ABSTRACT

SEISER, ERIC L. R. Molecular Characterization of Canine Lymphoma Through the Use of
Genomic Profiling. (Under the direction of Dr. Matthew Breen).

Non-Hodgkin lymphomas (NHLSs) are frequent malignancies affecting both dog and man,
with median five-year survival rates of 65% in people and almost zero in dogs when clinical
subtypes of tumors are not taken into account. In the last decade, elucidation of human and
canine genome sequences has provided a means to assess the degree of genetic homology
between man and dog in normal and malignant states. Additionally, the unique genetic
structure of dog breeds provides a means to study complex genetic disorders in genetically
homogenous background, suggesting that dogs may be important models for the study of
lymphomagenesis. While understanding of canine lymphomas pathobiology has grown in
the last few decades, a need remains to further elucidate the complex genetic nature of these
tumors within the dog. In this dissertation | hypothesize that 1) formalin-fixed paraffin
embedded (FFPE) tissue is a valid resource for genomic profiling in canine lymphoma, 2)
DNA copy number imbalances in canine lymphoma are associated with transcriptional
deregulation in tumor cells, 3) canine lymphoid tumor cell lines are valid in vitro models of
in vivo lymphoid tumors, and 4) conserved molecular alterations exist between canine
lymphoma and human Non-Hodgkin lymphoma. Previous studies in human and canine
lymphoma genomes has shown that DNA copy number aberrations (CNAs) are a hallmark of
these disease and that CNAs may have diagnostic, prognostic, and functional significance.
To examine the utility of FFPE tumor tissue in the genomic profiling of CNAs, we employed

array comparative genomic hybridization (aCGH) at a 1 Mb resolution to a panel of 99



archival FFPE canine lymphoma tissue samples. Comparison of these data with aCGH data
previously generated from independent group of 150 fresh canine lymphoma tumor
specimens demonstrated statistical equivalence between sample sets at all stages of data
processing, supporting the hypothesis that FFPE tissue is a useful resource for genomic
profiling. This also allowed for a novel combinatorial approach using both data sets to
validate that the previously defined inventory of CNAs in canine lymphoma is complete.
Comparative analysis between human and dog CNAs for clinical subtypes of NHL common
to both species identifies a limited number of evolutionary conservation of genomic lesions.
Observation of high levels of aneuploidy within the T-cell lymphomas genome suggested the
need to assess the functional significance of these recurrent CNAs. Using gene expression
profiling and integrative genomics, the transcriptional characteristics of 22 canine T-cell
NHLs with matched with aCGH data to explore the correlation of these two genetic
characteristics. A limited number of loci demonstrated correlation between genomic
imbalance and transcriptional deregulation, and genes within these loci lacked known
association with lymphoid tumors, suggesting that most deregulated loci within the genome
employ other mechanisms of transcriptional control. Comparison of T-cell lymphoma
clinical subtypes identified transcripts that may be associated with disease phenotype, and
functional analysis identified deregulation of processes such as chemokine signaling common
to all clinical subtypes and perturbation of pathways such as p53 signaling specific to
individual subtypes. Comparative analysis of gene sets associated with human peripheral T-
cell lymphoma unspecified (PTCLu) molecular subtypes suggested that these transcripts are
not relevant to the functional classification of canine PTCLu. Finally, we employed genomic

and transcriptional profiling techniques and conventional cytogenetic methods to five



commonly utilized canine lymphoid tumor cell lines to define their relevance as in vitro
models of primary disease. Immunophenotypic classification refined clinical classifications
of these cell lines while genomic profiling identified diverse genomic and transcriptional
characteristics that may not globally represent the primary disease. Genomic imbalance and
transcriptional deregulation in genes relevant to lymphoid tumor biology, including PTEN
and FLT3, suggest the utility of these lines as model for discrete biological pathways.
Overall evaluation of the data from these studies suggests that human and canine lymphomas
are globally different, but that evolutionarily conserved perturbations of biological processes
exist and employ either common or unique molecular mechanisms to contribute to the

malignant state.
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CHAPTER 1: LITERATURE REVIEW



Introduction

Lymphomas, or lymphosarcomas, are generally defined as malignancies of the
immune system that arise from lymphocytes, typically of either B-cell or T-cell origin. In
lymphomas, these immune system cells acquire multiple mutations that eventually lead to
aberrant functioning of cellular processes and proliferation. These malignant cells multiply
and then typically manifest themselves in the form of solid tumors. Non-Hodgkin lymphoma
(NHL) is a heterogeneous group of spontaneous malignancies affecting both humans and the
domestic dog (Canis familiaris), and these neoplasms account for 4-5% of all human cancers
and up to 24% of all canine tumors (MacEwen 1990; Merlo et al. 2008; Jemal et al. 2009).

In both humans and canines, lymphomas demonstrate great diversity in regards to
presentation, aggressiveness, genetic characteristics, and patient outcome, offering a
multitude of challenges in unraveling the complex genetic nature of these diseases (Teske
1994; Vail et al. 2000; Khanna et al. 2006). While the etiology of these diseases may include
factors such as infectious agents and environmental exposures, the causes remain poorly
understood and disease development likely has a strong genetic component (Ekstrom-
Smedby 2006; Withrow et al. 2007). Survival rates for these diseases have improved with
the advent of modern therapies based upon chemotherapeutic agents targeting rapidly
proliferating cells, but there is great opportunity to discover new targets for novel
therapeutics. Due to clinical and genetic similarities between human and canine

malignancies, canine non-Hodgkin lymphoma represents a model system for comparative



medicine that may further both the understanding of disease pathobiology and ultimately
improve primary care for dogs and humans (Vail et al. 2000; Khanna et al. 2006).

Estimates of the annual incidence rates of canine lymphomas have been as low as 13
to 24 malignancies occurring for every 100,000 dogs (Backgren 1965; Dorn et al. 1968) and
as high as 107 cases per 100,000 (Edwards et al. 2003), with the large variability being
attributable to a number of factors associated with discrepancies in the number of cases
reported compared to the actual number of cases occurring. To date, there are no current and
comprehensive published reports regarding the epidemiology of canine lymphoma within the
United States. Incidence rates of lymphomas within dogs do not appear to have a bias with
regards to gender in most published reports (Teske 1994), and disease incidence rises with
age (Teske 1994; Edwards et al. 2003). Multiple studies have identified a varying incidence
associated with breed: breeds associated with an increased risk of NHL include the Airedale
Terrier, Basset Hound, Beagle, Boxer, Bulldog, Bull Mastiff, Golden Retriever, Saint
Bernard, and Scottish Terrier; breeds with a decreased risk include Dachshunds and
Pomeranian (Priester et al. 1980; Teske 1994; Edwards et al. 2003; Modiano et al. 2005;
Ponce et al. 2010). Malignancies of B-cell origin are generally more prevalent in canines,
accounting for over 60% of reported lymphomas, whereas T-cell tumors (approximately 30-
40% of reported lymphomas), tumors displaying both phenotypes, or tumors displaying
neither phenotype comprise the remainder of affected population (Modiano et al. 2005;
Withrow et al. 2007). Interestingly, studies have demonstrated that there are higher
incidences of either B-cell or T-cell lymphomas in certain breeds, such as Basset Hounds and

Border Collies having tumors with a B-cell phenotype and Shih Tzus, Siberian Huskies, and



Boxers presenting predominantly T-cell tumors (Modiano et al. 2005; Ponce et al. 2010;
Lurie et al. 2008). In the absence of medical intervention, canine lymphoma typically causes
death between four to six weeks after diagnosis (Withrow et al. 2007). With treatment the
two-year survival rate is only ~25% in canine populations, although these times are typically
shorter with multicentric lymphomas of T-cell immunophenotype when compared to
multicentric B-cell lymphomas (Withrow et al. 2007).

Comprehensive studies of cancers in the United States have provided a greater
understanding of lymphoma epidemiology within human populations. Human Non-Hodgkin
lymphoma (hNHL) is the fifth most common cancer in men and the fourth most common
cancer in females (Jemal et al. 2009). Data compiled over a span of 34 years in the United
States have demonstrated that incidence rates are slightly more frequent in males
(21.87/100,000) compared to females (14.72/100,000) (Howlader et al. 2012). In addition,
these incidence rates for both genders appear to be rising over this 34 year period (Howlader
et al. 2012). Age is also a factor in hNHL, with incidence rates rising with increased age
(Howlader et al. 2012). Specific examination of Caucasian, African, Asian, Native
American, and Hispanic populations within the United States displays varying incidence
rates associated with ethnicity, with Caucasians having the highest incidence (Howlader et al.
2012). Neoplasms of B-cell origin have accounted for approximately 91% of hNHLs over a
9 year span within the United States, whereas tumors of T-cell origin accounted for almost
7% of hNHLs (Howlader et al. 2012). The current mortality rate of hNHL is almost 20,000
deaths per year, accounting for 3-4% of all cancer deaths (Jemal et al. 2009). Five-year

survival after diagnosis is currently estimated 65.3% and decreased five-year survival is



associated with increased age (Howlader et al. 2012). The five-year survival of B-cell
hNHLs is 65.7% and is higher than the 61.0% observed in T-cell hNHLs, although these
percentages can vary greatly depending on the specific clinical subtypes for each group of
diseases and the efficacy of their associated treatment protocols (Howlader et al. 2012).
These statistics, in conjunction with the epidemiological insights from the dog, highlight the
impact of NHLs on both canine and human populations and emphasize the need for improved

understanding of these diseases in both dog and man.

The pathological and clinical considerations for canine lymphoma

The initial signs of canine lymphoma vary between individual dogs and are typically
associated with the anatomical site of the tumor. Common anatomical classifications include
multicentric lymphoma, alimentary lymphoma, medastinal/thymic, and cutaneous, with
multicentric lymphoma being the most common form accounting for approximately 80% of
reported cases (Ettinger 2003). Multicentric lymphoma typically presents with a painless
lymphadenopathy, with or without signs of lethargy, lack of appetite, weight loss, and fever,
and can involve the liver, spleen, gastrointestinal tract, and bone marrow (Marconato 2011).
Alimentary lymphoma presents with symptoms such as vomiting, diarrhea, weight loss,
anorexia, and lethargy, and may or may not have a palpable abdominal mass (Gieger 2011).
Medastinal/thymic lymphoma presents with enlarged craniomediastinal lymph nodes and/or
thymus and dogs with this form typically have hypercalcemia (Withrow et al. 2007).

Cutaneous lymphomas in the dog typically present as an inflamed lesion on either the skin or



oral cavity (de Lorimier 2006). Prior to any treatment, it is necessary for clinicians to first
confirm the observed symptoms are derived from lymphoma and to subsequently classify the

disease.

Diagnosis and classification of canine lymphoma

The diagnosis of canine lymphoma can be accomplished through multiple
methodologies. Complete blood counts can be used to identify common signs of lymphoma
in dogs, which include decreased red blood cell count (most common), decreased platelet
count (30-50% of dogs), increased neutrophil count (25-40% of dogs), and increased
lymphocyte count (~20% of dogs) (Withrow et al. 2007). Serum can also be used to check
for increased calcium and a urinalysis can indicate proteinuria or hematuria, although both
blood and urine screens do not definitively indicate lymphoma (Withrow et al. 2007). While
these data may be suggestive of lymphoma, their clinical utility is limited because they
ultimately do not provide a definitive diagnosis and because of the small number of patients
that exhibit these abnormalities at presentation.

Initial diagnosis of lymphoma is typically derived from fine needle aspirates (FNAS)
of lymph nodes, although tissue biopsies are necessary to provide a definitive diagnosis, and
cells obtained from these procedures can be used for histological, cytological, and molecular
diagnostic techniques. Cytopathological analysis is performed by either: 1) placing the FNA
on a microscope slide to qualitatively identify the increased expression of specific markers

associated with immune cells or, 2) using a flow cytometer to identify the expression of cell



surface markers associated with a particular lymphoma immunophenotype (Dickinson 2008).
Common immune cell markers expressed at a high level due to a clonal population of tumor
cells in B-cell lymphomas include: CD79a, CD79b, IgM, and CD21 (Wilkerson et al. 2005;
Withrow et al. 2007). The set of markers expressed in T-cell lymphomas include: CD3,
CD4, and CD8 (Wilkerson et al. 2005; Withrow et al. 2007). Determination of tumor
immunophenotype can also be assessed through the use of a polymerase chain reaction
(PCR) assay, PCR for antigen receptor rearrangements (PARR), on DNA prepared from the
patient’s tumor tissue or blood samples (Burnett et al. 2003; Lana et al. 2006). The logic
behind this assay is that clonal expansion of lymphoma cells will have a single
immunoglobulin (V, D, J genes) or T-cell receptor (V and J genes) rearrangement, so that
amplification of each of these regions through PCR will produce a single band for B-cell
immunoglobulin rearrangement, a single band for T-cell receptor rearrangement, two bands
representing biphenotypic cells, or no bands for normal or null lymphomas (Burnett et al.
2003). A set of more generalized molecular markers that check only for cell proliferation of
tumors and not specifically lymphomas include the argyophilic nucleolar organizer regions
(AgNORs), proliferating cell nuclear antigen (PCNA), and Ki-67 protein (Bauer et al. 2007;
Withrow et al. 2007).

In addition to the diagnostic techniques listed above, a complete diagnosis includes
grading, classification, and staging. A biopsy or resection of a lymph node (or other tissue)
is used to arrive at a histopathologic diagnosis. Processing of this lymphoid tissue can
involve freezing the tissue sample(s) at low temperatures (typically -80°C) or placing the

tissue sample(s) in a chemical solution, typically neutral buffered formalin, to prevent



degradation and to subsequently place the fixed tissue(s) into a paraffin block. This chemical
process allows for prolonged tissue storage in a normal environment and for sections of the
block to be taken for microscopic investigation or other purposes. The classification of
canine lymphoma tissue has been performed by varied systems in the past (Withrow et al.
2007), but the development and application of a new system presents valuable features.
Derived from the World Health Organization (WHO) classification for human hematopoietic
tumors, currently in its fourth revision (Swerdlow et al. 2008), the classification system
provides comprehensive and internationally standardized criteria for the identification of
tumor subtypes of B-cell and T-cell lymphomas. This classification system uses
morphological features of lymphoid tumor tissue biopsy, including nodular/diffuse growth,
relation of cellular nodules to non-neoplastic follicles, nuclear size and morphology, and
number of mitoses per microscopic field to define tumor subtype, and is presented in Table 1
(Valliet al. 2011). This classification system allowed a panel of veterinary pathologists to
classify 300 lymphomas, with 83% agreement, rising to 87% for the six most common
diagnoses (Valli et al. 2011). Beyond the merits of standardization for veterinary
pathologists, the derivative nature of this system allows for a direct clinical comparison of
lymphoma subtypes between human and canine populations. The most common histological
subtypes of canine lymphoma include diffuse large B-cell lymphoma (DLBCL) (~48% of
lymphomas) and peripheral T-cell lymphoma unspecified (PTCLu) (~14% of lymphomas),
and both of these subtypes are the most common B-cell lymphoma (~21.9% of NHLs) and T-

cell lymphoma (~1.3% of NHLs) in humans (Valli et al. 2011; Howlader et al. 2012).



In conjunction with subtype classification, grading systems provide a means to further
describe the biological nature of the tumor. The Kiel System and National Cancer Institute
(NCI) Working Formulation (WF) provide two alternative systems for grading (Table 2),
with low grade tumors having indolent behavior and high grade tumors having aggressive
behavior (Valli et al. 2011). Application of these classification systems in two studies
demonstrated that the minority of canine tumors were low grade, whereas the majority were
either high grade (Kiel and WF) or intermediate grade (WF) (Carter et al. 1986; Greenlee et
al. 1990; Teske et al. 1994). Finally, staging is performed by the investigation of anatomic
criteria using the WHO staging system for lymphosarcoma in domestic animals (Table 3)
(Withrow et al. 2007). The combination of these histological evaluations provides a means
to indicate directions for therapeutic protocols and/or provide information on patient

prognosis.



Table 1. Summary of canine malignant lymphoma from the Revised European-American Classification of

Lymphoid Neoplasms/World Health Organization Classification of Lymphoid Neoplasms. (adapted from (Valli

et al. 2011)

B Cell Neoplasms

Percentage in study

Precursor B cell neoplasms

Precursor B lymphoblastic leukemia/lymphoma

Mature (peripheral) B cell neoplasms

B cell chronic lymphocytic leukemia/prolymphocytic

Leukemia/small lymphocytic lymphoma

B cell prolymphocytic leukemia

Lymphoplasmacytic lymphoma

Splenic marginal zone B cell lymphoma

Plasma cell myeloma/plasmacytoma

Extranodal marginal zone B cell lymphoma of mucosa-associated

lymphoid tissue type

Nodal marginal zone lymphoma

Follicular lymphoma -
Mantle cell lymphoma -
Diffuse large B cell lymphomaa 48.3%

Mediastinal large B cell lymphoma

Burkitt’s lymphoma/Burkitt’s cell leukemia

Provisional entity: high-grade B cell lymphoma

Burkitt’s-like

Primary effusion lymphoma

T Cell and Putative Natural Killer Cell Neoplasms

Percentage in study

Precursor T cell neoplasm

Precursor T lymphoblastic Lymphoma/leukemia

4%

Mature (peripheral) T cell and natural killer cell neoplasms

T cell prolymphocytic leukemia

Large granular lymphocyte leukemia (LGL)
-Aggressive natural killer (NK) cell leukemia
-Peripheral T cell lymphomas, unspecified
-Adult T cell lymphoma/leukemia

-Intestinal T cell lymphoma

Hepatosplenic gdT cell lymphoma

Subcutaneous panniculitis-like T cell lymphoma

Mycosis fungoides/Sezary syndrome

Anaplastic large cell lymphoma, T and null cell primary cutaneous type

Peripheral T cell lymphoma not otherwise specified (unspecified)

Angioimmunablastic T cell lymphoma

Angiocentric T cell lymphoma

*T zone lymphoma (*not included in current classification system)

10



Table 2. Comparison of the NCI Working Formulation and Kiel System for canine lymphoma grading.
(adapted from (Withrow et al. 2007)

Grade Working Formulation Kiel System

Low small lymphocytic lymphocytic
follicular small cleaved lymphoplasmacytic
follicular mixed small cleaved centrocytic

centroblastic-centrocytic

Intermediate follicular large cell

diffuse small cleaved cell
diffuse mixed small and large cell
diffuse large cell

High diffuse immunoblastic centroblastic
diffuse lymphoblastic lymphoblastic T-cell
diffuse small cleaved lymphoblastic B-cell

immunoblastic

Table 3.The World Health Organization Clinical Staging System for Canine Lymphoma. (adapted from
Withrow et al. 2007)

Stage Anatomic site
| Involvement in a single lymph node or lyphoid tissue in a

single organ
a without systemic signs
b with systemic signs generalized
I involvement of many lymph nodes in a regional area ?i:lynr:]eirgtary
a without systemic signs skin
b with systemic signs leukemia
I generalized lymph node involvement others
a without systemic signs
b with systemic signs
v liver and/or spleen involvement (with/without stage 111)
a without systemic signs

with systemic signs

manifestation in blood and bone marrow and/or other
organ involvement (with/without stages I to IV)

a without systemic signs
b with systemic signs




Prognosis and treatment

Although therapeutic regimens have changed considerably over the years, the median
survival time of dogs with lymphoma remains approximately 12 months (Withrow et al.
2007). Survival time of dogs can greatly vary due to defined factors such as clinical
characteristics (histological subtype, stage, and grade) and treatment protocol employed, as
well as factors related to owner emotion, such as the decision for euthanasia and investments
of time and money in treatment. There are many strategies for the treatment of canine
lymphoma, with most being multi-agent chemotherapeutic approaches that systemically
attack rapidly dividing cells. Unlike human protocols which have specific therapeutic
protocols for certain lymphoma subtypes, treatment of canine lymphoma is not tailored to
either immunophenotype or histological subtype. Prednisone is an anti-inflammatory drug
and the more commonly used DNA intercalating agent, doxorubicin, are two common single-
agent therapeutics that offer a low cost alternative to more complex treatment protocols, but
only control the cancer for a median time of ~2 months and ~7 months, respectively (Chun
2009). The prolonged use of doxorubicin must be limited due to its cardiotoxic effects and
the extended use of prednisone is associated with many severe side effects (Chun 2009). The
standard treatment for lymphomas in both human and dog populations include variations on
the combinatorial administration of cyclophosphamide, doxorubicin, vincristine, and
prednisone (CHOP) (Ettinger 2003; Marcus 2003; Chun 2009). A standardized treatment
defined by the modified University of Wisconsin (UW-19) protocol is comprised of a 19
week CHOP-based regimen including initial treatment with prednisone (weeks 1 through 4)

in conjunction with alternating weekly treatments of: vincristine (weeks 1, 3, 6, 8, 11, 13, 16,
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and 18), cyclophosphamide (weeks 2, 7, 12, and 17), and doxorubicin (weeks 4, 9, 14, and
19) (Hosoya et al. 2007). The efficacy of this protocol was compared to an alternative COP-
based (cyclophosphamide, vincristine, and prednisone) therapy, demonstrating superior
remission time (28-438 days), equivalent median survival times of ~9-10 months, and a one
year survival rate of 45% (Hosoya et al. 2007). Unfortunately most dogs relapse after
treatment and require either reinduction with the protocol that was previously used or
subsequent rescue therapy. Rescue therapy requires using a chemotherapeutic agent not
found in the initial therapeutic protocol, commonly actinomyacin-D, mitoxantrone, L-
asparagine, lomustine, or MOPP (mechlorethamine, vincristine, procarbazine, and
prednisone), but these protocols are only effective for approximately 2 months (Withrow et
al. 2007). Itis likely the failure of chemotherapy is due to lymphoma cells acquiring traits of
drug resistance such as reduced intracellular drug conversion, drug target alterations, drug
detoxification, increased DNA damage repair, and apoptotic modulation (Bergman 2003).
Due to these sub-optimal therapeutic results alternative treatments that improve overall
survival, including radiation therapy and/or bone marrow transplantation in patients sensitive
to chemotherapy, have been utilized (Marconato 2010).

