargetScan and

miRDB. I detected 2555 and 2464 target genes of the down- and up-regulated miRNAs,

respectively. I functionally annotated the target genes by assigning gene ontology (GO)

terms and KEGG pathways. Target genes of the down-regulated miRNAs were analyzed

against cancer and other databases (Appendix 1-6). I found oncogenic genes related terms

were enriched, which indicates these genes have an oncogenic function. From GO analysis

I found protein modification (e.g., phosphorylation, transcription, or repression from

DNA), extracellular matrix, and receptor signaling GO terms were assigned for the target

genes of down-regulated miRNAs. It indicates down-regulated miRNAs inhibit their target

genes from maintaining target genes terms related function in normal condition which was

disrupted in melanoma due to the miRNA down-regulation. Target genes of the up-

regulated miRNAs were involved mainly in the protein ubiquitination system because
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ubiquitin-dependent protein catabolic process and ubiquitin-protein ligase activity terms

were enriched in GO (Table I-1). Ubiquitylation is long known for driving cell cycle

transition, and ubiquitin ligase has relation to the cell cycle control. This indicates that up-

regulated miRNAs may be involved in cell cycle control by ubiquitination system.

The KEGG pathway analysis of the target genes revealed that the down-regulated

miRNAs were involved in tuning of several signaling pathways that are known to be

disrupted in diseases, and the up-regulated miRNAs were related to remodeling of

extracellular matrix organization, packaging, circadian entrainment, recycling and

modification of receptors, proteins, chemokines and enzymes in favor of disease

progression (Table 1-2).

1.3.6 miRNA—Transcription Factor Interaction Network between Dog and Human

Melanoma

Previous human melanoma studies indicate that several differentially expressed

miRNAs have a similar trend of expression with COM (140-144). Transcription factors

like MITF can play a critical role in melanoma (145,146). So, | was interested in finding a

common miRNA-TFs co-regulatory network in human and dog for melanoma. Moreover,

miRNAs that can target maximum number of TFs will be considered to be important for
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melanoma-related TFs regulation. I considered the same seed sequences miRNAs between

human and dog from my study and the miRNAs target (genes) orthologues TFs that were

differentially expressed in human melanoma (GSE31909) were selected for network

construction. A total of 34 up-regulated and 33 down-regulated TFs were obtained from

GSE31909 (Appendix 1-7). I constructed two networks, one using down-regulated

miRNAs and up-regulated TFs, and the other using up-regulated miRNAs and down-

regulated TFs (Figure 1-7A, B). See methods for details. I measured the degree and

betweenness centrality of the networks to detect the key miRNAs that can regulate

maximum TFs in both groups. Nodes that had higher centrality values than average were

considered to influence the network biologically.

In the down-regulated miRNA—-TF regulatory network (Figure 1-7A), the miR-126,

miR-183, and miR-200 families, let-7 family members had higher degree centralities than

average. Among them, miR-126 had the highest centrality (Appendix 1-8A).

In the up-regulated miRNA-TF regulatory network (Figure 1-7B), miR-130 family, and

miR-9, miR-20b, miR-371, miR-106a, miR-450b, miR-21, and miR-424, had higher degree

centrality than average. Among the miRNAs, miR-20b and miR-106a had the highest

centralities (Appendix 1-8B). So it indicates that among the differentially expressed
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miRNAs, miR-126, miR-20b, and miR-106a are the most potent to regulate the maximum

number of TFs in melanoma.

1.3.7 Differential miRNA Chromosomal Enrichments

Studies reported that more than 50% of miRNA genes are encoded in the cancer-
associated regions or fragile sites or chromosomal breakpoints which are frequently absent,
amplified or rearranged in tumour specimens(147,148). Thereby, the dysregulation of
miRNA expression occurred in tumor. For example, miR-15a/16-1 is located in genomic
locus containing tumor suppressor that is frequently deleted in leukaemia (149). So to
investigate the melanoma-associated regions or fragile sites it’s important to understand in
which chromosome the differential miRNAs reside. I analyzed the chromosomal locations
of all 542 annotated miRNAs from miRBase. Stem-loop or mature sequences were mapped
against the dog genome to obtain locations for the hsa-miRs (miRNAs that were annotated
by the human sequence). Among the 542 miRNAs, 70 (12.84%) were in the X
chromosome, and 14 (2.57%) and 24 (4.40%) were in chromosomes 4 and 5, respectively.
Three chromosomes were focused because most of differentially expressed miRNAs were
encoded in these chromosomes (Figure 1-8A, B). Out of 30 up-regulated miRNAs, 11

(34.4%) were in X, an about 2.8-fold significant enrichment (p = 5.6x 107*). Among the
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down-regulated miRNAs, four in chromosome 4 (p = 0.008, enrichment = 4.55-fold) and

six in chromosome 5 (p = 0.001, enrichment = 4.55-fold) were enriched.

Among the 11 up-regulated miRNAs in Chromosome X, nine miRNAs encode from

two clusters: mir-106a/18b/20b/19b-2/92a-2/363 and mir-424/503/542/450a-2/450a-

1/450b. Other members in the clusters (miR-19b-2, miR-92a-2, and miR-503) are not listed

among the up-regulated miRNA list because they did not meet my stringent criteria, but the

changes in their expression were similar to other members of the clusters, except miR-92a-

2. Two miRNAs, miR-223 and miR-421, are encoded separately as single genes.

Among the four miRNAs in Chromosome 4 two from miR-143/145 cluster, and rest miR-

1271 and miR-1260a encode as a single gene. Rest six down-regulated miRNAs from

chromosome 5 encode from two clusters, the miR-200 family and miR-99a-2/let-7a-2, and

miR-101 as a single gene. All the family miRNAs had similar expression patterns.

These results are consistent with that study, found clustered miRNAs stay and act

together (150). It also indicates that in chromosome X, 4, and 5 most of the differentially

expressed miRNAs were from clusters and their other cluster members also have a similar

trend of expression. This may recognize COM specific chromosomal fragile sites.
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1.4 Discussion

Despite dogs being considered as a preclinical model for human melanoma (124),

until now, the global miRNA profile was not fully revealed. In this study, I

comprehensively analyzed the miRNA profile in COM. The expression levels of miRNAs

studied previously (128,129) and my recently reported oncogenic miRNA (133) expression

were consistent with those of the present study. Moreover, | detected several differentially

expressed miRNAs that have not been reported previously (Appendix 1-3).

Some of the differentially expressed miRNAs (up-regulated miR-301a, 130, 383,

21, 454, 335, 132, 423,424, 146b, 9, 20b and down-regulated let-7a, 7b miR-126, 125a,

183, 26b, 29c, 152, 31, 145, 141, 205, 203, 200, 101) were reported in human melanoma

(140—144). The expression trends of these miRNAs correlated well between human

melanoma and COM. This indicates an overlap of miRNomes between the species and can

be used as a model for human miRNA therapeutics development. It also affirms that dogs

share much of their ancestral DNA with humans (30). To further understand the functions

of the miRNAs compared to humans, the targets of miR-450b (P4X9), miR-30la

(NDRG2), and miR-223 (ACVR24) which were reported previously (134-136) in human

were analyzed. | found, PAXY9 and NDRG2, which were down-regulated in human and
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mouse melanoma, also were down-regulated in COM (151,152). The expression of the
miR-450b—PAXY9 and miR-301a—NDRG2 pairs was significantly negatively correlated,
which supports two studies that reported miR-450b and miR-301a could bind and suppress
PAX9 and NDRG2 activity, respectively (134,135). ACVR2A is reported here for the first
time in melanoma with significant negative correlation with miR-223. These results suggest
that the tumor suppressive function of PAX9, NDRG2, and ACVR2a were disrupted by
miR-450b, miR-301a, and miR-223, respectively, to maintain oncogenic characteristics in
COM as like the human studies. Moreover, as previous study reported that PAX9 is down-
regulated and miR-301a, 223 is up-regulated in human melanoma (140,152,153). It also
indicates that there are similarities between human and canine melanoma in respect of
PAX9, miR-301a, and 223 expressions.

The predicted binding site of miR-450b-PAX9 is conserved between human and
dog (Appendix 1-5A). BMP4, a downstream of PAX9, was suppressed when miR-450b
degraded the function of PAXO, resulting in an increase of MMP9. Previous studies also
showed that suppression of PAX9 decreased BMP4 expression and subsequently increased
MMP9 (137,154). My study revealed that, in COM, this axis is also maintained and
interconnected with high expression of miR-450b. Additionally, high MMP9 expression in

metastatic melanoma cells may be maintained by this axis.
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Axon guidance, endocytosis, and regulation of actin cytoskeleton and pathways in

cancer are common pathways between human and dog melanoma regulated by miRNAs

(144). With canine cutaneous melanoma, only PI3K-Akt signaling, focal adhesion, and

ECM-receptor interaction pathways are common (155). This is not surprising because there

are molecular differences between cutaneous and mucosal melanomas, so different

pathways are likely to be affected (114,115).

TFs can regulate single or multiple gene expressions, so investigation of miRNAs

that influence TFs could be more meaningful. MiR-126 has maximum influence over eight

TFs that were up-regulated in melanoma. Although, low miR-126 expression was found to

have poor prognostic value in several cancers (156), up-regulated miR-20b and miR-106a

influenced 11 and 10 TFs, respectively. The miR-20b seed sequence is similar to that of

human miR-17-5p, and miR-106a belongs to the miR-17-92 family. Over-expression of

hsa-miR-17 and miR-106a is a good predictor of poor overall survival in several human

cancers (157), indicating these miRNAs may be a prognostic marker and also a good

therapeutic option in both species.

Chromosomal enrichment showed that the X chromosome harbored up-regulated

miRNAs. In human melanoma, X-linked miRNAs are also enriched. Women have

consistent advantageous prognosis in melanoma compared with men (158). However, in
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mucosal melanoma, the incidence is higher in females (159). Also, breast cancer has X

chromosome-linked differential miRNA enriched in women (160). To my knowledge, until

now, the correlation between X-linked miRNA and poor survival has not been explained.

However, in humans, a high number of miRNAs related to cancer located in X

chromosome compared to Y(161). Also study shows 52.5% of human miRNA genes are

encoded in the cancer-associated regions or fragile sites or chromosomal breakpoints (148).

As a result miRNAs are frequently absent, amplified or rearranged in tumor specimens

(148,149). So, the speculation that miRNA clusters or family members are co-regulated

with melanoma-related genes to achieve a regulatory net outcome on a cell or environment

is a reasonable explanation of the enrichment of X chromosome-linked differentially

expressed miRNAs. On the other hand, down-regulated miRNAs enriched in chromosomes

4 and 5. Previous studies showed that miR-15a/16-1 is down-regulated in leukaemia, due to

the deletion of genomic locus containing a putative tumor suppressor-containing region,

(149). Also let-7g/mir-135-1 deletion is reported in varies human malignancies(148). So,

further study regarding the down-regulation of two cluster miR-143/145 and 200 families

may be interesting to find putative region in the respective chromosomes.

One drawback of my experiment might be the use of less normal samples in NGS

screening. However, | overcome the issue by the qPCR validation of 20 differentially
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expressed miRNAs within 12 normal and 17 melanoma samples. Moreover, all the normal
samples were from healthy laboratory beagle dogs, which minimize the limitation of
diversity regarding normal samples.

My study comprehensively established a miRNA profile of COM that has not been
previously implicated. | have also shown the significance of miR-450b over-expression in
metastatic melanoma cells, and future studies are necessary to evaluate the others.
Furthermore, I am able to report some melanoma-related miRNAs that are also important in
human. Besides, as dog oral melanoma is considered as a typical model for non-UV or
TWT melanoma in human my findings will give an insight into the miRNA expression of

TWT and mucosal melanoma.

48



Chapter 1

1.5 Materials and Methods

1.5.1 Clinical Samples and Canine Melanoma Cell Lines

COM tissue specimens were acquired from tumors excised from dogs that had

undergone surgery at the Veterinary Teaching Hospital of Kagoshima University. Informed

consents were obtained from dog owners. COM patient’s information is presented in

Appendix I-la. Normal oral tissues were collected from healthy laboratory beagle dogs

(age range 8—10 years) at Kagoshima University. Experimental conditions and design were

approved by Kagoshima University and Veterinary Teaching Hospital ethics committee

(KV004; 18.04.2011). All experimental methods were carried out in accordance with the

approved guidelines and regulations.

Tissue samples were collected immediately after excision from dogs that had

undergone surgery. The diagnosis was confirmed histopathologically by the hospital. The

tissue specimens were placed in RNAlater (AM7021, Invitrogen, Carlsbad, CA, USA)

immediately after isolation and stored at —80 °C after overnight incubation at 4 °C.

Dog melanoma cell lines KMEC and LMEC were stored in freezing medium (039-23511,

CultureSure, Fujifilm Wako Pure Chemical Corporation, Osaka, Japan). Cell lines were
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cultured according to the procedure described previously (139). Cells were grown until

confluence and then RNA was extracted for evaluation.

1.5.2 RNA Extraction and Sequencing

A mirVana RNA Isolation kit (AM1560, Thermo Fisher Scientific, Waltham, MA,

USA) was used for RNA isolation according to the Manufacture’s standard protocol. The

total RNA concentration was measured using a NanoDrop 200c spectrophotometer

(ND2000C, Thermo Fisher Scientific). The RNA quality and integrity were assessed with

an Agilent 2100 Bioanalyzer (G2939BA, Agilent Technologies, Santa Clara, CA, USA).

The RNA Integrity Number (RIN) mean value was 8.8 (range 7-10) for tissue samples and

9.9 (range 9.6—10) for the KMEC and LMEC cell lines.

Following RNA isolation and quality measurement, samples were sequenced by the

Hokkaido System Sciences Company (Hokkaido, Japan). Briefly, small RNA (sRNA)

libraries were constructed using 1 pg of total RNA with the TruSeq Small RNA Library

Preparation kit (Illumina, San Diego, CA) following the manufacturer’s protocol. After

obtaining the SRNAs (18-30 nt) from the total RNA, 5" and 3’ adaptors were ligated to the

sRNAs. Then, reverse transcription followed by amplification was performed to create

cDNA constructs. A gel purification step was applied to purify the amplified cDNA
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constructs for cluster generation and Illumina/Hiseq2500 sequencing analysis by the

Hokkaido System Science Co., Ltd. (Hokkaido, Japan). The high-quality cleaned reads that

I obtained from the company are shown in Appendix 1-1B (Phred score > 34). The raw

sequences have been submitted to NCBI sequence read archive (SRA) database under

accession number PRINA516252

1.5.3 Bioinformatics Analysis of Small RNA Reads

The RNA sequencing data were imported into the CLC Genomics Workbench

(CLC Bio, Qiagen, Germany) as recommended in the manufacturer’s manual

(http://resources.qiagenbioinformatics.com). Normalization of reads, quality, ambiguity,

and adapter trimming as well as quality control was performed using the CLC Genomics

Workbench (versions 9 and 10). Briefly, the sequencing generated about 103 and 266

million reads from the normal and melanoma libraries, respectively, with single-end reads

(Appendix 1-1B). I performed a two-step trimming process to remove adapters and other

contaminants. In step one, I aimed to remove low quality, ambiguous nucleotides, 3’

adapters, and short (>15 nt) and long reads (>29 nt). In step two, I removed contaminated

sequences, 5’ adapters, and the Illumina stop oligo sequence (5'-

GAATTCCACCACGTTCCCGTGG-3'). Finally, I obtained about 51 and 142 million reads
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from the normal and melanoma libraries, respectively, for further analysis of the small

RNA reads (Appendix 1-1B). Clean reads were analyzed according to the small RNA

analysis guideline of the CLC Genomics Workbench. Briefly, the CLC Genomics

Workbench was used to extract and count the small RNA from the clean reads and then

compare them to databases of miRNAs and other small RNA databases for annotation.

Sequence/fragment counts were used as the expression values for the miRNAs/small RNAs

in the libraries.

To annotate the small RNA other than miRNA, CLC bio uses two other reference

databases (Canis_familiris.canfam3.1.ncrna and Homo_sapiens.GRCh37.ncrna) from

ensemble to annotate sequences that had no matches in miRBase (162). Differential

expression between the two groups was followed the EDGE (empirical analysis of

differential gene expression) analysis within the CLC bio.

1.5.4 Edge Analysis

EDGE follows the exact test developed by Robinson and Smyth for two-group

comparisons (163). The exact test counts data that follow a negative binomial distribution

and compares the counts in one set of count samples against the counts in another set of

count samples. The variability of each group also is taken into account. The original count
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data are used because the algorithm assumes that the counts on which it operates are

negative binomially distributed. I used the default parameters throughout the analysis. Fold

change was calculated from the estimated average count per million (cpm) from each

group. The estimated average cpm is derived internally in the exact test of the algorithm.

Fold change indicates the difference in average cpm values between the groups. The FDR

is based on the p-value of the exact test.

1.5.5 Expression Analysis by gPCR

To measure the expressions of miRNAs and mRNAs by qPCR I used TagMan

microRNA and gene expression assays (Thermo Fisher Scientific). Total RNA (2 ng) was

reverse transcribed to cDNA using a TagMan MicroRNA Reverse Transcription Kit

(4366597, Thermo Fisher Scientific) according to the manufacturer’s protocol. gPCR was

performed using a TagMan First Advanced Master Mix kit and a one-step plus real-time

PCR system (Thermo Fisher Scientific). Thermal cycling was performed according to the

manufacturer’s instructions. All experiments were performed in duplicate. The Cq values of

RNU6B in the normal and melanoma samples were consistent between the groups, so

RNU6B was used as an internal control to calculate miRNA expression. ACq was

calculated by subtracting the Cq values of RNU6B from the Cq value of the target miRNA.
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AACq was calculated by subtracting the mean target miRNA ACq value from the ACq
value of the normal and melanoma samples. The expression level was evaluated using the
2744 method (164). qPCR reactions of undetermined Cq were assigned Cq = 36 cycle.
TagMan MicroRNA assays were used in this study can quantitate mature miRNAs.
MiRNA primer IDs were as follows: RNU6B (ID: 001093), miR-450b (ID: 006407), miR-
301a (ID: 000528), miR-140 (ID: 007661), miR-383 (ID: 000573), miR-542 (ID: 001284),
miR-223 (ID: 000526), miR-190 (ID: 000489), miR-21 (ID: 000397), miR-122 (ID:
002245), miR-34a (ID: 000426), miR-338 (ID: 000548), miR-429 (ID: 001077), miR-96
(ID: 000186), miR-375 (ID: 000564), miR-183 (ID: 002269), miR-182 (ID: 002334), miR-
1 (ID: 000385), miR-143 (ID: 002249), miR-200b (ID: 002251), and miR-141 (ID:
000463).

For the target gene mRNAs, 250 ng RNA was reverse transcribed to cDNA using
ReverTra Ace qPCR RT master mix with gDNA Remover (FSQ-301, Toyobo, Osaka,
Osaka Prefecture, Japan). The qPCR procedure was the same as that used for the miRNA
experiments. The 27244 method also was used to calculate the expression. GAPDH was
used as an internal control. The TaqMan gene expression assay was used in the

experiments. The gene IDs were as follows: GAPDH (ID: Cf04419463 gH), PAX9 (ID:
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Cf02705737_ml), MMP9Y (ID: Cf02621845_m1l), BMP4 (ID: Cf01041266), NDRG2 (1D:

Cf02631635_ml), and ACVR2A4 (ID: Cf02664427 ml).

1.5.6 Gene Ontology, Pathway Analysis and Network Construction

Gene Ontology and pathway analysis of miRNA target genes were done using the

Database for Annotation, Visualization, and Integrated Discovery (DAVID) (165). A

common miRNA-TF interaction network was constructed between human and dog by

analyzing the differentially expressed TFs from GSE31909. Briefly, I used TargetScan 7.2

(166) and miRDB (167) to predict miRNA targets. The common target genes between the

two predictions were considered as targets for the respective miRNAs. A low FDR was

considered to indicate a strong relationship between the annotation and the gene.

To construct a common miRNA-mRNA interaction network between humans and dogs |

analyzed the BioProject GSE31909  datasets wusing the GEO2R  tool

(https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html#background) to get the differentially

expressed genes in human melanoma. | picked the target genes of the differentially

expressed miRNAs from the differentially expressed genes in GSE31909. From the

differentially expressed target genes, 1 only considered the TFs for network construction. I

also considered the miRNAs that had the same seed sequences as the orthologous human
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miRNA sequences. The MSigDb gene families

(http://software.broadinstitute.org/gsea/msigdb/index.jsp) were wused to select the

transcription factors (TFs) from the miRNA target genes. Since the expression of miRNAs

and their targets are inversed, | built miRNA—TF co-regulatory networks with the inversely

expressed TFs using Cytoscape v3.5 (http://www.cytoscape.org/) (168). That means I built

two networks, one with down-regulated miRNAs and up-regulated TFs and the other with

up-regulated miRNAs and down-regulated TFs. Since TFs can regulate each other, I also

performed a STRING v.10.5 (confidence score 0.700) (http://string-db.org/) (169) network

analysis within each group of TFs. The final miRNA-TF regulatory network was obtained

after merging the STRING TFs network with the respective miRNA-TF regulatory

network in Cytoscape. The degree and betweenness of the network were measured using

CentiScaPe 2.2 (170).

1.5.7 Statistical Analysis

[ used GraphPad Prism 7 (www.graphpad.com) for the statistical analysis.