Numerous indicators have been observed to correlate with patient prognosis in canine
lymphoma, including both clinical and molecular characteristics. Untreated disease causes
mortality in a much shorter timeframe than treated disease (Ettinger 2003). Assessing tumor
stage presents an opportunity to predict survival as a study identified that higher tumor stage
and substage b (with systemic involvement) both decreased first remission time and survival

time of dogs treated with chemotherapy (Jagielski et al. 2002). Additionally, this study also
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demonstrated that incomplete remission in response to therapy (a variation of COP-based
protocol) was associated with a poor prognosis due to a decrease in median survival time by
over four months (Jagielski et al. 2002). Multiple studies also show that aggressive T-cell
lymphoma is associated with a poorer prognosis than B-cell lymphoma (Teske 1994; Dobson
et al. 2001). Other factors associated with prognosis include the level of marker for rapidly
proliferating cells (AgNORs and Ki-67) and hypercalcemia (more prevalent in T-cell
lymphomas) (Withrow et al. 2007). More recently, factors such as increased serum levels
(>35 pg/ml) of the angiogenic protein vascular endothelial growth factor (VEGF) (Gentilini
et al. 2005), increased serum levels (>270 pg/ml) of the chemokine monocyte chemotactic
protein-1 (MCP-1) (Perry et al. 2011), and an increase in serum levels (>122%) between
weeks 6 and 12 after chemotherapeutic treatment of high-mobility group box 1 (HMGB1)
(Meyer et al. 2010) were all identified as putative markers of poor prognosis for canine
lymphoma. Given the limited amount of genomic investigation of canine lymphoma, there
remains potential to identify genetic markers that may be associated with prognosis and

response to therapy and to also discover new molecular targets for therapeutic strategies.

Comparative biology of humans and dogs and its relevance to improving the

understanding of malignancies

Dogs are considered “man’s best friend”, and as such provide companionship for

millions of people throughout the world. Veterinary research provides a means to improve

the healthcare of our pets, but may also have a secondary benefit of improving the
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understanding of human diseases. Canines are affected by over 360 known diseases that are
homologous to those affecting mankind (Patterson 2000; Shearin et al. 2010). This suggests
that the dog can be a valuable model for genetic diseases in humans. Rodents have been
classically known as laboratory models of various human genetic diseases, such as
Alzheimer’s Disease (Spires-Jones et al. 2012) and autism (Moy et al. 2008). In cancer
research, mouse models of various tumors have been developed using transgenic or knockout
mice (Politi et al. 2011) or xenograft techniques (Sharpless et al. 2006), with mixed results
in regards to the efficacy of these models translating to improved understanding of tumor
biology. In contrast, tumors are spontaneous in the dog and growing understanding of the
canine genome suggests the dog has unique genetic attributes as a model for cancer research.
The first dogs may have appeared as early as 100,000 years ago, with domestication
being recognized as beginning ~15,000 years ago (Wayne et al. 2007). The process of dog
breeding to artificially select for certain phenotypic traits led to the development of over 350
distinct breeds (Ostrander et al. 2005), and in doing so formed a unique population structure
for canines. The population bottleneck caused by modern breed selection created long
haplotype blocks and linkage disequilibrium greater than in humans (Sutter et al. 2004;
Lindblad-Toh et al. 2005; Karlsson et al. 2008). This suggests that certain genetic traits for
diseases can found in a breed or group of breeds (such as lymphoma breed incidence and B-
cell and T-cell breed incidence (Edwards et al. 2003; Modiano et al. 2005)), and that genetic
diseases may be studied within breeds and breed groups demonstrating a more homogeneous
genetic background than in humans (Karlsson et al. 2008). This also implies that genomic

studies within dogs should be less complex than in humans and offer benefits such as the use
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of a decreased number of markers, the use of a decreased number of individuals, and the
ability to explore multiple breed groups to identify the locus/loci responsible for phenotypic

traits (Shearin et al. 2010).

The comparative biology of the human and canine genomes

Early understanding of the structure of the canine genome came from microscopic
investigation of the nuclear genome using karyotype analysis. Over 50 years ago the
accurate number of chromosomes in humans was resolved to be 46 (Tjio et al. 1956),
including two copies of 17 metacentric autosomes, five acrocentric autosomes, and a pair of
sex chromosomes, and this was followed ~10 years later with the confirmation of the dog
karyotype (Gustavsson 1964). In contrast to the human genome, the canine genome consists
of 78 chromosomes that were formally defined in 1999 using DAPI banding and
fluorescence in situ hybridization (FISH), including 38 pairs of acrocentric autosomes and a
pair of metacentric sex chromosomes (Figure 1) (Breen et al. 1999; Breen 2008). At a basic
level these two genomes appeared to be drastically different, yet subsequent studies would
reveal otherwise. It was also during this time that whole chromosome-specific paint probes
of human and dog were used to map the gross level of cytogenetic homology shared between
the two genomes, including 73 human segments on the canine autosomes and 90 canine
segments on the human autosomes (Yang et al. 1999). Subsequent radiation hybrid and
FISH mapping experiments further refined the conservation between human and canine
genomes, and mapping sequence reads of the canine bacterial artificial chromosome library

(BAC) demonstrated the presence of 2233 canine markers in the human genome (Breen et al.
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2001; Guyon et al. 2003; Breen et al. 2004). While these studies helped refine the similarity
of human and canine genomes, the resolution represented fragments of chromosomes at least

150,000 base pairs in length.
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Figure 1. The dog karyotype. a) DAPI stained and b) enhanced DAPI banded metaphase preparation of the

domestic dog, with 38 pairs of acrocentric autosomes and a pair of metacentric sex chromosomes. (Breen 2008)
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With the sequencing of the human genome (Venter et al. 2001; Lander et al. 2001,
International Human Genome Sequencing Consortium 2004), knowledge of human
chromosome composition at the level of nucleotide base pairs was elucidated. The first
published sequence of the canine genome provided a means to compare human and dog
chromosomes at the base pair level and demonstrated homology exists between segments of
the human and dog genome as well as individual transcripts annotated in the human genome
(Kirkness et al. 2003). While the initial published canine sequence was limited in quality due
to the 1.5x coverage of sequence reads, a second genome sequence with a much higher
coverage (~7.5x) provided more insight into the composition of the canine genome as well as
the comparative aspects with the human genome (Lindblad-Toh et al. 2005). This high-
quality dog genome assembly, consisting of 2.41 Gb of sequence, helped identify the
conserved synteny between human and dog genomes (Figure 2) and predicted 19,300
homologous genes (Lindblad-Toh et al. 2005). In addition, the study demonstrated greater
similarity between dog and human genomes than between mouse and human genomes in the
context of: length of aligned sequence, G + C nucleotide content, and nucleotide divergence
(Lindblad-Toh et al. 2005). In addition, recent molecular phylogenetic analyses of
nucleotide sequence, using the genomic distrance metrics of amino acid replacement,
synonymous nucleotide substitutions, and gene reordering, suggest that canines share a more
recent ancestor to humans than do mice (Cannarozzi et al. 2007). All of these findings
emphasize the ability to examine the comparative biology between man and dog and

investigate the pathobiology of canine NHL at the molecular level.
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Figure 2. Pair-wise synteny maps between dog, human, mouse and rat. Syntenic blocks (>500 kb) across the
four species were mapped to the dog genome, with colors indicating the chromosomal location of the
orthologous region in the other species. Synteny breakpoints were assigned to one of five lineages: dog (D),
human (H), mouse (M), rat (R), or the common rodent ancestor (Ro). Note that intrachromosomal breaks fall
within syntenic blocks and are not reflected by a change in the color on the synteny blocks. (Lindblad-Toh et
al. 2005)
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Canine malignancies as models of cancer

The concept of the use of the dog as a model of cancer is steadily gaining traction.
Beyond the above stated similarities to man of environmental exposures and of spontaneous
tumors, human and dog share histological similarity in regards to classification, genetics,
tumor biology, and response to therapy in cancer (Khanna et al. 2006; Paoloni et al. 2007).
The identification of genetic alterations that are either identical or similar between human
and dog tumors, such as perturbations of the tumor suppressor gene p53 in multiple canine
tumors (Setoguchi et al. 2001), mutations of common oncogenes in canine leukemias (Usher
et al. 2009), and translocations of oncogenes common in human hematological tumors and
observed in canine hematological tumors (Breen et al. 2008), supports the idea of conserved
tumor biology at the molecular level. Additionally, observation of genomic alterations
conserved between human and canine hematological tumors lends strong support to canine
lymphomas functioning as a model for NHL (Breen et al. 2008; Thomas et al. 2011). The
high rate of mortality caused by cancers in both young and old dogs suggests that there is an
abundant population of affected individuals available for study (Fleming et al. 2011).
Increased incidence of cancers such as NHL in certain breeds (Edwards et al. 2003; Modiano
et al. 2005) suggests a strong genetic component to these diseases and the increased
haplotype block sizes and greater linkage disequilibrium within breeds when compared to
humans (Sutter et al. 2004; Lindblad-Toh et al. 2005) may provide a cancer model with less
genetic “noise”. With thorough histological classifications for diseases like NHL in the dog
(\Valli et al. 2011), researchers can ensure an equivalent tumor morphology between dog and

man. Aided by the canine genome sequence (Lindblad-Toh et al. 2005), molecular tumor
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investigation within the dog can be directly translated to the homologous sequence in the
human, facilitating detailed comparison between these two species (Thomas et al. 2011).

The similar nature of canine and human tumor biology, combined with many shared
therapeutic protocols, lends merit to preclinical testing of novel therapeutics in canine tumors
clinically equivalent to the human tumors (Paoloni et al. 2008). Development of this
comparative climate for cancer research may ultimately foster future improvements in

veterinary and medical care.

Insight gained from molecular studies of human NHL

Early observations of genetic characteristics associated with human lymphomas came
from studies, such as one performed by Tjio et al., that identified abnormal karyotypes within
malignant lymphoma cells (Tjio et al. 1963). With the understanding of chromosome
banding, Zech et al. were able to identify recurrent DNA copy number aberrations (CNAS)
within region of chromosomes in a panel of Burkitt lymphoma tumors and cell lines (Zech et
al. 1976), suggesting that numerical alterations occurred as whole chromosome duplication
and deletion as well as regional copy humber imbalances. Concurrently, as the understanding
of RNA as the intermediate message between DNA template and proteins grew, the research
of Sawada et al. provided early insight into different levels of transcription occurring
between healthy cells and lymphoid tumor tissue (Sawada et al. 1974). Subsequent
development of more refined cytogenetic techniques, such as fluorescence in situ

hybridization and comparative genomic hybridization, combined with the building
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knowledge of how to read and manipulate nucleic acid sequences, led to increased research

into the molecular aspects of NHL.

Cytogenetic factors in human NHL

Recurrent genomic alterations are a hallmark of human NHL and can come in the
form of structural aberrations (translocations and inversions) and numerical changes
(heterozygous and homozygous deletions, gains, and amplifications). The first identified
genomic alteration in human NHL was the translocation of a small region on chromosome
(HSA) 8924 to HSA 14q32, creating a fusion between the cMYC oncogene and the
immunoglobulin heavy chain locus (Dalla-Favera et al. 1983). Continued analysis identified
and characterized a multitude of recurrent structural changes in human NHL subtypes (Table
4.). Differential fluorescent labeling of locus-specific DNA probes and hybridization onto
metaphase or interphase cells, termed fluorescence in situ hybridization (FISH), provides a
means to evaluate these structural abnormalities in NHL tumor cells. Comparative genomic
hybridization (CGH) involves the differential fluorescent labeling of tumor and normal
genomic DNA to normal metaphase cells. The relative amount of fluorescence of one
fluorescent signal signifies a numerical imbalance within the tumor in that region of the
chromosome. While CGH has been used to identify DNA copy number aberrations in
human NHL, more powerful genomic tools based upon microarray technologies have

replaced this methodology.
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Table 4. Common recurrent structural abnormalities in human NHL. (V indicates that the partner chromosomes
in translocations with 3q27 vary) BL, Burkitt’s lymphoma; BLL, Burkitt’s-like lymphoma; DLBCL, diffuse
large B-cell lymphoma; FL, follicular lymphoma; MCL, mantle cell lymphoma; CLL, chronic lymphocytic
leukemia; MALT, mucosa-associated lymphoid tissue. (adapted from Campbell 2005)

Translocation Gene(s) involved NHL subtypes
t(8;14)(q24;932) MYC/IGH BL; BLL; DLBCL; FL; MCL
t(2;8)(p11;024) MYC BL; BLL; DLBCL; FL
1(8;22)(q24;q11) MYC BL; BLL; DLBCL; FL
t(14;18)(g32;921) IGH/BCL2 FL; DLBCL

t(3;V)(q27;V) BCL6 DLBCL; FL

t(11;18)(g21;921) AP12/MALTL1; MALT1 MALT lymphomas
t(14;18)(932;921) MALT1 MALT lymphomas
t(11;14)(q13;932) CCND1/IGH MCL

t(2;V)(p23;V) ALK Anaplastic large cell lymphomas

The genomic era of human lymphoma research

With the extensive insight gained through sequencing of the human genome (Venter
et al. 2001; Lander et al. 2001; International Human Genome Sequencing Consortium 2004),
researchers were able to examine the molecular traits of NHL at a resolution and magnitude
not previously possible. Subsequent studies focused on prevalent histological subtypes of

these diseases, such as diffuse large B-cell lymphoma (DLBCL) and peripheral T-cell
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lymphoma, not otherwise specified/unspecified (PTLCu). Genomic libraries and sequence
knowledge, in conjunction with the development of microarray platforms, facilitated a rapid
increase in the understanding of tumor biology.

The gene expression microarray provided insight into transcriptional deregulation in
NHL at magnitudes ranging from thousands of selected gene targets to the entire catalog of
annotated and predicted human transcripts. Target sequences from expressed transcripts can
be derived from cDNA libraries or engineered oligonucleotides. Transcriptional profiling
involves the hybridization of probes generated from the RNA present in tumor cells.
Alizadeh et al. created a 17,856 clone microarray derived from cDNA libraries to examine
the transcriptional characteristics of human DLBCL, which revealed numerous results
associated with lymphoid tumor biology (Alizadeh et al. 2000). In general, the aggressive
nature of DLBCL was represented in highly expressed genes associated with cell cycle
control and checkpoints and DNA synthesis and replication when compared to indolent B-
cell tumors and normal lymph nodes (Alizadeh et al. 2000). Interestingly, gene expression
signatures were able to segregate DLBCL samples into subtypes related to B-cell lineage,
germinal center B-like (GCB) DLBCL and activated B-like (ABC) DLBCL, and
demonstrated that the ABC subtype carried a comparatively poor prognosis for 5 year
survival after chemotherapy (76% of GCB patients surviving beyond 5 years versus 16%
of ABC patients surviving beyond 5 years) (Alizadeh et al. 2000). A following study also
identified these subgroups, and using a custom array platform and computational methods,
defined a set of transcripts that more accurately predicted patient outcome in cases from both

studies (Shipp et al. 2002). A concurrent study identified another molecular subtype of
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DBLC that was explored from a recently identified clinical subtype, primary mediastinal
large B-cell lymphoma (PMBL) (Savage et al. 2003). Gene expression profiling provided a
means to distinguish these molecular subtypes (Figure 3) and, supplemented by structural

and CNA characteristics, provided insight into the biology of these tumors.
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Figure 3. Application of gene expression profiling allows the distinction of histologically undistinguishable
molecular subtypes. Activated B-cell-like diffuse large B-cell lymphoma (ABC DLBCL), germinal center B-
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cell-like (GCB) DLBCL, and primary mediastinal B-cell lymphoma (PMBL) can reproducibly be diagnosed by

the use of DNA microarrays. These subtypes use distinct molecular mechanisms and oncogenic signaling

pathways and respond differently to conventional treatment. (Nogai et al. 2011)
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Array comparative genomic hybridization (aCGH) provides a means to probe
genomes with sequences derived from genomic library inserts in forms such as bacterial
artificial chromosome (BAC) clones, cDNA clones, or engineered oligonucleotides, with an
array of hybridization targets offering resolution of the genome in the range of hundreds of
bases (Ylstra et al. 2006; Conrad et al. 2010; Haraksingh et al. 2011 ). The differential
fluorescent labeling of tumor DNA and DNA from healthy tissue, which is subsequently
hybridized to CGH arrays, allows for the determination of relative differences in DNA copy
number and allows researchers to gain new insights into the degree and locations of genomic
imbalance present in NHL (Kallioniemi 2008). An initial study of DLBCL by aCGH
analysis at ~1.5 Mb resolution validated imbalances previously identified by conventional
CGH (resolution of 5-10 Mb) and identified many new CNAs, including gains (such as HSA
13021.1-31.3) and losses (such as 1p34.3-36.21) with prognostic significance (Tagawa et al.
2004). While subsequent studies worked on integrating CNA and transcriptional
characteristics (Bea et al. 2005; Tagawa et al. 2005), a recent study using high-resolution
oligonucleotide aCGH and gene expression profiling suggested that molecular pathways
differentiate these subtypes. The tumor suppressor genes, PTEN and ING1, and the negative
regulator of tumor suppressor p53, MDM2, have aberrant involvement in the GCB subtype
(Lenz et al. 2008). Pathways deregulated in ABC may involve the transcription factor
FOXP1, the tumor suppressor gene CDKN2A (p16), and the transcription factor SPIB (Lenz
et al. 2008). Multiple other studies have shown that the activated NF-kb signaling pathway is
involved in both ABC and PBML DLBCL subtypes (Davis et al. 2001; Rosenwald et al.

2003; Lam et al. 2008).
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Genomic investigation of the clinically diverse PTCLu tumor subgroup has presented
more difficulty in understanding disease pathogenesis. The first aCGH study of PTCLu, at a
resolution of ~1.5 Mb, identified numerous imbalances, including gain of the MYC locus
(HSA 8g24.21) and partial or complete deletion of HSA 9 (containing the CDKN2A/B locus),
and defined CNAs that discriminated between PTCLu and angioimmunoblastic T-cell
lymphoma (AILT) (Thorns et al. 2007). More recently, Nakagawa et al. used a BAC-based
CGH array to further characterize these tumors (Figure 4), finding an average of eight
regions of genomic gain and 7.6 regions of loss per tumor, gainfamplification the BCL11A
locus in ~10% of cases, deletion of the CDKN2A/B locus in ~27% of cases, and suggested
that the presence of genomic imbalances in cases caused a poorer prognosis than cases
lacking genomic imbalance (Nakagawa et al. 2009). In addition to aCGH analysis, multiple
studies have employed microarray-based transcriptional profiling to try to understand the
processes involved with PTCL tumorigenesis with varying results. Piccaluga et al. identified
sets of genes associated with matrix remodeling, cell adhesion, proliferation, apoptosis, and
transcription differentially expressed in PTCLu when compared to normal T lymphocytes,
and determined PTCLu is derived from mature, activated T lymphocytes (Piccaluga et al.
2007). Martinez-Delgado et. al. suggested two molecular subgroups of PTCLu based upon
differential expression of NF-kb associated genes (Martinez-Delgado et al. 2005), whereas
Ballester et al. reported subgroups comprised of 1) genes associated with poor prognosis, 2)
overexpression of genes associated with T-cell activation and apoptosis, and 3) genes
involved in the INF/JJAK/STAT pathway (Ballester et al. 2006). Yet a larger more recent

study was not able to segregate molecular grouping of PTCLu cases, with the exception of a
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small set of cases displaying expression of cytotoxic cell molecule and marker genes (Igbal et
al. 2010). These differing reports on the transcriptional signature of human PTCLu suggest

additional analysis is necessary to classify this diverse group of tumors.
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Figure 4. Array CGH data of PTCL-U. Genome-wide frequency plots of copy number alterations identified in
29 PTCL-U. (adapted from Nakagawa et al. 2009)

Current understanding of lymphoma tumor genetics and pathobiology within the dog

Drawing upon the methodologies first pioneered in human cancer research, the

molecular understanding of canine cancers has steadily grown and entered the genomic era

via the completion and availability of the high-quality genome sequence (Lindblad-Toh et al.
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2005). Unfortunately, there remains a limited understanding of the genetics of canine
lymphoma, with much of the knowledge of the canine NHL genome being derived from
conventional cytogenetic and aCGH analysis. Additional studies have provided some insight
into the molecular factors responsible for the pathobiology of the disease, but there remains
an almost complete lack of published accounts of the transcriptional characteristics of these

tumors.

Genomic alterations in canine lymphoma

An early study using karyotype analysis revealed that recurrent chromosomal
imbalances and alterations were present in canine lymphomas, and suggested that trisomy of
chromosome (CFA) 13 may be associated with longer remission and survival times (Hahn et
al. 1994). Comparative genomic hybridization analysis of a panel of 25 multicentric canine
lymphomas provided insight into genomic imbalance at a resolution of 5-10 Mb, and
identified gain of CFA 13 and 31 and loss of CFA14 as the most common numerical
imbalances (Thomas et al. 2003). Chromosome 13 includes both MYC and KIT oncogenes,
and the study suggested the possibility of evolutionarily conserved genomic aberrations
within human lymphoma (Thomas et al. 2003). Development of a 1 Mb CGH microarray
derived from BAC clones integrated into the canine genome assembly provided the
opportunity to survey the canine lymphoma genome at a much higher resolution and directly
interpret data in the context of the canine genome sequence (Thomas et al. 2008). Recently,
Thomas et al. applied this array to a panel of 150 canine NHL samples with thorough

histological, identifying significant differences between B-cell and T-cell tumor genomes
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(Thomas et al. 2011). B-cell lymphomas were characterized with gain of CFA 13 and 31 as
the most frequent recurrent gains, with partial deletion of CFA 26 (28.6 Mb — 30.4 Mb),
encompassing the immunoglobulin lambda (IGLI) locus, exclusively associated with B-cell
tumors (Figure 5) (Thomas et al. 2011). Canine T-cell lymphomas displayed chaotic
genomes, including a partial loss on CFA 11 (44.3 Mb) in 55.6% of the cases exclusive to the
T-cell immunophenotype and containing the CDKN2A/B tumor suppressor gene locus
(Figure 6) (Thomas et al. 2011). While limited association was observed between CNAs and
either breed or tumor subtypes, the use of genomic recoding allowed the visualization of the
data in the context of the human genome organization and demonstrated limited conservation
with human CNAs (Thomas et al. 2011). Comparing canine DLBCL results to the observed
genomic imbalances in human DLBCL (Figure 5) showed a conserved gained segment
surrounding the MYC locus (Thomas et al. 2011). Human and dog PTCLu notably
demonstrated conservation of a region surrounding the CDKN2A/B locus (Figure 6) (Thomas
et al. 2011). While the decreased level of aneuploidy in canine NHL suggests that human
and dog NHL may be globally diverse in regards to CNA content, the observation of
recurrent CNASs present in both species suggests there may be molecular factors
evolutionarily conserved between both species that are fundamental to disease pathogenesis,
reiterating the validity of the dog as a model of lymphomagenesis when investigated in the

context of comparative biology.
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Figure 5. Comparison of recurrent genomic copy number imbalances in canine and human BCL. (A) The
genome-wide incidence of copy humber gain and loss in the 80 cDLBCL cases from the present study is
summarized, according to their dog chromosomal location. Gains of CFA 13 and CFA 31 are highlighted in
blue and pink, respectively. (B) The same canine data are replotted according to the equivalent location of
arrayed loci on the corresponding human chromosome. When recoded into orthologous human genome
coordinates, gain of CFA 13 now manifests as partial gains on HSAs 4 and 8 (highlighted in blue) and gain of
CFA 31 manifests as gain of HSA 21 (highlighted in pink). (C) Data in a comparable format derived from a
prior study of 46 hDLBCL cases [22]. (D, E) These 46 hDLBCL cases are segregated to compare the
cytogenetic profiles of 28 hABC-DLBCL and 18 hGCB-DLBCL cases, respectively. These images demonstrate
the apparently reduced degree of genomic imbalance detected in cBCL compared to its human counterpart, and
reveal evidence for shared aberrations (including gain of MYC) as well as aberrations that are not shared (such
as deletion of CDKN2A/B). (adapted from Thomas et al. 2011)
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Figure 6. Comparison of recurrent genomic copy number imbalances in canine and human TCL. (A) The

genome-wide incidence of copy humber gain and loss

in the 18 cPTCLu cases from the present study is

summarized, according to their dog chromosomal location. (B) The same data are recoded into human

chromosome format. (C) Data in a comparable format derived from a prior study of 29 hPTCLu cases

[23]. This comparison reveals that PTCLu is associated with extensive genomic instability in both species, and

identifies regions of evolutionarily shared imbalance, including deletion of CDKN2A/B. (adapted from Thomas

etal. 2011)

A major challenge for molecular studies of canine lymphoma, particularly using

genomic and transcriptional profiling approaches, is obtaining sample populations of

sufficient size to provide accurate statistical inference of the true lymphoma population.

Sample acquisition of both human and canine lymphomas can be hampered by monetary,

temporal, and regulatory factors, and this can delay completion of studies and/or reduce the

statistical power of observations. One strategy to resolve a possible deficiency in sample
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numbers is the use of archival specimens, in the form of formalin-fixed paraffin-embedded
tissue (FFPE). These tissues provide the opportunity to retrospectively use samples for
which a thorough histological classification can be obtained, potentially alleviating the need
for sample recruitment in molecular studies. Nucleic acids can be obtained from these
archival tissues, although the process of formalin fixation introduces varying levels of DNA
degradation and DNA crosslinking due to variability in exposure times to fixative (Srinivasan
et al. 2002). Yet genomic and transcriptional profiling studies using human FFPE tumor
tissue have demonstrated success in obtaining valid molecular data (Paris et al. 2003;
Zielenska et al. 2004; Braggio et al. 2011; Linton et al. 2012), suggesting the need to further

investigate the utility of this resource in the genomic investigation of canine lymphomas.

Other molecular factors identified in canine NHL

A small number of target genes, proteins, and pathways with potential biological
relevance in dog NHL have been identified in a limited number of published reports.
Wolfesberger et al. examined the protein levels of vascular endothelial growth factor (VEGF)
and its receptors in a panel of canine lymphoma specimens and normal lymph nodes and
observed the presence of high VEGF protein levels in a large fraction of canine lymphoma
samples (Wolfesberger et al. 2007). The VEGF pathways function in promoting
angiogenesis and have been shown to be important for tumor growth in numerous human
cancers (Sullivan et al. 2010). The results were confirmed by a recent study, and although
VEGF expression does not appear to have prognostic relevance (Wolfesberger et al. 2012);

this pathway remains interesting to canine tumorigenesis. Using immunohistological
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methods, the p53 tumor suppressor protein was minimally detected in canine lymphomas
(Sokolowska et al. 2005). BCLS6, a regulator of transcription and known to be deregulated in
human DLBCL (Basso et al. 2010), was recently shown to have higher levels of transcription
in high grade B-cell canine lymphomas compared to low grade B-cell tumors, although all
lymphomas displayed decreased expression with regards to non-neoplastic lymph node
tissue, but was not a prognostic factor (Sato et al. 2012). By further exploring the molecular
aspects of canine NHL, it should be possible to gain a better understanding of disease

pathogenesis and the comparative nature of human and canine molecular tumor biology.
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Dissertation Outline

In this dissertation | hypothesize that 1) FFPE tissue is a valid resource for genomic
profiling in canine lymphoma, 2) DNA copy number imbalances in canine lymphoma are
associated with transcriptional deregulation in tumor cells, 3) canine lymphoid tumor cell
lines are valid in vitro models of in vivo lymphoid tumors, and 4) conserved molecular
alterations exist between canine lymphoma and human Non-Hodgkin lymphoma. The
subsequent chapters focus on enhancing the understanding of canine lymphoma genomics
through the use of multiple profiling techniques and providing support to the dissertation
hypothesis Previous knowledge of DNA copy number aberration in canine NHL genome
(Thomas et al. 2011) was used to explore the utility of using archival formalin-fixed paraffin-
embedded (FFPE) as a resource for samples in canine genomic profiling studies. Through
the use of aCGH at a ~1 Mb resolution on a panel of 99 FFPE canine lymphoma samples
representing select breeds | found that archival tissues can produce statistically equivalent
data to DNA derived from fresh tissue sources, allowing for a novel combinatorial approach
to assessing canine NHL CNAs in 249 cases. These data refined frequency estimates of
recurrent CNAs in the population and confirmed that we have a complete catalog of CNAs at
a resolution of ~2 Mb. | followed this by the investigation of the functional significance of
the numerous recurrent CNASs in the canine T-cell lymphoma genome through the use of
gene expression microarrays. While there appeared to be limited correlation between DNA
copy number imbalances of 1 Mb and altered transcriptional levels, we were able to further

elucidate the biology of canine T-cell lymphoma by functional analysis of deregulated

37



transcripts. Lastly, | employed genomic and transcriptional profiling, along with other
cytogenetic methodologies, define the molecular traits of five canine lymphoid cell lines
commonly used as in vitro models of the in vivo disease. In summary, this dissertation (1)
validates the utility of canine FFPE lymphoma tissue in genomic profiling and confirms the
previously observed catalog of recurrent CNAs in canine NHL, (2) provides insight into the
biological process responsible for canine T-cell lymphoma pathogenesis through
transcriptional profiling and determines there is limited correlation between aberrant gene
expression and CNAs of 1 Mb and greater, and (3) characterizes the molecular characteristics
of canine lymphoid tumor cell lines and determines that, while they globally do not resemble
primary diseases, they may have value as in vitro models of discrete pathways. The findings
of the following chapters present and catalog genomic information on canine lymphoma and
provide direction to the mechanisms responsible for disease pathogenesis. Overall, these
studies demonstrate that, while not completely equivalent to human tumors at the molecular
level, there exists a degree of conservation between human and canine NHL and that
comparative molecular oncology has potential to improve primary veterinary and medical

care of NHL by identify the core mechanisms responsible for disease pathogenesis.
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Abstract

Non-Hodgkin lymphoma is a heterogeneous group of hematological malignancies
accounting for approximately 5% of human cancers and up to 24% of canine cancers. With
the advent of high-resolution profiling tools based upon the canine genome sequence,
limitations in elucidating the genetic basis of lymphoma have shifted from technologic
development towards sample procurement. Archival formalin-fixed paraffin-embedded
(FFPE) tissue specimens potentially represent extensive resources of clinically-characterized
materials without need for targeted sample recruitment. However, FFPE-derived specimens
present experimental challenges due to nucleic acid degradation and chemical modification
arising from fixation._ We examined 99 FFPE canine lymphomas using array-based
comparative genomic hybridization (aCGH) at a resolution of ~1Mb to assess the utility of
archival samples for investigating tumor-associated DNA copy humber aberrations. We
observed limited technical variation between aCGH data from archival specimens versus
existing data from fresh tumor tissue, and concluded statistically that the data sets are
comparable. Using a combinatorial approach, we merged both populations into one data set
comprising 175 B-cell and 74 T-cell tumors, which represents the largest genomic profiling
study of canine lymphoma to date. Statistical analyses refined population frequency
estimates of recurrent whole chromosome imbalances and revealed significant associations
between specific sub-chromosomal imbalances and tumor immunophenotype. The power of
the large sample population helped demonstrate that, while few loci are significantly

associated with histological subtype, there appear to be molecular subtypes based upon
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recurrent genomic imbalance lacking clear association with histological classification.
Determining functional significance for these genomic alterations will advance
understanding of canine lymphoma pathogenesis and ultimately may aid clinical

management.
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Introduction

Genome-wide profiling tools represent a relatively fast and inexpensive means to
generate large volumes of data on the genomic manifestation of malignancies. One such
tool, array comparative genomic hybridization (aCGH), provides a means to assess DNA
copy number aberrations (CNAS) in tumor specimens on a genome-wide scale (Cho et al.
2006). The use of aCGH and other microarray-based technologies requires important
considerations in regards to experimental design, specifically sample selection and quantity.
Samples with thorough pathological classification provide an opportunity to control for
sample population heterogeneity and therefore control for variables that may confound
results. Sufficient sample sizes are a necessity for decreasing the false discovery rate and
providing adequate statistical power to identify true positives that have biological relevance
(Lee et al. 2002; Scheinin et al. 2010). Studies frequently rely on a prospective approach to
specimen acquisition, and in doing so contend with regulatory, monetary, and temporal
challenges when trying to obtain a large number of well-characterized samples.

Archival formalin-fixed paraffin-embedded (FFPE) tissue generated for histological
analysis represents a potentially extensive supplementary resource for obtaining tumor
material for molecular studies in instances when fresh tissue is difficult to attain or
unavailable. Additionally, these samples typically offer the benefit of having robust
histological classification and known outcome, enabling correlation of genomic data both
with diagnosis and prognosis. However, nucleic acids obtained from archival tissue sources

commonly present challenges for molecular analyses due to degradation and chemical
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modification of nucleic acids by formalin-based fixatives (Srinivasan et al. 2002). Despite
these challenges, several studies have demonstrated that DNA derived from FFPE tissue can
be utilized successfully in aCGH analysis of human cancers (Paris et al. 2003; Zielenska et
al. 2004; Little et al. 2006). Paris et. al. provided the first evidence of the utility of FFPE
tissue in genome-wide aCGH analysis by identifying previously known and novel CNAs in a
panel of human prostate tumors (Paris et al. 2003). A subsequent study evaluating the effects
of tissue fixation time on FFPE-derived DNA used in aCGH analysis found that limited
fixation time may improve the quality of aCGH data that may be obtained from archival
specimens, evidenced by a decreased DNA fragmentation and an increased concordance with
data derived from matched fresh tissue (Ghazani et al. 2006). Another study determined,
through the use of multiplexed-PCR on FFPE DNA samples, that the ability to produce
larger amplicons from PCR was a predictor of improved sample utility in aCGH analysis
(van Beers et al. 2006). These findings demonstrate that forethought taken during the
preparation and selection of archival tissue specimens can yield optimal results during CGH
analysis. A subsequent studied has shown that aCGH data generated from FFPE tissue may
present a significant amount of false-positive and false-negative CNAs when compared with
matched fresh tissue (Mc Sherry et al. 2007). This report highlights the need for careful
inspection of the data from FFPE tissues for genomic profiling so that accurate biological
inferences can be made.

While FFPE tissues pose unique challenges in genomic profiling, a common
challenge for all aCGH studies is the analysis of the data. The goal of the analytical process

is to accurately interpret quantitative experimental data that represents true biological states
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within the genome. Specific to CGH microarray studies, targets on the array must be
interpreted in a position-dependent context. The application of segmentation algorithms to
aCGH data offers a means to computationally segregate the independent quantitative
measurements into discrete regions of genomic imbalance within chromosomes and
numerous strategies have been suggested (Hupe et al. 2004; Olshen et al. 2004; Picard et al.
2005; Marioni et al. 2006; Huang et al. 2007). Subsequently in the analytical process,
segmented regions of chromosomes must be classified into discrete states of balance and
imbalance. While specific thresholds can be used to discretize segmented regions, calling
algorithms utilize characteristics of the data to statistically define regions that are CNAs (van
de Wiel et al. 2007; Benelli et al. 2010; Coe et al. 2010; Picard et al. 2010). These two
processing steps employ computational methods that counteract experimental noise in aCGH
data to identify CNAs that are true-positives and true-negatives while trying to control for
false-positives and false-negatives. The increased experimental noise observed in FFPE
aCGH suggests that rigorous statistical processing is critical for deriving biologically
relevant inferences from the data.

Large genomic profiling studies of human and canine non-Hodgkin lymphomas
(NHL) have successfully identified recurrent CNAs within these diseases and have provided
evidence for their clinical relevance (Tagawa et al. 2005; Chen et al. 2006). Recently,
Thomas et al. utilized a 1Mb resolution CGH array for detection of recurrent CNAs among
150 histologically classified canine lymphomas (cNHL) in the largest genomic profiling
study of a canine malignancy to date (Thomas et al. 2011). These data from a large sample

population can therefore function as a comprehensive reference for determining the utility of
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genomic profiling in a large, independent set of FFPE tumor tissues. In this study we
attempted to determine the ability of a large FFPE aCGH data set with thorough statistical
processing to produce comparable results to an independent fresh tissue-derived data set. A
panel of 99 histologically classified FFPE canine lymphoma specimens was analyzed by
aCGH and subsequently compared with aCGH results from 150 fresh cNHL specimens
evaluated with the same aCGH platform(Thomas et al. 2011) and subjected to the same
processing methodology. Our results reveal that, while aCGH data from FFPE specimens
may demonstrate a larger degree of noise when compared to samples derived from fresh
tissue, the use of common statistical processing methods provide a means to remove this
noise from the biological interpretation of the data and render the two data sets statistically
equivalent. This demonstrates that the FFPE specimens have utility in supplementing fresh
specimens to increase the sample size for genomic profiling studies of malignancies.
Additionally, by validating this combinatorial approach we were able to reexamine recurrent
CNAs in ctNHL with increased numbers of each immunophenotype and histological subtype.
These data provide stronger estimates of the true frequencies of recurrent whole-chromosome
and sub-chromosomal DNA copy number imbalances found in the population of dogs with
lymphoma. Our data suggest that, in addition to histological subtypes, molecular subtypes

exist that may be relevant to classifying this genetically heterogeneous group of diseases.
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Materials and methods

Acquisition of archival canine lymphoma specimens

Canine lymphoma tissue specimens were obtained from formalin-fixed paraffin-
embedded (FFPE) tissue blocks derived from eight common dog breeds (Australian
Shepherd Dog, Bernese Mountain Dog, Border Collie, Boxer, Cocker Spaniel, Golden
Retriever, Labrador Retriever, and Standard Poodle) that display an increased prevalence of
lymphoma (Modiano et al. 2005; Pastor et al. 2009). These samples, fixed in 10% neutral
buffered formalin and ranging in age from three to six years since fixation, were recruited
and previously examined by twenty members of the American College of Veterinary
Pathologists (ACVP) to determine the reproducibility of applying the World Health
Organization classification system for human hematologic tumors to canine lymphomas
(Valli et al. 2011). Immunophenotyping was performed using the CD79a and CD3 markers.
Tissue sections were stained with hematoxylin and eosin (H&E), and a panel of Board-
certified veterinary pathologists performed histological classification of these samples. This
review process provided a rigorous and thorough consensus lymphoma subtype classification
for each sample. Accurate classification of these samples provided a means to restrict the
samples to the most frequent lymphoma subtypes in the population. A complete breakdown
of the sample population is included in Supplementary Table 1, including information about
the sample population from Thomas et al (Thomas et al. 2011). To ensure continuity
between sample populations, specimens examined in the Thomas et al study were subjected

to a similarly thorough pathological analysis involving the same lead pathologist responsible
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for classifying the current FFPE cases. Additionally, FFPE lymph node tissue from a dog of
mixed breed was confirmed to be non-neoplastic by pathological review and this archival

tissue was used as the reference sample.

DNA extraction

Cores of tissue from regions of confirmed neoplasia were removed from tissue blocks
using sterile 14 gauge needles, by reference to a corresponding H&E-stained tissue section.
Paraffin was removed by incubation in xylene for 15 minutes at room temperature followed
by pelleting the sample by centrifugation at 14,000 rpm for 10 minutes and removal of the
xylene. Three additional 10-minute xylene washes were performed to ensure complete
paraffin removal. Residual xylene was removed by rinsing the tissue sequentially with
100%, 90% and then 70% ethanol. Samples were then incubated in 1M sodium thiocyanate
overnight at 37°C to aid in the reversal of fixative-induced DNA crosslinking and then were
rinsed with 1x phosphate buffered saline (PBS). DNA extraction was performed using the
QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s

protocol.

Evaluation of tumor DNA quality

A PCR test was performed to evaluate the effects of fixation upon the FFPE-
derived canine lymphoma DNA and to assess its suitability for aCGH analysis. Previous
studies have demonstrated that the maximum fragment size produced by PCR-amplified

FFPE DNA is associated with hybridization quality in aCGH (Johnson et al. 2006; van Beers
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et al. 2006). Primers were designed from the canine GAPDH gene (NM_001003142) to
produce amplicons of ~250 bp, ~500 bp, and ~750 bp. The selection of GAPDH for primer
design was based upon its common designation as a “housekeeping” gene and the absence of
published data describing genomic deletion of the gene in malignancies. PCR was performed
on 50 ng of genomic DNA from each sample using GoTaq DNA Polymerase (Promega,
Madison, WI) following the manufacturer’s recommended cycling conditions with an
annealing temperature of 56°C. Samples that produced an amplicon of 500bp or greater by

gel electrophoresis through 2% agarose were used for subsequent aCGH analysis.

Array comparative genomic hybridization

Each FFPE canine lymphoma (test) DNA sample was labeled with Cyanine3-dCTP
(Perkin Elmer, Waltham, MA, USA) using the Bioprime Array CGH Labeling System
(Invitrogen, Carlsbad, CA, USA) as described previously (Thomas et al. 2005). A common
reference DNA (derived from a FFPE canine lymph node histologically confirmed to be non-
malignant, provided by a clinically healthy donor) was similarly labeled with Cyanine5-
dCTP. Test and reference probes were co-hybridized to a genome-wide microarray
comprising 2097 cytogenetically validated dog bacterial artificial chromosome (BAC) clones
distributed at ~1 Mb intervals across the canine genome (Thomas et al. 2008). Arrays were
scanned using the ScanArray 4000 (Perkin Elmer, Waltham, MA, USA) at 10uM resolution.
Scanned images were imported into BlueFuse for Microarrays (BlueGnome, Cambridge,
UK) for fluorescence quantification, array normalization, and exclusion of arrayed loci

falling outside defined quality control parameters. Each array was normalized for regional
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signal variation using a block median normalization, and spots with confidence estimates less
than 0.5 or replicates with standard deviations greater than 0.3 were excluded from
downstream analysis. These data were evaluated in parallel with data from a prior study of
150 canine lymphoma cases derived from fresh tissue (Thomas et al. 2011), which had been

arrayed and processed using the same methodology described above.

Data analysis

Array CGH data from 99 FFPE-derived canine lymphoma samples and 150 canine
lymphoma samples derived from fresh tissue (Thomas et al. 2011) were analyzed using the
same methodology. The complete data of fresh and FFPE canine lymphoma samples
consisted of 249 cases, including 74 T-cell lymphomas (TCL) (38 fresh, 36 FFPE) and 175
B-cell lymphomas (BCL) (112 fresh, 63 FFPE). Normalized log, ratio data of test:reference
DNA signal intensities was obtained from BlueFuse for Microarrays and imported into the
DNAcopy Bioconductor package in R (Venkatraman et al. 2007). DNAcopy functions to
segment aCGH intensity measurements into regions of discrete log, ratios using a circular
binary segmentation (CBS) algorithm (Olshen et al. 2004). Briefly, the algorithm
recursively detects change points in aCGH data by creating a test statistic to determine if a
region and its complement have differing means. These change points reflect true biological
breakpoints between regions of differing DNA copy number. Segmented data were then
imported into the CGHcall Bioconductor package to convert continuous data into ordinal
data (balanced, gained, and deleted) (van de Wiel et al. 2007). Calling of segmented data is

performed using within-array variation and modeling the segments across all arrays into a six
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state mixture model. These states are used to determine true biological states of genomic
balance, gain, and loss.

To perform clustering of the array data, called data were first reduced from calls for
individual clones into calls for regions of chromosomes using the CGHregions R package
(van de Wiel et al. 2007). This package reduces the dimensionality of the aCGH data by
creating numerous small regions with discrete calls when many genomic breakpoints are
present and few large regions of discrete calls when few genomic breakpoints are present.
Clustering analysis of the combined fresh and FFPE lymphoma dataset, separated by
immunophenotype, was accomplished using the WECCA R package (Van Wieringen et al.
2008). WECCA uses the region data and finds similarity if two regions have identical ordinal
data. Hierarchical clustering was performed using Ward’s linkage. Briefly, all pairs are
considered for each union and the cluster is determined by which grouping results in the least
amount of information loss.

Comparisons between tissue source (fresh vs. FFPE), immunophenotype, histological
subtype and breed were performed for each arrayed clone to test for statistically significant
association with DNA CNAs. For each locus represented on the array, called data were
summed across each group by state (deleted, gained, or balanced) and a Fisher’s exact test
was performed with a Bonferroni multiple testing correction. To determine regions of
significance within immunophenotype, called data were imported into the Statistical Testing
for Aberrant Copy number (STAC) software (Diskin et al. 2006). This tool uses called data
to determine the frequency of gain and loss at each clone in the data set. In addition to

frequency, STAC utilizes a footprint statistic to provide a p-value for identifying potential
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regions of biological significance within chromosomes. Briefly, one interval within a
chromosome that is present across multiple samples and shares at least one common clone is
defined as a STAC. The footprint is then defined as the stretch of common clones across that

STAC and permutation testing is used to assess statistical significance of the footprint.