Hierarchical clustering analysis was performed using the logio value that was converted

from the expression value of every miRNA from each sample. Unsupervised hierarchical

clustering was done with Euclidean distance metric and complete linkage. A Comparison of
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the qPCR data was done using Mann-Whitney test followed by Tukey’s test where
appropriate. P values < 0.05 were considered significant. Correlation analysis was
performed using Spearman’s correlation coefficient. For the miRNA chromosomal

enrichment analysis, | used hyper-geometric test.
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Table 1- 3. Gene ontology (GO) functional analysis of the target genes of difterentially

expressed miRNAs.

Down-Regulated miRNA’s Target Genes Ontology

Biological Process

Terms FE'! FDR?
GO:0018105~peptidyl-serine phosphorylation 2.323  0.001
GO0:0045944~positive regulation of transcription from RNA 1461 0.025
polymerase II promoter

Cellular Component

GO0:0005634~nucleus 1.277 1.65x107°
GO:0005654~nucleoplasm 1.374  2.49x 107
GO:0005737~cytoplasm 1.232  1.09x 107
GO0:000591 1~cell-cell junction 2.11  0.068146
Molecular Function

GQ:9004702~receptor signaling protein serine/threonine kinase 2032 9.98x 104
activity

GO:0005201~extracellular matrix structural constituent 3.373  0.002697
G0:0003682~chromatin binding 1.709  0.002892
GO:0003714~transcription corepressor activity 2.104 0.057312
Up-Regulated miRNA’s Target Genes Ontology

Biological Process

Terms FE'! FDR?
GO:OO42787~pr.0te1n ul?lqultlnatlon involved in ubiquitin- 2208 0.004
dependent protein catabolic process

Cellular Component

G0:0005654~nucleoplasm 1.441 1351077
G0:0005737~cytoplasm 1.228 2.87x107*
GO0:0005794~Golgi apparatus 1.590 8.03x 107
GO:0005634~nucleus 1.228 0.001041
Molecular Function

GO:0061630~ubiquitin protein ligase activity 2.027 0.012
G0:0044212~transcription regulatory region DNA binding 2.127 0.019

'Fold enrichment, ? False discovery rate.
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Table 1- 4. KEGG pathway analysis of the target genes of the differentially expressed

miRNAs.
Down-Regulated miRNAs Target Genes Pathway
Terms FE'! FDR?
cfa05206:MicroRNAs in cancer 2.522 6.72x 1077
cfa04010:MAPK signaling pathway 1.917 1.20x 107
cfa04151:PI3K-Akt signaling pathway 1.762 1.65x 107
cfa04360:Axon guidance 2.307 4.96x 107
cfa05205:Proteoglycans in cancer 1.981 8.64x 1074
cfa04910:Insulin signaling pathway 2.209 8.88x 107
cfa04152:AMPK signaling pathway 2.230 0.003
cfa04510:Focal adhesion 1.901 0.003
cfa04722:Neurotrophin signaling pathway 2.164 0.010
cfa04012:ErbB signaling pathway 2.384 0.013
cfa04512:ECM-receptor interaction 2.384 0.013
Up-regulated miRNAs target genes pathway
Terms FE' FDR?
cfa04144:Endocytosis 2424 131x 1071
cfa04810:Regulation of actin cytoskeleton 2273 2.78x 1077
cfa05200:Pathways in cancer 1.604 0.010
cfa04710:Circadian rhythm 3.536 0.060
cfa05410:Hypertrophic cardiomyopathy
(HCM) 2.398 0.063
cfa05414:Dilated cardiomyopathy 2.346 0.065
cfa04713:Circadian entrainment 2.210 0.098

"Fold enrichment. ? False discovery rate.
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Figure 1-4. Profile of small RNA reads in canine oral melanoma by next-generation
sequencing: (A) Percentages of the clean reads annotated under the different small RNA
categories. Normal (n = 3), Melanoma (n = 8), (B) The miRNA reads were mapped to the
canine genome (Canfam3.1) and the mapped reads ratio distributed in each chromosome
was analyzed. Multiple t-test (many t-tests at once-one per row), *P < 0.05, **P < 0.01, (C)
Venn diagram showing the total numbers of identified and differentially expressed
miRNAs in melanoma. First Venn (blue) indicates the total number of miRNAs identified
in both groups. Other three Venn indicates the number of differentially expressed miRNAs
(up (+) and down-regulated (-)). fc, fold change, (D) Top 20 highly expressed miRNAs in
the normal and melanoma. Twelve miRNAs were common between the groups and rests
eight were left blank in melanoma. In the bar graph, the number in each cell represents the
rank of the miRNA with respect to the normal group. Arrows represent the changed
position of miRNAs in melanoma group, Red arrows indicate the positions of significant
deferentially expressed miRs. miRNA/s (miR/s), *statistically significant differentially

expressed miRs between normal and melanoma.
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Figure 1-5. Differential miRNA expression in COM: (A) Unsupervised euclidean
hierarchical clustering by the miRNA normalized expression values in the normal and
melanoma libraries, (B) Heatmap visualizes the expression of statistically significant
differentially expressed miRNAs in the normal and melanoma libraries. The color scale
(upper right) indicates the expression values. Up- and down-regulated miRNAs are shown
in red to green, respectively. Colour saturation indicates the deviation from the median, (C)
Relative expression of oncogenic miRNAs and (D) tumor suppressor miRNAs selected
from the next-generation sequencing confirmed by qPCR. The Y-axes indicates the relative
miRNA expression levels normalized against RNU6B (normal » = 12, melanoma n = 17,
Mann-Whitney test followed by Tukey’s test, *P < 0.05, **P < 0.01, ***P < 0.001, ****pP
< 0.0001), (E) Correlation of fold change between next-generation sequencing (NGS) and
qPCR of the up- and down-regulated miRNAs. Each black circle in the graph represents a
miRNA.
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Figure 1-6. Gene regulatory function of miR-450b, miR-301a, and miR-223: (A) Relative
expression of the target genes PAXY, NDRG2, and ACVR2A. Y-axes indicates the relative
mRNA expression normalized against GAPDH, (B) Spearman correlation of the expression
of the miR-450b-PAX9, miR-301a-NDRG?2, and miR-223-ACVR2A pairs, (C) Relative
expression of BMP4 and MMP9 in melanoma tissue samples, (D) Relative expression of
miR-450b, PAX9, BMP4, and MMP9 in the canine melanoma cell lines KMEC and LMEC.
Mann-Whitney test followed by Tukey’s test, *P < 0.05, **P < 0.01, ***P < 0.001, ****pP
< 0.0001. (E) Schematic representation of the miR-450b regulatory function. MiR-450b
inhibits PAX9 and, as a result, BMP4-MMP9 regulation is disrupted (+:—up-regulation, T:-
Inhibition).
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Figure 1-7. Common miRNA—transcription factor (TF) regulatory network between human
and dog: (A) Regulatory network for down-regulated miRNAs and its up-regulated target
TFs. MiR-126 influences eight TFs and has the highest centrality, (B) Regulatory network
for up-regulated miRNAs and its down-regulated target TFs. MiR-20b and miR-106a have
the highest centralities. A miRNA (V-shaped) or TF (oval-shaped) is considered a node and
line between nodes considered edge. Green and red indicate degree scores less and above
than average and saturation shows deviation. The colour gradient of the nodes
(miRNAs/mRNAs) indicates the strength of network regulation. Edge width represents

edge betweenness. Node’s Edges with highest degree scores are in red.
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Down-regulated miRs chromosomal enrichments

Up-regulated miRs chromosomal enrichments

Chromosomes

Figure 1-8. Chromosomal enrichment of differentially expressed miRNAs (miRs): (A)
Chromosome enrichment of the down-regulated miRNAs, (B) Chromosome enrichment of

the up-regulated miRNAs. Hypergeometric test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Chapter 2
Aberrantly expressed snoRNA, snRNA, piRNA and

tRFs in canine melanoma.

(Rahman, M et al., 2019 Vet. Comp. Oncol).
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2.1 Abstract

Among small non-coding RNAs (sncRNAs/sRNAs), the functional regulation of

microRNAs (miRNAs) has been studied in canine oral melanoma (COM). However, the

expression level of other sncRNAs, like small nucleolar RNAs (snoRNAs), small nuclear

RNAs (snRNAs), transfer RNA-derived fragments (tRFs) and PIWI-interacting RNAs

(piRNAs), in COM is unknown. This study aimed to investigate sncRNAs other than

miRNAs in COM from my small RNA sequencing project (PRINAS516252). I found that

several snRNAs and piRNAs were upregulated, whereas tRFs and snoRNAs were

downregulated in COM. Upregulation of Ul snRNA and piR-972, and downregulation of

tRNA-ser(1) and snoRA24 was confirmed in dog melanoma tissue and cell lines by

quantitative reverse transcription PCR (qRT-PCR). Consistently, the expression of tRNA-

ser(1) and snoRA24 in plasma of COM cases was also decreased. Finally, I found a similar

expression trend of Ul and snoRA24 in the human cutaneous melanoma cell line, MEWO,

compared with human epidermal melanocyte cells (HEMa-Lp). In my study, snRNA,

snoRNA, tRFs, and piRNA were dysregulated during melanoma progression. Moreover,

the melanoma-associated expression of Ul and snoRA24 was similar in human and dog

melanoma.
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2.2 Introduction

The Human Encyclopedia of DNA Elements (ENCODE) is a public research

project aiming to identify the functional DNA elements of the human genome. Previously,

except the coding part much of which was considered as a junk. From their primary

investigation it has been reported that 80% of the genome is biologically active (171).

However, proteins translated from coding RNA occupy less than 2% of the genomic

information(172). So, A large part of the DNA is transcribed into non-coding RNA

(ncRNA) including functional RNA molecules. In the last decade, it has been shown that

ncRNAs are not a junk transcriptional sequences, but rather active, functional regulatory

molecules.

Sequencing technologies become advances very recently which enabled studying

highly conserved small ncRNAs like microRNAs (miRNAs), small nucleolar RNAs

(snoRNAs), small nuclear RNAs (snRNAs), transfer RNA-derived fragments (tRFs) and

PIWI-interacting RNAs (piRNAs). Among these, miRNAs is one of the extensively studied

groups of small non-coding RNA. Advancements of their investigation lead to human trials

for cancer therapy(127). For example, miR-34 reaches phase- I and antimiR targeting miR-

122 phase-2 clinical trial for cancer therapy. Other small non-coding RNAs like snoRNAs,

snRNAs, tRFs and piRNAs are under continuous investigation to identify their expression
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level and function in different diseases including cancer. In recent years, several snoRNAs

like snoRA24, snoRAS54, snoRD27 and snoRD93 were studied in human lymphoma, breast

cancer, melanoma and myeloma (173—178). Among the snRNAs, U2 has been studied in

ovarian, colorectal, lymphoma and lung cancers and in melanoma (179-182). Additionally,

it has been reported that specific cleavage of pre and mature tRNAs generate tRFs during

cancer and stress(183). Furthermore, evidence of dysregulation and pathogenic

involvement of tRFs in several human cancers has accumulated in recent years(183—191).

Finally, 30,000 piRNAs have been reported in humans(192), of which a subset regulates

cancer regulatory genes via DNA-methylation (193). Recently, a serum piRNA biomarker

for colorectal cancer has been reported (194,195) and aberrant expression was observed in

human gastric cancer (196).

MiRNAs in canine oral melanoma (COM) have been studied by our group and

others (128,129,133). Our current small RNA (sRNA) sequencing project (PRINA516252)

revealed more details about miRNAs in COM. However, even though COM is one of the

frequent cancers in dogs and is considered a good natural model for human melanoma

(123,124), until now no investigation of snoRNA, snRNA, piRNA, and tRFs has been

reported. I think it is worthwhile investigating other SRNAs that are also derived from long

genomic parental transcripts like miRNAs. In this study, [ analyzed sSRNA reads other than
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miRNAs from our SRNA sequencing project. | found that various snoRNAs, snRNAs, tRFs

and piRNAs were aberrantly expressed in COM. Finally, I confirmed their expression in

patient tissues and plasma and in canine and human melanoma cell lines by quantitative

real-time PCR (qRT-PCR).
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2.3 Results

2.3.1 Aberrantly expressed sRNAs in canine oral melanoma

Out of our sRNA sequencing project submitted in the SRA database
(PRINAS516252), I analyzed the reads other than miRNA. 6% of the reads in control and
12% in melanoma samples were annotated by the Ensembl dog and human ncRNA
database. 1 found eight types of sRNAs (Figure 2-9). Among the sRNAs, snRNA,
mitochondrial (mt)-tRNA, and snoRNA were significantly differentially expressed between
the control and melanoma samples.

Ul, U2, U5, and U1l snRNA were significantly upregulated in COM (Table 2-3).
Abundant sequence fragments of snRNAs were different in length or nucleotides between
the control and melanoma samples, except for U2 (Appendix 2-9). Three mt-tRNAs, two
tRNA-ser and one tRNA-trp, were downregulated (Table 2-3). The length distribution of
the tRNA fragments clearly showed that fragments with specific lengths were highly
abundant in the control samples and significantly less abundant in melanoma samples
(Appendix 2-10A), indicating the aberration of tRNA fragments in melanoma. The

secondary structures of the tRNAs showed that the fragments were 5° tRNA half (tRH) or

5tRF (Appendix 2-10B).
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Four C/D box (snoRD27, snoRD39, snoRD79 and snoRD93) and three H/ACA box

(snoRA24, snoRA32, and snoRA54) snoRNAs were downregulated in melanoma (Table 2-

3). The fragments of these snoRNAs mapped to the 5" or 3’ end of the full length snoRNAs

(Appendix 2-11). Except for snoRA24 and snoRD79, all of them mapped to the same end

in the control and melanoma samples (Appendix 2-11).

Two piRNA sequences were annotated by RNAcentral among the rest unannotated reads

(see methods). These sequences, which are conserved in mouse, Drosophila melanogaster,

chicken and Xenopus tropicalis, were upregulated in melanoma (Table 2-4).

2.3.2 qRT-PCR validation of Ul snRNA, snoRA24, mt-tRNA, and piR-972 in COM
Expression in COM clinical tissue samples

To confirm the differential expression, the expression of sRNAs, Ul snRNA,
snoRA24, mt-tRNA-ser(1), and piR-972 was measured by qRT-PCR with custom-made
primers. The expression in 12 healthy control and 17 melanoma tissue samples was
measured. The expression of snoRA24 and mt-tRNA-ser(1) fragments was downregulated
in melanoma samples (Figure 2-10A and B) by 2.08-fold (P = 0.0380) and 2.51-fold (P =
0.0043), respectively, compared with the control samples. The relative expression of Ul
snRNA was upregulated in melanoma by 5.06-fold (P < 0.0001) compared with the control
samples (Figure 2-10C). The relative expression of piR-972 was upregulated by 2.76-fold

(P =0.0009) in melanoma compared with control samples (Figure 2-10D).
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Expression in canine oral and skin melanoma cell lines

The differentially expressed SRNAs were further investigated in canine melanoma

cell lines. Two oral (KMEC and LMEC) and one skin (CMEC1) melanoma cell lines were

investigated. KMEC and LMEC were established from a primary site and from a metastatic

mandibular lymph node of oral melanoma, respectively. CMECI is from primary skin

melanoma. Consistent with the melanoma tissue expression results, the snoRA24 and mt-

tRNA-ser(1) fragments were downregulated in all three cell lines (Figure 2-11A and B).

However, the fold difference in snoRA24 (62.67-fold) and mt-tRNA (72.20-fold)

expression was significantly higher in LMEC cells than in KMEC cells (snoRA24: 44.85-

fold; mt-tRNA: 6.70-fold) and CMECI cells (snoRA24: 7.68-fold; mt-tRNA: 43.80-fold),

compared with the control samples. Furthermore, piR-972 and Ul snRNA expression were

upregulated in all three cell lines, which is consistent with the tissue expression findings

(Figure 2-11C and D).

Expression in the plasma

As the expression of snoRA24, mt-tRNA, Ul and piR-972 in the tissue samples and
cell lines was consistent, and | further investigated their expression in the plasma. |

measured their expression in plasma samples from six healthy controls and seven oral
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melanoma patients. Interestingly, consistent with the tissue and cell line expression,
snoRA24 and mt-tRNA expression was significantly downregulated in the plasma of
melanoma patients (Figure 2-12A and B). However, the expression of piR-972 and Ul was

not significantly different between the groups (Figure 2-12C and D).

2.3.3 Expression of snoRA24 and Ul snRNA in human cutaneous melanoma

As dog is considered a natural model of human melanoma, I examined the

expression of these SRNAs in human melanoma. I did a Blast search of my custom primer

sequences using the ensembl blast search (https://www.ensembl.org) against the human

GRCh38 genomic sequence. Among my custom primer sequences, Ul and snoRA24

snRNA were perfectly matched with the human Ul and snoRA24 (Appendix 2-12),

suggesting I could measure the human snoRA24 and Ul snRNA expression using my

custom sequences. I measured the expression of snoRA24 and Ul snRNA in HEMa-Lp

cells and in MEWO cell line using my custom primer sequences. Consistent with the dog

melanoma expression, Ul snRNA (2.35-fold, P = 0.0022) was upregulated and snoRA24

(3.67-fold, P = 0.0152) was downregulated in the MEWO cell line compared with the

HEMa-Lp cells (Figure 2-13A and B).
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2.4 Discussion

Non-coding RNAs are deregulated during cancer development in human and dog

(197,198). In my study, I found that four sSRNA species (snoRNA, tRNA, snRNA and

piRNA) were differentially expressed in canine oral melanoma, using SRNA sequencing. I

confirmed that snoRA24, mt-tRNA-ser(1), Ul snRNA, and piR-972 are aberrantly

expressed in canine oral and skin melanoma. To the best of my knowledge, this is the first

study showing that snRNA, snoRNAs, tRNA fragments and piRNA are aberrantly

expressed in canine melanoma. Moreover, there are no reports of aberrant expression of Ul

snRNA and snoRA24 in human melanoma.

The expression differences in snoRA24, mt-tRNA-ser(1), Ul, and piR-972 were

consistent between my sequencing and qRT-PCR results. The expression differences in

snoRA24 and mt-tRNA-ser(1) were consistent among the tissue, cell lines and plasma

samples. However, 1 did not find consistent expression differences in Ul and piR-972 in

plasma samples compared with the tissue samples and cell lines. The Ul and piR-972

upregulation may not be up to the physiological threshold that affects the plasma levels.

In snoRNAs, the H/ACA box and the C/D box are associated with pseudouridylation and

methylation, respectively. SnoRA24, snoRA54, and snoRA32 modify uridines into

pseudouridines in /8S and or 28S rRNA (199,200). Pseudouridines provide structural
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stability to the modified RNA, which is required for ribosomal biogenesis (201,202).
Critically functional pseudouridine positions have been reported (203,204). These findings
indicate that snoRNA-guided pseudouridine formation is involved in cancer (205,206). In
my study, snoRA24 and snoRA54 were downregulated. Downregulation of snoRA24 has
also been reported in human acute myeloblastic, acute and chronic lymphoblastic and
peripheral T-cell lymphoma (173,174). Moreover, downregulation of snoRA54 was studied
in human breast cancer (175). Among the C/D box snoRNAs, snoRD27 has been reported
to be involved in alternative splicing of the cell cycle repressor, transcription factor E2F7
(207). In human uveal melanoma, a negative correlation was found between snoRD93
expression and the methylation level (176). Moreover, snoRD27 and snoRD93
overexpression were demonstrated in myeloma and breast cancer patients, respectively
(177,178). These findings indicate that snoRNAs are not only involved in RNA
modifications, but they also have disease-specific functions.

In my study, mt-tRNAs were downregulated. Recent studies have shown that tRNA
(nuclear and mitochondrial)-derived sRNAs are aberrantly expressed in many cancers
including skin cancers (183—187). In human lung cancer, a mt-tRNA-ser mutation and
downregulation were found (188—190). In breast cancer, tRNAS", tRNAA, tRNASGY, and

tRNADT induction reduces the stability of several oncogenic transcripts (191). Another
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study has shown that three tRNA-derived sSRNAs (#s-33, ts-46 and #s5-47) are downregulated

in leukemia and lung cancer and inhibit colony formation in lung cancer cell lines (186).

They also showed that certain tRNA-derived sRNAs are strongly downregulated in

aggressive late stage breast cancer cell lines. These results are similar to my results

showing that mt-tRNA-ser(1) is strongly downregulated (72.20-fold) in the metastatic

LMEC cell line compared with the control and other cell lines.

In my study, I found that Ul, U2, U5 and Ul1 were upregulated, and I confirmed

the U1 expression by qRT-PCR in a human melanoma cell line and in dog melanoma tissue

and cell lines. A previous study has shown that U1 overexpression regulates several cancer-

related genes and that it has profound effects on mRNA script modulation (208,209). U2

has also been reported as a circulating biomarker of ovarian, colorectal, lymphoma and

lung cancers and of melanoma (179—182). SnRNAs are the most important among the

splicing regulatory elements. Defective or faulty alternatively spliced pre-mRNA was

reported in cancer (210). Alteration in the splicing regulatory elements results tumor

associated RNA splicing which was reported in human cancer (210,211). Along with the

upregulation of snRNAs | also found the abundant sequence fragments of U1, U5 and Ul1

are different between control and melanoma. This may indicate unique strategies that

produce the snRNA fragments in melanoma that are different from the control group.
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Moreover, | found that two piRNA, which is conserved in mouse and other species,

were significantly upregulated in melanoma. Recently, Wenhao ef al. have described the

oncogenic properties of piR-1245 (195). Unlike miRNA, piRNA can regulate cancer-

related genes by targeting the mRNA and through epigenetics (193,212,213). To my

knowledge, this is the first report of piR-972 and piR-1086 in melanoma.