Results

Comparison of aCGH data from fresh and FFPE specimens

Combining aCGH data generated from two discrete canine lymphoma populations,
one derived from FFPE tissue and one from fresh tissue, provides a means to increase
statistical power for identifying significant CNAs within the population. Prior to this step, it
is necessary to define the degree of concordance between the large independent fresh and
archival aCGH data. This was investigated by comparing the populations at three points
within the analytical process: normalization, segmentation, and calling. After normalization,
data have been adjusted for intra-array variation in regional signal intensity from both tumor
and reference signals. We first examined the overall distributions of log, tumor:reference
ratios across all arrays, segregated by both tissue source (fresh or FFPE) and tumor
immunophenotype (BCL or TCL) (Figure 1). For both BCL and TCL FFPE populations, we
observed an increased range of log, ratios when compared with the fresh populations of
matched immunophenotype, although these points account for approximately 1% of the total
data. While there was a limited difference in variance of TCL log; ratios between fresh

(6°=0.0302) and FFPE (5°=0.0289) specimens, we did observe a larger difference in
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variance between fresh (?=0.0114) and FFPE (5°=0.0232) BCL populations. These data
demonstrate that both TCL populations appear equivalent, while the FFPE BCL arrays have
more spread than fresh BCL arrays due to increased biological and/or technical noise. To
qualitatively assess the data after the segmentation process, we examined the distribution of
average segment log, ratios at each locus represented on the array across all samples within a
grouping of specimen material and tumor immunophenotype (Figure 2). The average
number of segments defined for a BCL FFPE case (u=41) was slightly larger than that of
fresh cases (1=39.86). This trend was also observed in TCL cases, with the average number

of segments in FFPE samples (u=43.22) slightly larger than fresh samples (1=40.86).
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Figure 1. Distributions of normalized log; ratios in fresh and FFPE aCGH data. Normalized log, ratios of
test:reference intensities aCGH samples were grouped by immunophenotype (B-cell or T-cell) and then by

tissue source (fresh or FFPE), and box plots were created for each set. The line in the center of each box

represents the median in the data and the edges of the box represent the quartiles of the data. The bars outside

of the box represent the 0.5% and 99.5% values of the data. A) Fresh and FFPE BCL cases. B) Fresh and
FFPE TCL cases.
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Figure 2. Fit of the segmented aCGH data to the normalized log2 data. To capture the spread of the normalized
log, values around the segmented log, ratio values, absolute differences between normalized and segmented
log, values for each clone were compiled. Samples were segregated by immunophenotype and then by tissue
source (fresh or FFPE). Distributions were derived from all of the clones across all samples in a subset. The
lower half displays the relative frequency of data points with a particular log, ratio difference. A) Fresh and
FFPE BCL cases. B) Fresh and FFPE TCL cases.

Called data, defined as regions that are gained, deleted, or balanced, represents the
analytical step in which data gain biological significance. The average number of called
regions in FFPE BCL cases (gained: 1.8, deleted: 1.5) displayed a slightly higher sample
average amount than that of fresh BCL cases (gained: 1.5, deleted: 0.9). TCLs display a
mixed outcome, with FFPE cases (gained: 4, deleted: 3.1) showing slightly more deleted
regions and fresh cases (gained: 4.4, deleted: 2.8) presenting an increase in gained regions.

We next investigated if these differences in called regions was associated with tissue source
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by comparing the distribution calls at each loci surveyed in the genome. We did not find
any association between tissue source and CNAs (gain or deletion) in both BCL and TCL
populations (corrected P-value < 2.48x10® and 2.46x107, respectively). In addition to
exploring CNA associations based upon single loci, hierarchical clustering provided a means
to determine tissue source (fresh or FFPE) introduced bias into genome-wide profiles.
Clustering of canine BCL displays discrete clusters that are not strictly composed of tissue
from a single source (Figure 3). Similarly, clustering of canine TCL showed that groupings
are largely formed by similar genomic profiles and not tissue source (Figure 4). These data
demonstrate that there are limited differences in the presentation of CNAs between fresh and

FFPE canine lymphoma sample populations.
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Figure 3. Clustering of canine BCL aCGH data. Called aCGH data was reduced across all samples from single
clones to genomic regions. The WECCA R package was used to perform hierarchical clustering using the
agreement similarity metric and Ward’s linkage. The alternating blue and yellow bars to the left of the heatmap
represent the canine autosomes (CFA), with the size of each bar proportional to the amount of regions defined
on that chromosome. Samples are color coded according to tissues source and histological subtype along the
bottom of the heatmap. Additionally, proposed molecular cytogenetic subtypes are defined based upon sample

clusters with similar genome-wide CNA profiles.
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Figure 4. Clustering of canine TCL aCGH data. Called aCGH data was reduced across all samples from single
clones to genomic regions. The WECCA R package was used to perform hierarchical clustering using the
agreement similarity metric and Ward’s linkage. The alternating blue and yellow bars to the left of the heatmap
represent the canine autosomes (CFA), with the size of each bar proportional to the amount of regions defined
on that chromosome. Samples are color coded according to tissues source and histological subtype along the
bottom of the heatmap. Additionally, proposed molecular cytogenetic subtypes are defined based upon sample

clusters with similar genome-wide CNA profiles.
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Recurrent chromosomal and sub-chromosomal imbalances in canine B-cell and T-cell
lymphoma

Having demonstrated statistical equivalency between the unmatched fresh and FFPE
aCGH data sets, the increased sample size and statistically analyzed aCGH data allowed for
revision of CNA estimates within the true population of canine BCL and TCL. Upon
investigation of genomic imbalances at the chromosome resolution in the combined fresh and
FFPE canine NHL data sets, both BCL and TCL tumors displayed recurrent whole-
chromosome imbalances (Table 1). Canine BCL cases displayed two highly recurrent whole
chromosome gains, CFA 13 (63/175, 36.0%) and CFA 31 (41/175, 23.4%). While many
cases displayed either gain of CFA 13 or gain of CFA31, a small subset of cases (13/175,
7.4%) displayed gain of both chromosomes. The most recurrent whole chromosome loss
observed in BCL was loss of CFA 14 (22/175, 12.5%). Half of the cases with loss of CFA
14 also exhibit either gain of CFA 13 (6/22, 27.2%) or gain of CFA 31 (5/22, 22.7%).
Genome-wide clustering analysis segregated samples into multiple groups including those
that display either gain of CFA 13, gain of CFA 31, or gain of both (Figure 3). Loss of CFA
14 is a feature present across multiple groupings in the clustering analysis (Figure 3).
Additionally, clustering analysis demonstrates that a large group of BCLs have either no
whole chromosome imbalances or imbalances that occur at low frequency within the sample
population (<10%).

In contrast to BCLs, TCLs displayed a greater overall level of chromosomal
imbalance. Whole-chromosome imbalances at a frequency of at least 10% were observed in

a total of 17 chromosomes. There are nine chromosomes that display recurrent gains that
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were restricted to T-cell immunophenotype (Table 1). Certain recurrent whole chromosome
gains observed in BCLs were also present in TCLs, including gains of CFA 13 (17/74,
22.9%) and CFA 31 (17/74, 22.9%). While gain of CFA 31 occurred at similar frequency in
both BCL and TCL cases, gain of CFA 13 was present at an approximately 13% greater
frequency in BCLs. Six recurrent whole chromosome losses were observed in TCLs, and all
were unique to TCL cases (Table 1). Due to the increased chromosomal instability in TCL
cases, clustering analysis provided a means to discern which chromosomal imbalances
frequently occur together (Figure 4). These data demonstrate that most cases present
multiple recurrent whole chromosome imbalances, often in combinations that are present at
low frequencies within the population. Similar to the observation in BCL cases, there is a
group of TCLs that present few whole chromosome imbalances that are found at low

frequencies (<10%) in the sample population.
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Table 1. Frequency of recurrent chromosome imbalances in the sample population. For each sample, called
data was examined to determine if either gain or deletion was observed for all clones along the span of a

chromosome. Chromosomes were identified that demonstrated complete gain or deletion at a frequency of

greater than 10% in the total BCL and TCL sample set. Frequencies within tissue source (fresh or FFPE) were

then calculated for these recurrent chromosomes.

Immunophenotype CFA Imbalance | Total Frequency g(r)isnfl EEEEt
B 13 gain 63/175, 36.0% 47 16
B 14 deletion 22/175, 12.5% 16 6
B 31 gain 41/175, 23.4% 29 12
T 1 gain 12/74, 16.2% 7 5
T gain 10/74, 13.5% 5
T gain 16/74, 21.6% 7
T 11 deletion 16/74, 21.6% 11 5
T 12 gain 9/74,12.1% 5 4
T 13 gain 17/74, 22.9% 11 6
T 16 deletion 14/74, 18.9% 8
T 17 deletion 10/74, 13.5% 4
T 20 gain 15/74, 20.2% 12 3
T 22 deletion 13/74, 17.5% 7 6
T 26 gain 8/74, 10.8% 5 3
T 28 deletion 11/74, 14.8% 4
T 29 gain 23/74, 31.0% 15 8
T 31 gain 17/74, 22.9% 11 6
T 36 gain 24174, 32.4% 13 11
T 37 gain 9/74,12.1% 4 5
T 38 deletion 11/74, 14.8% 9 2

Examining the frequency of all loci surveyed in the canine genome presents unique

genome-wide profiles of recurrent CNAs for both malignancies at a resolution of ~1 Mb

(Figure 5). The use of STAC allowed for the identification of statistically significant regions

of imbalance within individual chromosomes that had a frequency above a 10% threshold.
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These recurrent sub-chromosomal CNAs were significant within immunophenotype grouping
(Table 2). B-cell lymphomas displayed two significant regions of recurrent gain including
the proximal end of CFA 9 (3.2 Mb - 6.6 Mb, 10.2%) and the distal end of CFA 31 (38.8 Mb
- 41.3 Mb, 25.7%). In contrast, T-cell lymphomas displayed seven regions of recurrent gain
(Table 2). Interestingly, both significant regions found in BCL cases also have significance
in TCL cases, although T-cell lymphomas present these regions at higher frequencies.

Recurrent TCL losses encompassed six regions unique to the immunophenotype (Table 2).
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Figure 5. Frequency of DNA copy number imbalances at ~1Mb intervals across canine BCL and TCL
genomes. Calls of genomic imbalance, defined by the CGHcall algorithm, for each clone represented on the
CGH array were summed for all samples of similar immunophenotype. Frequencies of gain (green) and loss
(red) were calculated for each locus and all loci were plotted in sequential order along each chromosome. Both
immunophenotypes plotted independently with A) representing B-cell lymphomas and B) representing T-cell

lymphomas.
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Table 2. Sub-chromosomal CNAs within the BCL and TCL sample population. STAC analysis was used to
identify regions of recurrent imbalance that had significant footprint statistic (P-value <0.05) and a frequency
greater than 10%. The frequency of these CNAs was then calculated in the context of tissue source (fresh or

FFPE) to determine the contribution from each sample population.

Immunophenotype | CFA Position Imbalance Fr;rqotfzrlmy
B 9 3.2Mb-6.6 Mb gain 10.20%
B 31 38.8 Mb - 41.3Mb gain 25.70%
T 109.7 Mb - 125.5 Mb gain 22.90%
T 3.4 Mb-45.3 Mb gain 21.60%
T 9 3.2Mb-9.7 Mb gain 27.00%
T 11 70.9 Mb - 76.9 Mb deletion 35.10%
T 16 41.3 Mb - 61.5 Mb deletion 21.60%
T 17 15.5 Mb - 39.6 Mb deletion 20.20%
T 20 3.2Mb-10.3Mb gain 27.00%
T 20 51.3 Mb - 61.0 Mb gain 31.00%
T 25 29.8 Mb - 54.3 Mb deletion 13.50%
T 26 3.3 Mb - 34.9 Mb gain 13.50%
T 26 37.1Mb - 41.6 Mb deletion 13.50%
T 31 38.8 Mb - 42.7 Mb gain 29.70%
T 38 20.2 Mb - 26.5 Mb deletion 21.60%

Immunophenotype and Subtype Associated CNAs

In additional to providing revised estimates of CNA frequency within canine NHL
populations, the increased sample size of the combined fresh and FFPE data set offered a
means to potentially identify CNAs associated with immunophenotype and histological
subtype. Statistical comparisons of CNA frequency between B-cell and T-cell lymphomas
identified a list of regions of chromosomes that showed significant association with
immunophenotype. A Fisher’s Exact test with a Bonferroni-corrected p-value threshold of

2.48x10” identified regions of association on 15 chromosomes, including all or nearly all of
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CFA 6, CFA 11, CFA 12, CFA 16, CFA 17, CFA 20, CFA29, CFA 36, CFA 37, and CFA
38. These significant chromosomes reflect recurrent either gains or losses prevalent in TCL
cases and balance in BCL cases. Sub-chromosomal regions also demonstrated significant
imbalance in TCL cases and balance in BCL cases and included gains in CFA 1 (3.3 Mb -
103.7 Mb) and CFA 9 (43.7 Mb - 64.1 Mb) and losses in CFA 25 (27.1 Mb - 54.4 Mb) and
CFA 30 (10.9 Mb - 31.1 Mb). A complete list of CNAs associated with immunophenotype
can be found in Supplementary Table 2.

Comparison of histological subtypes in BCL cases focused on the three most
represented subtypes in the data set: DLBCL (n=137), MZL (n=18), and BKL (n=8). A
Fisher’s exact test for association of CNAs with these histological subtypes did not yield any
significant loci (p-value < 2.48x10™). The three most frequent T-cell histological subtypes in
the sample population, PTCLu (n=37), TZL (n=21), and LBL (n=10), lacked statistical
association with individual CNAs (p-value <2.46x107). This CNA heterogeneity within
BCL and TCL histological subtypes can be observed at a genome wide level in the clustering
analysis (Figures 3 and 4). The clustering analysis identifies groups of samples based on
genome-wide DNA copy number imbalance, and these groupings from global conservation
of CNAs were classified as possible cytogenetic molecular subtypes (Figures 3 and 4).
Groupings in BCL cases are mainly driven by the recurrent whole chromosome imbalances
of CFA 13 and/or CFA 31, with a large number of samples having limited genomic
instability and no recurrent CNAs. TCL cases present a group with limited CNAs, similar to
B-cell cNHLs, although the remaining classes are derived from more complex patterns of

global genomic imbalance.
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Discussion

In this study we performed a thorough comparison of aCGH data derived from both
fresh and archival canine lymphoma tissue to demonstrate the ability to merge information
from two independent data sets of differing sources. This report represents the largest
genome-wide profiling study of CNAs in archival tumor tissue in either human or canine to
date, and the first exploration of archival aCGH in canine malignancies. Additionally, the
scope of this work differs from previous studies, taking a large-scale approach to validate
CNA identification from an FFPE-derived data set. Numerous studies, representing a range
of human malignancies, have explored the validity of using FFPE tissue and the
methodologies to optimize the technical aspects of working with archival samples (Paris et
al. 2003; Zielenska et al. 2004; Johnson et al. 2006; Little et al. 2006; Joosse et al. 2007,
Paris et al. 2007; Lennon et al. 2009). The approach of these prior studies was to explore
FFPE aCGH using small numbers of patient-matched fresh and archival tissue. Here our
methods take a more practical approach to the use of FFPE tissue, using the premise that
FFPE tissue may be the only source of tumor material available for an individual. To
validate the archival aCGH, we instead look at the trends in the data between large
independent groups of differing tissue source. While there are some observed differences,
thorough statistical processing demonstrates that at the point of biological interpretation there
are no significant deviations between the data sets.

Comparison of CNA frequencies and associations identified in this study to those

found in the work of Thomas et al. demonstrate a general agreement, although there are some
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striking differences. There are numerous regions spanning 1-2 Mb in size that appear to be
highly recurrent (>20%), yet this present study does not detect these imbalances based on the
current analytical methods. This is highlighted by no observation of the previously suggested
immunophenotype CNA classifiers encompassing the CDKN2A/B locus on CFA 11 and the
IGLA locus on CFA 26 in either data set, as well as few loci that demonstrated association
with histological subtype and breed in TCL (Thomas et al. 2011). These differences are a
reflection of the differing aCGH processing methods used in each study. Thomas et al.
examined the log2 tumor:reference ratio for each clone on the array and classified
imbalances based upon the log2 ratio exceeding a predefined threshold. The ability of this
methodology to identify true positive CNAs while limiting false positives is highly
dependent on the amount of technical and biological noise within each microarray. In
comparisons between the fresh and FFPE data sets, we observed an increased level of noise
in the archival samples after the step of intra-array normalization. Had we elected to proceed
with defining aberration calls based upon applying thresholds to the normalized log?2 ratios,
we would have seen up to 11% of the loci survey associated with tissue source. While some
of these associations could be reflective of divergent sample populations, the large number of
samples from each tissue source suggests that these association are the spurious loci
associated with DNA derived from FFPE tissues observed by Mc Sherry et al (Mc Sherry et
al. 2007). The use of additional computation methods beyond the step of log2 ratio
normalization is a common practice, with segmentation and calling algorithms functioning to
statistically define CNAs that are reflective of the tumor’s true biological state (Chari et al.

2007). Due to the noise observed in the FFPE data, we chose to apply these statistical
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processing methods as a means to control for false positives, although this could potentially
increase the amount of false negatives. The segmentation methods we selected, an
implementation of the CBS algorithm, has been previously shown to offer the best
performance when compared to other segmentation algorithms, although the limitation of this
methodology is that it cannot define a segment derived from single locus (Lai et al. 2005;
Willenbrock et al. 2005). The choice of this algorithm exchanges decreased effective
resolution (from 1 Mb to >2 Mb) for increased confidence in identifying true biological
segments within chromosomes. Therefore, single locus CNAs, such as the deletions of
CDKN2A/B and IGLA associated with tumor immunophenotype, lie below the resolution in
this study.

Comparison of the larger regions of genomic imbalance (>2 Mb) between this study
and that of Thomas et al. demonstrate a general level of agreement, with differences typically
reflecting slight changes in frequencies of recurrent changes and the boundaries of regions of
recurrent imbalance. Due to the statistical similarity between the fresh and FFPE data sets,
the deviations in regions reported between the two studies may be reflective biological
composition of each sample population. This study demonstrates the utility of FFPE
specimens in the genomic studies of lymphoma and potentially other canine malignancies,
therefore allowing for the determination that the sample population of 249 cNHL cases does
not present novel recurrent CNAs when compared to the previous studying involving 150
cNHL cases. The implication from this is that with a ~66% increase in sample size we can
have confidence in suggesting that, in the context of the resolution of the microarray

platform, all regions of recurrent imbalance that occur at frequencies greater than 10% in the
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true population have been detected. In the context of BCL, these regions are limited in
number, with clustering analysis demonstrating that gain of CFA 13 and/or CFA 31 are the
discretizing CNAs at resolutions above 1 Mb. In contrast, many TCL cases appear to have a
large degree of complexity associated with genomic imbalances, such that genome-wide
clustering groups samples based upon the presence of one or more recurrent CNA(s). Given
the statistical equivalence between this study and that of Thomas et al. (2011), we can also
infer that the previously observed similarities and differences between human and canine
lymphoma at the genomic level are accurate. This suggests that similar CNAs, such as gain
on the MYC locus in DLBCL and delection of the CDKN2A/B locus in PTCLu , are
reflective of evoluationary conservation. In contrast, differences, such as the presence of
CDKN2A/B deletion in human DLBCL and the genomic balance observed in canine DLBCL
at the CDKN2A/B locus, may be reflective of either discrete biological differences
accumulated during the process of speciation or may suggest that important loci in one
species may be targeted by differing molecular mechanisms in the other species.

In this report we suggest that, particularly for TCL, the CNA profile classes may be
reflective of molecular subtypes that have relevance to the pathology and management of
these diseases. The clinical relevance of molecular profiling has been observed in studies on
human lymphoma, initially in the context of gene expression and more recently in aCGH.
The use of gene expression microarrays allowed Alizadeh et al. to segregate human DLBCL
into molecular subtypes based upon samples grouping by discrete expression profiles and
subsequent aCGH analysis identified CNAs that were indicative of these subgroups(Alizadeh

et al. 2000; Tagawa et al. 2005). While these subgroups demonstrated prognostic
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significance, a more recent study identified multiple CNAs in DLBCL that are associated
with either sensitivity or resistance to standard chemotherapeutic treatment_(Kreisel et al.
2011). With the thorough catalog of recurrent CNAs >1 Mb in canine lymphoma defined in
this study, the opportunity exists to explore the clinical relevance of these imbalances as both
individual markers and groups of markers. In conjunction with this, gene expression
profiling will present a means to gain insight into the functional relevance of these genomic
changes within tumor cells. It is also interesting to note that a large number of canine NHL
cases in this study lacked recurrent CNAs, and future studies using higher resolution CGH
arrays will provide a means to determine if there are recurrent CNAs smaller than 1 Mb in
size that are present in these samples or if other alterations to the genome, such as structural

or epigenetic abnormalities, can provide insight into the pathogenesis of these individuals.
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Abstract

There exists an incomplete understanding of the pathological significance of
transcriptional deregulation due to transcriptional variability within many common clinical
subtypes of human T-cell non-Hodgkin lymphoma (NHL). We hypothesize that gene
expression microarray analysis of canine T-cell NHL, which displays similar clinical,
morphological, and molecular characteristics with its human counterpart, can provide a
means to further elucidate the pathology of T-cell NHLs. Unsupervised clustering of
transcripts with potential differential expression demonstrated that T-cell NHLs segregate
from non-malignant lymph node tissue and that clinical subtypes are partially reflected in
molecular groupings. Differential expression analysis of canine T-cell lymphomas
demonstrates deregulation of genes within pathways common to clinical subtypes, including
chemokine and T-cell receptor signaling. Additionally, unique pathways are associated with
dysregulated transcripts in each common T-cell NHL clinical subtype. The integration of
genomic copy number imbalances with transcriptional levels identified limited correlation,
although regions of gain on chromosomes 6, 13, 20, and 29 and regions of deletion on
chromosomes 11, 16, 17, 22, and 38 may harbor potential oncogenes and tumor suppressor
genes. Finally, examination of our cohort of canine T-cell lymphoma for expression patters
from two sets of molecular classifiers relevant to human peripheral T-cell lymphoma (PTCL)
demonstrate that there is limited conservation of these specific gene classifiers. These data

provide identification into pathways that may be relevant for therapeutic targeting within
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dogs, but also suggest that limited conservation of transcriptional deregulation exists been

human and canine T-cell NHL.
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Introduction

Non-Hodgkin lymphoma (NHL) is a heterogeneous group of hematological
malignancies affecting both humans and the domestic dog (Canis familiaris, CFA), and is
estimated to account for 4 - 5% of all human cancers and up to 24% of all canine tumors
(Withrow et al. 2007; Siegel et al. 2011). This translates to approximate age-adjusted
incidence rates of 20 per 100,000 in humans and up to 24 per 100,000 dogs in the United
States, although the numbers are likely underestimated for the canine population due to
limited reporting (Teske 1994; Howlader et al. 2010). Of the observed NHL cases in the
United States, B-cell neoplasms account for approximately 90% of tumors whereas T-cell
neoplasms include approximately 7% of all tumors (Howlader et al. 2010). In contrast to
humans, dogs across all breeds within the United States demonstrate a more balanced
prevalence of NHL tumors, with B-cell tumors accounting for approximately 67% of cases
and T-cell tumors accounting for roughly 31% of all cases (Modiano et al. 2005). The
abundance of morphologically and immunophenotypically diverse clinical subgroups of T-
cell lymphomas defined by the World Health Organization presents a common framework
for clinical diagnosis of these diseases in both species (2008; Valli 2008). Yet, the poor
prognosis of many T-cell lymphomas in both humans and dogs undergoing standard
chemotherapeutic treatments, including variations of CHOP-based protocols
(cyclophosphamide, doxorubicin, vincristine, and prednisone) in both humans and canines,

suggests the need for improved biological understanding of these malignancies at the

molecular level (Vose et al. 2008; Marconato 2010; Foss et al. 2011). The common etiology
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and presentation of T-cell lymphomas in both species is suggestive of possible genetic
similarities that are relevant to disease pathogenesis (Khanna et al. 2006). Application of
genomic tools, such as array comparative genomic hybridization (aCGH), in the study of T-
cell lymphomas has provided a means to identify molecular markers with diagnostic and
prognostic significance. Deletion of the CDKN2A/B tumor suppressor locus (11g21) has
been demonstrated to be predictive of T-cell immunophenotype in canine lymphomas
(Thomas et al. 2011). In human peripheral T-cell lymphoma unspecified, gains of 7p and 7q
and loss of 9p21.3 (containing the CDKN2A/B locus and syntenic with canine 11921) are
associated with poor patient outcome (Nakagawa et al. 2009). In addition to determining
diagnostic and prognostic molecular markers, gene expression profiling potentially presents a
direct approach to determining the molecular pathways that are transcriptionally dysregulated
in T-cell lymphoma pathogenesis. While these molecular insights into T-cell tumor
pathobiology can ultimately identify targets for novel therapeutics, human studies of
common T-cell lymphoma subtypes such as peripheral T-cell lymphoma unspecified (not
otherwise specified) (PTCLu) have been limited by the molecular heterogeneity of these
diseases (Dunleavy et al. 2010). Therefore, the conserved disruption of pathways relevant to
lymphomagenesis within many T-cell lymphoma subtypes has been obscured.

Genomic profiling of T-cell lymphomas within the dog potentially presents a means
to address the challenges faced in human studies and enhances understanding of tumor
biology. In addition to the greater GC content conservation (GC distribrution correlation:
0.85 for dog-man; 0.76 for dog-mouse) and decreased nucleotide divergence (orthologous

window correlation: 0.49 in dog-man; 0.24 for dog-mouse) between human and dog than
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human and mouse, similarities between spontaneously occurring malignancies in humans and
in canines supports the use of the dog as a relevant model for the study of lymphoma genetics
(Lindblad-Toh et al. 2005; Khanna et al. 2006). Furthermore, the presence of purebred dog
breeds with homogeneous genetic and phenotypic traits provides the opportunity to study
these diseases within breed models that have a reduced degree of genetic heterogeneity than
humans populations (Shearin et al. 2010). Decreased genetic diversity within dog breeds
allows for the propagation of deleterious genetic traits, as evidenced by varying levels of
prevalence for both B-cell and T-cell NHL tumors in discrete breeds and breed groups when
compared to the approximate immunophenotype frequencies across all breeds of ~65% B-
cell and ~30% T-cell (Modiano et al. 2005). Examples of increased T-cell lymphoma
prevalence within common dog breeds when compared to all breeds include Boxers (35.3%
B-cell, 64.7% T-cell) and Golden Retrievers (52.3% B-cell, 47.7% T-cell) (Modiano et al.
2005). The increased incidence of T-cell lymphomas in certain dog breeds when compared
with all dogs present ideal populations in which to study subtypes of the diseases both
common in human and canine such as PTCLu, which accounts for up to 70% of human T-
cell lymphomas and up to 50% of canine T-cell lymphomas (Rudiger et al. 2002; Valli
2008). Findings in both species at the molecular level further support a comparative approach
to identifying the evolutionarily conserved molecular traits associated with T-cell
pathogenesis by translating observations in canines back to humans. Recent work in
identifying recurrent DNA copy number aberrations (CNAS) in a panel of 37 canine T-cell
lymphomas demonstrated that the genome of these malignancies present a high level of

instability, and comparison of observed CNAs between human and canine PTCLu
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demonstrated that there are numerous regions of genomic instability evolutionarily conserved
between both species (Thomas et al. 2011). These conservations highlight the potential for a
degree of transcriptomic homology present between human and dog PTCLu.

While no data previously existed regarding the characteristics of the canine T-cell
lymphoma transcriptome, numerous studies in humans have profiled transcription of T-cell
lymphomas in order to gain insight into the molecular biology of clinical subtypes. Initial
gene expression studies in humans were able to define gene sets whose expression clearly
differentiated lymphomblastic T-cell lymphomas (LBL) and peripheral T-cell lymphomas
(PTCL) (Martinez-Delgado et al. 2004). A subsequent study examined the expression of
genes within the nuclear factor kappa beta (NF-kappap) pathway, which are relevant to T-
cell proliferation and survival, and determined that PTCL samples segregate into two groups
with differential expression of these genes (Martinez-Delgado et al. 2005). Importantly,
PTCL cases with reduced expression of NF-kappaf associated genes demonstrated worse
overall survival than cases demonstrating increases expressions of these genes (Martinez-
Delgado et al. 2005). More recently, a large study of 144 PTCL cases demonstrated that
gene expression-derived molecular classifiers could segregate the PTCL subtypes of
anaplastic large cell lymphoma and angioimmunoblastic T-cell lymphoma, and these
classifiers involved unique transcript groups associated with various immune system
responses and immune cell differentiation (Igbal et al. 2010). Although there was difficulty
with classifying PTCLu using molecular signatures, a small group of PTCLu cases exhibiting
expression of cytotoxic molecules and markers of cytotoxic cells had decreased survival

when compared to other PTCLu cases (Igbal et al. 2010). These studies highlight the
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transcriptional variation observed with human PTCLu and the need to better understand the
genetic aspects of this heterogeneous clinical grouping of T-cell tumors.

Here we perform the first gene expression profiling study of a panel of 22 naturally
occurring canine T-cell lymphoma cases, representing three common dog breeds, in order to
advance the understanding of the transcriptional dysregulation associated with T-cell tumor
pathogenesis. Differential expression analysis of transcripts between malignant and non-
malignant samples allowed for examination of the processes and pathways altered in these
malignant states and confirmed discrete expression profiles associated with clinical subtypes.
In both an unsupervised and supervised fashion, we demonstrated that canine T-cell
lymphoma is transcriptionally distinct from normal lymph node tissue. Additionally,
statistical analysis of the clinical subtypes provided a means to identify differentially
expressed transcripts associated with pathways that may be deregulated within these diseases
and relevant to tumorigenesis, including pathways common between and unique to PTCLu
and T-zone lymphoma (TZL) histological subtypes. Integration of aCGH and microarray
gene expression data for the 22 canine T-cell NHLs identified a limited correlation between
DNA copy number and gene expression regulation. Finally, the application of human PTCL
transcriptional classifiers demonstrated there is limited conservation of transcriptional

patterns between human and dog T-cell NHL.
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Materials and methods

Sample acquisition and characteristics

A cohort of 22 T-cell canine lymphoma tissue specimens was selected from the
sample population previously investigated by Thomas et al (Thomas et al. 2011). Whole
lymph node specimens were acquired from private and institutional veterinary practices
following approved protocols with informed client consent prior to the start of therapeutic
intervention. Each tissue sample was divided into pieces for histological evaluation, DNA
extraction, and RNA extraction. Formalin-fixed paraffin-embedded tissue was used for
histological evaluation. Lymphoma was diagnosed through the use of hematoxylin and eosin
stained sections and immunophenotype was determined using the CD3 and CD79a markers.
Classification of histological subtypes, based upon the World Health Organization (WHO)
classification system for human lymphoid neoplasia, was assessed by a minimum of two
board-certified veterinary pathologists using standard morphological features (Jaffee E 2001,
Valli 2008). In addition, DNA extracted from these samples had been surveyed for genomic
imbalances by a genome-wide microarray comprising 2097 cytogenetically validated dog
bacterial artificial chromosome (BAC) clones distributed at ~1 Mb intervals across the canine
genome(Thomas et al. 2008; Thomas et al. 2011). The breed composition of these 22
samples comprised Golden Retrievers (n=11), Boxers (n=8), and Labrador Retrievers (n=3).
The distribution of T-cell histological subtypes included: peripheral T-cell lymphoma not
otherwise specified (PTCLu) (n=12), T-zone lymphoma (TZL) (n=5), lymphoblastic

lymphoma (LBL) (n=3), lymphoblastic convoluted lymphoma (LBC) (n=1), and
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inconclusive (n=1). In addition, tissue was obtained from non-neoplastic lymph nodes,
histologically determined to be non-reactive nodes, from four healthy dogs of mixed breed
due to the lack of availability of healthy donor dogs from the breeds represented in the tumor
sample population. Complete information regarding the sample population can be found in

Supplementary Table 1.

RNA extraction and quality analysis

Lymph node tissue samples were preserved in RNAlater Ice (Ambion, Austin, TX)
immediately after excision and stored at -80°C. Samples were processed for RNA extraction
using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA) following the manufacturer’s
protocol. Prior to the RNA extraction, tissue homogenization was accomplished using the
Tissue Terror (BioCold Scientific, Fenton MO). Quantification of RNA yields was
performed using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE). To assess the quality of the RNA obtained from each tissue sample was
analyzed using the 2100 Bioanalyzer RNA 6000 Nano Kit (Agilent Technologies, Santa
Clara, CA). All samples used for subsequent array-based gene expression analyses displayed

an RNA integrity number (RIN) > 7.0.

Array-based gene expression analysis
Using 150ng of RNA from each sample, amplification and fluorescent labeling with
Cy3 was performed using the Low Input Quick Amp Labeling Kit (Agilent Technologies,

Santa Clara, CA). The cRNA samples were purified using the RNeasy Plus Mini Kit spin
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columns (Qiagen, Valencia, CA) and cRNA yield and Cy3 incorporation were measured
using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE).
Fragmentation of the cRNA samples was performed at 60°C for 30 minutes using the Gene
Expression Hybridization Kit (Agilent Technologies, Santa Clara, CA) and then samples
were mixed in 2x GE Hybridization Buffer HI-RPM (Agilent Technologies, Santa Clara,
CA) immediately prior to loading onto the array. The Canine (V2) Gene Expression
Microarray (Agilent Technologies, Santa Clara, CA), including 43,803 probes designed from
sequence in the RefSeq, UniGene, and TIGR Gene Indices repositories, was used for
expression analysis. Hybridization was performed at 65°C for 17 hours using the Agilent
Hybridization Chamber and Agilent G2545A hybridization oven (Agilent Technologies,
Santa Clara, CA) rotating at 10 rpm. After hybridization, array slides were washed using the
Gene Expression Wash Buffer Kit (Agilent Technologies, Santa Clara, CA). Microarrays
were scanned at 5 um using an Agilent G2565CA scanner (Agilent Technologies, Santa
Clara, CA) and scan data processed using Feature Extraction (V10) software (Agilent
Technologies, Santa Clara, CA). The processed data was examined to ensure that sample

hybridization met the quality control metrics defined from the Feature Extraction software.

Microarray data analysis

Data generated from the Feature Extraction software were exported into
Genespring GX (v12) software (Agilent Technologies, Santa Clara, CA) was used for data
preprocessing and statistical analysis. Log?2 transformed signals from the arrays were

normalized using a 75th percentile shift, which subtracts the value of the signal ranked in the
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75th percentile from the log2 transformed signals. Finally, data were transformed to a
median baseline to center array values around zero. The arrays were then filtered to remove
probes that demonstrated flags for spots that were compromised or were not detected above
background, yielding a set of 18,123 probes for downstream analysis. Hierarchical clustering
was performed using a Euclidean distance metric with complete linkage. Differential
expression analysis between normal and malignant tissue, histological subtype, breed, and
genomic imbalance status was accomplished using a T-test for groups with unequal
variances. A Benjamini Hochberg multiple testing correction procedure was applied
(Benjamini et al. 1995), and significant results were subsequently filtered so that only
transcripts demonstrating at least a two-fold change in expression between groups were
retained. Estimates of statistical power for differential expression analyses were performed
using PowerAtlas (Page et al. 2006). In the PowerAtlas analysis, true positives are
transcripts that demonstrate significant differential expression and are actually differentially
expressed between two populations whereas true negatives are transcripts that do not
demonstrate significant differential expression and are actually not differentially expressed
between the two populations. Functional analysis was performed by examining the
enrichment for differentially expressed probes with Entrez GenelDs for Gene Ontology (GO)
biological processes and in Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways
was completed using the Database for Annotation, Visualization and Integrated Discovery

(DAVID) 6.7 (Ashburner et al. 2000; Dennis et al. 2003; Kanehisa et al. 2004).
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Integration of gene expression and aCGH data

The presence of both aCGH and gene expression data for the sample population of
canine T-cell lymphomas provided a means to assess the relationship between genomic
imbalances and transcriptional levels. To perform integration of these two data sets, we
employed the web-based software Combining Array CGH copy number aberration data and
Microarray gene expression data (CAM) (Oh et al. 2010). Normalized log, tumor DNA
signal intensity:reference DNA signal intensity from the Thomas et al. study (Thomas et al.
2011) was imported into CAM for data segmentation using the Gain and Loss Analysis of
DNA (GLAD) algorithm, which detects chromosomal breakpoints based upon the adaptive
weight smoothing procedure (Hupe et al. 2004). Normalized microarray expression data
from the 22 tumor samples in this study were filtered to remove probes that lacked any
associated genomic position, resulting in a set of 17,170 transcripts for integration with
aCGH data. A Pearson’s correlation was then used to identify the correlation of transcripts
within a 4 Mb window around each probe on the CGH array. An R? value threshold of 0.5

was selected to identify CNAs and transcripts with good correlation.

Results

Transcriptional expression patterns within T-cell lymphomas

Given the chaotic nature of the canine T-cell lymphoma genome and the lack of

recurrent CNAs associated with histological subtypes(Thomas et al. 2011), we first chose to

examine how transcript expression patterns grouped samples without constraining the
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analysis to the known histological subtype classification. Filtering out probes with a standard
deviation of less than 1 across all tumor and non-malignant tissue samples functioned to
exclude transcripts that demonstrated limited variability, and therefore potentially provided
limited contribution to distinguishing phenotypes. We identified 2474 probes that
demonstrated high variability within the data set, likely capturing a fraction of transcripts that
have naturally high variability in expression levels as well as transcripts that may indicate
true differential expression between phenotypic states.

Examination of these data through the use of unsupervised hierarchical clustering
revealed that the sample population segregates into discrete groupings based upon the
similarity of transcriptional levels from these variable probes (Figure 1). The four non-
neoplastic lymph nodes exhibited the highest level of transcriptional conservation across the
probes examined when compared to the T-cell lymphomas. Examination of the distribution
of malignant samples demonstrated that T-zone lymphomas share high transcriptional
similarity, whereas there is a heterogeneous group of peripheral and lymphoblastic T-cell
lymphomas. Within the set of peripheral and lymphoblastic lymphomas, there were two
main divisions in sample grouping: a subset of PTCLu samples mixed with the LBL samples
that had a greater degree of transcriptional similarity to TZL cases and another cluster
comprised of the remaining PTCLu cases and the LBL samples that had a greater degree of
transcriptional similarity to the subset of to the non-malignant lymph node tissue.
Examination of breed groupings within this set of variable transcripts typically demonstrated
a higher degree of similarity in expression profiles within breeds compared to between

breeds as determined by the branch length and cluster formation. All of the Golden
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Retrievers (n=11) grouped together in a large cluster, which also included two Labrador
Retrievers and two Boxers. The majority of Boxers (n=6) formed a discrete cluster,

including one Labrador Retriever.
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Figure 1. Unsupervised hierarchical clustering of canine T-cell lymphomas and non-malignant lymph nodes.
Probes were filtered to identify transcripts that displayed a standard deviation >1 across all tumor and non-
malignant samples. This produced a list of 2474 variable probes that were used for unsupervised hierarchical

clustering of probes and samples using Euclidean distance and complete linkage.
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Transcriptional deregulation common to all canine T-cell lymphomas

Unsupervised cluster analysis provided a clear separation between the gene
expression of non-neoplastic lymph nodes (n=4) and malignant lymph nodes (n=22),
although there were varying degrees of transcriptional similarity between the malignant
samples for the set of transcripts included within the analysis. Therefore, we chose to
investigate transcriptional differences between T-cell lymphomas and non-neoplastic lymph
node tissue in order to define transcripts and their associated processes and pathways that
were globally reflective of molecular perturbations within the malignant T-cell samples. We
performed a statistical comparison between the malignant and non-malignant groups to
define a set of transcripts that may be deregulated in all T-cell lymphomas with a two-fold
difference in expression. This analysis revealed 1641 probes downregulated and 1092 probes
upregulated (corrected p-value <0.05) within the entire group of T-cell tumors when
compared to non-malignant lymphoid tissue. The samples sizes in this comparison (n=4 and
n=22) suggest >95% power (a=0.05) to identify true positives and ~43% power to detect true
negatives. Enrichment for GO biological processes included the upregulation of six
transcripts associated with positive regulation of cell proliferation whereas downregulated
transcripts were mainly associated with aspects of immune system response (Table 1).
Differentially expressed genes were also enriched in 22 pathways, including the 19
transcripts associated with the cell cycle and 12 transcripts associated with the p53 signaling

pathway (Supplementary Table 2).
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Table 1. Gene Ontology (GO) biological processes enriched for upregulated and downregulated genes in T-cell

lymphomas. Entrez GenelDs obtained from probes significantly differentially expressed between T-cell

lymphomas and non-malignant tissues were submitted to DAVID for enrichment analysis and significant GO

terms (P-value <0.1) are listed.

Regulation Term ((:-;oeunr?t P-value Genes
] T . 482154, 403817,
up G0:0008284 pos_ltlve _regulatlon 5 0.025674098 442981, 403646,
of cell proliferation 403796
. N . 482154, 403817,
up G0.0042127_ regu_latlon of cell 6 0.040128655 480698, 442981,
proliferation 403646, 403796
GO0:0042102~positive regulation 442981, 403646,
up of T cell proliferation 3 | 0064691378 403796
GO0:0006954~inflammatory 403981, 403585,
up response 4 | 0069456763 | 453541 403468
474862, 474861,
494005, 474860,
down GO0:0006955~immune response 12 8.64E-04 jiggg;’ jgggi
479484, 445454,
611051, 403785
] . . 474862, 474861,
down | GO:0019882-antigenprocessing | 5 | 053812679 | 474860, 483594,
and presentation 481731
) _ 403720, 403960,
down G0:0010033-response to 5 | 0023812679 | 403803, 448807,
organic substance 489550
G0:0001819~positive regulation 403469, 491743,
down of cytokine production 3 0.040855021 448807
G0:0002504~antigen processing
and presentation of peptide or 474862, 474860,
down polysaccharide antigen via MHC 3 0.040855021 481731
class Il
down G0:0009615~response to virus 3 0.075375009 4917447341148013 745,
down G0:0002684~positive regulation 4 0.085436165 403469, 448807,

of immune system process

481731, 403785
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Transcriptional characteristics associated with T-cell lymphoma clinical subtypes

The WHO classification system is based upon the observation of morphological and
immunological criteria conserved within tumor subtypes, and it is likely there is a molecular
component driving these distinct phenotypes. In order to attempt to identify the
transcriptional changes responsible for the presentation of these subtypes, differential
expression when comparing these subtypes to normal samples was examined. Specifically,
we compared the two most frequent subtypes within the sample population (PTCLu, n= 12
and TZL, n=5) to the non-neoplastic lymph node tissue. As suggested by cluster analysis,
TZL, composed of only Golden Retriever samples, displayed a greater level of differentially
expressed transcripts than PTCL-NOS, composed of Golden Retriever, Boxer, and Labrador
Retriever samples, when compared to the non-neoplastic samples of mixed breed. A total of
2965 probes were detected to have significant differential expression (corrected p-value
<0.05), with 1002 being upregulated and 1963 being downregulated in TZL (Figure 2). The
samples sizes in this comparison (n=4 and n=5) suggest ~95% power («=0.05) to identify
true positives and ~57% power to detect true negatives. Enrichment for 10 GO biological
processes was observed in TZL, including upregulation of multiple processes associated with
cellular metabolism (Table 2). Pathways associated with probes differentially expressed in
TZL compared with normal included 12 transcripts involved in VEGF signaling and 28

transcripts involved in MAPK signaling (Supplementary Table 3).

110



TISSUETYPE
B NON-MALIGNANT

B Tl

EKPRESSION LEVEL

I [ I B
TISSUETYPE

Figure 2. Supervised hierarchical clustering of transcripts differentially express between T-zone lymphomas
(TZL) and non-malignant lymph nodes. A T-test with unequal variance was performed between all TZL
samples and non-malignant lymph nodes and significant probes (corrected P-value <0.05) with at least a 2-fold
change were identified. A set of 2965 significant probes was subjected to supervised hierarchical clustering

using Euclidean distance and complete linkage.
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Table 2. Gene Ontology (GO) biological processes enriched for upregulated and downregulated genes in T-
zone lymphomas. Entrez GenelDs obtained from probes significantly differentially expressed between T-zone
lymphomas and non-malignant tissues were submitted to DAVID for enrichment analysis and significant GO
terms (P-value <0.1) are listed.

Regulation Term ((:-;oeunr?t P-value Genes
G0:0009712~catechol metabolic 403892, 445450,

up oracess 3 0.095133396 403450
G0:0018958~phenol metabolic 403892, 445450,

up orocess 3 0.095133396 403450
G0:0034311~diol metabolic 403892, 445450,

up oracess 3 0.095133396 403450
GO0:0006575~cellular amino acid 403892, 445450,

up derivative metabolic process 3 0.095133396 403450
GO0:0006576~biogenic amine 403892, 445450,

up metabolic process 3 0.095133396 403450
G0:0006584~catecholamine 403892, 445450,

up metabolic process 3 0.095133396 403450
481736, 484584,
down G0:0030001~metal ion transport 6 0.018933113 445542, 403995,
403878, 403429
481736, 484584,
down G0:0006812~cation transport 6 0.031652336 445542, 403995,
403878, 403429
481736, 484584,
down GO0:0006811~ion transport 6 0.059166963 445542, 403995,
403878, 403429
G0:0015672~monovalent 484584, 445542,
down inorganic cation transport 4 0.079166587 403995, 403429

In contrast to TZL, PTCLu specimens contained 1322 upregulated and 1390

downregulated transcripts compared with normal (corrected p-value <0.05; Figure 3). The
samples sizes in this comparison (n=4 and n=12) suggest ~95% power (a=0.05) to identify
true positives and ~50% power to detect true negatives. Biological processes enriched in
PTCLu comparisons included positive regulation of cell proliferation in upregulated

transcripts and regulation of DNA-dependent transcription in downregulated transcripts
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(Table 3). Transcripts deregulated in PTCLu were involved in 30 pathways, including 12
transcripts associated with p53 signaling and 14 transcripts associated with Toll-like receptor
signaling (Supplementary Table 4). Both TZL and PTCLu cases demonstrated deregulated
transcripts associated with multiple common pathways, including mTOR signaling and
chemokine signaling (Supplementary Tables 3 and 4). Both unsupervised and supervised
clustering (Figures 1 and 3) caused the segregation of PTCLu cases into two discrete
grouping, and therefore differential expression analysis was performed to define gene
expression signature that are potentially associated with molecular subtypes of canine
PTCLu. Analysis revealed two groups of transcripts in supervised hierarchical clustering of
the PTCLu cases, one with the upregulation of 607 transcripts (Type A) and the other
comprised of 234 upregulated transcripts (Type B) (Figure 4). Pathway analysis of Type A
identified upregulation in 4 pathways, including pancreatic and bladder cancer, whereas Type
B demonstrated pathway enrichment in ECM-receptor signaling and Cell adhesion molecules
(Supplementary Table 5). With a sample size of six for each group, the comparison suggest

~87% power (a=0.05) to identify true positives and ~75% power to detect true negatives.
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Figure 3. Supervised hierarchical clustering of transcripts differentially expressed between peripheral T-cell
lymphoma unspecified (PTCLu) and non-malignant lymph nodes. A T-test with unequal variance was

performed between all PTCLu samples and non-malignant lymph nodes and significant probes (corrected P-
value <0.05) with at least a 2-fold change were identified. A set of 2712 significant probes was subjected to

supervised hierarchical clustering using Euclidean distance and complete linkage.