Herein, I identified new classes of aberrantly expressed sRNAs in canine and

human melanoma. Recent studies have shown that these sSRNAs (snoRNA, Mt-tRNA,

snRNA and piRNA) play important roles in cellular processes including differentiation,

proliferation, migration, apoptosis, metabolism, and defense. Further detailed studies are

necessary to reveal the cellular pathways regulated by sRNAs that are involved in

melanoma development.
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2.5 Materials and Methods

2.5.1 Tissue and plasma samples (healthy and COM) and melanoma cell lines

Healthy oral tissues (considered as control(128)) and plasma were obtained from
dogs from the Kagoshima University experimental animal sheds. COM tissue specimens
were obtained from tumors excised from patients. Whole blood was obtained for plasma
collection. Informed consent was obtained from the patient’s owners. Data characterizing
the melanoma patients are presented in Appendix 1-1A. The experimental design and
conditions were approved by the Kagoshima University and Veterinary Teaching Hospital
and animal care ethics committee.

Tissue samples were collected immediately after surgery, placed in RNAlater
(Invitrogen, Carlsbad, CA, USA) and stored at —80°C after overnight incubation at 4°C.
Melanoma was confirmed by the hospital pathologist.

Whole blood was collected in 4.5-mL Terumo Venoject® tubes (Terumo
Corporation, Tokyo, Japan) containing 3.2% sodium citrate. The whole blood samples were
centrifuged at, 3000 x g for 10 min. Then, the plasma samples were transferred to another

sterile, DNAse and RNAse-free tube, and centrifuged at 16,000 x g at 4°C for 10 min.

Supernatants were placed in Eppendorf tubes and stored —80°C.
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Three canine melanoma cell lines (KMEC from primary oral melanoma; LMEC
from the metastatic mandibular lymph node of oral melanoma and CMECI from primary
skin melanoma) were stored in freezing medium (CultureSure; Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan) in liquid nitrogen. Human epidermal melanocytes
(HEMa-Lp) and a human skin melanoma cell line (MEWO) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). The canine melanoma cell lines were cultured as
described previously (139). The human cells were cultured according to the supplier’s

guidelines.

2.5.2 RNA extraction and sequencing

For isolation of total RNA from tissue and cell lines, a mirVana™ RNA Isolation
kit (Thermo Fisher Scientific) was used. A mirVana™ PARIS™ Kit (Thermo Fisher
Scientific) was used to isolate RNA from 300 pL of plasma according to the
manufacturer’s protocol. Briefly, recommended volume of homogenate additive
(mirVana™) or 2X Denaturing Solution (PARIS™) was added with each sample and
mixed by vortexing. Then the solution was incubated in the ice. An equal volume of
acid/phenol/chloroform (Ambion) was added to each aliquot, mixed by vortexing for I min

and centrifuged in a TOMY MXI105 mciro-centrifuged according to the guidelines. The
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resulting aqueous solutions were separated and mix thoroughly with 1.25 volume of 100%
molecular-grade ethanol. Then solutions were passed through a mirVana or PARIS column.
The manufacturer’s guidelines were followed to wash the column. Finally, total RNA was
eluted in 100 pL of elution solution preheated to 95°C. After total RNA isolation, the
concentration was measured using a NanoDrop 200c spectrophotometer (Thermo Fisher
Scientific). The RNA quality and integrity were assessed with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). For tissue samples, the RNA Integrity
Number (RIN) mean value was 8.8 (range 7—10), and for cell lines it was 9.9 (range 8.5—
10).

After RNA isolation and quality measurement, the tissue total RNA was sent to
Hokkaido System Sciences Company (Hokkaido, Japan) for SRNA sequencing. Briefly, 1
ug of total RNA was used for construction of SRNA libraries with the TruSeq Small RNA

Library Preparation kit (Illumina, San Diego, CA, USA) following the manufacturer’ s

protocol. 5 and 3’ adaptors were ligated to the SRNAs (18-30 nt) obtained from the total

RNA. cDNA was constructed by reverse transcription. Amplified cDNA was purified by a

gel purification system for cluster generation. [llumina Hiseq2500 was used for sequencing.
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2.5.3 Bioinformatics analysis of sSRNA reads

Sequencing reads were imported to the CLC Genomics Workbench (Qiagen,
Hilden, Germany) according to the manufacturer’s manual
(http://resources.qiagenbioinformatics.com). After normalization, ambiguity and adapter
trimming and quality control, reads were analyzed according to the sRNA analysis
guidelines of CLC. The miRBase-21.0 (162), Canis_familiris.canfam3.1.ncrna and
Homo_sapiens.GRCh37.ncrna databases were used to annotate the reads. Reads annotated
by the miRBase were not considered for further analysis. EDGE (empirical analysis of
differential gene expression) analysis was used for statistical comparison between groups
(163). Reads that were not annotated by the databases were pooled and subjected to EDGE
analysis for differential expression. Reads with a significant false discovery ratio (FDR) <
0.05 were searched on the RNAcentral database manually for annotation

(https://www.rnacentral.org/).

2.5.4 qRT-PCR
sRNA expression was determined by the custom TagMan® gene expression assays
(Thermo Fisher Scientific). For tissues and cell lines 2 ng, and for plasma equal volume of

total RNA (1.25 pL) was reverse transcribed into cDNA using the TagMan MicroRNA
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Reverse Transcription kit (Thermo Fisher Scientific) according to the manufacturer’s
protocol. TagMan® First Advanced Master Mix kit and a one-step plus real-time PCR
system (Thermo Fisher Scientific) were used for qRT-PCR. The manufacturer’s
instructions were followed for thermal cycling. Experiments were performed in duplicate.
Expression was measured by the 274CT method. To measure the relative expression,
RNUG6b was used as a housekeeping gene for tissue and cell line samples, and miR-16 was
used as a housekeeping gene for plasma samples. The following custom-made TagMan®

primer  sequences were used for the respective sSRNA  species: 5'-

GAAAAAGUACUGCAAGAACU -3’ tRNA fragment, 5'-
ACUCGACUGCAUAAUUUGUGGUAGUGGGG-3’ Ul fragment, 5'-
UCCGGUGAGCUCUCGCUGGCCC-37 piRNA and 5'-

CUCCAUGUGUCUUUGGGACCUGUCAGCU-3" snoRNA24.

2.5.5 Statistical analysis

GraphPad prism 7 (www.graphpad.com) was used for statistical analysis. qRT-

PCR data were compared using the Mann—Whitney test followed by Tukey’s test where

appropriate. P < 0.05 was considered statistically significant.
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Table 2-3. Differentially expressed non-coding RNAs

Small RNA Name RNA type FC FDR
ENSCAFT00000040257.1 Ul 16.3016 0.01224
ENSCAFT00000035074.1 U1 14.3686 0.04437
ENSCAFT00000033683.1 Ul 7.44548 0.02864
ENSCAFT00000033602.1 U5 6.16182 0.04021
ENSCAFT00000040756.1 UI1 4.85008 0.04548
ENSCAFT00000033276.1 U2 6.34498 0.02171
ENSCAFT00000033229.1 U2 7.37383 0.01136
ENSCAFT00000032993.1 U2 8.1348  0.00806
ENSCAFT00000032824.1 U2 9.68805 0.0053
ENSCAFT00000040145.1 U2 8.29074 0.00952
ENSCAFT00000040312.1 U2 10.0209 0.00419
ENSCAFT00000040041.1 U2 10.3585 0.00155
ENSCAFT00000034844.1 Mt tRNA -14.173  7.2E-09
ENSCAFT00000034825.1 Mt tRNA -4.0729 0.02088
ENSCAFT00000034831.1 Mt tRNA -3.6345 0.01574
ENSCAFT00000040199.1 SNORD27 -5.8948 0.02171
ENSCAFT00000040426.1 SNORAS54 -4.9391 0.01721
ENSCAFT00000034811.1 SNORA24 -12.925 5.7E-05
ENSCAFT00000040668.1 SNORD79 -3.9816 0.0063
ENSCAFT00000044574.1 SNORD39 -3.1984  0.04021
ENSCAFT00000040903.1 SNORDO93 -16.031 5.3E-07
ENSCAFT00000033394.1 SNORA32 -6.4712  0.00164

FC, Fold Change
FDR, False discovery ratio
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Table 2-4. piRNAs that are upregulated in melanoma and sequence homology between

species
Sequence  Sequence RNA Genome blast (Dog) E FC FDR
homology central Id value < 6e-04
TCCGGTG piR-mmu- chr2:10124813 to
AGCTCTC 39430051 10124834;
GCTGGCC  piR-xtr- URS000008 chr7:80967838 to
C 1795185 244F 80967859;
(piRNA- chr8:41567784 to 28.336  0.007
972) 41567805;
chr20:34173439 to
34173460
CGGCGG  piR-mmu-
CGTCCGG 29920 chr2:10124814 to
TGAGCTC piR-dme- URS00001D 10124842;
TCGCTGG 5255895 3FDE chr7:80967839 to
CC piR-gga- (piRNA- 80967867 39618 0.028
20883 1086) chr8:41567785 to
piR-xtr- 41567813;
5660309

FC, Fold Change

FDR, False discovery ratio
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Figure 2-9. Eight RNA species were identified by small RNA sequencing in control and
melanoma samples. (A, B) Reads percentage of each small RNA species in the control and

melanoma samples are shown by pie plots.
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Expression of snoRA24, Mt-tRNA, piR-972 and Ul snRNA in tissue
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Figure 2-10. Relative expression of snoRA24, mt-tRNA, piR-972 and Ul snRNA in

control (7 = 12) and canine oral melanoma (n = 17). (A, B) snoRA24 and mt-tRNA were

downregulated, and (C, D) Ul snRNA and piR-972 were upregulated. Y-axis represents

relative miRNA expression levels in arbitrary units (Mann—Whitney test, *P < 0.05, **P <

0.01, ***P <0.001, ****P <0.0001)
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Figure 2-11. Relative expression of snoRA24, mt-tRNA, piR-972 and Ul snRNA in canine
melanoma cell lines. (A, B) snoRA24 and mt-tRNA-ser(1) were downregulated, and (C, D)
piR-972 and U1 snRNA were upregulated in KMEC, LMEC and CMECI cell lines. Y-axis
represents relative miRNA expression levels in arbitrary units (Mann—Whitney test, *P <

0.05, **P < 0.01).
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Expression of snoRA24, Mt-tRNA, piR-972 and Ul snRNA in Plasm§
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Figure 2-12. Relative expression of snoRA24, mt-tRNA, piR-972 and Ul snRNA in the

plasma of canine oral melanoma patients. (A, B) snoRA24 and mt-tRNA were

downregulated, however (C, D) piR-972 and Ul snRNA were not significantly changed in

the plasma of canine oral melanoma patients. Y-axis represents relative miRNA expression

levels in arbitrary units (Mann—Whitney test, *P < 0.05).
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Expression of Ul snRNA and snoRA24 in Human Melanoma Cell Line (MEWO)
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Figure 2-13. Ul snRNA and snoRA24 expression in human melanoma cell lines. (A, B)
Ul snRNA was upregulated and snoRA24 was downregulated in a human melanoma cell
line (MEWO) compared with an epidermal melanocytes culture (HEMa-Lp). Y-axis
represents relative miRNA expression levels in arbitrary units (Mann—Whitney test, *P <

0.05, **P <0.01).
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Chapter 3

Transcriptome analysis of dog oral melanoma and its

oncogenic analogy with human melanoma.

(Rahman, M et al., 2019 Oncol Rep. Oct 25)
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3.1 Abstract

Dogs have been considered as an excellent immunocompetent model for human

melanoma due to the same tumor location and the common clinical and pathological

features with human melanoma. However, the differences in the melanoma transcriptome

between the two species have not been yet fully determined. Considering the role of

oncogenes in melanoma development, in this study, I first characterized the transcriptome

in canine oral melanoma and then compared the transcriptome with that of human

melanoma. The global transcriptome from 8 canine oral melanoma samples and 3 healthy

oral tissues were compared by RNA-Seq followed by RT-qPCR validation. The results

revealed 2,555 annotated differentially expressed genes, as well as 364 novel differentially

expressed genes. Dog chromosomes 1 and 9 were enriched with downregulated and

upregulated genes, respectively. Along with 10 significant transcription site binding motifs;

the NF-xB and ATF1 binding motifs were the most significant and 4 significant unknown

motifs were identified among the upregulated differentially expressed genes. Moreover, it

was found that canine oral melanoma shared >80% significant oncogenes (upregulated

genes) with human melanoma, and JAK-STAT was the most common significant pathway

between the species. The results identified a 429 gene signature in melanoma, which was

up-regulated in both species; these genes may be good candidates for therapeutic
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development. Furthermore, this study demonstrates that as regards oncogene expression,
human melanoma contains an oncogene group that bears similarities with dog oral
melanoma, which supports the use of dogs as a model for the development of novel

therapeutics and experimental trials before human application.
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3.2 Introduction

“Man’s best friend” a phrase always referring to the domestic dog. However, in

recent years, their friendship extends to diseases. Important insights in cancer have been

obtained by investigating the dog’s cancer. Dogs have been suggested as a model for

several types of human cancer, including melanoma as a part of a growing field of research

known as canine comparative oncology (47,124). Researchers studying human or canine

cancers combine their scientific findings to more quickly understand what causes cancer

and to develop new and less toxic therapies for people and our beloved pets. Melanoma is

the most lethal cancer affecting humans and dogs. According to ‘Cancer statistics, 2018’

from the American Cancer Society, a total of 9,320 deaths were estimated in 2018, only in

the US (113). However, the global incidence of melanoma is more of a concern (214).

Cutaneous melanoma is the most common form of melanoma among individuals with fair

skin, whereas non-cutaneous melanoma occurs in a greater proportion in populations of

other ethnic groups (214,215). Oral melanoma is the most common melanoma type among

dogs and accounts for 7% of all malignant tumors in dogs (216). The median progression-

free survival of dogs with oral melanoma is <200 days even following excision and DNA

vaccination (216,217).
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It has recently been reported that human mucosal and canine oral melanoma bear
more similar genetic alterations, such as copy number variations (CNVs), single nucleotide
variations (SNVs), and mutations or deletions than human cutaneous melanoma (218).
More similarities have also been observed in tumor location and histology with the mucosal
than the cutaneous type (124,218). Moreover, the genomic classification of cutaneous
melanoma has revealed a subtype without mutation that exhibits increased aggressiveness,
such as mucosal melanoma (114,119). Due to these similarities between both species, dog
oral melanoma has been suggested as a suitable model for both mucosal and triple wild-
type human melanoma (119,123,124). Several genetic mutations or loss of function events
observed in human melanoma have also been identified in dog oral melanoma, such as
BRAFVY6YE (125), NRAS (Q61) mutation (123), loss function of phosphatase and tensin

homolog (PTEN) (123) and ¢-KIT mutation and/or overexpression (126).

Genomic instability is a hallmark of cancer. Some aberrant genes promote cancer
progression, while simultaneously inhibiting normal cellular process, whereas other
deregulated genes occur as passenger alterations. The identification of specific cancer-
causative genes may be effective for the development of therapeutic strategies against

cancer. In this study, I used a novel technique to identify genes that are involved in
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melanoma development. I hypothesized that cancer-causing genes include orthologous

genes that are altered within the same type of cancer among different species. My

hypothesis is an extension of cancer research that has been used for a number of years:

Recurrent abnormalities among multiple cases are more likely to be causative factors than

non-recurrent events. My view was that recurrently aberrant orthologous genes in the same

type of cancer between two related species are the main causative agents for disease

progression. | extended my analysis between dogs and humans, which share ancestral DNA

and have a similar incidence of melanoma (30,124). This approach can better distinguish

melanoma-causing genes from passenger aberrations, which may appear as a miscue in a

single species investigation.

Previous reports have suggested dogs as a model for human melanoma. However,

the genes and pathways involved in melanoma susceptibility have not yet been studied

between species, at least to the best of my knowledge. In this study, I systematically

analyzed and compared the canine and human melanoma transcriptome to address two

objectives: To identify gene expression similarities between dog and human melanoma, and

to examine common functional aspects of genes regulated during melanoma development

between the species. | identified common differentially expressed genes (DEGs) between
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the two species and revealed causative or active genes involved in the pathogenesis of

melanoma, which may further aid in the development of more effective therapeutic

approaches for melanoma in both species.
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3.3 Results

3.3.1 RNA-seq.

RNA-seq was performed successfully for 11 samples (healthy controls, 3;

melanoma, 8). Sequences were submitted to SRA databases (PRJINAS527141). All sequence

data were 2x100 bp in length with high quality metrics (>36 Phred score). The total number

of read pairs ranged from 44 million to 47 million. Approximately 83% (range: 81-84%) of

the read pairs were mapped to gene track (Canfam3.1). The percentage of genomic

mapping was similar between the control and melanoma samples (means + SD:

83.743+£0.357 and 83.023+0.645%, respectively) (Figure. 3-14A), suggesting that no

significant biases were introduced during data generation between the groups (P=0.133).

Mapping statistics indicated that the data were of high quality and uniform (no outliers

regarding the genome). Principal component analysis of the expressed genes revealed a

clear separation of the control group from the melanoma group (Figure. 3-14B). The status

of the top 20 expressed genes in the healthy group was compared with the expression in the

melanoma group. In total, 11 of the top 20 expressed genes in the healthy group were not

observed in the melanoma group (Figure 3-14C). KRT13 was the most highly expressed

gene in the controls and M7-ATP6 was the most highly expressed gene in the melanoma
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group ( Appendix 3-13). Known melanoma oncogenes, such as COLIAI, Vimentin, and

SPARC, were among the top 10 expressed genes in the melanoma group, while these genes

were absent in the healthy group. These results revealed that the data had sufficient

sequencing depth and were suitable for further differential expression analysis.

3.3.2 Identification and characterization of DEGs.

To identify DEGs in the melanoma samples, I set up the following stringent criteria:

FDR <0.05, FC >2, and maximum group mean >5 (RPKM). This criterion identified 2,555

DEGs (Figure.3-15A), including 1,421 upregulated and 1,134 downregulated genes . The

magnitude of the FC was higher in the downregulated group. In addition, 364 DEGs

annotated by Ensembl were defined as novel genes, as they did not match species-specific

entries in the UniProtKB/Swiss-Prot or RefSeq databases; these genes included 219

upregulated and 145 downregulated genes (Table 3-5 and Appendix 3-14).

I then classified the DEGs based on expression according to a previous study, with

slight modifications (219). Genes were defined as very rare (5-15 RPKM), rare (16-99

RPKM), moderately abundant (100-499 RPKM), and abundant (>500 RPKM). The

majority of genes were categorized as very rare (44.8%) and rare (45.5%), followed by

moderately abundant (7.7%) and abundant (2.0%) (Figure. 3-15B). Similarly, the novel
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genes were mostly categorized as very rare (45.32%) and rare (39.56%), followed by

moderately abundant (12.91%) and abundant (2.2%) (Figure. 3-15C).

I then examined the ‘on-off” genes in melanoma. Genes that were highly expressed

(>5 RPKM maximum group mean) in one group with no expression in the other group (<1

RPKM min group mean) and FDR as ‘0’ were defined as ‘on-off” genes. | identified 321

‘on-off” genes, including 80 ‘on’ (upregulated) genes and 241 ‘off” (downregulated) genes

(Appendix 3-15 and 16). Among the ‘on’ genes, BGN, CXCLS, and PI3 were abundant

genes (>500 RPKM), whereas 14 ‘off” genes, including 3 keratin genes (KRT13, KRT71

and KRT78), were abundant. In the novel gene group, I identified 48 ‘on-off” genes (13 ‘on’

and 35 ‘off” genes). Two genes were abundant (>500 RPKM) in each group (Appendix 3-

17 and 18). The abundant ‘on-off” genes are presented in Table 3-6.

To identify which chromosome harbored the majority of the DEGs, I analyzed the

chromosomal location of all DEGs. I found that the highest number of upregulated genes

(n=104) were on CFAy (dog chromosome 9) and the highest number of downregulated

genes (n=96) were on CFA| (dog chromosome 1) (Figure. 3-15D and E). I also observed

that 12 upregulated and 13 downregulated novel genes were located on CFA9 and CFA1,

respectively (Appendix 3-14). Of note, the highest numbers of ‘on’ genes (n=8) and ‘off’

genes (n=26) were on CFAg and CFA\, respectively (Appendix 3-15 and 16). When
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sequence reads were mapped against these 2 chromosomes, there were missing peaks or

new peaks (peaks were made by the mapped sequence in the region) in each group (Figure.

3-15F and G).

I then performed a functional analysis of the DEGs. Using the PANTHER

classification system (220) DEGs produced 1,701 protein hits with 24 protein classes

(Appendix 3-19A-B). The most abundant group of genes was in hydrolase (8.70%).

Relatively higher percentages of upregulated genes were in the signaling molecule, enzyme

modulator, receptor, extracellular matrix protein, defense/immunity protein, and cell

adhesion molecule. Immuno-related genes are also investigated by comparing the immune-

genes from ImmPort resources (221). I found 174 and 75 immunogenes in the up- and

downregulated group, respectively. In both groups, antimicrobial-related immunogens were

abundant (Appendix 3-19C). Subsequently, I performed overrepresentation enrichment

analysis (ORA) and found chemokines and antimicrobials were 2 significant (P<0.05)

terms in the upregulated group with the highest enrichment ratio (chemokines, 1.6;

antimicrobials, 1.3), respectively. The term chemokines were most enriched in the

downregulated group but did not bear statistical significance (data not shown).
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3.3.3 GO, pathway and transcription factor analysis

GO analysis. 1 then analyzed the DEGs by WebGestalt using the GSEA method.