114



Table 3. Gene Ontology (GO) biological processes enriched for upregulated and downregulated genes in

peripheral T-cell lymphomas unspecified. Entrez GenelDs obtained from probes significantly differentially

expressed between peripheral T-cell lymphomas unspecified and non-malignant tissue were submitted to

DAVID for enrichment analysis and significant GO terms (P-value <0.1) are listed.

Regulation Term goeunﬁt P-value Genes
) iy 403981, 403585, 403586,
up G0:0006954~inflammator 5 0.012867586 403541, 403468
y response
G0:0008284~positive
. 482154, 403817, 442981,
up regulapon o_f cell 5 0.028321055 403646, 403796
proliferation
GO0:0042127~regulation 482154, 403817, 480698,
up of cell proliferation 6 | 0044861443 | 445981 403646, 403796
GO0:0009611~response to 403981, 403585, 403586,
up wounding 5 0.066268089 403541, 403468
up G0:0030855~¢pithelial 3 | 0068179662 | 482154, 403630, 478347
cell differentiation
GO0:0042102~positive
up regulation of T cell 3 0.068179662 442981, 403646, 403796
proliferation
474862, 474861, 494005,
G0:0006955~immune 474860, 483594, 491743,
down response 12 8.64E-04 448807, 481731, 479484,
445454, 611051, 403785
G0:0019882~antigen
. 474862, 474861, 474860,
down processing and 5 0.023812679 483504, 481731
presentation
G0:0002504~antigen
processing and
down presentation of peptide or 3 0.040855021 474862, 474860, 481731

polysaccharide antigen via
MHC class Il
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Table 3 (continued)

Gene

Regulation Term Count P-value Genes
G0:0001819~positive
down regulation of cytokine 3 0.040855021 403469, 491743, 448807
production
down COUMIS-Tesponse (0 | 3 | 0.075375000 | 491743, 403744, 403745
G0:0002684~positive
down regulation of immune 4 | 0085436165 |  203469,448807, 481731,
403785
system process
GO:0051252~regulation 403547, 403663, 403457,
down | fRNA metabolic process | © | 0099191705 | 463049” 403785, 414288
G0:0006355~regulation
down of transcription, DNA- 6 | 0009191705 | 403547, 403663, 403457,

dependent

403949, 403785, 414288
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Figure 4. Supervised hierarchical clustering of transcripts differentially expressed between PTCLu molecular

subtypes. A T-test with unequal variance was performed between all PTCLu Type A and Type B samples and
significant probes (corrected P-value <0.05) with at least a 2-fold change were identified. A set of 841

significant probes was subjected to supervised hierarchical clustering using Euclidean distance and complete

linkage.
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Given the division of TZL and PTCLu cases into discrete groups in the unsupervised
cluster analysis (see Figure 1), we examined the differential expression present between the
two T-cell lymphoma subtypes. While the TZL samples were comprised only of Golden
Retrievers, the sample population of PTCLu cases included Golden Retrievers, Labrador
Retrievers, and Boxers. We therefore restricted our statistical comparison of gene expression
between TZL and PTCLu to Golden Retrievers to avoid any potential breed bias found in
TZL gene expression profiles. A total of 517 upregulated transcripts and 292 downregulated
transcripts were observed in PTCLu when compared with TZL (Figure 5). The samples sizes
in this comparison (n=4 and n=5) suggest ~87% power (a=0.05) to identify true positives
and ~69% power to detect true negatives. Enrichment was observed in two biological
processes, cellular aldehyde metabolic process and immune response, and two pathways,
RIG-1-like receptor signaling and Toll-like receptor signaling (Table 4 and Supplementary

Table 6).
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Figure 5. Supervised hierarchical clustering of transcripts differentially expressed between Golden Retrievers
with PTCLu and TZL. A T-test with unequal variance was performed between all PTCLu and TZL Golden
Retrievers and significant probes (corrected P-value <0.05) with at least a 2-fold change were identified. A set
of 809 significant probes was subjected to supervised hierarchical clustering using Euclidean distance and

complete linkage.
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Table 4. Gene Ontology (GO) biological processes enriched for upregulated and downregulated genes in
peripheral T-cell lymphomas unspecified. Entrez GenelDs obtained from probes significantly differentially

expressed between golden retrievers with peripheral T-cell lymphoma unspecified and T-zone lymphoma were

submitted to DAVID for enrichment analysis and significant GO terms (P-value <0.1) are listed.

Regulation Term ((::joeunr?t P-value Genes
G0:0006081~cellular
up aldehyde metabolic process 2 0.066644434 403803, 489526
down G0:0006955~immune 4 0.064497669 608778, 448807, 479484,

response

611051

Evidence for gene expression signatures associated with breed in PTCLu

The varying levels in prevalence of T-cell NHL between Golden Retrievers and

Boxers suggest a heritable genetic component to these diseases. Furthermore, clustering of

canine PTCLu cases demonstrated nearly complete separation between Golden Retrievers
and Boxers. To determine whether expression profiles would reflect pathological features

uniquely associated with breed, differential expression analysis was performed between

Golden Retrievers (n=4) and Boxers (n=6). This analysis revealed no significant differential

expression (corrected P-value <0.5) between theses two breeds. The samples sizes in this

comparison (n=4 and n=6) suggest ~53% power (a=0.05) to identify true positives and ~76%

power to detect true negatives.

Correlation of DNA copy number and gene expression

Little is known about the functional significance of the numerous recurrent CNAs

observed within the canine T-cell lymphoma genome. Our current samples population
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provides a unique opportunity to examine whether or not a correlation exists between CNAs
and gene expression levels due to the presence of both aCGH and gene expression
microarray data for each sample. Finding regions that demonstrate correlation between gene
expression levels and CNAs may help in determining putative oncogenes and tumor
suppressor genes. Through the use of the web-based CAM software (Oh et al. 2010), we
examined the CNAs present within the sample population and determined which recurrent
DNA copy number gains and losses demonstrated correlation with increased or decreased
expression, respectively. Figure 6 presents the observed frequencies of gains and losses
within the sample population. The CNAs and their associated frequencies are in general
agreement with the catalog of CNAs observed previously in canine T-cell lymphomas
(Thomas et al. 2011). A Pearson’s correlation was then performed between observed CNAs
and gene expression levels for all probes mapped to a genomic location. These analyses
revealed 35 transcripts, located on four chromosomes, demonstrating correlation (R?> >0.5)
between copy number gain and increased gene expression (Table 5). In contrast, genomic
deletions demonstrated a decreased number of transcripts showing correlation (R? >0.5),

including 20 transcripts distributed across five chromosomes (Table 6).
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Figure 6. Summary of recurrent CNAs within the sample population of canine T-cell lymphomas. Data from

BAC-based aCGH for all samples was processed using the GLAD algorithm for breakpoint detection and CNA

calling. The x-axis contains the autosomal location of each BAC clone represented on the array. The

frequency (%) of DNA copy number aberrations at each locus is indicated on the y-axis, demonstrating either

copy number gain (green, shown above the midline) or copy number loss (red, shown below the midline).

Table 5. DNA copy number gains that demonstrate increased gene expression. Using the CAM software,

aCGH data and gene expression microarray transcripts with genomic locations were analyzed using a Pearson’s

correlation (R? threshold >0.5) to determine associations between CNAs and gene expression. For each CNA,

the midpoint position for the associated BAC clone and sample population frequency is provided. Gene

expression microarray probes are listed with any associated gene descriptors.

CNA Gain Gene
Chromosome - Frequency R2 Probe Name

Position (bp) (%) Symbol
6 7771820 31.82 0.70411317 | A_11 P0000032954 | ABHD11
6 12259603 31.82 0.58806569 A 11 P122161 POP7
6 17494621 31.82 0.595634672 | A_11 P0000033037 NUDT1
6 29051292 31.82 0.667078461 A_11 P097036 LOC479825
6 31306659 31.82 0.585099015 A 11 P097121 PARN
6 40608270 31.82 0.653023596 A_11 P097551 TBC1D24
6 42362540 31.82 0.522980451 | A_11 P0000024838 | LOCA479906
13 4625759 36.36 0.539131142 A 11 P145993 PABPC1
13 7262408 36.36 0.662320152 | A_11 P0000020813
13 8724363 36.36 0.546270543 | A_11 P0000020809 AZIN1
13 18519769 36.36 0.644974731 | A_11 P0000026556 UTP23
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Table 5 (continued)

Gain
Chromosome .C?NA Frequency R2 Probe Name Gene
Position (bp) (%) Symbol

13 20583808 33.33 0.672256768 | A_11 P0000026564 MRPL13
13 22898072 36.36 0.588899506 | A_11 P0000016255 | WDYHV1
13 24048918 36.36 0.680254902 | A_11 P0000026564 MRPL13
13 25215513 36.36 0.611771409 A 11 P084141 NSMCE2
13 27016934 38.1 0.650546878 A 11 P084141 NSMCE2
13 30882835 36.36 0.648302948 A 11 P084206 PHF20L1
13 31972291 33.33 0.683172928 A 11 P084206 PHF20L1
13 33838552 33.33 0.674733073 A 11 P084206 PHF20L1
13 38476469 36.36 0.734402562 A 11 P084346
13 43178943 36.36 0.528768235 | A_11 P0000038974 | LOC610016
13 45594434 36.36 0.579100355 | A_11 P0000026649 GUF1
13 48165644 36.36 0.620263634 A_11_P00000110 SLAIN2
13 49366175 36.36 0.677888284 A_11 P084701 LOC611382
13 50007605 36.36 0.780498049 | A_11_P0000019978 SRP72
13 50025801 36.36 0.835131829 | A_11_P0000019978 SRP72
13 50351942 35 0.798286749 | A_11_P0000019978 SRP72
13 51361581 36.36 0.809633326 | A_11 P0000019978 SRP72
13 62114741 38.1 0.542332124 | A_11_P0000026697 | MOBKL1A
13 63512824 36.36 0.590838693 | A 11 P0000026697 | MOBKL1A
13 64898697 36.36 0.643109358 | A_11 P0000026697 | MOBKL1A
20 3991886 31.82 0.562967359 A 11 P168693 RPN1
20 9182767 36.36 0.531744368 A 11 P188858
20 10396207 31.82 0.542681068 | A_11 P0000022046 RAD18
20 27980382 33.33 0.530747781 A 11 P075306 SUCLG2
20 40950378 31.82 0.547805311 | A_11 P0000022097
20 49507015 31.82 0.665462857 A 11 P148038 AKAP8
29 11136423 31.82 0.665980036 A 11 P064111 TGS1
29 16198486 31.82 0.60463191 A 11 P064181 YTHDF3
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Table 5 (continued)

Gain
Chromosome .C?NA Frequency R2 Probe Name Gene
Position (bp) (%) Symbol
29 17922996 31.82 0.654045417 A_11 P064231 COPS5
29 25815840 31.82 0.524118455 A_11 P154643
29 26798128 31.82 0.519345581 A_11 P154643
29 28442225 33.33 0.510684255 | A_11 P0000015912 MRPS28
29 29692505 31.82 0.503535361 A_11 P203493 MRPS28
29 30112052 36.36 0.650734042 A_11 P203493 MRPS28
29 31139135 36.36 0.713920118 A_11 P203493 MRPS28
29 33045292 36.36 0.603185866 | A_11 P0000023189 | LOCA477927
29 34171082 36.36 0.572547768 | A_11_P0000023189 | LOCA477927
29 35412414 33.33 0.586892058 | A_11 P0000023189 | LOC477927

Table 6. DNA copy number deletions that demonstrate decreased gene expression. Using the CAM software,

aCGH data and gene expression microarray transcripts with genomic locations were analyzed using a Pearson’s

correlation (R? threshold >0.5) to determine associations between CNAs and gene expression. For each CNA,

chromosome position information and sample population frequency is provided. Gene expression microarray

probes are listed with transcriptional start and end sites as well as any associated gene descriptors.

Deletion
Chromosome .C.NA Frequency R2 Probe Name Gene
Position (bp) (%) Symbol

11 24437441 27.27 0.551626282 | A_11 P0000026138
11 26980742 27.27 0.548013135 | A_11 P0000026138
11 53774301 36.36 0.612623781 | A_11 P0000026202 VCP
11 54009635 36.36 0.627492852 A_11 P095196 DCAF12
11 54052418 36.36 0.63378702 A_11 P095196 DCAF12
11 54144472 40 0.572746383 A_11 P150423 VCP
11 55213322 36.36 0.6111439 A_11 P095321 TLN1
11 61946887 40 0.562341116 A_11 P00000140 RNF20
11 62789242 31.82 0.582802141 A_11 P095536 SLC44A1
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Table 6 (continued)

Deletion
Chromosome .C?NA Frequency R2 Probe Name Gene
Position (bp) (%) Symbol

11 65209646 31.82 0.501885986 | A_11 P0000020592 | LOCA474796
11 66169162 31.82 0.544284019 | A_11 P0000020592 | LOCA474796
11 67310616 31.82 0.565458292 | A_11 P0000038934
11 68416921 31.82 0.625905233 A_11 P126106
11 70177722 31.82 0.607125183 A_11 P126106
11 70946279 36.36 0.545449423 | A_11_P0000026278 FKBP15
11 76986136 33.33 0.514309763 | A_11_P0000026298 FBXW2
16 5651811 22.73 0.63575772 A_11 P186653 CcuL1
17 4351458 27.27 0.640544752 A_11 P086556 TTC15
17 30590508 23.81 0.603937724 | A_11_P0000038332
17 42558884 20 0.553472631 | A_11 P0000021404 SUCLG1
22 4546708 23.81 0.608639029 A_11 P121501 FNDC3A
38 19041916 23.81 0.592199391 | A_11_P0000024041 IARS2
38 20287987 22.73 0.583969387 A_11 P151593 LOC478996
38 25305077 31.82 0.606893889 A_11 P145303
38 25817670 27.27 0.515396443 A_11 P145303

Translation of human T-cell gene expression signatures to canine T-cell lymphoma

Transcriptional studies of human PTCLu have demonstrated that, although these

tumors demonstrate a high degree of transcriptional variation across many genes, there exists

subsets of transcripts that can segregate tumors into potential molecular subtypes. To

examine the ability of these gene sets reported in humans to segregate PTCLu samples in the

dog, and the potential for genetic conservation of these gene signatures between species, we
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performed clustering of gene sets indentified in two previous human studies. In the first
study, a group of 109 genes related to the NF-kappa3 pathway was examined in a group of
human PTCLs and LBLs (Martinez-Delgado et al. 2005). Clustering analysis clearly defined
a group of PTCL tumors that demonstrated positive expression of these genes as well as a
second group of both PTCL and LBL tumors that demonstrated negative expression of these
genes. Additionally, patients with decreased expression of NF-kappaf3 transcripts presented
decreased survival times (Martinez-Delgado et al. 2005). To access the transcriptional
patterns within canine PTCLu and LBL, the 109 NF-kappa3 genes were mapped to
transcripts present on the canine gene expression microarray (Supplementary Table 7).
Hierarchical clustering of both samples and transcripts demonstrate variable transcriptional
levels across these genes and show that samples do not clearly segregate into groups of
increased and decreased expression (Figure 7). Additionally, canine LBL samples do not
form discrete clusters from canine PTCLu samples. Segregation of LBL and PTCL samples
was observed within the human study (Martinez-Delgado et al. 2005). In a second study,
Ballester et al. performed gene expression microarray analysis on a panel of human PTCL
cases and a multiclass predictor was used to identify three molecular subgroups of PTCLu,
labeled U1, U2, and U3 (Ballester et al. 2006). Each subgroup was associated with the
overexpression of genes found specific molecular pathways (Ballester et al. 2006). To assess
the value of these molecular predictors of molecular subgroups, we first identified all
annotated transcripts within the canine gene expression microarray that matched the gene
lists for U1, U2, and U3 (Supplementary Table 8). The use of hierarchical clustering allowed

for the determination of canine PTCLu samples that exhibited overexpression for each of the
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human molecular subtypes (Figure 8). The U1 genes associated with overexpression in
humans segregated the canine samples into two main groups, although each group contained
overexpressed and underexpressed genes (Figure 8A). The majority of genes associated with
U2 displayed variable transcriptional levels and did not segregate samples into clusters of
discrete overexpression and underexpression (Figure 8B). Lastly, approximately one third of
genes within U3 identified a group of samples with clear overexpression when compared to

the other major grouping of tumor samples (Figure 8C).
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Figure 7. Supervised Hierarchical clustering of NF-kappa associated genes. Investigation of expression levels
within human T-cell lymphomas demonstrated sample grouping based upon a set of differentially regulated NF-
kappap associated genes (Martinez-Delgado et al. 2005). A large subset of these NF-kappap associated genes
was identified in annotated probes within the canine gene expression microarray. Cases of PTCLu and LBL

were selected for clustering based upon their representation within the human study.
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Figure 8. Supervised Hierarchical clustering of genes associated with human PTCLu molecular subgroups.
Investigation of expression levels within human PTCLu demonstrated that PTCLu samples could be classified
by three sets of genes that demonstrated exclusive overexpression in one group of samples (Ballester et al.
2006). A large subset of genes from each of these PTCLu subgroups (ul, U2, U3) was identified in annotated
probes within the canine gene expression microarray. Cases of PTCLu were selected for clustering based upon
their representation within the human study.
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Discussion

Aggressive T-cell lymphomas typically have a poor prognosis in both humans and
canines and the molecular mechanisms underlying the pathogenesis of these heterogeneous
tumors remain largely unknown. In spite of numerous genomic investigations within human
populations, there still remains a great need for the identification of molecular targets within
these malignancies so that novel therapeutics can be used to improve patient prognosis in
both human and veterinary medicine. The ability to generate robust histological
classification based on the WHO system shared between humans and dogs provides a means
for a comparative approach in investigation of these clinical groupings (Valli 2008). Here we
examined the transcriptional characteristics of a group of 22 canine T-cell lymphomas to
provide insight into the largely unknown molecular alterations within these canine lymphoid
malignancies and to facilitate comparative analysis of T-cell lymphoma pathogenesis in
humans and canines.

Unsupervised hierarchical clustering of transcripts potentially differentially
expressed between the phenotypes represented in this study suggests that a molecular
association exists with the clinical subtypes of canine T-cell lymphoma. This is evident in
the greater transcriptional similarity shared between TZL specimens, which are represented
only by Golden Retrievers, compared to both non-malignant lymph node tissue and other
breed groups of the T-cell lymphoma subtypes (see Figure 1). Yet in the case of the
remaining T-cell lymphoma subtypes, there appears to be more heterogeneity in gene

expression. Samples identified as PTCLu form two discrete groups, potentially reflective of
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molecular subtypes of the disease that cannot be defined by other classification features.
Additionally, supervised clustering of differentially expressed transcripts in PTCLu
segregates the samples into two major groupings (see Figure 3). The PTCLu classification
encompasses all PTCL cases that cannot be categorized as any other specific PTCL subtype
due to a lack of consistent features, and PTCLu is likely representative of diverse disease
entities (Valli 2008). The possibility of molecular features classifying PTCLu is supported
by multiple expression profiling studies suggesting distinct molecular subtypes in the human
disease (Martinez-Delgado et al. 2005; Piccaluga et al. 2007). Interestingly, while the
lymphoblastic T-cell lymphomas were grouped with the PTCLu samples, gene expression
profiling in human T-cell lymphomas presented complete segregation between these
subtypes (Martinez-Delgado et al. 2004). This discrepancy may be, in addition to the small
number of LBL samples within this study, a consequence of the limited number of transcripts
surveyed in the human study compared to the numerous transcripts surveyed in the current
study. With a lack of comprehensive treatment and survival information for the dogs
surveyed in this study, future work tailored towards larger cohorts of each T-cell lymphoma
histological subtype with associated survival information may aid in revealing molecular
subtypes with functional and clinical relevance.

Differential expression analysis within this study demonstrated that there are large
numbers of transcripts for which an aberrant expression level discriminate between
malignant and healthy states, and the use of pathway enrichment analysis provided an
opportunity to begin to understand the biological relevance of these transcriptional changes.

All canine T-cell lymphomas displayed aberrant gene expression for numerous transcripts
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involved in chemokine signaling when compared to non-malignant lymph nodes, including
multiple chemokine receptors and ligands (see Supplementary Table 2). Chemokine
signaling plays and important role in immune response and is also involved in T-cell
differentiation and targeting of these molecules may function as an anticancer therapy to
induce cellular differentiation within the tumor(Luther et al. 2001). The two most common
histological subtypes of canine T-cell lymphoma, PTCLu and TZL, also demonstrated
deregulated transcripts associated with the mammalian target of rapamycin (mTOR) pathway
(see Supplementary Tables 3 and 4). This pathway is involved in regulating cell growth and
proliferation and has been identified as altered in numerous human hematological
malignancies, leading to the suggestion of mMTOR inhibitors usage for targeted therapeutics in
human cancers (Teachey et al. 2009). ldentifying discrete targets within these pathways with
transcriptional disruptions present in multiple subtypes of T-cell lymphomas will contribute
to the knowledge required to investigate novel veterinary therapeutics with a wide spectrum
of uses in a clinical environment.