GO analysis categorizes DEGs into 3 categories: i) Biological process (BP); ii) cellular

component (CC); and iii) molecular function (MF). In total, 18 GO terms were significantly

enriched (Figure. 3-16A). Defense response (GO: 0006952), cell-cell signaling (GO:

0007267), extracellular matrix (GO: 0031012), collagen trimer (GO: 0005581), cytokine

receptor binding (GO: 0005126) and cytokine activity (GO: 0005125) were the top

enriched terms in each category. Other significant GO terms (gliogenesis, taxis, immune

response, growth factor activity, glycosaminoglycan binding, G-protein coupled receptor

binding) related to the altered physiology during melanoma progression. Among the 18

significant GO terms, 9 were directly related to cytokines. Taken together, the GO results

indicate that most DEGs are involved in cytokine-oriented functions.

Pathway analysis. | performed pathway analysis by 2 methods: GAGE and GSEA.

In total, 9 common pathways were significantly enriched in both methods (Figure. 3-16B).

To rank the pathways, the position of each analysis was taken and the average was

examined. Cytokine-cytokine receptor interaction (CFA04060), focal adhesion

(CFA04510) and ECM-receptor interaction (CFA04512) were the top 3 pathways. PI3K-
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AKT (CFA04151) and TNF (CFA04668) signaling pathways were also present in my

analysis.

Enriched transcription factor motif. To examine motifs up to 4 kb around the

transcription start sites of the DEGs, 1 used GSEA within WebGestalt. In total, 10

transcription site binding motifs were significantly enriched in the upregulated DEGs

(Figure. 3-16C). Among these 10, 6 were known and 4 were unknown motifs that do not

match any known transcription factor binding site from the database (v7.4 TRANSFAC).

The binding motifs for ATF1 and NF-xB were observed in the highest number of

upregulated DEGs.

3.3.4 Cross species analysis of human and dog melanoma.

I analyzed 2 human melanoma RNA-seq from GEO datasets (please see Materials

and methods). To evaluate the pattern of FC of the dog DEGs in human melanoma, I

converted the genes to the human orthologues and compared the FC with the human

melanoma study without considering statistical significance. The analysis of the human

melanoma tissue results revealed that 63% of the upregulated genes and 40% of the

downregulated genes had the same direction of FC between the species (Figure. 3-17A). In

the case of human melanoma cell lines, 1 observed 58 and 47% similarities in FC,

respectively (Appendix 3-20A). Of note, when | compared the statistically significant genes
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between the species (FDR <0.05, FC >2; common DEGs), the percentage of shared
upregulated genes increased (tissue, 88%; cell line, 62%) in both experiments (Figure. 3-
17B and Appendix 3-20B, and Appendix 3-21-22). These findings indicate a marked
overlap in upregulated genes or oncogenes between human and dog melanoma.

To further understand the association between human and dog tissue melanoma, I
performed hierarchical clustering analysis. Common DEGs between the 2 melanoma
(human and dog) tissue experiments were selected and expression values were considered
from all other experiments for clustering. Clustering analysis of dog and human melanoma
tissues, cell line and prostate cancer revealed that dog melanoma clustered together with a
subset of human tissue melanoma samples (Figure. 3-17C). These results indicate the closer
transcriptomic similarities between dog and human melanoma compared with other types
of cancer. Prostate cancer data were included to indicate the dissimilarities in different
types of cancer between the species.

[ found that 429 upregulated melanoma signature genes, including 105 genes
commonly upregulated in all 3 melanoma sets, 284 genes upregulated in human and dogs
tissue melanoma, and 40 genes upregulated in cell line and dog melanoma, were the main
causative driver genes for melanoma development (Appendix 3-23). Approximately half

(41, 51%) of the on genes identified in dog melanoma samples were present in this group.
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To examine the processes of melanoma development in the 2 species, [ performed GSEA of
common DEGs from 3 experiments. In total 10 pathways had an FDR <0.06 and 3 had a
normalized enrichment score >2 (Figure. 3-17D). The top 3 pathways were immune and
signaling related pathways. The leading edge genes of these pathways were also
deregulated in a similar pattern in both species (Figure. 3-17D, lower panel).

I established a network from common DEGs by STRING and performed analysis
by MCODE in Cytoscape. Twelve cluster networks were obtained (Figure. 3-17E). The
majority of the genes of the first 3 networks encode signaling peptides. Genes in the first
network are collagen and integrin genes (Figure. 3-17F; upper left panel). The second and
third cluster genes are genes encoding cytokines-chemokines and growth factors (Figure. 3-
17F; upper right and lower panels). As the FC of genes in the network was the same
between the species, this indicated that these genes might exhibit similar melanoma

promoting networking function between the species.

3.3.5 Validation of DEGs by RT-qPCR.

To confirm the result of RNA-seq I validated several genes by RT-qPCR. I

confirmed that COL7A41, AKT3, ERRFI1, IKBKB, NGF, IL6, MMP9, and EGFR genes were
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differentially expressed in dog melanoma (Figure. 3-17G). Similar fold changes of the

genes were observed between RNA-seq and RT-qPCR.
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3.4 Discussion

To the best of my knowledge, this is the first report of comprehensive RNA-seq in

canine oral malignant melanoma. A previous study performed RNA-seq on canine

cutaneous melanoma (155). Oral melanoma is the most frequent site for malignant

melanoma compared with the cutaneous type (123,222). In addition, previous studies have

demonstrated that oral melanoma in dogs can be used as a model for human melanoma

(119,123,124).

The results of this study revealed that COLIAI, SPARC, and VIM were the top

highly expressed DEGs in canine oral malignant melanoma. These genes have also been

well studied in human melanoma or other types of cancer for their oncogenic behavior

(223-226). In comparison, KRT13, KRT71 and S10048 were not expressed in the

melanoma group. In a study on human squamous cell carcinomas of the head and neck and

esophagus, KRT13 was found to be epigenetically silenced, while the chromosomal

location of the S/0048 gene was found to be frequently altered or deleted and

downregulated (227,228). However, genes that are expressed in either of the group bear

more significance than those with less magnitude of change. These genes bear more

importance for biomarkers or therapeutic studies. I thus found the 80 genes that were

expressed only in canine malignant melanoma (>5 RPKM maximum group mean)
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compared with healthy tissue (<1 RPKM min group mean), with the aim of identifying

genes that were turned on during melanoma progression. Using this criterion, BGN,

CXCLS, and PI3 were identified as 3 abundant genes in canine malignant melanoma. Only

CXCLS8 was previously investigated in dogs to be increased in hemangiosarcoma (229).

BGN, CXCLS, and PI3 have previously been studied in human melanoma and other types

of cancer (230-232). The abundant genes are only approximately 2% of the total DEGs. As

highly expressed genes (abundant) are transcribed upon the essential demands of cells, their

exact association with and involvement in melanoma progression warrants further

investigation.

Cytogenic analysis of the DEGs revealed that CFA| harbored the majority of the

‘off” genes or downregulated genes. Loss of alleles or abnormalities in HSA; (human

chromosome 1) in human malignant melanoma was previously reported (233,234). This

suggests that chromosome 1 is important in melanoma and the function in melanoma

suppression is conserved in both species. | examined the distribution of DEGs in 24 protein

classes and found the highest number of genes within the hydrolase category (220 genes).

Most of the hydrolases were proteases (135 genes). Proteases are involved in regulatory

signaling networks with kinases or other factors can function to transmit oncogenic signals

in the tumor micro-environment. The Protein classification of these DEGs provides an
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important foundation for further understanding of the pathogenesis of melanoma.

Melanoma is one of the most immunogenic cancers. The immunogenic landscape of canine

oral melanoma DEGs revealed the enrichment of chemokines and antimicrobials genes.

Previous studies have proven that chemokines play specific roles in human melanoma

tumor growth and metastasis (235,236). Chemokine-based therapy is also under continuous

investigation (237). Moreover, antimicrobial immunogenes may enrich as a first line

defense of the cancer cells, although many of them can regulate chemokines and other

immunogenic signals.

GO analysis revealed that the majority of proteins encoded by DEGs were

distributed in the extracellular domain or cytoplasm. I hypothesized that these proteins

drive cells to undergo several physiological processes to generate the oncogenic

microenvironment. In this study, different responses, cytokine and signaling process-related

genes were enriched and were involved in G-protein, growth factor, glycosaminoglycan,

and cytokine-related activity. G-protein-coupled receptors are key players in the regulation

of various pathophysiological responses to initiate cancer development, including

melanoma. GPCR-targeted drugs have exhibited excellent therapeutic benefits in human

cancers (238). Another significant term, growth factor activity involved in cancer, was first

discovered in the 1950s by Cohen et al. (239). Subsequent studies demonstrated various
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roles of growth factors in the tumor microenvironment including in melanoma (240).

Glycosaminoglycans and the conjugated proteins were reported to be involved in the tumor

micro-environment and often perform crucial functions along with cytokine and growth

factors (241).

In this study, I identified 9 pathways enriched in the DEGs using 2 methods to

avoid possible bias. ECM receptor interaction, focal adhesion, protein digestion, and

absorption, and cytokine receptor interaction were the most enriched pathways and along

with 3 PI3K-AKT signaling pathways were previously reported to be involved in canine

cutaneous melanoma (155). Pathway analysis has been useful for the analysis of

experimental high-throughput biological data to facilitate data interpretation. For example,

IKKp, one of the major positive regulators of the NF-kB transcription factor, was found to

be downregulated in canine oral melanoma (Appendix 3-24). However, several target genes

of NF-kB were upregulated, indicating that NF-kB was activated. | also examined the

transcription factors binding motifs that may represent the transcription factors of

upregulated genes and found that the NF-kB binding motif was the most enriched. This

suggests that NF-kB genes are activated through NF-kB-independent mechanisms or that

NF-«B is activated through IKKf-independent mechanisms. However, when I analyzed the

pathways for the commonly deregulated genes between humans and dogs, | found that
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JAK-STAT was the most enriched pathway. Among the target genes of NF-«xB, STA73,

NF-xB1 and RELA share the highest number of genes

(http://www.grnpedia.org/trrust/result.php?gene=STAT3&species=human&confirm=). This

indicates that these target genes can be transactivated by either NF-kB or STATS3, or both

factors. In this study, I found that 39 targets were upregulated in the dog melanoma data

and 21 were significant. In the human data, among the 21 orthologues, 17 were upregulated

(Appendix 3-25). These data again suggested that one or both of the transcription factors

may be activated. As IKKf was downregulated, I hypothesized that the canonical pathway

was not activated in dogs. The target genes can be transcribed by either non-canonical or

atypical pathways of NF-kB or by STAT3. A previous study also demonstrated that

feedback loops exist between both signaling pathways. IL6, as one of the targets of NF-kB,

can be regulated by STAT3 activation (242). IL6 was expressed in both human and dog

melanoma. One study demonstrated that the pro-survival function of NF-kB was related to

its functional interaction with the PI3K/AKT/mTOR signaling pathway. AKT engages

mainly with IKKa instead of IKKf in promoting NF-«xB activation (243). NGF can activate

NF-kB by the atypical pathway (244). Phosphorylation mediates the activation of STAT3

through TrkA by NGF (245). Therefore, IL6 may be a crucial regulator in melanoma

initiation by regulating the STAT3/NF-kB loop, while the atypical NF-kB pathway is
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maintained in dogs by NGF. Further studies are required to examine the potential for IL6

and NGF as novel therapeutic targets in melanoma for both species. RT-qPCR analysis

confirmed the upregulation of NGF, AKT, and IL6 and IKKf downregulation in canine

melanoma tissue samples.

Several studies have demonstrated clinicopathological and molecular similarities in

melanoma between dogs and humans (119,123,246). However, to the best of my

knowledge, no study to date has revealed the oncogenic transcriptomic similarities of

melanoma between these species. In this study, I evaluated the common DEGs between the

species. Among the upregulated genes in dog melanoma, 88 and 62% orthologous genes

were also upregulated in human melanoma tissue and cell lines, respectively. In addition,

among the 429 upregulated melanoma signature genes, 48 were previously reported in

melanoma according to the Melanoma Gene Database (MGDB) (247) (Appendix 3-23).

This result indicates that oncogenic functions of these genes for melanoma progression are

conserved between the two species. Previous studies have also demonstrated that higher

homology of known cancer genes, as well as mutation or inactivation events in cancer or

other diseases are shared between these 2 species (123,248,249). The findings of this study

further support the similarities in melanoma progression between dogs and humans. Several

subtypes of melanoma have been identified in humans (114). Canine oral melanoma has
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been suggested as a model for human mucosal and the triple wild-type subtype (119,123).

The cluster analysis of this study with melanoma and prostate cancer revealed that dog

melanoma clustered with a group of human tissue melanoma. These results again affirm

previous studies that a human melanoma subtype is similar to dog melanoma. This study

also demonstrates that the dog model will be more efficient to investigate or develop novel

therapeutics compared with cell lines.

I also created a protein network using a human database. I speculated that

deregulated proteins/genes in melanoma interact to drive disease progression. Functional

association in melanoma has been found from the protein interaction network (250). In this

study, each network cluster contained genes that perform similar functions, such as the first

cluster that mostly contained collagen and integrins mainly involved with extracellular

matrix-related functions. My results suggest that the same network exists in both species, as

the genes show the same trend of expression in melanoma. The roles of collagen and

integrins in cancer have been well studied (251,252). Potential therapeutic targets can be

attained from this type of interaction network strategy, which is also reported by a previous

study (250).

In conclusion, this study successfully identified the transcriptomic aberrations in

canine oral melanoma. My evidence demonstrating the similarity of melanoma between the
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2 species further emphasizes dogs as a suitable pre-clinical model for human melanoma. By
comparing the melanoma transcriptome between the 2 species, | identified the key genes
and molecular pathways for further study to develop more effective therapeutic approaches

to melanoma.
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3.5 Materials and methods

3.5.1 Tissue samples.

Canine oral melanoma tissue samples (n=17) were obtained following surgical
resection (as a primary treatment for the melanoma patient) at the Kagoshima University
veterinary teaching hospital. The patient’s owners were informed prior to sample
collection. The confirmed diagnosis was affirmed by the hospital. Tissue samples were
maintained immediately in RNA/ater™ (Invitrogen; Thermo Fisher Scientific) following
isolation and incubated overnight at 4°C and then stored at -80°C until further RNA
extraction. Detailed information of the 17 samples is listed in Appendix 1-1A. Control oral
tissues were obtained following surgical resection from healthy dogs (n=12) during routine
anatomical practical training classes from the Kagoshima University shed. The site (oral
melanoma or healthy oral tissue) and general surgical procedure for sample collection were
the same between the healthy dogs and those with melanoma. Anesthesia was performed
and maintained accordingly during the surgical procedure [pre-administration: Atropine
sulfate 20 pg/kg (i.v.), Robenacoxib 2 mg/kg (i.v.); induction: Propofol ~5 mg/kg (i.v.);
Maintenance: Sevoflurane 0.5-5% (inhalation)]. The anesthesia regimen was according to

the American Animal Hospital Association (AAHA) guidelines (253). Palpebral and jaw
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reflexes were used to confirm that the animals were fully anesthetized. Other monitoring
parameters, such as temperature, heart and respiratory rate, blood pressure, oxygen
saturation, end-tidal CO», etc. were continuously checked during this period. Animals were
not euthanized as part of the current study. The study design and experimental protocols
were approved by the university and the Kagoshima University veterinary teaching hospital

ethics committee (KV0004).

3.5.2 RNA extraction and sequencing.

The mirVana™ miRNA isolation kit (Thermo Fisher Scientific Inc.) was used to
isolate total RNA from the tissues according to the manufacturer’s protocol. RNA
concentration was measured using a NanoDrop 2000c Spectrophotometer (Thermo Fisher
Scientific Inc.). RNA quality and integrity was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies). The RNA integrity number (RIN) mean value for the tissue was
8.8 (range 7-10).

Following RNA isolation and quality assurance, small RNA libraries were prepared
and sequenced by Hokkaido System Science Co., Ltd. The TruSeq RNA Sample Prep kit
version 2 (Illumina) was used for library preparation. The low sample protocol was

followed and input total RNA was 0.5 ug. Briefly, PolyA-containing mRNA was purified
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using oligo-dT-attached magnetic beads. mRNA was fragmented into small sections

following purification under an elevated temperature (94°C) using divalent cations.

Fragmented mRNAs were copied into first-strand cDNA using reverse transcriptase with

random primers. Second-strand cDNA synthesis was followed by DNA polymerase I and

RNase H treatment. cDNA fragments underwent end repair process, a single addition of

‘A’ base and then ligation of adapters. The final cDNA library was created through

purification and enrichment with PCR process.

3.5.3 Bioinformatics analysis.

For bioinformatics analysis, the below procedures and analyses were performed.

Reads processing and differential expression analysis. 1 received high quality

reads from the sequencing facilities average Phred score >36. Sequencing data were

imported into the CLC Bio Genomics Workbench (CLC Bio; Qiagen) as recommended by

the manufacturer’s manual (http://resources.qiagenbioinformatics.com). The normalization

of reads, quality, ambiguity and adapter trimming or quality control was performed with the

CLC Bio Genomics Workbench (versions 9 and 10). Paired end reads (100 bp) were further

analyzed according to the RNA-seq analysis guide of the CLC Genomics Workbench.

Default parameters were used during mapping and all other subsequent analyses. Briefly,

during reads mapping to a genome, genome annotated with genes and transcripts were
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selected and a mRNA track, gene track and a genome track Canis familiris.canfam3.1 were

used (254). Reference sequences were downloaded using the workbench downloading

option. During counting, the reads for expression values and the intact pairs were counted,

while the broken pairs were ignored. The expression value was calculated in total counts,

unique counts, transcripts per million, and reads per kilobase of exon model per million

mapped reads (RPKM) (94). Differential Expression for the RNA-Seq tool was used to

perform the statistical differential expression test. This tool followed a multi-factorial

statistics based on a negative binomial Generalized Linear Model. The Wald test was used

for comparison between the groups. I set the criteria for differential expression genes as

false discovery rate (FDR) <0.05, fold change (FC) >2 (both upregulated and

downregulated), and maximum group mean >5 (RPKM).

Cross species analysis of DEGs. 1 downloaded 3 RNA-seq datasets from the GEO

database: GSE71747 for the human melanoma tissue, GSE88741 for the human melanoma

cell line and GSE29155 for human prostate cancer. The datasets included for the cross-

species analysis are illustrated in Appendix 3-26. Data were downloaded directly to the

genomic workbench and the above-mentioned procedures and criteria were followed to

analyze the reads. Human ortholog genes were collected by the BioMart tool within
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Ensembl (255). Comparisons were drawn regarding the FC and with or without statistical

significance of the ortholog genes between the species.

Gene ontology (GO), pathways and transcription factor analysis. GO and

transcription factor analysis was performed by the WebGestalt (WEB-based GEne SeT

AnaLysis Toolkit) (256) following the gene set enrichment analysis (GSEA) method. For

pathway analysis, I blended 2 methods from WebGestalt and Pathview (257). I performed

GSEA using the WebGestalt and Generally Applicable Gene-Set Enrichment (GAGE) by

Pathview according to their default settings. Finally significant (q value or FDR <0.05)

pathways from the two methods were selected.

Network analysis. Common DEGs were uploaded to STRING (https://string-

db.org/) to obtain the protein interaction network (169). The parameter for the confidence

score was set to 7. Cytoscape 3.5.1 (https://cytoscape.org/) was used to analyze the network

(168). Closed networks were considered during network construction both in STRING and

Cytoscape. MCODE algorithm was used within the Cytoscape application for cluster

network analysis.

3.5.4 RT-gPCR.

Total RNA (250 ng) was reverse transcribed into cDNA using the ReverTra Ace®

qPCR RT Master Mix with gDNA Remover (Toyobo). RT-qPCR was performed using a
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TagMan® Fast Advanced Master Mix kit (Thermo Fisher Scientific Inc.) and a StepOne
Plus™ Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific Inc.).
Optimal reagent concentration and reaction condition described in the manufacturer’s
instructions were followed. The thermocycling conditions used for qPCR were as follows:
50°C for 2 min, 95°C for 20 sec; followed by 40 cycles of denaturation at 95°C for 1 sec
and annealing/extension at 60°C for 20 sec. The 2-4C4method was used to determine gene
expression levels (258). RT-qPCR reactions of undetermined Cq were assigned Cq=36
cycle. GAPDH was used as a quantitative normalization reference. Primer sequences of the
TagMan Gene Expression assays are available in the following IDs: Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; Cf04419463), collagen type VII alpha 1 chain
(COL7AT; Cf02690281), AKT serine/threonine kinase 3 (AKT3; Cf02704523), ERBB
receptor feedback inhibitor 1 (ERRFI1; Cf02653684), inhibitor of nuclear factor kappa B
kinase subunit beta (IKBKB; Cf02695869), nerve growth factor (NGF; C{02697134),
epidermal growth factor receptor (EGFR; CF02626541), matrix metalloproteinase 9
(MMP9; CF02621845) and interleukin (IL)6 (Cf02624282).
3.5.5 Statistical analysis.

GraphPad Prism 7 (www.graphpad.com) was used for statistical analysis.

Hierarchical clustering analysis was performed on logio ratio with every gene expression
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from each sample. Hierarchical clustering was done with Euclidean distance metrics and

complete linkage algorithm. Comparisons between the group (healthy, n=12; melanoma,

n=17) of the RT-qPCR data were performed using the Mann-Whitney U-test. A P-value

<0.05 was considered to indicate a statistically significant difference.
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Table 3-5. Top 20 novel differentially expressed genes in canine oral melanoma.

Ensembl ID Chromo Region Max group Log, fold FDR P-value
some mean change

ENSCAFG00000023728 17 61715810..61716 = 6965.176802 = -13.0728668 0
667

ENSCAFG00000029470 7 Complement 4441.530653 | -6.317147271 @ 8.66135E-15
(43565980..4356
9673)

ENSCAFG00000018586 4 67701614..67703 1576.83413  -1.476555989 = 0.044341327
002

ENSCAFG00000032057 26 27624214.27624 | 1030.146501 | 6.625580707 @ 3.22992E-14
534

ENSCAFG00000031806 26 27626671..27632 = 645.9357198 = 7.033040174 0
004

ENSCAFG00000030258 8 Complement 585.378127 7.09342349 0
(72906321..7338
7840)

ENSCAFG00000017655 30 Complement 554.1272685 1.5182161 0.02925338
(35713470..3573
7559)

ENSCAFG00000000471 12 742518..744376 502.6434471 | -14.74161241 0

ENSCAFG00000031786 26 27605067..27616 = 497.5464419 = 7.498002132 0
302

ENSCAFG00000015206 21 40680858..40685 = 476.1739252 | 7.802839134 0

074
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ENSCAFG00000030164

ENSCAFG00000019812

ENSCAFG00000023111

ENSCAFG00000016966

ENSCAFG00000032259

ENSCAFG00000019141

ENSCAFG00000032358

ENSCAFG00000029493

ENSCAFG00000014627

ENSCAFG00000012022

17

30

26

17

FDR, false discovery rate.

Complement
(82986436..8298
6741)
Complement
(42202578..4220
7944)
Complement
(60984425..6098
7378)
27636259..27664
073
Complement
(37617977..3762
2560)
Complement
(119204969..119
205259)
Complement
(72847361..7285
2219)
27620223..27620
543
60899870..60901
258
59698670..59701
290
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473.8678307

360.4657394

354.3255735

309.6540468

298.0600534

277.0573496

268.1075815

264.9025566

261.1790712

254.5146118

-1.319491428

-2.977400921

-1.423676

2.174448832

-8.627843471

-1.266862717

5.707864264

6.875187743

8.044118048

-4.447052200

0.025365105

4.13027E-06

0.00159774

0.018722413

0.016078337

5.27351E-11

1.58428E-08

1.11703E-08

8.66135E-15
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Table 3-6. Abundant ‘on-off” genes in canine oral melanoma.

Name

BGN

CXCLS

PI3

KRTI3

KRT71

S100A8

ARSF

TGM3

AQP3

S100A 14

SPRR3

S100A2

SFN

RHCG

SPINKS5

S100A16

KRT78
ENSCAFG00000031806
ENSCAFG00000030258
ENSCAFG00000023728
ENSCAFG0000000047 1

FDR, false discovery rate.

Chromosome

13
24

27

24
1

N N W N

27
26

17
12

Max group

mean

750.6354384
718.7157383
625.5995841
19890.23609
7541.688327
5616.157022
1426.603766
1376.03872
1324.472821
1165.913739
1090.426813
1023.838115
769.2134926
723.8378326
646.388121
549.0286762
508.5240706
645.936
585.378
6965.18
502.643

128

Log, fold

change

5.44424503
8.318634019
8.475895656

-11.27810332
-15.13319019
-6.39785469
-12.19831506
-15.43829609
-11.7832697
-9.555767692
-13.23899417
-8.469980831
-8.549424168
-12.84073049
-11.37480897
-6.490015324
-11.77812871
7.03304
7.09342
-13.073
-14.742

FDR P-

value
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I Mapped to gene%o

Melanoma 83.03% 16.98%

Healthy 16.26%

Gene name Ensembl Id Healthy Rank Melanoma Rank
KRT13

MT-ATP6

NMT-CO1

COXN3

ENSCAFG00000023728

MT-CO2

STO0AS

RPL17

I'PTI

RP506

S100A6
ENSCAFGO0000018580

MT-CYB

Figure 3-14. Reads characterization of RNA-seq from canine oral melanoma. (A) Mapped
percentage of the reads against the reference genome. Percentages of the mapped reads

were estimated with the average percentage of mapped reads from each group. Healthy,
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n=3; melanoma; n=8. (B) Principal component analysis of variance from transformed RNA
seq reads counts for whole transcriptome by CLC Workbench. Axis indicates the variance
contribution. Blue is for healthy and red is for melanoma samples. (C) Comparison of top
twenty expressed genes in healthy (n=3) and melanoma (n=8) group. Number and color
gradient (red to blue) were used to indicate highest to lowest ranking. Uncommon genes
between the groups are underlined and positions are marked black color in melanoma. PC,

principal component.
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Figure 3-15. Differentially expressed genes from RNA-seq and their chromosomal
location. (A) Volcano plot representing the differential expression of genes from RNA-seq.
Each dot indicates one gene. A red dot indicates significant genes according to my stringent
criterion, (FC) >2 and maximum group mean >5 (RPKM). The x-axis indicates the Log2
fold change of the genes comparing healthy and melanoma group; the y-axis indicates the -
Logio false discovery rate (FDR). (B and C) Overall expression abundance of known and
novel differentially expressed genes respectively. Numbers indicate the number of genes in
each category: Very rare (5-15 RPKM), rare (16-99 RPKM), moderately abundant (100-
499 RPKM) and abundant (>500 RPKM). (D and E) Chromosomal locations of

differentially expressed genes. Numbers indicate the corresponding chromosome identity.
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The chromosome with the highest number of differentially expressed genes is indicated by
the red border; (D) upregulated and (E) downregulated genes in the chromosomal locations.
(F and G) Reads mapped from each individual sample to the CFA| and CFAy regions from
RNA-seq. Dotted lines indicated the mapped sequence variation of every sample between
the groups. The X is the length of the chromosome and Y is the mapped sequences of each

sample.
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Figure 3-16. Gene Ontology, pathway and transcription factor (TF) analysis of the
differentially expressed genes. (A) Gene Ontology analysis of significant terms in
biological process (BP), cellular component (CC) and molecular function (MF). Blue bars
indicate the normalized enrichment score (NES); red bars indicate the -log false discovery
rate (FDR). (B) Pathways that were significant between two methods are shown. The x-
axes represent the -log value of generally applicable gene set enrichment (GAGE) q value
and gene set enrichment analysis (GSEA) FDR. (C) Enriched TFs are shown with NES and

number of leading edge genes in log scale at the x-axis.
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Up genes in melanoma Down genes in melanoma
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Figure 3-17. Differentially expressed genes between human and dog melanoma. (A and B)

Gene fold change (FC) between the species with or without considering statistical
significance in dog melanoma. Numbers and percentages of common up- and
downregulated genes are shown in the overlapping region. The x-axis is the number of
genes and the y-axis indicates the FC. (C) Heatmap with cluster analysis showing the
expression of common oncogenes between prostate cancer cell lines (LNCaP-P1-P7),
human melanoma cell lines [SK_MEL 28 (28 1-3), SK_MEL_147 (147 _1-3), UACC_62
(62_1-3)], canine oral melanoma (DM _1-8) and human tissue melanoma (HM_1-17). The
color gradient on the right indicates the expression values. Euclidean hierarchical clustering

with complete linkage was used. Dog and human clustered together is indicated within the
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red line. (D) Common enriched pathways between humans and dogs. Schematic on top
right panel indicates how leading edge genes were defined. Fold changes of the leading
edge genes from the top 3 pathways in both species are shown on the bottom panel. FDR,
false discovery rate; NES, normalized enrichment score (E) Schematic presentation of 12
network clusters established by the common differentially expressed genes. (F) The first
three clusters are shown in which a node indicates a gene and the lines between them
indicate the edge. Red color indicates upregulated genes and green represents
downregulated genes. (G) Relative expression of COL7A1 (healthy control, n=9), AKT3,
ERRFI1, EGFR, NGF, IL6, MMP9 and IKBKB genes examined by RT-qPCR in healthy
oral tissue (n=12) and oral melanoma (n=17). "P<0.05, **P<0.01, ***P<0.0001. The bars
indicate standard deviation (SD). RE, relative expression; COL7A1l, collagen type VII
alpha 1 chain; AKT3, AKT serine/threonine kinase 3; ERRFI1, ERBB receptor feedback
inhibitor 1; EGFR, epidermal growth factor receptor; NGF, nerve growth factor; IL6,
interleukin 6; MMP9, matrix metallopeptidase 9; IKBKB, inhibitor of nuclear factor kappa

B kinase subunit beta.

140



Conclusion

Conclusion

To the best of my knowledge, this study is the first portrait of comprehensively

studied COM transcriptome by next generation sequencing. I successfully reveal the

transcriptomic aberration of COM and find its analogy with the human melanoma. Among

the non-coding RNA transcriptome, I first reveal the altered expression of miRNAs and

confirm their expression by qPCR. Studied miRNA’s targets have significant correlation as

like their human study. Important miRNAs with respect to human and dog melanoma is

explored. These findings facilitate to know the role of miRNA in melanoma and contribute

in further miRNA based therapeutic development. Additionally, indicates the suitability of

dog for miRNA based therapeutic development for both species. During my small non-

coding RNAs analysis, I find not only miRNA but also some new type of small RNAs like

snRNA, snoRNAs, tRNA fragments and piRNAs are differentially expressed. The

expression pattern of these small RNAs are same between tissue and cell line but different

in plasma. Also the expression pattern of the snRNA and snoRNA are conserved in human

melanoma. So, not only miRNA but also other types of non-coding RNAs are aberrantly

expressed in melanoma. Most importantly conserved expression pattern in human

melanoma emphasize their involvement in melanoma pathogenesis. During the analysis of

coding part of the transcriptome, I observe the annotated and novel differentially expressed
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genes. Cross species analysis of the mRNA transcriptome reveals the similarities between
the 2 species. Moreover, key/driver genes and molecular pathways are listed by comparing
the melanoma transcriptome. This study successfully identified the coding transcriptome
aberrations in canine oral melanoma. By comparing the melanoma transcriptome between
the 2 species, | identified the key genes and molecular pathways for further study to

develop more effective therapeutic approaches to melanoma.

The evidence from my whole transcriptome analysis demonstrates the similarity of
melanoma between the 2 species. | show that similarities exist in the both non-coding and
coding part of the transcriptome. Moreover, the interaction between non-coding and coding
part are also conserved between the 2 species. These emphasize dogs as a suitable
pre-clinical model for human melanoma. My study may significantly contribute in future to

develop more effective therapeutic approaches in the field of comparative oncology.

142



Acknowledgments

Acknowledgments

Glory is to Allah and all praises to him who gives the opportunity and makes

successful accomplishment of this doctorate program. I would like to give my first, sincere,

thankful and deepest sense of gratitude to my respected Ph.D supervisor Professor Dr.

Naoki Miura who selected me as a student under his supervision. I am also very grateful to

him for his precious help, guidance, support and continuous encouragement during the

study period.

I would like to express my sincere gratitude to my co-supervisors for their helpful

suggestion and constructive comments during the study period. Special thanks to Professor

Dr. Fujiki Makoto, Dr Okamoto Yoshiharu, and Dr. Osamu Yamato for their technical

support for my experiment. I am also very thankful to Professor Chikara Kubota and

Associate Professor Takahashi Masashi for their helpful suggestion and enthusiastic words.

I also owe special thanks to Associate professor Yasuo Saitoh and Tomoko Iwanaga

for their helpful technical suggestion during my research writing. I would like to thanks

Associate Professor Dr.Tatsunori Masatani for his help and appreciation during my

research presentation.

143



Acknowledgments

I am very grateful to my senior Dr. Yu Chang Lai for his countless help,

appreciation and direction about the research project. I also indebted to Masuda Ayako who

was always helped me including my academic and non-academic issues. I also thank to Jin,

Kaho, Kasumi, Fumi, Baba, Habibi, Jump, Soma, Chise, and Chandana who often helped

me in some way, during the course of the work. I am very thankful to Mizuki Ando who

was always very kind and helpful to my family which helped me to keep forward my

research work.

I’'m humbled and appreciative to the Kagoshima City Hall authority for their

support during my study period.

I would like to express my deepest sense of gratitude to the Ministry of Education,

Culture, Sports, Science and Technology (MEXT) to support financially during my study

period in Japan.

I am also very indebted to my respected teacher Professor Dr. Mahbub Alam from

the department of medicine, Faculty of Veterinary Science, Bangladesh Agricultural

University, Mymensingh Bangladesh who implanted the dream of Ph.D and helped me to

ride on the track.

144



Acknowledgments

Finally, the best gratitude and love is for my father and mother who gave me the

foundation of education. I also thankful to my daughter and my wife for sacrificing their

time and allow me to keep up the research work.

145



Appendix

Appendix

146



Appendix

Appendix 1-1A. Signalment characteristics and WHO clinical stage of the 17 canine oral
malignant melanomas

COM tissue specimen for NGS and qPCR

No

Tl
T2
T3

T4
T5
T6
T7
T8
T9
T10
T11
T12
T13
T14
T15

T16
T17

Age
(Years)
12.7
14.8

10

10.11
7.11
10.9
12

13
10.3
10.2
12.4
14.6
15.2
12.11
12.4

15.2
10.8

Sex

Male
Male
Male

Male
Male
Male
Male
Male
Male
Male
Female
Female
Female
Male
Male

Female
Male

Breed

Miniature
Mongrel
Golden
Retriever
Miniature

Miniature
Miniature
Shiba
Pomerania
Yorkshire
Chiwawa
Miniature
Miniature
Mongrel
Miniature

Shiba and
Miniature cross
Mongrel
Miniature

WHO Stage

===

=2 2=2=2/R22=2 22 -~

NGS(N) or qPCR (q)

Nand q
N and q
N and q
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Appendix 1-1B. Clean sequencing reads from the normal and melanoma individual
libraries.

Column ID Normal
Sample
Name Reads Reads After adapter treaming
Nomall 31719088 19015734
Nomal2 34437764 15742516
Nomal3 37308370 16280411
Total 103465222 51038661
Melanoma

Melanomal 29554264 15993157
Melanoma2 28585813 13852584
Melanoma3 28264207 10101754
Melanoma4 27946191 11432175
Melanoma5 29796066 13157883
Melanoma6 36882368 22866409
Melanoma7 57273744 42202229
Melanoma8 27785482 12462538

Total reads 266088135 142068729
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Appendix

1]
PC1 (30.4%)

Appendix 1-2. Profile of small RNA reads in canine oral melanoma: (a) Length
distribution of clean reads in the normal and melanoma libraries; (b) Percentages of the
clean reads annotated by the miRBase and Ensembl non-coding RNA databases; c)
Unsupervised Euclidean hierarchical clustering by the miRNA normalized expression
values in the normal and melanoma libraries, The colour scale (upper right) indicates the
expression values; (d) Principal component analysis (PCA) of normal (green) and
melanoma (pink) samples. The miRNAs read counts were normalized and transformed

before PCA.
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Appendix 1-3. Difterentially expressed microRNAs in canine oral melanoma

miR Stand Species FC'! FDR ? Chr’
mir-8884 Mature 3' Canis familiaris 4.03 3.46E-02 8
mir-107 Mature 3' Canis familiaris 4.25 2.1E-02 28
mir-8859b Mature 3' Canis familiaris 4.28 2.79E-02 18
mir-421 Mature 3' Canis familiaris 4.41 2.78E-02 X
mir-190a Mature 5' Canis familiaris 5.33 4.45E-02 30
mir-454 Mature 3' Homo sapiens 5.69 1.27E-02 9
mir-335 Mature 5' Canis familiaris 5.77 1.77E-02 14
mir-132 Mature 3' Homo sapiens 5.97 5.93E-03 9
mir-301a Mature 3' Canis familiaris 6.88 2.5E-03 9
mir-330 Mature 5' Canis familiaris 7.19 2.06E-03 1
mir-21 Mawre 5 Lomosapiensi/Canis —, o 42E-04 9
familiaris
mir-423/mir-423a Matre st L omosapiens//Canis g o 5.81E-03 9
familiaris
mir-363 Mature 3' Canis familiaris 9.62 3.00E-04 X
mir-146b Mature 5 Llomosapiens//Canis g 5, 1.62E-03 28
familiaris
mir-140 Mature 3' Homo sapiens 23.03 6.27E-03 5
g;zn?rzé/ rlnir'9' Mature 5 Canis familiaris 62.71 3.36E-07 3.7
mir-223 Mature 3' Canis familiaris 37.49 8.16E-04 X
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mir-383

mir-450b
mir-196a-2
mir-371
mir-542
mir-130b
mir-424
mir-450a
mir-106a
mir-301b
mir-20b

mir-18b

mir-424

let-7a-1//let-7a-
3//let-7a-2

mir-126

mir-125a
let-7b

mir-101-2//mir-
101-1

mir-1271

mir-183

Mature 5'

Mature 5'

Mature 5'

Mature 5'

Mature 3'

Mature 3'

Mature 5'

Mature 5'

Mature 5'

Mature 3'

Mature 5'

Mature 5'

Mature 3'

Mature 5'

Mature 5'

Mature 5'

Mature 5'

Mature 3'

Mature 5'

Mature 5'

Homosapiens//Canis
familiaris

Canis familiaris
Canis familiaris
Canis familiaris
Canis familiaris
Canis familiaris
Homo sapiens

Canis familiaris
Homo sapiens

Canis familiaris
Canis familiaris
Canis familiaris

Homosapiens//Canis
familiaris

Homosapiens//Canis
familiaris

Homosapiens//Canis
familiaris

Canis familiaris

Canis familiaris

Canis familiaris

Canis familiaris

Homosapiens//Canis

152

207.48

60.14

990.94

22.75

131.06

14.17

57.02

2421

17.84

13.51

38.45

27.73

71.56

-3.27

-3.56

-4.56

-3.40

-3.19

-4.32

-3.55

2.43E-04

3.09E-08

2.54E-08

5.67E-05

1.80E-09

9.51E-05

4.06E-09

4.06E-05

1.27E-05

7.86E-05

3.51E-07

7.00E-06

8.27E-07

1.58E-02

1.75E-02

6.52E-03

1.66E-02

1.71E-02

1.72E-02

2.25E-02

16

27

26

10,5

10

1,5

14
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mir-26b

mir-29¢//mir-29c-
1//mir-29¢-2

mir-152

mir-1260a

mir-378i

mir-708

mir-31
mir-143
mir-1468

mir-145

let-7¢

mir-379

mir-147
mir-96

mir-99a-1//mir-99a-
2

mir-452

mir-409

mir-95

Mature 5'

Mature 3'

Mature 3'

Mature 5'

Mature 5'

Mature 5'

Mature 5'

Mature 5'

Mature 5'

Mature 3'

Mature 5'

Mature 5'

Mature 3'

Mature 5'

Mature 5'

Mature 5'

Mature 5'

Mature 3'

familiaris
Homo sapiens

Homosapiens//Canis
familiaris

Homosapiens//Canis
familiaris

Homo sapiens
Homo sapiens

Homosapiens//Canis
familiaris

Canis familiaris
Homo sapiens
Canis familiaris
Homo sapiens

Homosapiens//Canis
familiaris

Homosapiens//Canis
familiaris

Canis familiaris
Canis familiaris

Canis familiaris

Canis familiaris
Homo sapiens

Canis familiaris

153

-2.76

-4.20

-3.24

-3.43

-3.11

-3.87

-3.55

-3.79

-5.32

-5.54

-5.91

-5.97

-7.034

-9.00

-12.07

-16.75

-16.85

-17.61

4.42E-02

3.68E-03

3.16E-02

2.72E-02

3.27E-02

3.22E-02

4.32E-02

3.46E-02

2.69E-03

6.97E-04

2.88E-04

1.89E-02

1.62E-03

7.86E-05

4.9E-04

9.86E-05

2.12E-07

1.12E-04

37

21

11

31

30

14

31,5
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mir-224 Mature 5' Canis familiaris -28.17 1.14E-07 X
mir-375 Mature 3' Canis familiaris -38.64 6.83E-14 37
mir-141 Mature 3' Homo sapiens -153.25 0 27
mir-429 Mature 3' Canis familiaris -314.72 2.88E-22 5
mir-205 Mature 5' Canis familiaris -320.15 0 7
mir-200¢ Mature 3' E;n:l(l’:fi tens//Canis 37631 293822 27
mir-200a Mature 3' Homo sapiens -520.66 1.41E-27 5
mir-200b Mature 3' Homo sapiens -663.46 0 5

mir-203a/mir-203  Mature 3' Homosapiens//Canis g, - 0 8

familiaris

'Fold change. ? False discovery rate. 3 Chromosome
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miR-383

Normal Melanoma

Normal Melanoma

)

el

miR-1
miR-143

Normal Melanoma

Normal Melanoma

Appendix 1-4. Differential miRNA expression in COM. (a-c) Relative expression of up-
regulated miR-383, 21 and 122; (d) Relative expression of down-regulated miR-143. The
Y-axes indicates the relative miRNA expression levels normalized against RNU6B (normal

n=12, melanoma n=17; Mann-Whitney test followed by Tukey’s test; *P <0.05, **P <0.01,
*E**P <0.0001)

155



Appendix

Dog PAXY ENSTO0M00361 6 3" UTR length: 4013
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Dog NDRG2 ENSTOOOM298687.5 3" UTR length: 852

Appendix 1-5. Predicted conserved target binding site of miR-450b-PAX9, miR-223-
ACVR2A and miR-301a-NDRG2 from TargetScan: (a-c). Predicted binding sites of

respective miRNA-mRNA are conserved between human and dog.
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Appendix 1-6. Over representation analysis of the down-regulated miRNAs target genes
against cancer and other databases