T-zone lymphoma is of interest in veterinary oncology as a common clinical subtype
of canine T-cell lymphoma, yet it offers limited value in comparative studies due to its rarity
and lack of representation in the current human WHO classification of T-cell lymphomas
(\alli 2008; Jaffe 2009). Therefore investigations into the molecular pathogenesis of this
clinical subtype has relevance only mainly within the veterinary community. Pathway
enrichment analysis of transcripts differentially expressed within this subtype identifies the
involvement of 12 transcripts within the vascular endothelial growth factor (VEGF) pathway

(see Supplementary Table 3). This pathway is associated with the induction of angiogenesis
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in both normal and diseased states (Ng et al. 2006). Protein expression of VEGF has been
observed in a subset of human PTCLu cases and has been associated with poor survival in
patients and is the source of many therapeutic targets in a variety of cancers (Niu et al. 2010;
Zhang et al. 2011). The mitogen activated-protein kinase (MAPK) signaling pathway,
containing 28 deregulated transcripts in canine TZL (see Supplementary Table 3), is
associated with cellular functions including proliferation, differentiation, and survival and
has been associated with numerous human cancers (Kim et al.).

In contrast to TZL, PTCLu is a common T-cell lymphoma clinical subtype in both
humans and dogs and may be valuable in comparative oncology. Differentially expressed
transcripts in canine PTCLu presented enrichment within 30 pathways, including enrichment
of 12 transcripts within the p53 signaling pathway (see Supplementary Table 4). The tumor
suppressor p53 is a nuclear transcription factor that functions to promote cell cycle arrest and
apoptosis in response to cellular stresses (Ozaki et al.). Downregulation of three targets of
p53 included GADD45b, FAS and TP53I3, and all three have been associated with inducing
apoptosis (Polyak et al. 1997; Cho et al. 2010). The Toll-like receptor signaling pathway is
associated with inflammatory responses as well as cell proliferation and survival, and within
this study is associated with 14 transcripts deregulated in canine PTCLu (see Supplementary
Table 4) (Li et al. 2009). Interestingly, a multitude of TLR agonists are currently being
studied as caner immunotherapeutics for a variety of human malignancies (Adams 2009).
Continued investigation of pathway deregulation within the canine T-cell lymphoma

transcriptome through the use of well-powered microarray studies that have transcripts of
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interest validated through the use of quantitative real-time PCR (qRT-PCR) may provide
additional confirmation for the pathways identified within this work.

Integration of gene expression data with aCGH provides a means to identify novel
genes significant to the pathobiology of T-cell lymphoma tumorigenesis. Multiple studies
within humans have employed this approach to find transcripts with functional and
pathological significance (Nigro et al. 2005; Lee et al. 2008). Within this study, direct
correlation analysis between CNAs and transcripts reveal that relatively few loci are strictly
influenced by genomic imbalance. Additionally, none of these transcripts (See Tables 5 and
6) are especially relevant to T-cell lymphoma. The limited correlation (observed R? between
0.5 and 0.71) can be explained by the resolution (1Mb) of the CGH array and/or other
mechanisms of transcriptional control, including epigenetic, mutational, or microRNA.
Future studies on CGH arrays with increased resolution and confirmation of gene expression
levels by gRT-PCR will begin to refine the biological significance of these observed
correlations.

Evaluation of trends within this study lends insight into the transcriptional
conservation observed between human and canine T-cell NHL. The investigation of
pathways deregulated in canine PTCLus, including pathways associated with immune
response, cell cycle, and cell proliferation, have global counterparts within human
PTCL(Ballester et al. 2006; Igbal et al. 2010). Yet when analyzed in detail, the specific
transcripts associated with tumor deregulation have minimal overlap. Transcriptional
classifiers observed in human PTCL do not appear to have the same expression patters within

the equivalent canine disease (See Figures 7 and 8). This suggests that there are conserved
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perturbations in a limited number of specific biological process, but beyond this homology of
these diseases globally reflects the divergent evolution of these two species. Additional
studies with larger cohorts, in conjunction with increased functional annotation of the canine
transcriptome, will allow for high-throughput technologies to be utilized to their full
potential.

Comparison of the gene expression profilies between canine PTCLu samples
demonstrated an almost complete segregation between Boxers and Golden Retrievers during
hierarchical clustering (see Figures 1 and 3), although a single Boxer clustered with the
Golden Retreivers. Subsequent differential expression analysis of PTCLu cases did not
identify any transcripts with significant differential expression between Boxers and Golden
Retreivers (data not shown). Recently, a unique gene expression signature was identified in
canine hemangiosarcomas that segregated Golden Retreivers from other breeds (Tamburini et
al. 2009). These data, in conjunction with the observed breed prevalence of B-cell and T-cell
lymphomas (Modiano et al. 2005), strongly suggests a breed specific genetic component may
exist within certain breeds or breed groups that influences the transcriptional deregulation of
lymphoma in a breed specific manner. Additionally, it may suggest that there is a breed
specific prevalence of gene expression signatures within T-cell lymphomas. Due to the
limited sample sizes of Golden Retreiver and Boxer PTCLu cases in this study, future studies

employing larger sample sizes may be able to elucidate these transcriptional differences.
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Abstract

Molecular characterization of tumour cell lines is increasingly regarded as a
prerequisite for defining their validity as models of in vivo neoplasia. We present the first
comprehensive catalogue of genomic and transcriptional characteristics of five widely used
canine lymphoid tumour cell lines. High-resolution microarray-based comparative genomic
hybridization defined their unique profiles of genomic DNA copy number imbalance.
Multicolour fluorescence in situ hybridization identified aberrant gains of MYC, KIT and
FLT3 and deletions of PTEN and CDKNZ2 in individual cell lines, and also revealed examples
of extensive structural chromosome reorganization. Gene expression profiling and RT-PCR
analyses defined the relationship between genomic imbalance and transcriptional
dysregulation in each cell line, clarifying their relevance as models of discrete functional
pathways with biological and therapeutic significance. In combination, these data provide an
extensive resource of molecular data for directing the appropriate use of these cell lines as

tools for studying canine lymphoid neoplasia.
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Introduction

Tumour cell lines have played a fundamental role as resources for investigating
cancer pathobiology and for the discovery and characterization of new chemotherapeutic
agents. It is accepted that the clinical predictive value of a cell line, as defined by in vitro
drug activity translating into Phase Il clinical trial efficacy in patients, may be limited
because of incomplete representation of the primary tumour by the cell line (Baguley et al.
2004). However, when used under the right framework, cell line-derived data have been
shown to be of predictive value for tumours such as non-small cell lung cancer, breast, ovary
and colon cancers, and haematological malignancies (Voskoglou-Nomikos et al. 2003). The
utilization of cell lines in the study of lymphoid tumours has been particularly prominent, in
part since they are generally regarded to be faithful models of their primary tumour
counterpart (MacLeod et al. 2008). More than 1000 human leukaemia and lymphoma (LL)
cell lines have been described to date, of which only ~40% have been characterized in
sufficient detail to permit their classification as discrete LL subtypes (Drexler et al. 2003;
MacLeod et al. 2008). Many were established before the present ‘genomics revolution’; thus
their description and utilization is often based largely on knowledge of their clinical origin in
combination with immunophenotyping analysis.

Extensive advances in the genomics field over the last decade have provided means
by which cell lines may now be characterized in detail according to their cytogenetic and
transcriptional characteristics, providing insights into key biological processes including rare

chromosome translocations, signaling pathways, mutation analysis, gene dysregulation and
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RNAI gene silencing (MacLeod et al. 2008). Molecular profiling has, however, also
highlighted that the utility of cell lines as valid research tools may be confounded by factors
such as genomic instability, subline generation, cross contamination and misclassification
(Harris et al. 1981; Masters 2000; Drexler et al. 2003). Assumptions on the behaviour and
clinical predictive value of individual cell lines based on their origin and assumed
classification may result in their inappropriate use as in vitro models for specific biological
processes. This in turn may lead to erroneous conclusions with potentially wide-reaching
consequences. Detailed characterization of a newly acquired cell line is therefore crucial
before its use as in vitro model of the in vivo disease, and is now becoming a more routinely
accepted prerequisite for such studies.

The increasing popularity of a ‘one medicine’ approach to molecular oncology,
through complementary studies of equivalent tumour types across different species, means
that the same cautionary approach applies also to veterinary cell line resources. The
domestic dog (Canis familiaris) exhibits a variety of naturally occurring cancers that are
recognized as appropriate models of their human counterparts (Khanna et al. 2006). It is
evident that canine haematopoietic malignancies are highly comparable with their human
counterparts with regards to clinical presentation, tumour biology and response to therapy
(Vail et al. 2000; Khanna et al. 2006). They also share evolutionarily conserved
chromosome aberrations and mutations within key oncogenes, indicative of a common
pathogenesis (Breen et al. 2008; Usher et al. 2009). Furthermore, we have shown recently
that the highly contrasting architecture of the canine and human karyotypes offers

opportunities to narrow the search for novel cancer genes by focusing on the subset of
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conserved chromosome abnormalities shared by lymphoma patients of both species (Thomas
et al. 2011). In addition to an expanding volume of molecular data for canine primary
haematological tumours, a small number of canine lymphoid tumour cell lines have been
described. Of these, only one, OSW, has been characterized in detail at the genomic level
(Kisseberth et al. 2007; Chen et al. 2009). Five additional canine LL cell lines, GL-1, CL-1,
17-71, CLGL-90 and CLL- 1390, have been used widely for a variety of in vitro studies
(Steplewski et al. 1987; Steplewski et al. 1990; Nakaichi et al. 1996; Momoi et al. 1997;
Sano et al. 2004; Suter et al. 2005; Uozurmi et al. 2005; Tamura et al. 2006; Tamura et al.
2007; Jamadar-Shroff et al. 2009; McCall et al. 2009). Despite their widespread distribution
and frequent utilization, these cell lines have undergone little or no genomic characterization;
consequently their precise relevance to the in vivo disease, along with their clinical predictive
value, remains unknown.

We present the first comprehensive characterization of five canine LL cell lines using
a series of complementary approaches, beginning with application of an extended panel of
immunophenotyping markers in conjunction with ploidy analysis by flow cytometry. High-
resolution oligonucleotide array-based comparative genomic hybridization (aCGH) and
single-locus probe multicolour fluorescence in situ hybridization (SLP FISH) analyses were
used to identify DNA copy number imbalances and structural chromosome aberrations. The
transcriptional status of each cell line was investigated using high density microarray-based
gene expression profiling (GEP) and quantitative real-time PCR (QRT-PCR) analysis. The
generation of a comprehensive molecular profile for each cell line serves to provide a

benchmark for researchers to clarify their relevance as in vitro models of lymphoid neoplasia
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and allows for extended assessment of their clinical predictive value for canine and

comparative medicine.

Materials and methods

Canine LL cell lines

The establishment, initial characterization and putative classification of the five
canine LL cell lines have been reported elsewhere (Table 1). Each line was maintained in
RPMI 1640 culture medium (Mediatech, Hendon, VA, USA) supplemented with 10% foetal
bovine serum (FBS, Mediatech), 2 mM L-glutamine (Mediatech) and 100 pg mI™' Primocin
(Invivogen, San Diego, CA, USA) at 38°C/5% CO,. All tested negative for mycoplasma
infection using a PCR-based test kit (AppliChem, Cheshire, CT, USA). Immunophenotyping
of each line was performed using a standard FACSCalibur flow cytometer (Becton
Dickinson, Mountain View, CA, USA) operated by CELLQuest software, as described
previously (Vernau et al. 1999; Moore et al. 2006), with a panel of monoclonal antibodies
specific for canine leukocyte antigens (Supplementary Table 1). Morphologic appearance
and antibody staining patterns were used, for example, to rule in a leukocytic lineage
(CD45+, CD18+, CD11a+, CD54+) and rule out a myeloid lineage (i.e. MPO+, CD1a,b+,
CD11b,c+, CD14+). The expression of CD34 was used to differentiate acute (CD34+) from
chronic (CD34-) lymphoid malignancies. Positive staining against T-lymphocyte antigens,

such as CD3, CD4, CD8, CD af3 and CD &y, was used to delineate T-cell lines, whereas
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positive staining against B-lymphocyte antigens, such as CD21 and CD79a, was used to

delineate B-cell lines.

Flow cytometry analysis

A propidium iodide (P1) assay was used to determine nuclear DNA ploidy status for
each cell line (Teleb et al. 2002) by deriving a quantitative estimate of the relative DNA
content of each cell line compared with a diploid control (normal canine peripheral blood
mononuclear cells, PBMCs). Briefly, confluent populations of cells were collected via
centrifugation and washed twice with 0.1% glucose—phosphate-buffered saline (PBS), fixed
in 1 mL cold 70% ethanol, and stored at 4°C. Before flow cytometric analysis, the cells were
pelleted by centrifugation at 485 x g for 5 min. The supernatant was removed carefully and
the cell pellet was resuspended in 0.5 mL PI staining solution (50 pg mL ™' PI and 10 pg
mL~' RNAse in 0.1% glucose—PBS). Flow cytometry was performed using a Becton
Dickinson FACsCalibur (San Jose, CA, USA) equipped with an argon laser using standard
optics to detect PI fluorescence. The DNA index (DI) was defined as the ratio of the mean
channel position of the GO/G1 peak of each cell line divided by the mean channel position of
the GO/G1 peak of normal diploid canine PBMCs, which were isolated as described

previously (Wunderli et al. 1989). All samples were analyzed in triplicate.

Isolation of cell line DNA and RNA and generation of chromosome preparations

Genomic DNA (DNeasy Blood and Tissue Kit;Qiagen, Valencia, CA, USA) and total

RNA (Trizol; Invitrogen, Carlsbad, CA, USA) were isolated from each cell line and from
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non-neoplastic lymph node specimens following the manufacturers’ instructions. Metaphase
chromosomes and interphase nuclei were prepared using standard protocols as described
elsewhere (Breen et al. 1999). For each cell line, DNA, RNA and chromosome
preparations/interphase nuclei were all prepared from cells derived from the same culture

flask, in order to maximize consistency throughout downstream analyses.

aCGH analysis

Genomic DNA from each of the five cell lines (test DNA) was labelled independently
with Cyanine3-dUTP (Genomic DNA Enzymatic Labeling Kit; Agilent Technologies, Santa
Clara, CA, USA). A common reference DNA (comprising a pool of genomic DNA from 10
clinically healthy male donor dogs of mixed breed) was similarly labelled with Cyanine5-
dUTP. Labelled test and reference probes were co-hybridized to a custom 244,000- feature
oligonucleotide CGH array (design ID: 019951, Agilent Technologies) following the
manufacturer’s recommendations. This array spans the C. familiaris genome with repeat-
masked oligonucleotides spaced at ~9.5 kb intervals, with 600 probes each present in five
replicates. Microarrays were scanned at 5 um resolution using an Agilent G2565CA scanner.
Scan data were processed using Feature Extraction v10 software and exported to Genomic
Workbench v5.0 (Agilent Technologies) for subsequent evaluation. Probes that displayed
saturated signal or non-uniform hybridization profiles were excluded from the analysis.
Array data were normalized using the centralization algorithm with a threshold of six, and
regions of genomic DNA copy number imbalance in each cell line were identified using the

ADM-2 algorithm (Lipson et al. 2006) within Genomic Workbench using a stringency

150



threshold of six (as recommended by the supplier) and a three probes minimum filter,
resulting in an effective resolution of ~20 kb (three consecutive probes spanning two ~9.5
kb intervals). Briefly, the ADM-2 algorithm defines genomic intervals iteratively and uses
the normalized average log, test:reference ratios and probe measurement qualities within a
genomic region to determine whether the deviation from an expected value of zero is above
the threshold. A fuzzy zero correction was applied to improve the error modelling of local
uncorrelated probe noise by correlating noise both genome-wide and also within genomic
intervals. Log; test:reference thresholds of —0.2 and 0.2 were used to define loss and gain,
respectively. The gene content of regions of imbalance was defined using the ‘RefSeq
Genes’ and ‘Other RefSeq’ tracks in the UCSC Table Browser (Kent 2002; Karolchik et al.
2004; Pruitt et al. 2005). The resulting list was filtered against the Cancer Gene Census
(Futreal et al. 2004) (complete working list: 22 March 2011) to identify the subset of known
cancer-associated genes that was contained within each region of genomic imbalance defined

by aCGH.

Multicolour FISH analysis

Two clones (326K03, 330E21) from the CHORI-82 C. familiaris bacterial artificial
chromosome (BAC) library (Children’s Hospital Oakland Research Institute, Oakland,CA)
have been shown previously to hybridize to the centromeric regions of all canine autosomes
(Thomas et al. 2008) and were used in FISH analysis of each of the cell lines, as described
previously (Breen et al. 2004). FISH data were imported into SmartType (Digital Scientific,

Cambridge, UK) to aid determination of the modal chromosome count for each cell line and

151



to generate a representative karyotype. Chromosome enumeration was based on 30
representative DAPI-banded metaphase spreads from each cell line. The hybridization
signals from the two centromeric clones were used to orient each chromosome and to
ascertain their conformation in terms of centromere position and single versus bi-armed
morphology.

Ten additional clones from the CHORI-82 dog BAC library were used in multicolour
SLP FISH analysis of the five canine LL cell lines, each of which has been shown previously
to map to a unique chromosome location in healthy control dogs (Thomas et al. 2008). These
clones were selected to encompass known and putative oncogenes and tumour suppressor
genes that met at least two of the following three criteria: (1) located in the regions of DNA
copy number imbalance in at least one of the five cell lines, (2) displayed differential
expression between cell lines based on the results of GEP and (3) associated with human
and/or canine lymphoid malignancies in prior studies (Bowen et al. 2005; Campbell 2005;
Radich et al. 2006; Robledo et al. 2009; Basso et al. 2010; Hagemeijer et al. 2010; Suter et al.
2011; Thomas et al. 2011). The 10 clones selected contained the complete coding sequences
for the following genes: FOS, ABL1, MYC, KIT, PTEN, IGH, KRAS, CDKN2, FLT3 and
BCL6. The normal cytogenetic location and balanced copy number (n = 2) status of each
BAC probe was first demonstrated by FISH analysis using dog metaphase chromosome
preparations from clinically healthy donors, as described elsewhere (Breen et al. 2004). The
copy number status of each BAC probe was then evaluated in a minimum of 30 cells from
each of the five cell lines. Following initial observations of structural chromosome

anomalies involving dog chromosomes 13 (CFA 13) and 25 (CFA 25) in two of the cell lines
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(17-71 and GL-1), an additional round of FISH analysis was performed on these lines using
panels of BAC clones distributed at ~10 Mb intervals (Thomas et al. 2007) within the

genome sequence assembly of these two chromosomes.

GEP analysis

Total RNA from each cell line was assessed using the 2100 Bioanalyzer RNA 6000
Nano Kit (Agilent Technologies) to confirm an RNA integrity number (RIN) >9.0. GEP
analysis of each cell line was performed in duplicate (with the exception of a single array for
CLL-1390) as described elsewhere (Hellman et al. 2008) using the GeneChip® Canine
Genome 2.0 array (Affymetrix, Santa Clara, CA) comprising 18,000 C. familiaris
MRNA/EST-based transcripts and over 20,000 non-redundant predicted genes. Additional
GEP analysis was performed using total RNA isolated from non-neoplastic lymph nodes
from six healthy dogs of mixed breed that showed no evidence of lymphoid neoplasia at
necropsy.

All downstream analysis was performed using GeneSpring GX v10 (Agilent
Technologies). Normalization of expression array data was performed using the GC-RMA
procedure (Wu 2004), and signals were median-centered across all arrays. Data were then
filtered to remove probe sets with limited variation (standard deviation < 2.0) across all
arrays, and complete linkage unsupervised hierarchical clustering analysis was performed
across all samples and filtered probe sets. Fold change analysis was performed for each cell
line using the averaged expression data from the normal lymph node controls as a baseline

for comparison.
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gRT-PCR analysis

Total RNA from each cell line was treated to eliminate residual genomic DNA
(TURBO DNAfree Kit; Ambion, Austin, TX, USA), and then used to generate cDNA for
downstream analysis (Quantitect Reverse Transcription Kit, Qiagen). qRT-PCR analysis was
performed using the Quantitect SYBR Green Kit (Qiagen) and an iCycler (BioRad, Hercules,
CA, USA) to evaluate the transcriptional status of PTEN, MYC, FLT3 and KIT, four genes
that were also assessed both by SLP FISH and GEP analysis of each cell line. Primers for
gRT-PCR were designed as described elsewhere using the NCBI Primer-BLAST
(http://mwww.ncbi.nlm.nih.gov/tools/primer -blast/), which uses the Primer3 to create primers
and then performs a BLAST search for primer specificity (Altschul et al. 1997; Rozen et al.
2000). qRT-PCR analysis was restricted to those primer pairs with reaction efficiencies
ranging from 90 to 105% as determined using serial dilutions of pooled cDNA from each cell
line as the template. Relative quantification was performed as described elsewhere (Pfaffl
2001), using normal lymph node as the common baseline for comparisons. The RPL32 gene
was used as the reference based on its stable expression across all samples examined on the
gene expression microarray, and within an additional series of normal and neoplastic lymph

node specimens (Tsai et al. 2011). All gRT-PCR assays were performed in triplicate.
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Results

Immunophenotyping and flow cytometry analysis

Data from immunophenotyping and flow cytometric analysis for each cell line are
shown in Table 1. All express leukocyte antigens CD45 or CD45RA, and four of the five
lines express CD18, which verifies leukocytic origin. GL-1, 17-71, CL-1 and CLGL-90 do
not express myeloid antigens such as CD14, MPO, CD11b, d, or CD1 antigens, suggesting
they are lymphoid in origin. GL-1 and 17-71 cells express CD79a, indicating a B-cell origin,
and both also express CD1c which, although typically expressed by dendritic or antigen
presenting cells, can also be expressed by subpopulations of B-cell and monocytes (Vernau
2004). A subpopulation of 17-71 cells (~13-15%) also express CD11c, an antigen typically
expressed by granulocytes, monocytes and dendritic antigen presenting cells. CLGL-90 cells
express CD3 and TCRof, indicating a T-cell origin. CL-1 cells were negative for all antigen
expression, except CD45 and MHCII, which corroborates previous data (Momoi et al. 1997).
CL-1 cells have a rearranged TCR B-chain and a germline-form immunoglobulin gene
(Momoi et al. 1997) and they also produce a clonal band using TCRy PCR primers (data not
shown), suggesting they are T-cell in origin. CLL-1390 cells were weakly CD4+ and
produced a clonal band using TCRy primers (data not shown). CLL-1390 also expressed
CD34 antigen, and the remaining lines were negative for this marker. When compared with
normal diploid canine PBMCs by flow cytometry, each of the cell lines had a DI > 1.15

[range 1.1740.81 (GL-1) to 2.31+0.19 (CLL-1390)] suggestive of hyperdiploidy (Table 1).
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Table 1. Origin and characterization of canine LL cell lines. The initial description of each cell line is followed

by a summary of immunohistochemisty data from the present study, based on which a revised classification is

proposed. The DNA index derived by flow cytometry is also shown along with an assessment of chromosome
enumeration for each cell line.