Cancer Gene Census

Gene Set Enrichments P-Value
oncogene 1.11 8.80E-2
fusion 1.04 4.42E-01
others 1.01 5.77E-01
tumor suppresor genes 0.84 9.66E-01
GLADA4U databases
Cell Transformation, Neoplastic 2.13 5.48E-12
Neoplastic Processes 1.73 5.64E-10
Neoplasm Invasiveness 1.81 5.95E-09
Chromosome Aberrations 1.66 3.59E-06
Neoplasms, Squamous Cell 1.53 7.39E-06
Neoplasms 1.40 8.42E-06
Leukemia, Myeloid, Acute 1.80 9.46E-06
Neoplasm Metastasis 1.55 1.12E-05
Translocation, Genetic 1.51 1.34E-05
Leukemia 1.52 1.58E-05
OMIM databases
Colorectal cancer 22.23 1.64E-06
Diabetes mellitus, noninsulin-dependent 12.88 4.82E-06
Lung canceralveolar cell carcinoma, included 18.31 4.87E-06
Leukemia, acute myeloid 14.82 1.52E-05
Juvenile myelomonocytic leukemia 37.35 3.87E-05
Intervertebral disc disease 31.12 7.64E-05
Osteoporosis 31.12 7.64E-05
Tetralogy of fallot 23.34 2.09E-04
Breast cancer 10.38 5.06E-04
Myocardial infarction, susceptibility tomyocardial
infarction 15.56 7.85E-04
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Appendix 1-7A. Down-regulated miRNAs target transcription factor (34)

Gene symbol Gene name

ATF2 activating transcription factor 2(ATF2)

BMI1 BMII proto-oncogene, polycomb ring finger(BMI1)
Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-terminal

CITED2 domain 2(CITED2)

E2F6 E2F transcription factor 6(E2F6)

ETV4 ETS variant 4(ETV4)

EYAIl EYA transcriptional coactivator and phosphatase 1(EYA1)

EYA3 EYA transcriptional coactivator and phosphatase 3(EYA3)

EYA4 EYA transcriptional coactivator and phosphatase 4(EY A4)

FOXJ3 forkhead box J3(FOXJ3)

FOXN2 forkhead box N2(FOXN2)

FOXPI forkhead box P1(FOXP1)

HOXAS homeobox AS(HOXAS)

HOXB2 homeobox B2(HOXB?2)

HOXB6 homeobox B6(HOXB6)

ID1 inhibitor of DNA binding 1, HLH protein(ID1)

MTEF2 metal response element binding transcription factor 2(MTF2)

NABI NGFI-A binding protein 1(NABI)

NKRF NFKB repressing factor(NKRF)

NR2C2 nuclear receptor subfamily 2 group C member 2(NR2C2)

PITX2 paired like homeodomain 2(PITX2)

PLAGL2 PLAGI like zinc finger 2(PLAGL?2)

POU2F1 POU class 2 homeobox 1(POU2F1)

RFXANK regulatory factor X associated ankyrin containing protein(RFXANK)

RNF144A ring finger protein 144A(RNF144A)

SP4 Sp4 transcription factor(SP4)

TBX18 T-box 18(TBX18)

TEADI TEA domain transcription factor 1(TEADI)

TSC22D1 TSC22 domain family member 1(TSC22D1)

TTLL4 tubulin tyrosine ligase like 4(TTLL4)

VDR vitamin D (1,25- dihydroxyvitamin D3) receptor(VDR)

ZFANDG6 zinc finger ANI-type containing 6(ZFAND6)

ZFR zinc finger RNA binding protein(ZFR)

ZNF174 zinc finger protein 174(ZNF174)

ZNF275 zinc finger protein 275(ZNF275)

159



Appendix

Appendix 1-7B. Up-regulated miRNAs target transcription factor (33)

Gene symbol  Gene name
ALX1 ALX homeobox 1(ALX1)
BNC2 basonuclin 2(BNC2)
CLOCK clock circadian regulator(CLOCK)
CREBI cAMP responsive element binding protein 1(CREB1)
DMTF1 cyclin D binding myb like transcription factor (DMTF1)
E2F1 E2F transcription factor 1(E2F1)
FAM20C FAM?20C, golgi associated secretory pathway kinase(FAM20C)
FOXF2 forkhead box F2(FOXF2)
IRF4 interferon regulatory factor 4(IRF4)
IRF9 interferon regulatory factor 9(IRF9)
KCNIP3 potassium voltage-gated channel interacting protein 3(KCNIP3)
KLF5 Kruppel like factor S(KLF5)
MBNL2 muscleblind like splicing regulator 2(MBNL2)
MECP2 methyl-CpG binding protein 2(MECP2)
MEF2C myocyte enhancer factor 2C(MEF2C)
myeloid/lymphoid or mixed-lineage leukemia; translocated to,
MLLT10 10(MLLT10)
MXII MAX interactor 1, dimerization protein(MXI1)
NR4A2 nuclear receptor subfamily 4 group A member 2(NR4A2)
OPTN optineurin(OPTN)
PPARG peroxisome proliferator activated receptor gamma(PPARG)
RBI1 RB transcriptional corepressor 1(RB1)
SWI/SNF related, matrix associated, actin dependent regulator of
SMARCEI1 chromatin, subfamily e, member [(SMARCE1)
TCF7L1 transcription factor 7 like 1(TCF7L1)
TGFBII1 transforming growth factor beta 1 induced transcript 1(TGFB111)
TULP4 tubby like protein 4(TULP4)
VEZFI vascular endothelial zinc finger 1(VEZF1)
ZNF106 zinc finger protein 106(ZNF106)
ZFP91 ZFPI1 zinc finger protein(ZFP91)
7ZKSCANI zinc finger with KRAB and SCAN domains 1(ZKSCAN1)
ZMYNDI11 zinc finger MYND-type containing 1 1(ZMYNDI11)
ZNF25 zinc finger protein 25(ZNF25)
ZNF362 zinc finger protein 362(ZNF362)
ZNF706 zinc finger protein 706(ZNF706)
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Appendix 1-8A. Centrality measures of the down-miR-TFs network

Name Degree unDir Betweenness unDir

miR-126 8 624.1707
FOXN2 7 468.996
BMI1 5 513.5405
MTF2 7 328.1401
miR-183 4 493.2195
E2F6 5 371.776
ATF2 4 462.0376
PLAGL2 5 346.5784
NR2C2 5 314.7015
miR-141 7 184.9902
miR-200a 7 184.9902
HOXAS 4 288.2461
EYA4 4 287.1757
EYA3 4 240.7778
miR-26b 3 305.2306
miR-429 5 162.008
miR-

200C 5 162.008
miR-224 3 217.9321
miR-708 3 215.3048
miR-203 3 202.4925
NABI 4 141.5243
POU2F1 3 183.4897
miR-31 3 181.3361
TSC22D1 4 135.0135
EYAI 4 127.1013
miR-29¢ 3 155.9466
CITED2 3 128.5187
ID1 2 178.7648
let-7a 4 88.01872
let-7b 4 88.01872
let-7¢ 4 88.01872
miR-452 3 106.9105
miR-200b 4 77.83935
miR-205 3 08.6442

161



Appendix

FOXIJ3
PITX2
NKRF
TBX18
FOXPI
SP4

ZFR
TEADI
miR-143
miR-101
ZFANDG6
TTLL4
ZNF275
miR-125a
HOXB2
HOXB6
RFXANK
VDR
miR-1271
ETV4
miR-152
miR-378i
RNF144A
miR-96
ZNF174
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Appendix 1-8B. Centrality measures of the Up-miR-TFs network

Name Degree unDir Betweenness unDir

CREBI 12 375.086
CLOCK 11 632.3675
miR-20b 11 389.3206
miR-106a 10 252.2331
PPARG 10 171.4987
MECP2 8 139.5748
miR-9 7 533.7517
RBI1 7 213.1603
miR-454 6 71.72027
miR-301a 6 60.50574
miR-371 6 153.1827
miR-130b 6 60.50574
miR-301b 6 60.50574
MEF2C 6 374.621
BNC2 5 215.9453
miR-450b 5 134.3094
SMARCEI 5 188.1774
MLLTI10 4 2.95
FOXF2 4 2.95
miR-21 4 146.3551
miR-424 4 72.14337
E2F1 4 35.43737
KLFS5 4 135.0854
IRF9 4 31.6513
ZFP91 3 15.99994
miR-196a 3 102.6522
MBNL2 3 41.64914
ZNF362 3 13.10051
IRF4 3 22.85
NR4A2 3 1.833333
ZNF706 2 96
miR-132 2 4.590909
miR-423 2 2
miR-363 2 96
TULP4 2 188
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miR-223
DMTF1
MXI1
ZNF25
KCNIP3
TGFBI1I1
TCF7L1
miR-107
miR-421
miR-190a
ALX1
VEZF1
ZNF106
FAM20C
7ZKSCANI
OPTN
ZMYNDI11
miR-450a
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Appendix 2-9. Fragment length distribution of U1, U2, Ul1 and US5. Y-axis represent the
percent RPM on the and X-axis is the length of the fragments.
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Anticodon loop

Appendix 2-10. Read length distribution of tRNA fragments from sequencing data count.
(A) All three cases specific length of t-RNA fragment is significantly less in melanoma. (B)
Site of the tRNA fragments in the clover leafed structure of tRNA. All three originated
from the 5"tRH/5"tRF. Student t-test was performed, *P < 0.05.
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Appendix 2-11. Read mapping of the snoRNA fragments. (A-E) snoRD27, snoRA32,
snoRA39, snoRA54, snoRA93 fragments mapping against to the reference. Fragments in
normal and melanoma mapped in the same site (3" or 5") (F) snoRA24 fragments mapped
in the 3’ site in normal and 5 site in melanoma. (G) snoRD79 fragments mapped in the 5°

site in normal and 3’ site in melanoma.
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Ul in human genome blastn

snoRA24 in human genome blastn
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Appendix 2-12. BLASTN result of Ul snRNA and snoRA24 primer sequences against
human GRCh38. (A-B) Ul snRNA and snoRA24a canine primer’s were perfectly match
with the human Ul snRNA and snoRA24a sequence.
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Appendix 3-13. Top 20 expressed genes in the control and melanoma.

Chr.
Name No  Identifier RPKM RE% Rank
KRT13 9  ENSCAFG00000023449 19890.2361 5.43095 |
MT-ATP6 MT ENSCAFG00000022729 8786.4994 2.39912 2
MT-COl1 MT ENSCAFG00000022723 7944.76051 2.16928 3
KRT71 27  ENSCAFG00000007233 7541.68833 2.05923 4
COX3 MT ENSCAFG00000022730 7229.27704 1.97392 5
ENSCAFG00000023728 17  ENSCAFG00000023728 6965.1768 1.90181 6
MT-CO2 MT ENSCAFG00000022726 6290.5654 1.71761 7
S100A8 7  ENSCAFG00000017557 5616.15702 1.53347 8
ENSCAFG00000029470 7  ENSCAFG00000029470 4441.53065 1.21274 9
MT-ATPS MT ENSCAFG00000022728 3456.0191 0.94365 10
ND4 MT ENSCAFG00000022735 2864.80131 0.78222 11
RPL13A 1 ENSCAFG00000029892 2271.34387 0.62018 12
KRT15 9  ENSCAFG00000023529 1949.26113 0.53224 13
MT-ND1 MT ENSCAFG00000022713 1874.1061 0.51172 14
RPL17 7 ENSCAFG00000019044 1831.89455 0.50019 15
TPTI 22 ENSCAFG00000004533 1780.72188 0.48622 16
RPS6 11 ENSCAFGO00000001615 1763.05161 0.48139 17
S100A6 7  ENSCAFG00000017553 1728.78217 0.47204 18
ENSCAFG00000018586 4  ENSCAFG00000018586 1576.83413 0.43055 19
MT-CYB MT ENSCAFG00000022742 1563.5178 0.42691 20
Melanoma-Top 20 expressed genes
Chr.

Name No Identifier RPKM RE% Rank
MT-ATP6 MT ENSCAFG00000022729 6066.67774 1.76435 1
COX3 MT ENSCAFG00000022730 5040.20294 1.46582 2
MT-CO2 MT ENSCAFG00000022726 4804.66925 1.39733 3
MT-COl MT ENSCAFG00000022723 4564.04515 1.32735 4
MT-ATPS8 MT ENSCAFG00000022728 2274.78453 0.66157 5
COLIA1 9  ENSCAFG00000017018 1955.6742 0.56876 6
ND4 MT ENSCAFG00000022735 1932.22042 0.56194 7
GAPDH 27  ENSCAFGO00000015077 1760.063 0.51187 8
SPARC 4  ENSCAFG00000017855 1592.01338 0.463 9
VIM 2 ENSCAFG00000004529 1540.70219 0.44808 10
TPTI 22 ENSCAFG00000004533 1448.55914 0.42128 11

172



ACTGI
FTHI 1
MT-NDI
APOE
B2M
RPLI13A
RPLS
COL1A2
DCT

Appendix

9
11
MT
1
30
1
13
14
22
Chr, chromosome

RPKM, reads per kilobase of exon model per million mapped reads

ENSCAFG00000005734
ENSCAFG00000030465
ENSCAFG00000022713
ENSCAFG00000004617
ENSCAFG00000013633
ENSCAFG00000029892
ENSCAFG00000001677
ENSCAFG00000002069
ENSCAFG00000005323

RE, relative expression

Common genes between the group were marked by color
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1374.25346
1298.52499
1280.29762
1241.31668
1095.02626
1074.56403
1072.15928
1065.72002
1058.98851

0.39967
0.37765
0.37234
0.36101
0.31846
0.31251
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0.30994
0.30798
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Appendix 3-14. Novel differentially expressed genes in canine oral melanoma

ENSEMBL ID Chromosome Max group mean Log, fold change FDR p-value
ENSCAFG00000035504 1 11.84891334 7.990528544 1.31565E-06
ENSCAFG00000035871 1 5.375183724 7.858276269 0.01533349
ENSCAFG00000023074 1 9.83181066 6.418872648 5.7903E-06
ENSCAFG00000028453 1 7.091847892 5.113753787 0
ENSCAFG00000030509 1 5.393395026 4.896990937 3.22992E-14
ENSCAFG00000004730 1 111.3153548 4.789783319 7.84708E-13
ENSCAFG00000030746 1 36.46314253 4.549518428 1.35577E-10
ENSCAFG00000024425 1 6.161866656 3.389076645 2.94408E-05
ENSCAFG00000002660 1 7.11058835 3.113049903 2.8645E-05
ENSCAFG00000034249 1 41.54709691 2.691535635 2.44909E-09
ENSCAFG00000030943 1 52.56424385 2.386679663 1.76591E-08
ENSCAFG00000030942 1 52.34896342 2.36467677 1.76278E-08
ENSCAFG00000000399 1 11.97511614 2.316532168 0.005801799
ENSCAFG00000002392 1 11.44992494 1.415091641 0.005701833
ENSCAFG00000002916 1 26.62715237 1.252462889 0.01181013
ENSCAFG00000029151 1 60.47632563 1.218044508 0.034309245
16.53203716 0.047474182
43.24507089 0.019255889
11.39903325 0.000762331
45.65808914 0.000134483
5.312288797 0.017015946
52.16175897 4.44868E-06
9.8497097 1.70002E-05
38.26297143 0.022543198
9.089560057 1.01157E-07
5.477306783 8.63545E-09
93.05584988 0
58.0192795 0
10.21649406 0
ENSCAFG00000033364 2 9.855645082 4.17238559 7.67944E-06
ENSCAFG00000005852 2 47.36075855 2.787247621 1.10304E-07
ENSCAFG00000007705 2 31.23562827 2.030196141 0.000294183
ENSCAFG00000012763 2 32.73403954 1.971982951 4.26304E-05
ENSCAFG00000003894 2 24.03981851 -5.165133229 0
ENSCAFG00000024733 2 25.4897546 -6.636421529 0
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ENSCAFG00000014627
ENSCAFG00000010220
ENSCAFG00000016695
ENSCAFG00000013979
ENSCAFG00000015372
ENSCAFG00000029013
ENSCAFG00000036387
ENSCAFG00000028981
ENSCAFG00000011612
ENSCAFG00000018586
ENSCAFG00000040164
ENSCAFG00000023144
ENSCAFG00000016093
ENSCAFG00000019807
ENSCAFG00000020220
ENSCAFG00000036707
ENSCAFG00000030394
ENSCAFG00000023925
ENSCAFG00000023902
ENSCAFG00000032273
ENSCAFG00000020333
ENSCAFG00000018611
ENSCAFG00000020027
ENSCAFG00000017001
ENSCAFG00000031282
ENSCAFG00000017933
ENSCAFG00000016475
ENSCAFG00000014493
ENSCAFG00000019365
ENSCAFG00000018181
ENSCAFG00000019210
ENSCAFG00000030466
ENSCAFG00000011354
ENSCAFG00000032470
ENSCAFG00000020150
ENSCAFG00000019812
ENSCAFG00000019353
ENSCAFG00000013653

[*Ye Mo NNe) W) Nle ) Nie) lile) Wle) o) Nile) Mo NV, BNV, RV, RV, RV, RV, RO, NV, BV, IRV, IV, IV, IRV, R S G . - . - . - S - WL VS I VS S UV IR US I US R U]

261.1790712
5.213834539
21.17512727
36.23293284
13.40211576
41.20800914
5.085521306
7.574157432
45.74082332
1576.83413

19.53998725
5.896396964
209.8511735
13.27244991
19.75182685
11.42749399
9.203802558
12.6187247

6.580662588
83.67336552
18.2536878

8.108729222
24.99885637
5.032567544
6.241250231
8.222279668
6.207350609
9.411892563
5.720406352
81.18196135
36.15229119
60.39843434
13.31082009
9.667412844
179.6286941
360.4657394
17.82418593
60.03999718
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8.044118048
3.403507705
2.204762499
1.454838813
-1.528951959
-2.588867658
3.208929883
2.270852079
-1.052773667
-1.476555989
-2.447553939
-6.703027754
-7.279550499
6.05652362
4.987324055
4.069413256
3.908964196
3.203036116
2.890178889
2.007087472
1.48077867
-1.280853437
-1.654232768
-1.706048205
-2.300600643
-3.117410396
5.555615085
5.450061274
2.007330901
1.743825912
1.717054924
1.593961838
1.371791741
1.352943984
-1.452402091
-2.977400921
-8.62334277
-9.608857975

1.11703E-08
0.000210201
0.020735339
0.022144068
0.003999528
8.75518E-08
0.00579167
0.003657978
0.038699369
0.044341327
2.27964E-06
2.46133E-14
8.66135E-15
5.81285E-12
1.28365E-06
9.99231E-09
0.031418318
1.03401E-05
0.003875369
0.004897718
0.04592475
0.024794219
0.001019657
0.017349885
0.001457624
1.3081E-09
9.46773E-09
1.28977E-10
0.000161649
0.002028509
0.001184475
0.015172906
0.02691254
0.022931305
0.02867968
4.13027E-06
0
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ENSCAFG00000023230
ENSCAFG0000002024 1
ENSCAFG00000030657
ENSCAFG00000030095
ENSCAFG00000030495
ENSCAFGO00000011151
ENSCAFG00000031490
ENSCAFG00000030770
ENSCAFG00000031543
ENSCAFG00000028771
ENSCAFG00000010830
ENSCAFG00000024483
ENSCAFG00000014066
ENSCAFG00000031930
ENSCAFG00000017072
ENSCAFG00000016844
ENSCAFG00000024748
ENSCAFG00000019080
ENSCAFG00000011523
ENSCAFG00000029470
ENSCAFG00000031147
ENSCAFG00000031078
ENSCAFG00000029996
ENSCAFG00000030993
ENSCAFG00000030258
ENSCAFG00000030900
ENSCAFG00000023944
ENSCAFG00000028509
ENSCAFG00000030001
ENSCAFG00000024111
ENSCAFG00000030894
ENSCAFG00000030284
ENSCAFG00000035669
ENSCAFG00000032358
ENSCAFG00000014670
ENSCAFG00000024864
ENSCAFG00000013905
ENSCAFG00000013883

R R0 X X 0 0 0 0 0 0 0 0 0 X0 0 0 N0 N N N N N N N NN ANYNANYNSNSNSNSNSNSNos S

110.0280698
183.9605566
6.094502238
31.17087967
6.406529733
5.696123664
71.5800605

18.3538727

5.121222149
9.071423725
9.944699234
5.499134371
5.351742552
127.3999434
11.00622815
8.40582253

12.05486525
11.71493088
21.3442383

4441.530653
132.7355295
22.29379605
184.8595736
26.2898926

585.378127

60.2735056

8.551984464
195.5497797
5.544994499
36.42339286
7.883838361
6.602370696
9.852235555
268.1075815
54.39790355
29.84926746
33.00828872
10.89481935
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-9.755172915
-9.904211295
6.126157191
5.292306471
4.38151355
2.282051734
2.167537672
2.101136582
1.477593476
1.418545759
1.288792253
-1.469320418
-1.638390844
-1.731021626
-1.964315844
-2.29490768
-2.34597306
-4.997440461
-6.257916114
-6.317147271
-9.052401579
9.615694414
7.343536104
7.146712593
7.09342349
7.063696675
6.691074533
6.6020349
6.499263655
6.496687056
6.234718094
6.215628147
6.048882373
5.707864264
4.177243121
4.001831338
-1.587328465
-1.70571124

0

0
5.0791E-13
1.15748E-10
7.06626E-10
9.1904E-06
0.049096317
1.93306E-05
0.016524158
0.008394907
0.030262585
0.026980851
0.005260481
0.000118146
0.000573783
0.001070859
0.000391652
0

0
8.66135E-15
0
0.002058616
0
1.64319E-08
0
9.06275E-09
0.000477606
8.66135E-15
0.000605242
1.49372E-10
9.40513E-06
5.08115E-05
2.52329E-13
5.27351E-11
4.76952E-14
5.84382E-11
0.002468675
3.69751E-05
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ENSCAFG00000030662
ENSCAFG00000030682
ENSCAFG00000030632

ENSCAFG00000004905
ENSCAFG00000014799
ENSCAFG00000015156
ENSCAFG00000029346
ENSCAFG00000032099
ENSCAFG00000012998
ENSCAFG00000013770
ENSCAFG00000029478
ENSCAFG00000028642
ENSCAFG00000032290
ENSCAFG00000032259
ENSCAFG00000030805
ENSCAFG00000030326
ENSCAFG00000000072
ENSCAFG00000001689
ENSCAFG00000000415
ENSCAFG00000030366
ENSCAFG00000023004
ENSCAFG00000030654
ENSCAFG00000001675
ENSCAFG00000000497
ENSCAFG00000030323
ENSCAFG00000030529
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8
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56.02102778
44.28513998
69.62308674
5.316570014
95.18178455
11.45011491
13.08670208
18.14755016
14.74740628
8.84341831

13.56535106
18.53592654
13.5607973

31.15019746
76.3149409

51.40954779
40.18589901
14.58251434
68.10763129
26.07743078
12.65787595
21.07570069
28.43608154
10.93521375
29.05642424
298.0600534
226.851523

10.51433181
22.4997321

6.405037111
117.5359313
11.36498223
8.312458864
9.454107243
26.12739629
6.090285607
5.490964011
33.47633953
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-2.881399708
-3.493394761
-5.57089491

-1.736000438
-1.831410924
-1.925719996
-2.067691372
-2.284337191
-2.328934235
-2.737397316
-3.755747176
-4.307119162
-6.60423219
-8.627843471
-13.83146445
6.950486503
2.875203787
2.697530043
2.572415781
-1.407651586
-1.917253801
5.012443858
3.19227453
2.71770156
-1.776399549
-2.783080879

1.53398E-07
2.31026E-11
0
0.000930388
0
1.52219E-13
2.08442E-12
5.57726E-12
7.16723E-06
7.379E-05
7.52262E-06
0.001801798
0.001705415
0.005314997
0.039670467
0.012913181
0.008093531
0.006109203
0.001392657
1.33048E-06
0.001104143
4.45846E-12
4.57446E-09
3.35055E-07
0

0

0
6.28947E-14
6.27621E-09
0.000203552
0.002637691
0.000961291
0.003657978
6.3712E-09
0.017608957
0.007294829
0.001371287
3.52938E-07
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ENSCAFG00000025172
ENSCAFG00000003564
ENSCAFG00000000686
ENSCAFG00000023691
ENSCAFG00000000492
ENSCAFG00000002008
ENSCAFG00000030835
ENSCAFG00000000447
ENSCAFG00000023724
ENSCAFG00000002230
ENSCAFG00000024271
ENSCAFG00000033670
ENSCAFG00000000613
ENSCAFG00000040421
ENSCAFG00000031682
ENSCAFG00000000471
ENSCAFG00000028960
ENSCAFG00000025016
ENSCAFG00000036767
ENSCAFG00000000798
ENSCAFG00000037056
ENSCAFG00000030437
ENSCAFG00000035602
ENSCAFG00000032430
ENSCAFG00000030958
ENSCAFG00000002440
ENSCAFG00000002448
ENSCAFG00000033183
ENSCAFG00000036275
ENSCAFG00000008273
ENSCAFG00000003087
ENSCAFG00000004887
ENSCAFG00000035346
ENSCAFG00000028627
ENSCAFG00000005575
ENSCAFG00000037515
ENSCAFG00000004543
ENSCAFG00000006478

11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
14
14
14
14
14
15
15
15
15
15
16
16
16
16

13.7708214

28.32039123
32.97688229
9.531165787
70.16028245
10.77399764
7263951396
55.03136949
77.94689605
10.35125429
100.093464

5.114319465
5.405141424
20.76619667
12.54351205
502.6434471
86.42977166
85.47879686
9.800816163
5.037333716
5.668552626
9.257080107
13.93981873
121.6158135
237.833792

23.26639053
31.40147285
5.367650894
7.722634884
59.21192407
8.033511329
6.911189519
31.53484296
5.552740778
57.64510766
107.6213567
6.816617907
32.35042328
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-2.976886011
7.018257499
3.377376433
3.165363812
2.851333741
2.171941847
2.063464127
1.961293592
1.278705939
-4.282669952
-5.169063803
-8.57494298
-8.885612115
-9.340422965
-9.53393842
-14.74161241
10.6431215
9.152385829
6.400432043
5.469184203
3.34473999
2.481089364
1.87956864
-9.458522801
9.555686481
2.407251465
1.631262334
-2.002234974
-2.031970763
7311770646
2.1511169
1.964593226
1.876929663
1.772338319
3.647908552
3.125051818
2.642941407
-1.893927576

0.049304964
8.97162E-07
1.64505E-08
0.003127103
6.56334E-07
4.63379E-06
0.01402659
0.00279692
0.011633011
2.1475E-08
0

0
2.06869E-06
0
1.67156E-14
0
1.13093E-08
8.84452E-11
2.82928E-05
0.024137533
0.00572879
0.029366224
0.00017421
0
1.52219E-13
9.21693E-07
0.018899332
0.001280894
0.001984224
1.59123E-08
0.008591691
0.003811336
0.009888794
0.009847107
1.00655E-13
6.6514E-07
0.00192538
4.70684E-05
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ENSCAFG00000003530
ENSCAFG00000003221
ENSCAFG00000023369
ENSCAFG00000015584
ENSCAFG00000031753
ENSCAFG00000029676
ENSCAFG00000011504
ENSCAFG00000032691
ENSCAFG00000013697
ENSCAFG00000008716
ENSCAFG00000004676
ENSCAFG00000032813
ENSCAFG00000033956
ENSCAFG00000028873
ENSCAFG00000039320
ENSCAFG00000003477
ENSCAFG00000009798
ENSCAFG00000023111
ENSCAFG00000031309
ENSCAFG00000007239
ENSCAFG00000012022
ENSCAFG00000031502
ENSCAFG00000033334
ENSCAFG00000029234
ENSCAFG00000023728
ENSCAFG00000030793
ENSCAFG00000010913
ENSCAFG00000015053
ENSCAFG00000016171
ENSCAFG00000015082
ENSCAFG00000040425
ENSCAFG00000010698
ENSCAFG00000032173
ENSCAFG00000038408
ENSCAFG00000029403
ENSCAFG00000037290
ENSCAFG00000005717
ENSCAFG00000037999

16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
18
18
18
18
18
18
18
18
18
18
19
19
19

6.866790759
17.00845423
12.43810628
25.34159938
111.6859735
29.49818068
21.58928444
27.74508545
5.681752854
22.37250093
7.881443769
64.87938002
26.30909345
8.120066373
22.53598103
93.43666748
15.86203471
354.3255735
5.674618292
29.116383
254.5146118
16.70667691
9.289585898
13.6321999
6965.176802
6.906168635
21.30361322
7.572474683
6.733095434
8.752443586
7.649864509
6.782613348
161.6327199
25.56853282
71.23147697
6.609443672
8.98263234
6.75690743
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-2.841989642
-8.852779959
9.025580649
7.620806798
6.812037186
6.608920443
6.435067104
5.464913358
5.172695622
3.67559889
2.992185762
2.510340205
2.123570876
2.041988643
2.011665176
1.841033118
1.390682937
-1.423676
-3.981567365
-4.040764465
-4.4470522
-6.186774316
-10.98779122
-11.39229998
-13.0728668
6.89767843
2.195604751
1.810140892
1.501024767
1.490000824
-1.325652033
-1.421643737
-1.635174338
-1.839577047
-1.857241406
4.039669048
1.829891314
-8.773042538

6.36442E-09
0
0.004531852
7.28711E-08
0
7.56579E-08
0
4.41417E-07
1.78488E-09
8.66135E-15
2.60136E-05
3.77766E-05
4.29007E-05
0.014279887
0.000546326
0.002423496
0.007833443
0.00159774
1.59672E-06
1.96716E-05
8.66135E-15
2.46133E-14
1.67709E-09
0

0
1.47317E-07
3.61531E-06
0.004391949
0.030352477
0.045476794
0.01134781
0.031085516
0.012537178
0.006360489
0.001143626
0.002519664
0.02855777
0
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ENSCAFG00000023396
ENSCAFG00000013645
ENSCAFG00000012879
ENSCAFG00000013805
ENSCAFG00000016245
ENSCAFG00000029989
ENSCAFG00000006577
ENSCAFG00000017892
ENSCAFG00000014978
ENSCAFG00000031302
ENSCAFG00000031469
ENSCAFG00000015206
ENSCAFG00000029553
ENSCAFG00000040603
ENSCAFG00000004384
ENSCAFG00000029218
ENSCAFG00000008336
ENSCAFG00000004857
ENSCAFG00000040404
ENSCAFG00000030587
ENSCAFG00000023746
ENSCAFG00000004602
ENSCAFG00000006540
ENSCAFG00000031320
ENSCAFG00000031852
ENSCAFG00000008181
ENSCAFG00000040319
ENSCAFG00000039338
ENSCAFG00000028903
ENSCAFG00000036793
ENSCAFG00000012157
ENSCAFG00000007435
ENSCAFG00000025524
ENSCAFG00000009480
ENSCAFG00000012643
ENSCAFG00000008000
ENSCAFG00000007115
ENSCAFG00000008369

20
20
20
20
20
20
20
20
20
20
20
21
21
21
21
21
21
21
21
22
22
22
23
23
23
23
23
23
23
23
24
24
24
24
24
24
25
25

9.624830908
14.58263198
31.50231251
18.11678566
13.5365478
62.67518044
40.15492665
23.26026818
447787123
38.82323666
6.183341835
476.1739252
235.7557557
5.899703212
137.7959713
8.301400317
42.02752093
193.3028437
7.232160967
33.93408748
6.424778002
16.16257142
43.98782211
13.37876644
33.98901851
10.37684255
6.340588935
14.47409395
5.042668697
22.84208458
27.75430569
11.52251298
61.67024069
7.485922906
23.97548078
217.8956333
6.367529963
6.6227376
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7.377000459
5.116795935
4.689566062
4.241772322
3.895977936
1.592139584
1.28581714
1.216476764
-1.867886567
-3.440591213
-3.554588434
7.802839134
7.375427473
2.139710831
2.085913471
1.154016603
-1.492066625
-3.431779804
-7.903831499
3.311947415
-1.202632832
-1.468739242
2.815493009
-1.207485628
-1.648026364
-3.032187454
-3.213854659
-3.231006457
-4.802915121
-5.348127779
6.023733686
2.198838745
2.065881024
1.987419966
-1.428645618
-2.140894775
1.887623723
1.573426641

2.54697E-11
4.22058E-06
0.000262534
1.46624E-10
1.80398E-10
0.002547595
0.02463222
0.034039575
0.000179305
2.29073E-08
1.04883E-12
0

0
0.031223123
0.000124446
0.029484632
0.016314754
0.032584178
4.07182E-08
3.03031E-05
0.037449692
0.005107483
1.50359E-05
0.023938064
0.001182034
3.82046E-07
7.35688E-12
8.89525E-10
1.26197E-05
9.46275E-08
0.001071397
0.00188214
2.0265E-05
0.039159775
0.004722781
1.36735E-06
0.003275596
0.019255889
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ENSCAFG00000008104
ENSCAFG00000010555
ENSCAFG00000012788
ENSCAFG00000031160
ENSCAFG00000030158
ENSCAFG00000023843
ENSCAFG00000031637
ENSCAFG00000032706
ENSCAFG00000015176
ENSCAFG00000031196
ENSCAFG00000032328
ENSCAFG00000029323
ENSCAFG00000030555
ENSCAFG00000032325
ENSCAFG00000024720
ENSCAFG00000031733
ENSCAFG00000029236
ENSCAFG00000032078
ENSCAFG00000013622
ENSCAFG00000031786
ENSCAFG00000031273
ENSCAFG00000031403
ENSCAFG00000031806
ENSCAFG00000030935
ENSCAFG00000031653
ENSCAFG00000029493
ENSCAFG00000028850
ENSCAFG00000032057
ENSCAFG00000032249
ENSCAFG00000014432
ENSCAFG00000023160
ENSCAFG00000030602
ENSCAFG00000032195
ENSCAFG00000029467
ENSCAFG00000028847
ENSCAFG00000031415
ENSCAFG00000028814
ENSCAFG00000014043

25
25
25
25
25
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26

13.03920661
11.53777457
5.111924429
6.145862568
21.35338743
32.84709867
160.0894375
46.76126804
15.83001965
117.3001854
34.33406501
60.91962248
70.23522946
166.3718066
165.9629161
15.87122419
4597768312
87.1774074

32.90772055
497.5464419
40.32579269
76.27499128
645.9357198
21.92585697
50.61092742
264.9025566
20.40777678
1030.146501
14.74547498
37.83913442
9.705257788
6.156205964
66.24015321
6.275652456
7.350395084
151.0779026
5.475298382
9.315090207
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-3.687323509
-3.939533063
-9.542291866
-10.29637654
-11.67289691
10.89789493
10.16536199
10.09829385
9.31746543
9.280131794
9.151918636
8.5101226
8.373409718
8.158170961
7.838425146
7.759508157
7.625813359
7.621481734
7.517514898
7.498002132
7.398822446
7.25233011
7.033040174
7.031104073
6.987647103
6.875187743
6.801055021
6.625580707
6.507410735
6.172905188
5.54375583
5.524318344
5.370346958
5.285486988
5.15195901
5.126069552
3.744628212
3.520563144

1.25089E-07
0.000211828
4.13199E-12
0

0
0.00034417
2.46133E-14
2.20328E-09
0.00226455
7.81035E-14
8.40715E-08
6.83077E-11
2.46133E-14
2.63822E-12
0
9.13843E-08
7.06014E-14
0
7.24938E-07
0
6.86836E-12
9.19387E-12
0
4.09152E-10
0
1.58428E-08
4.00728E-09
3.22992E-14
1.41156E-07
3.00835E-09
0.000141606
0.000112626
1.23187E-08
4.81461E-05
9.28871E-05
5.94329E-07
5.5012E-10
9.23561E-07
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ENSCAFG00000006533
ENSCAFG00000015433
ENSCAFG00000014154
ENSCAFG00000034742
ENSCAFG00000036159
ENSCAFG00000031299
ENSCAFG00000016263
ENSCAFG00000016252
ENSCAFG00000031081
ENSCAFG00000014684
ENSCAFG00000008380
ENSCAFG00000011417
ENSCAFG00000007209
ENSCAFG00000008119
ENSCAFG00000030471
ENSCAFG00000017107
ENSCAFG00000016966
ENSCAFG00000017708
ENSCAFG00000030087
ENSCAFG00000017655
ENSCAFG00000017975
ENSCAFG00000013769
ENSCAFG00000013154
ENSCAFG00000008972
ENSCAFG00000009568
ENSCAFG00000037434
ENSCAFG00000029022
ENSCAFG00000009086
ENSCAFG00000009065
ENSCAFG00000031278
ENSCAFG00000009129
ENSCAFG00000008291
ENSCAFG00000038174
ENSCAFG00000024769
ENSCAFG00000010410
ENSCAFG00000009117
ENSCAFG00000012865
ENSCAFG00000008984

26
26
26
27
27
27
27
27
27
27
27
27
27
29
30
30
30
30
30
30
30
30
30
30
31
31
31
31
31
31
31
31
31
32
32
33
33
34

9.378420819
55.64363616
11.23365129
6.366787228
59.58527103
133.7284285
229.9063389
7216717465
12.15543778
216.6154061
18.09306778
108.3009024
143.4421203
9.083695237
29.01707307
43.70962071
309.6540468
65.81016401
19.27988597
554.1272685
7.228569269
65.48987731
82.1977666

18.17520593
5.362325892
37.49518033
204.9706601
25.30822967
6.434569406
10.60218043
13.70062538
14.77854181
14.95569581
64.71316476
14.27186699
11.04003445
37.63126618
19.14360198
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3.287958478
-1.606026549
-3.678529071
7.737310383
5.961706723
3.70632318
2.632377517
2.43881255
1.452481677
1.196683782
-1.708711291
-3.178978325
-6.043971873
1.445388418
4.061389152
2.731781862
2.174448832
1.822977056
1.677261956
1.5182161
-1.477224269
-3.102552092
-3.453941172
-4.959292407
6.348564651
2.832063332
2.554388904
2.05434979
1.536579467
-1.157224371
-1.507501325
-2.25846266
-9.290770871
-6.263568502
-8.615062238
-1.464479006
-6.290328255
1.794916741

2.28852E-07
0.001567768
0
0.000480128
4.8607E-05
4.76952E-14
9.01311E-08
0.004374991
0.023456803
0.027762038
0.002133287
0.002201465
4.26733E-07
0.047246834
7.2252E-06
4.3467E-08
0.018722413
0.00139088
0.003829301
0.02925338
0.047283246
8.98877E-09
0

0
8.64095E-09
2.06068E-06
0.000397991
9.84932E-05
0.006931285
0.032407784
0.00196152
0.006010454
0

0

0

0.0049994

0
0.000773881
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ENSCAFG00000014222
ENSCAFG00000011068
ENSCAFG00000029800
ENSCAFG00000009857
ENSCAFG00000033502
ENSCAFG00000030080
ENSCAFG00000013060
ENSCAFG00000039936
ENSCAFG00000029635
ENSCAFG00000014615
ENSCAFG00000032355
ENSCAFG00000036759
ENSCAFG00000013015
ENSCAFG00000013035
ENSCAFG00000031225
ENSCAFG00000035312
ENSCAFG00000031355
ENSCAFG00000017231
ENSCAFG00000016072
ENSCAFG00000019141
ENSCAFG00000030164
ENSCAFG00000012234
ENSCAFG00000013713
ENSCAFG00000015485
ENSCAFG00000019159

genes in CFA1
genes in CFA9

FDR, false discovery rate

CFA, canis familiaris

LW W W W W W W W W W W Ww
e R I\ e e RV, B, R

R R R E R E R

5.180445543
6.140061191
37.09904872
46.49861294
5.620149551
17.93809951
22.21006783
5.27704554

193.3391254
15.62828231
13.74313386
6.651710318
63.84569112
14.89495302
5.538333357
8.672052101
12.57006146
30.62323839
13.9090449

277.0573496
473.8678307
123.0443004
17.44095908
128.9887531
15.09504116
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1.303804658
-1.513028369
1.515849715
-1.292701179
-1.668664762
1.63806603
-1.261552467
3.076432914
-1.571657714
-2.177023096
-2.694748773
8.358300704
4.162792086
2.600307096
1.791742128
-6.442356139
7.220553637
3.888384804
2.666327857
-1.266862717
-1.319491428
-1.520430058
-1.833305593
-2.337384697
-3.174399164

0.013960161
0.037963785
0.008714697
0.01823561
0.023291739
0.001442281
0.018093887
0.000718333
0.00778852
0.022497851
7.18752E-05
0.0183053
1.67156E-14
4.91593E-05
0.00343815
0
7.72752E-08
0.000130448
0.000273256
0.016078337
0.025365105
0.003480336
0.000542333
2.48492E-05
0.004468031
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Appendix 3-15. On genes among the DEGs in canine oral melanoma

FDR p-
Name Chromosome Max group mean  Log; fold change  value
BGN X 750.6354384 5.44424503 0
CXCL8 13 718.7157383 8.318634019 0
PI3 24 625.5995841 8.475895656 0
SMPDL3A 3359104413 6.23191243 0

_ 302.6210063 6.954792344 0
SLC2A3 199.6855496 5598058625 0
COL9A2 15 176.5921335 5.412189889 0
SAAL_2 21 174.8578142 9213325616 0
SERPINE1 6 150.3106455 6521012952 0
SOX10 10 145.4978994 4.888647866 0
SPP1 32 135.5664837 8.621911023 0
SEMA7A 30 122.2285749 6330537393 0
EDIL3 3 111.0295024 5.883237274 0
LICAM X 108.0680806 5476332277 0
MATN4 24 98.99814302 7.759292564 0
COLIIAI 83.54422941 11.55017046 0

_ 67.11431284 5.265940518 0
SERPINA 66.87881825 6.24878167 0
TNC 1 1 66.02479843 6.664087639 0
PLP1 X 64.1002786 4.445243008 0
NES 7 57.12356477 4.821129461 0

R 56.5875883 4351680632 0
MARCKSLI 2 55.4823409 4294400236 0
CHI3LI 7 5453271717 7.868381299 0
COL2ALI 27 54.10774133 10.36199764 0
ACAN 3 50.1107608 10.46073103 0
PLEK 10 46.67881402 551083778 0
COL9ALI 12 41.98627672 9.375337519 0
COL9A3 24 41.57551242 8.411393341 0
IL1B 17 40.81758304 9.979670367 0
ADAMTS4 38 36.64656404 7530108375 0
IGSF11 33 36.5180056 4688153859 0
ESMI 4 33.64843512 6.654032082 0
RGS2 38 33.45685671 4.969950737 0
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TUBB4A 20 32.984893
TMEMI176B 16 31.74275472
UCHLI1 3 31.70497382
SLC35F1 1 31.27766386
ART3 32 30.49449802
GEM 29 29.98151751
ST6GALNAC3 6 29.23087882
RLBPI 3 28.98452562
FADSI 18 28.41153634
INSC 21 28.18181586
SORCSI1 28 26.80615162
CHSY1 3 26.00790821
DUSP4 25.45685187
_ 2472356943
INHBA 24.61957437
ADAMI2 28 24.35623078
FFAR2 1 24.35586759
SLC11A1 37 24.05122675
CXCR4 22.27558403
_ 217602977
TNIK 19.51839693
MBOAT?2 17 18.23938883
I 171556399
IGF2BP2 34 16.76377122
A2M 27 16.57721136
SLC37A2 5 16.44347492
SCARF2 26 15.87954748
CSF3R 15 15.83849636
MMP9 24 15.19461628
C5ARI1 1 14.65109832
FOXD3 5 14.25774904
TREM?2 12 13.96815761
ADAMTS?7 3 13.81198604
VASH2 7 13.58460851
RUNX3 2 13.24629468
FAM178B 10 13.20160425
GDF11 12.30694328
e e
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5.423221335
4.3080645
6.080937609
5.816710967
4.143724776
4.530547767
8.243724801
8.71996617
4.564978271
5.310384396
4.813094558
3.498935818
5.007013785
6.236176168
5.735849396
7.876380279
7.672564831
4.53015279
3.793069705
4.161894929
4.792793663
5.249162506
4.385813844
4.071408692
4.338114778
4.403598924
4.477028826
5.612821052
6.728881362
4.973092761
5.80396222
6.088030738
4.777863618
5.048378371
3.730023224
6.023586124
4.337278568
5.15308087
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MS4A7 21 11.32327689
DOKS5 24 9.644779425
COL8A2 15 8.940308919
PDZRN3 8.346289524
_ 7.65655109%
TNFSF9 7.610733382
HCK 24 6.575744695
ADGREI1 20 5.89952385

Genes in chromosome 9 colored red

FDR, false discovery rate

186

4.467772962
5.120629828
6.70697219

4.293455462
4.848285143
5.475211044
4.471370016
6.303668571
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Appendix 3-16. Off genes in DEGs in canine oral melanoma

Chromosome Max group Log, fold change FDR p-
Name mean v
KRTI3 9 19890.23609  -11.27810332 0
KRT71 27 7541.688327  -15.13319019 0
S100A8 7 5616.157022  -6.39785469 0
ARSF X 1426.603766  -12.19831506 0
TGM3 24 1376.03872  -15.43829609 0
AQP3 11 1324472821 -11.7832697 0
S100A 14 7 1165913739 -9.555767692 0
SPRR3 17 1090426813  -13.23899417 0
S100A2 7 1023.838115  -8.469980831 0
SFN 2 769.2134926  -8.549424168 0
RHCG 3 723.8378326  -12.84073049 0
SPINK5 2 646.388121  -11.37480897 0
S100A16 7 549.0286762  -6.490015324 0
KRT78 508.5240706  -11.77812871 0
_ 425.0318481  -8.339934272 0
GPX2 8 421.0816574  -8.94888878 0
TRIM29 5 399.6917575  -9.963230323 0
JupP 9 392.6518664  -4.917058359 0
MALL 17 368.7054814  -6.942210838 0
HSPA2 8 359.5941666  -5.719842035 0
HOPX 13 348.4567723  -8.446232254 0
CRNN 17 329.4546465  -13.23498636 0
PPL 6 316.8138888  -5.925841609 0
KRT3 27 284.9690046  -11.5287632 0
PKPI 2642402015 -9.97491112 0
_ 2534635322 -11.98501 0
CESdDI 2 2423369351 -9.074733907 0
TGMI 8 198.4040362  -8.598541013 0
A2MLI 27 192.0014741  -11.68778195 0
PDZKIIPI 15 188.871261  -8.449622852 0
_ 188.6684038  -9.850882677 0
DSG3 181.8460663  -9.188266586 0
_ 175.1950229  -5.598487054 0
EVPL 174.4026625  -7.83401447 0
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TUBA4A 37
MAL2 13
DSC2 7
PDLIM?2 25
DSG1 7
BARX2 5
ENDOU 27
KLF5 22
XDH 17
CSTo 18
NQO2 35
CSERPINBS 1

PLA2G4E 30
RAB25 7
TMEM40 20
Cl7orf64 9
LYPD2 13
TMPRSS11B 13
FAR2 27
GMDS 35
MPZL2 5
ZNF185 X

173.6161404
171.869597

167.1611035
163.3938192
157.6500116
153.2732291
146.5467812
140.6824284
136.0175304
132.7387439
132.3729592
131.8707576
131.7089616
119.8805087
119.1956888
118.7326899
117.9723538
116.7217861
116.2202206
114.0219233
112.2013084
111.3300308
110.6681351
108.9695695

EPSS8L2 18 108.9080551
Cé6orf132 12 108.4889688
PROM2 17 96.99216499
FAM3B 31 88.80701186
ISCCRPI 22099537
COLI17A1 28 81.8956081
GDPD2 X 77.85340637
SDR16C5 29 76.90958799
EHF 18 74.20591096
FAMS84A 17 71.77350126
CLDN7 5 71.28433678
ORI 05055567
SCEL 22 69.64286873
IS 6909156765

-3.660833864
-8.425049634
-9.046837738
-4.086152736
-11.14337884
-8.928156407
-10.28185326
-5.235251895
-6.284603096
-7.931622359
-4.249273859
-8.009000575
-11.56597866
-8.850339947
-6.613357439
-4.643270197
-11.90277481
-10.92330889
-4.331541322
-3.408339763
-7.85328996

-8.382905376
-11.95449818
-4.002896704
-9.136373848
-9.944674018
-9.166619181
-7.276605709
-9.355733866
-6.941030185
-8.802339306
-4.952598006
-8.795046291
-6.674520814
-8.835003177
-6.832127371
-7.742400007
-3.759529488
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PLEKHNI1 5 66.84102914
EPHAI1 16 66.45172064
ORI 515t
ADH4 63.99430127
ESRPI 29 63.92067475
AOX4 37 60.56542979
BNIPL 17 59.66141244
LRAT 15 57.67829118
TMPRSSIID 13 56.92664447
CHST2 23 55.45352498
CLCA2 54.48585804
— 5433789416
ALOX12 54.06128613
CABP7 26 53.76159879
LADI 7 52.65142816
Clorf56 17 52.63065403
DSC3 7 51.40139622
TTC22 5 50.29803546
DUOXAI 30 50.21815698
ARGI 12 49.60814265
MBOATI 35 49.52901996
KRT23 9 49.09132421
SPTBN2 18 47.49138337
SYTLI 2 47.40785241
PLEKHG6 27 45.85035153
IL20RB 23 45.78583859
GRHL3 2 45.50188756
RHOV 30 45.30762005
MUCI1 44.44088729
— 1398564679
NECTIN4 43.51791614
TP63 34 42.46840701
HS3ST1 3 42.33630969
FAM3D 20 42.15501103
CLIC3 9 42.02216527
GALNTI12 11 41.89259721
SLC5A1 26 41.68426716
CLIP4 17 41.60297447
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-4.443524281
-7.946281305
-10.13612317
-4.158050237
-5.892612427
-14.72852032
-7.187272907
-5.723888362
-9.634077799
-4.181653073
-8.190137593
-11.09403133
-9.164408556
-9.567082013
-6.891889737
-6.386077061
-6.648335402
-11.1495017
-7.019517562
-6.277971196
-3.918167764
-10.393661
-7.366144613
-5.728325717
-6.179629637
-7.475325507
-6.302418543
-7.537606319
-8.588611826
-6.256130234
-8.500449702
-8.07667911
-4.831068594
-8.803523301
-4.265788985
-3.826535249
-8.934676382
-5.158483888
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ANKRD35 17 40.40621862
PKP3 18 40.07215199
GRHLI1 17 39.79987313
CDSN 12 39.76682735
ESRP2 5 39.50157807
SOX15 5 39.47297421
CGN 17 38.80144712
SPINT1 38.580219
— 3849181689
SMPDL3B 38.21618713
SPINK7 4 38.03730634
TMPRSSIIE 13 36.42410118
RIPK4 31 35.78680706
TMEM54 2 35.63985487
Cé6orf15 12 35.51311619
STAP2 20 35.02659593
IRF6 7 34.49076457
HSD17B2 5 34.03444573
POF1B X 33.84606903
CLDN4 6 33.50129554
IR 5337160151
ANKK1 5 33.27515374
FAMS3G 5 32.79341847
ELF5 18 32.75766934
TMPRSS4 5 31.46008299
AANAT 9 30.89220658
KYNU 19 30.07507193
EPHX?2 25 29.96399416
TREH 5 29.56405015
CSTA 33 29.54043546
LRMP 27 29.04498102
BICDL2 6 28.98819319
GDPD3 6 28.94879417
ATPI2A 25 28.65361365
A 25 6115162
TMPRSSITA 13 28.35601638
RDHI12 8 28.3262372
KRT80 27 27.62915494
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-7.443869519
-6.367002512
-4.780505725
-11.85574382
-7.693655986
-9.51471629

-7.775395193
-3.827957932
-8.348959308
-9.918698068
-9.855097766
-7.352274898
-7.856906774
-5.580536098
-10.76461291
-6.243554927
-7.991614378
-9.10628083

-12.73266555
-6.457999422
-4.085268758
-9.338431467
-5.365068721
-9.374368486
-9.434065004
-11.21422557
-6.749045979
-4.034886823
-8.549458864
-10.14908405
-4.779188461
-7.82788282

-4.347563411
-11.94139841
-6.003524089
-8.104809826
-7.560892775
-8.68144252
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GGTo6 5 27.38341327
TMPRSS13 5 27.28094265
CNKSRI1 2 27.00110021
APIM2 20 26.91699275
ALS2CL 20 26.21858236
/BED?2 33 26.08682324
SH3REF2 2 26.06971098
IL36RN 17 26.01093733
PDIA2 6 25.85662469
RUFY4 37 25.82301633
TMEM45B 5 25.7123222
B3GNT5 34 25.71219665
C1GALTI1 14 25.55569358
GPR87 23 25.11729782
I :512175%
IL36B 24.29830764
EXPH5 5 24.04954658
ARHGEF37 4 23.90091682
GRHL?2 13 22.95302906
IS » o555
GSDMC 22.60636832
DUOXA2 30 22.27003137
SLC23A1 2 21.20754115
NUAK?2 38 20.87615921
TMEMI84A 6 20.28052305
MUCI13 33 19.58598328
CDC42BPG 18 19.29081546
ST14 5 18.81560139
FAMS3F 10 17.64987761
TNK1 5 17.1922582
GRTPI 22 17.16713588
CHST4 5 16.38817655
TPRGI1 34 16.24330446
CAI13 29 16.06240131
CYP4F22 20 16.00054878
ENPP3 12 15.73591122
VSIGS 38 15.4742638
ESUBEE 15 35530257
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-8.535082222
-9.770239081
-4.281848536
-5.356706606
-4.206422748
-6.297105636
-7.179493255
-9.341129084
-7.110683038
-6.689425763
-10.13047238
-4.055454124
-3.078975639
-7.518683088
-10.64725496
-10.1884871

-7.422051039
-4.101988366
-7.090051723
-8.452922601
-9.603398397
-7.920336383
-8.789255736
-4.534815198
-6.865285987
-7.564317637
-4.858554731
-5.234973033
-8.156806194
-6.714137634
-6.089605064
-6.030041784
-9.144849835
-4.572811377
-8.448566843
-6.955233073
-8.595329762
-11.06719657
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GRB7 9
PERMI 5
[816),¢ 6
EPCAM 10
SLCI6A14 25
CRYBG2 2
RERG 27
CERS3 3
B3GNT3 20
MAP3K9 8
TFCP2L1 19
SH3YLI 17
CBDI103 16

14.78124309
14.56814103
14.43747612
14.12314725
14.02221204
13.98914226
13.71330124
13.46529789
13.37680942
13.06437493
12.9655026

12.78063181
12.30152916
12.14940309
12.04110114
11.72203298

NIPAL4 4 11.36823391
FAMS3B 12 11.35691949
TSPANI 15 11.23532252
KRT24 9 10.9282437
LAMB4 18 10.76789625
I 1021555555
FAT2 4 10.10026093
PLBI1 17 10.03151038
KRT76 27 10.00303904
RASALI 26 9.914484962
GCNT3 30 9.64100525
OTX1 10 9.400832053
EPN3 9.340281336
— 0307617618
9.052170666
URAD 25 8.662519843
PLCH2 5 8.556582898
WNT7B 10 8.282207381
RHBG 7 8.252745845
TMEM229A 14 8.074741564
PATJ] 5 7.964707289
ATP2C2 5 7.856871558
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-7.210497176
-4.328570776
-8.900605552
-9.99558118
-5.9102022
-5.833867393
-9.316434578
-4.210980897
-6.390784606
-9.677046242
-5.213603812
-6.855905113
-8.164356369
-6.623107681
-11.29032103
-4.021121331
-5.636521888
-6.902951987
-7.626618447
-7.795783141
-7.738614171
-4.983898262
-7.059346028
-6.820846713
-7.781596414
-5.231825243
-8.821882395
-7.139509013
-6.719854591
-4.786054379
-9.167994737
-9.477314423
-7.22832828
-6.459758306
-4.975324328
-6.99224761
-5.054861007
-5.28363047
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TGMS5 30 7.828857404
DUOX2 30 7.47593459
CASZ1 2 7.327772011
SLC52A3 24 7.094603109
SLC5A9 15 7.019467879
OCLN 2 6.800594627
FRRSI1 6 6.47276621
IS 51575
CARD14 6.160800999
STRAS8 16 5.998313291
BAIAP3 5.615411704
— 5.595804245
ADGRF4 5.516455443
SLC22A18 l 8 5.439037365
PRSS8 6 5.383872336
SLC19A3 25 5.214792847
RNF39 35 5.14620547

Genes in the chromosome 1 colored green

FDR, false discovery rate
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-8.385477976
-8.551717179
-4.909469545
-6.983622534
-10.90095694
-5.707425329
-4.522727843
-7.734390047
-9.618344576
-9.447989179
-4.978535361
-7.640356862
-7.474817855
-6.232460287
-8.192263369
-8.886948941
-8.393614658
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Appendix 3-17. On genes among novel genes in canine oral melanoma

Name Chromosome Max group Log; fold FDR p-
mean change value
ENSCAFG00000031806 26 645.936 7.03304 0
ENSCAFG00000030258 8 585.378 7.09342 0
ENSCAFG00000031786 26 497.546 7.498 0
ENSCAFG00000015206 21 476.174 7.80284 0
ENSCAFG00000029553 21 235.756 7.37543 0
ENSCAFG00000029996 8 184.86 7.34354 0
ENSCAFG00000024720 26 165.963 7.83843 0
ENSCAFG00000031753 17 111.686 6.81204 0
ENSCAFG00000031869 9 95.1818 6.07674 0
ENSCAFG00000032078 26 87.1774 7.62148 0
ENSCAFG00000031653 26 50.6109 6.98765 0
ENSCAFG00000011504 17 21.5893 6.43507 0
ENSCAFG00000028453 1 7.09185 5.11375 0

FDR, false discovery rate
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Appendix 3-18. Off genes among novel genes in canine oral melanoma

Name Chromosome Max group mean Log; fold FDR p-value
change
ENSCAFG00000023728 17 6965.18 -13.073 0
ENSCAFG00000000471 12 502.643 -14.742 0
ENSCAFG00000032259 9 298.06 -8.6278 0
ENSCAFG00000030805 9 226.852 -13.831 0
ENSCAFG00000020241 6 183.961 -9.9042 0
ENSCAFG00000031147 7 132.736 -9.0524 0
ENSCAFG00000032430 13 121.616 -9.4585 0
ENSCAFG00000023230 6 110.028 -9.7552 0
ENSCAFG00000024271 12 100.093 -5.1691 0
ENSCAFG00000028993 1 93.0558 -6.8596 0
ENSCAFG00000013154 30 82.1978 -3.4539 0
ENSCAFG00000030632 8 69.6231 -5.5709 0
ENSCAFG00000024769 32 64.7132 -6.2636 0
ENSCAFG00000013653 6 60.04 -9.6089 0
ENSCAFG00000031912 1 58.0193 -7.4036 0
ENSCAFG00000012865 33 37.6313 -6.2903 0
ENSCAFG00000032290 9 29.0564 -6.6042 0
ENSCAFG00000024733 2 25.4898 -6.6364 0
ENSCAFG00000003894 2 24.0398 -5.1651 0
ENSCAFG00000030158 25 21.3534 -11.673 0
ENSCAFG00000011523 7 21.3442 -6.2579 0
ENSCAFG00000040421 12 20.7662 -9.3404 0
ENSCAFG00000008972 30 18.1752 -4.9593 0
ENSCAFG00000019353 6 17.8242 -8.6233 0
ENSCAFG00000003221 16 17.0085 -8.8528 0
ENSCAFG00000038174 31 14.9557 -9.2908 0
ENSCAFG00000010410 32 14.2719 -8.6151 0
ENSCAFG00000029234 17 13.6322 -11.392 0
ENSCAFG00000019080 7 11.7149 -4.9974 0
ENSCAFG00000014154 26 11.2337 -3.6785 0
ENSCAFG0000003 1824 1 10.2165 -8.4379 0
ENSCAFG00000035312 38 8.67205 -6.4424 0
ENSCAFG00000037999 19 6.75691 -8.773 0
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ENSCAFG00000031160 25 6.14586 -10.296 0
ENSCAFG00000033670 12 5.11432 -8.5749 0

FDR, false discovery rate
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Up-regulated DEGs

Antigen Processing and Presentati
on

Antimicrobials
BCRS1gnalingPathway
Chemokines

Chemokine Receptors
Cyvtokime Receptors

Cvtokines

Interleukins

Interleukins Receptor
Naturalkiller Cell Cytotoxicity
I'CRsignalingPathway

IGFb Family Nember

TNF Fanuly Members

INF Family Members Receptors

Down-regulated DEGs

Appendix 3-19. Protein classification of differentially expressed genes using the

PANTHER protein classification database. (A) Chart of the distribution of the genes in the

24 protein classes. (B) Bar graph of percentages of up- and downregulated genes in each

class. Percent of relative differences between the up- and downregulated genes in each

protein class 1< marked with *. (C) Landscape of immunogens in canine oral melanoma.

Percentage of immunogens of each terms under the up and down-regulated DEGs groups.
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Dog tissue and Human Melanoma cell Tine
Without statistical significance

20

826

(58%)

Up genes i melanoma Down genes i melanoma

Dog log2F( Human log2F(

With statistical significance

15

Gene Gene

Up genes in melanoma Down genes in melanoma

Dog log2F( Human log2F¢

Appendix 3-20. Differentially expressed genes between human melanoma cell lines and
dog melanoma. (A) Similarities of up- and downregulated genes with similar fold change
between the species without considering statistical significance from cell lines. (B)

Similarities of up and downregulated genes with similar fold change between the species
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considering statistical significance. The x-axis indicates the number of genes and the y-axis

indicates the fold change (FC).

200



Appendix

Appendix 3-21. Common significant altered genes between human tissue and dog

melanoma.

Available: https://www.spandidos-publications.com/10.3892/0r.2019.7391

(Supplementary Data 2_Table SX)

Appendix 3-22. Common significant altered genes between dog and human cell lines.

Available: https://www.spandidos-publications.com/10.3892/0r.2019.7391
(Supplementary Data 2_Table SXII)

Appendix 3-23. Melanoma signature genes and genes reported in MGDB

Available: https://www.spandidos-publications.com/10.3892/0r.2019.7391
(Supplementary Data 2_Table SXIV)
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Appendix 3-24. TNF signaling pathway. Gene expression is indicated by the color
gradient; red indicates upregulated and green indicates downregulated in melanoma. For
example, IKKB (encircled in red) is shown in green to represent its down-regulation in

canine oral melanoma. Data on KEGG graph rendered by Pathview.
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Appendix 3-25. Significantly upregulated NF-kB or STAT3 shared target genes

Dog Ensembel gene Id Dog log2F¢  Human log2Fc  Human Ensembel gene Id
ENSCAFG00000015205  11.74117065 6.147727722  ENSG00000173432
ENSCAFG00000002733  10.85176402 3.788697646  ENSG00000136244
ENSCAFG00000003029  8.318634019  3.706461398 ENSG00000169429
ENSCAFG00000018349  6.954792344 2306089365 ENSG00000108691
ENSCAFG00000015054  6.766954348 _ ENSG0000019661 1
ENSCAFG00000009905  6.728881362  11.93250094  ENSG00000100985
ENSCAFG00000013762  5.792667258 1.722175318 ENSG00000073756
ENSCAFG00000005306  5.265940518  5.852970103 ENSG00000184557
ENSCAFG00000013973  5.109736831 _ ENSG00000131095
ENSCAFG00000015155  4.687783993  1.363270096  ENSG00000102265
ENSCAFG00000025567  4.338114778 _ ENSG00000175899
ENSCAFG00000001711  3.857528725 1.217652705 ENSG00000100292
ENSCAFG00000009421  3.647513919

ENSCAFG00000011197

ENSCAFG00000000280

ENSCAFG00000001938

ENSCAFG00000031460

ENSCAFG00000005302

ENSCAFG00000014463

ENSCAFG00000000851

ENSCAFG00000005014

2.420410341

2401717671

2.122546889

1.993356536

1.685674443

1.621550065

1.38162827

1.047362106

_ ENSG00000087245

0.356342293

0.859553955

3.714252105

2.268718109

0.623320797

7.445565895

2.60012

1.237842317
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Fc, fold change

Studies for in silico analysis of DEGs |

! !

Canine/Dog Human

Canine oral melanoma
RNA-seq

Melanoma tissue Melanoma cell lines Prostate cancer cell
(GSE71747) (GSE88741) lines (GSE29155)

Appendix 3-26. Melanoma experiments used for the in silico cross species analysis of

differentially expressed genes (DEGs).
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