Cell line 17-71 CL-1 GL-1 CLGL-90 CLL-1390
Original Steplewski et al. | Momoi et al. | Nakaichi etal. | Suter etal. 2005 | Suter et al.
description 1987 1997 1996 2005
Original B-cell lymphoma T-cell B-cell Large granular Primitive
classification lymphoma leukaemia lymphocytic T-| leukocytic
cell leukaemia round cell
neoplasm
Flow cytometry CDlc+ CD45+ CD1c+(weak) CD3+ CDA4+(weak)
results CD11la+(weak) MHCII+ CD18+ CD8a+(variably) CD11b+
CD11c+(subpop.) | All others - CD45+ CD18+ CD18+
CD18+ CD45RA+ CD45RA+ CD34+
CD45+ CD49d+(weak) TCRof+ CD45+
CD45RA+ CD79a+ All others - All others -
CD49d+(subpop) CD90+(weak,
CD54+ continuous)
CD79a+(weak) All other -
All other -
Revised B-cell lymphoid | Primitive af B-cell Large granular | Primative T-
classification neoplasia T-cell leukaemia lymphocytic T- | cell leukemia
leukaemia cell leukaemia
DNA index 1.45+0.2 1.4+0.12 1.17+£0.08 1.18+£0.09 2.31+£0.19
(mean +
standard
deviation)
Modal 102-108 65-68 75-77 77-82 118-140
Chromosome
number
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Karyotype architecture

The elevated DI of each cell line was investigated further through chromosome
enumeration and centromere mapping as a means to assess global karyotype architecture.
The normal C. familiaris karyotype comprises 38 pairs of acrocentric autosomes, a large sub-
metacentric X chromosome and a small metacentric Y chromosome (Breen 2008).
Chromosome enumeration of up to 30 metaphase spreads from each of the cell lines revealed
varying degrees of aneuploidy (Figure 1) based on deviations from the normal 2n =78 C.
familiaris karyotype. Both GL-1 and CLGL-90 showed a near normal chromosome number,
with 75-77 and 77-82 chromosomes, respectively. CL-1 was hypodiploid with a range of
65-68 chromosomes, consistent with data from a previous study (Momoi et al. 1997). Both
17-71 and CLL-1390 were hyperdiploid, with a range of 102-108 chromosomes and 118-
140 chromosomes, respectively.

FISH analysis using centromeric probes demonstrated extensive variation in
chromosome architecture among the five cell lines, and also revealed differences in
centromeric BAC signal intensities, suggestive of variable centromere sequence complexity
(Figure 1). CL-1 and 17-71 presented with multiple bi-armed chromosomes, whereas GL-1
displayed just two bi-armed chromosomes and CLL-1390 comprised only single-armed
chromosomes. The high chromosome number of the CLL-1390 cell line precluded the
generation of metaphase chromosome preparations of sufficiently high quality and length to

permit the development of a complete chromosome layout.
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Figure 1. Gross karyotype organization of the cell lines. Two BAC clones that hybridize to the centromeric
regions of all domestic dog autosomes were co-hybridized to each of the five LL cell lines. Images of DAPI
counterstained metaphase preparations (left panel) were used to prepare rudimentary karyotypes to identify the
number of bi-armed and single-armed chromosomes (right panel). Chromosomes are displayed by descending
size of bi-armed and then single-armed chromosomes. Data for CLL-1390 are not shown because of the
elevated chromosome number of this cell line, which did not permit the generation of a comprehensive

karyotype layout.
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Genome-wide DNA copy number analysis

aCGH analysis revealed extensive DNA copy number imbalances in the five dog LL
cell lines (Figure 2), each presenting with a unique number and distribution of genomic gains
and losses ranging in size from 20 kb to entire chromosomes. Supplementary Table 2 lists
known cancer-associated genes that are located within regions of genomic imbalance
identified within each cell line. Genome-wide aCGH analysis of each cell line enabled
assessment of the relative frequency of chromosome gain or loss and the overall change in
DNA content of each cell line, compared with the normal reference. GL-1, CLGL-90 and
CL-1 showed a skew towards genomic loss (>79% of all DNA copy number imbalances
detected), whereas 17-71 and CLL-1390 were skewed towards genomic gain (>63% of all
imbalances) (Figure 3A). The total number of regions of discrete genomic imbalances
identified in each of the cell lines was highly variable [range 81 (GL-1) to 253 (CL-1)].
Figure 3B shows the total number of megabases encompassed by all of the regions of copy
number imbalance detected in each cell line. For GL-1, CLGL-90, 17-71 and CL-1, the
relative physical extent of genomic copy number increase was comparable with that of the
copy number loss, despite the variable overall number of imbalances identified in Figure 3A.
In contrast, CLL-1390 showed a disproportionately large extent of copy number loss (~920
Mb of DNA). Numerous shared regions of genomic imbalance were observed between all of
the cell lines. These overlapping regions of imbalance were considerably more frequent for
losses as opposed to gain, with losses common to at least two lines occurring on 30

chromosomes. In contrast, gains common to at least two lines were present on only 13
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chromosomes. Cancer associated genes in regions of shared imbalance between cell lines are

highlighted in Supplementary Table 2.
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Figure 2. High-density oligonucleotide aCGH profiles of the five canine LL cell lines. Data are plotted as the
normalized log?2 ratio of tumour DNA:reference DNA along each chromosome from CFA 1-38. Visualization
is accomplished using a linear smoothing algorithm with a 50 kb sliding window. The horizontal green and red

lines indicate the log2 threshold used for defining regions of genomic gain and loss, respectively.

161



% gain
g
|

132

=y E

% loss

GL-1 CLGL-90 17-71 CL-1 CLL-1390

Mb gain

269 311
171 100

0 l

Mb loss

1000
GL-1 CLGL-90 17-71 CL-1 CLL-1390

Figure 3. Overview of genomic imbalances in the five canine lymphoid tumour cell lines. (A) Based on aCGH
analysis data, for each cell line the percentage of all regions of genomic imbalance that represented copy
number gain is displayed as a pale grey column, and the percentage of regions representing loss is shown as a
dark grey column. The total number of regions of discrete genomic imbalance identified in each of the cell
lines is indicated on the corresponding column. GL-1, CLGL-90 and CLL-1390 all showed a comparable skew
towards genomic loss, whereas 17-71 and CLL-1390 showed an elevated relative incidence of gain. (B) For
each of the five cell lines, the total number of megabases encompassed within regions of copy number gain is
shown as a pale grey column, and that encompassed by loss is shown as a dark grey column. The actual
number of megabases involved in these aberrations is indicated within the associated column in the chart.
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FISH analysis of tumour cell lines

The application of FISH analysis allowed for further investigation of the aCGH data
for each cell line as well as to enumerate the level of imbalance for a subset of interesting
loci. Figure 4 shows examples of multicolour FISH analysis in two cell lines using a panel of
10 BAC clones harbouring genes relevant to lymphoid neoplasia. Figure 5 provides a
summary of the frequency of copy number status of each of these 10 regions in each cell line
and the corresponding classification of copy number as defined by aCGH analysis. GL-1 and
CLGL-90 showed grossly normal FISH data for the 10 regions assayed, with seven of the
loci demonstrating n = 2 in >96% of cells evaluated. CLGL-90 showed homozygous
deletion of CDKN2 and gain of KRAS, whereas GL-1 exhibited gains of FLT3, FOS and
IGH. CL-1 displayed n = 2 in four of the surveyed loci, as well as homozygous deletion of
PTEN and gains of five loci (FOS, KIT, IGH, MYC, ABL1). In contrast, 17-71 showed copy
number increase of nine of the 10 loci, including in excess of four copies of KIT and BCL6 in
>95% of cells evaluated. CDKN2 was the only locus of the 10 investigated that was present
in two copies in 17-71. The near tetraploid nature of CLL-1390 was reflected by six of the
10 loci evaluated (FOS, FLT3, IGH, CDNK2, ABL1, KIT) showing four or more copies in
>90% of cells evaluated. In contrast to these increased copy numbers, a homozygous deletion

of PTEN and two copies of BCL6 were observed in CLL-1390.
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Figure 4. Examples of multicolour FISH analysis. (A, B) DAPI-banded ideograms for the five canine
chromosomes represented in each of two FISH panels, denoted A and B, showing the identity of all 10 BAC
clones selected for SLP analysis. The cytogenetic location of each clone is indicated by an arrowhead, which is
coloured according to the fluorochrome with which it was labelled. The gene represented by each BAC is
indicated below the corresponding ideogram, along with the BAC address of that clone. (C-D) Hybridization
of FISH panels A and B to chromosome preparations from clinically healthy dogs, confirming the expected
chromosomal location and copy number status (n = 2) for each probe. (E) FISH panel B hybridized to a
representative metaphase spread from the hyperdiploid line 17-71, revealing multiple copy humber imbalances
including five copies of the KIT locus (orange probe), four copies of PTEN (green probe) and KRAS (aqua
probe), and three copies of FOS (purple probe) and FLT3 (red probe). Extensive structural reorganization is
apparent from the presence of multiple bi-armed derivative chromosomes; (F) FISH panel B hybridized to a
representative metaphase spread from GL-1, indicating a copy number of two for three clones [KIT (orange),
PTEN (green) and KRAS (aqua)], three copies of FOS (purple) and at least four copies of FLT3 (red). The
interphase nucleus present within the same field of view shows the same copy number status for each of these
probes. Coloured arrowheads in panels C—F indicate the location of the corresponding BAC probe signal within
the associated metaphase spread.
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Figure 5. Summary of FISH analysis of 10 BAC clones in each of the five LL cell lines. Each chart shows the

distribution in copy number for each BAC probe, based on the analysis of 30 cells from each cell line. Data are

presented as a series of columns, each indicating the percentage of cells evaluated that showed zero through to

four or more FISH signals for each locus, with each column colour-coded according to the legend provided.

The BAC address and gene associated with each FISH probe are shown below the corresponding column.

Below this, categorized aCGH data are used to indicate whether that BAC clone is located within a region of

genomic gain, loss or balance (defined as ‘“+’, ‘=" or ‘0’, respectively).
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FISH analysis also revealed structural chromosome aberrations, indicating that copy
number aberrations were not solely attributable to whole chromosome gains and losses. For
example, aCGH analysis of GL-1 identified gain on CFA 25 extending from the centromere
to 22.3 Mb along the length of this chromosome. The amplitude of the gain was greater in
the distal half of this region (12.2-22.3 Mb) (Figure 2), in which the canine FLT3 receptor
tyrosine kinase gene is located (14.6 Mb from the start of the CFA 25 sequence assembly).
FISH analysis identified four copies of the FLT3 locus in 90% of GL-1 cells evaluated, with
three copies present in the remaining cells (Figure 5). Additional FISH analysis was
performed on GL-1 using a panel of four BAC probes distributed at ~10 Mb intervals from
the proximal end of CFA 25 to ~33.2 Mb along the chromosome, including the FLT3 BAC
probe (Figure 6). These data revealed that while the proximal ~10.4 Mb of CFA25 was
present in three copies in 90% of the cells surveyed, the FLT3 locus presented as four copies
in 90% of these cells. Probe signals from the two clones downstream of the FLT3 BAC were
present as two copies, indicating balanced copy number at ~23.7 Mb. These data are
consistent with the two-step copy number increase on CFA 25 detected by aCGH analysis of

GL-1 (Figure 2).
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Figure 6. FISH and aCGH analysis of CFA 25 in GL-1. SLP analysis of GL-1 with FISH panel B indicated the
presence of four copies of the BAC containing FLT3 (Figure 5). This was investigated further by FISH analysis
of an extended panel of BAC clones spanning the proximal half of CFA 25. (A) Hybridization of five
differentially labelled CFA 25 BAC clones to a metaphase spread from a clinically normal dog, showing the
expected chromosomal location and copy number of each probe. The box in the bottom right contains an
enlarged view of the CFA 25 homologues, confirming the relative order of the five BAC probes. (B) FISH
analysis of the same panel of BAC clones to metaphase chromosomes from GL-1, demonstrating hybridization
signal on one single-armed and one bi-armed chromosome. The box on the bottom right provides an enlarged
view of the two signal-bearing chromosomes. This indicated the presence of an apparently normal proximal
end in one copy of CFA 25 (signal order = red, green purple, aqua, orange) and a second bi-armed chromosome
with both structural and numerical abnormalities. Arrows indicate the location of the four hybridization signals
of the BAC probe containing FLT3. (C) aCGH profile of the proximal end of CFA 25 in GL-1 displaying a
two-step copy number increase. The coloured arrows represent the location of probes used for FISH, including
their BAC address and enumerated copy numbers. The yellow coloured bars above the profile represent regions

of imbalance, and the ideogram of CFA 25 is displayed along the bottom of the profile.
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Gene expression analysis

GEP data were filtered to remove probe sets that displayed limited variation (standard
deviation < 2) among the five canine LL cell lines and six non-neoplastic lymph nodes,
yielding 2627 probe sets that were used for subsequent analyses. Unsupervised hierarchical
clustering analysis generated two discrete groups: (1) the six normal lymph nodes, and (2)
the five dog LL cell lines (Fig. 7). The biological replicates of normal lymph nodes display a
much higher level of transcriptional conservation when compared with the cell lines. The
large branch lengths between cell lines demonstrate limited transcriptional similarity between
lines. Based on gene expression levels, the two cell lines exhibiting the highest degree of
similarity are GL-1 and CLL- 1390, whereas 17-71 and CL-1 displayed equally divergent

transcriptional profiles when compared with the other lines.
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Figure 7. Unsupervised hierarchical clustering of gene expression data from the five canine LL cell lines and
non-neoplastic canine lymph nodes. Data generated from the Affymetrix Canine Genome 2.0 array were
filtered to remove transcripts displaying limited variability across all samples, resulting in 2627 probe sets of
interest. These data were subjected to complete linkage unsupervised hierarchical clustering of both transcripts
and samples to identify sample similarity. The branch length between cell lines indicates the uniqueness of
each cell line’s expression profile. Data from replicate assays for the same cell line are shown, as well as
biological replicates of normal canine lymph nodes. The high degree of similarity between individual cell line

replicates demonstrates the reproducibility of the expression analysis at and beyond the time of RNA extraction.
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Relative fold change analysis comparing each cell line with a baseline expression
level derived from the group of normal lymph nodes provided a means to identify genes
within each cell line that may demonstrate transcriptional dysregulation. For each cell line,
transcripts demonstrating the 50 largest positive and negative fold changes were identified as
genes that may have functional relevance (Supplementary Table 3). To gain insight into
expression levels of genes associated with malignancies, fold changes in cell lines relative to
the normal lymph nodes were calculated for the Cancer Gene Census (Supplementary Table
4). When compared with the lymph nodes and other cell lines, high levels of expression
were observed for FLT3 in GL-1, KIT in 17-71, BCL9 in CL-1, RB1 in CLGL-90 and CDK6
in CLL-1390. In contrast, relatively large levels of downregulation were observed
exclusively for LCK in 17-71, BCL6 in CL- 1, BCL11A in CLGL-90 and CCND2 in CLL-

1390.

Quantitative real-time PCR

The use of aCGH and FISH analyses revealed high amplitude copy number increases
(FLT3, KIT, MYC) or homozygous deletion (PTEN) among the five cell lines (Figures 2 and
5). In addition, gene expression microarrays determined that FLT3, KIT and PTEN
demonstrated highly variable expression signatures between the lines, whereas MYC was
relatively stable. Subsequent analysis by gRT-PCR was used to further investigate
transcriptional levels for these genes of interest. When fold changes were normalized to the
expression level of the reference gene (RLP32), FLT3 upregulation by a factor of at least 70-

fold was observed in GL-1, contrasting the relative downregulation in CLGL- 90 when
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compared with other lines (Figure 8). KIT expression was also variable among the cell lines,
with CL-1 showing extensive downregulation over 200-fold lower compared with the other
cell lines (Figure 8). Expression of PTEN was similar to levels observed in normal lymph
nodes for 17-71, CLGL-90 and GL-1, whereas extensive downregulation was identified in
both CL-1 and CLL-1390 (Figure 8). All five cell lines showed minor (<10-fold)

upregulation of MYC when compared with lymph node expression (Figure 8).
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Figure 8. Quantitative real-time PCR analysis of gene expression in the five canine LL cell lines. Primers were
designed to survey the transcriptional levels of FLT3, PTEN, MYC and KIT in the five cell lines and a non-
neoplastic lymph node. qRT-PCR was performed using RPL32 to normalize expression levels between

samples, and fold changes in the cell lines were calculated relative to the expression of the lymph node.
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Discussion

We present the first integrated molecular analysis of five widely used canine
lymphoid tumour cell lines as a means to better define their biological characteristics and to
guide appropriate usage for in vitro studies. To date, their application as research tools has
been directed largely by their assumed clinical origin and through basic immunophenotyping
analyses at the time of establishment. The application of a more extensive panel of
cytological markers in the present study allowed us to re-evaluate the original classifications
(Table 1). The results indicate that all cell lines are leukocytic in origin, based on CD45,
CD45RA and CD18 expression. Only one cell line, CLL- 1390, expressed CD34 antigen.
CD34 antigen expression is useful when defining most acute versus chronic lymphoid
leukaemias (Vernau et al. 1999; Vernau 2004) although some lymphomas also aberrantly
express CD34 (Wilkerson et al. 2005). Although CLL-1390 cells also express the myeloid
antigen CD11b, which is typically found on granulocytes, monocytes and some
macrophages, they are most likely T-cell in origin based on TCRy PCR and weak CD4
antigen expression. Combined with CD34 antigen expression, this suggests that CLL-1390
represents an acute T-cell leukaemia. CD3 antigen expression and the lack of CD21 or
CD79a antigen expression suggest that CLGL-90 cells are T-cell in origin. Since this cell
line does not express CD34, CLGL-90 is likely a chronic LGL leukaemia. CD79a antigen
expression and lack of CD3 antigen expression indicate that both GL-1 and 17-71 are B-cell
in origin. GL-1 was established from a dog diagnosed with acute leukaemia, but CD34

antigen expression was not examined at the time the line was originally established;
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therefore, it is not known whether GL-1 ever expressed CD34 or whether CD34 expression
was dropped with continued culturing. Although CL-1 cells lack expression of almost all
assayed antigens, it is likely that they are T-cell in origin based on canine T-cell receptor 3
rearrangement (Momoi et al. 1997) and PCR of the TCR vy chain gene. We were not able to
determine the degree of differentiation (i.e. lymphoma versus leukaemia) of 17-71 or CL-1
based on the immunophenotyping data, although both cell lines have characteristics of most
highgrade primary lymphoma cells, including a large lymphoblastoid appearance and a lack
of CD34- antigen expression.

While the attribution of a descriptive, cytological definition to a given cell line may
be useful for directing its use in downstream applications, the application of molecular
profiling analysis provides a more objective and comprehensive classification that is
independent of assumptions based on cell line biology. We proceeded through a series of
studies of each cell line genome and transcriptome, sequentially progressing in resolution.
Flow cytometric analysis showed that each cell line exhibited an elevated DI compared with
a normal diploid reference, indicating a net increase in global DNA content. These findings
were supported by chromosome enumeration of cells from 17-71 and CLL-1390, both of
which showed a highly elevated chromosome number consistent with hyperdiploidy. Global
ploidy changes are not uncommon in human lymphoid tumour cell lines (Schlegelberger et
al. 1999; Roschke et al. 2003; Camps et al. 2006), but to our knowledge have not been
reported previously for the dog. Despite their elevated DI, the chromosome number of GL-1
and CLGL-90 was close to that of the normal C. familiaris karyotype, whereas CL-1 showed

a small reduction in chromosome number. This suggested that the increase in nuclear DNA
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content in the three cell lines was likely to involve a decrease in chromosome number
through a combination of structural and numerical chromosome aberrations rather than a
global increase in ploidy. Application of a centromeric probe in FISH analysis of each cell
line revealed the presence of multiple aberrant bi-armed derivatives in CL-1 and 17-71,
whereas the karyotypes of GL-1, CLGL-90 and CLL-1390 remained largely acrocentric in
nature.

These observations were investigated further by genome-wide aCGH analysis, which
defined the number, size and genomic distribution of regions of DNA copy number
imbalance in each cell line. GL-1 andCLGL-90 exhibited a small number of low amplitude
gains and losses, consistent with their relatively normal DI and chromosome number. CL-1
and CLL-1390 presented with more numerous and extensive imbalances than the other lines,
indicative of increased genomic instability. Interestingly, CLL-1390 showed a
disproportionately large extent of copy number loss (~919 Mb of DNA), which appeared to
be contradictory to the DI of this cell line, and which was more than double that of normal
diploid C. familiaris cells. When considered in the context of its elevated chromosome
number, however, this is consistent with a partially hyperdiploid genome. A proportion of
the chromosome aberrations identified within the cell lines was consistent with those
identified in prior studies of canine primary lymphoid neoplasia (Thomas et al. 2003;
Modiano et al. 2005; Thomas et al. 2011). Gain of CFA 13, evident in 17-71, CL-1 and
CLL-1390, occurs in ~35% of canine multicentric lymphomas (Thomas et al. 2011), and is
also a common event in a wide range of primary canine tumours including osteosarcoma,

glioma and prostate tumours (Dunn et al. 2000; Winkler et al. 2006; Thomas et al. 2009;
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Thomas et al. 2009), typically associated with gain of the MYC and/or KIT oncogenes. CL-1
and 17-71 also share gain of CFA 31, the second most common DNA copy number increase
in canine lymphoma (~20% of cases) (Thomas et al. 2011). Additional high-resolution
genomic profiling studies in other canine lymphoid tumours will elucidate the relevance of
DNA copy number imbalances observed in the cell lines to those found within primary
disease.

FISH analysis of each cell line was performed with a panel of markers representing
key genes relevant to lymphoid neoplasia, to evaluate their genomic copy number status and
distribution in greater detail. While the results were largely consistent with aCGH data, 17-
71 and CLL-1390 warranted closer inspection since there was an apparent inconsistency
between observations from aCGH analysis and SLP analysis of the same locus. aCGH data,
however, must be considered in the context of the hyperdiploid status of these two lines. For
example, while aCGH identified global DNA copy number loss of the region of CFA 11
containing CDKN2 (CFA 11g15-g16) in 17-71 (Figure 2), SLP FISH analysis demonstrated
that 100% of cells scored showed two copies of this locus (Figure 5). In the context of the
other markers evaluated by SLP FISH analysis, which showed three or more copies, these
data indicate that 17-71 exhibits deletion of CDKN2 relative to the observed ‘normal’
hyperdiploid status for this cell line. Thus, while initial observations from aCGH analysis
suggest that 17-71 may represent an appropriate model system in which to examine knockout
of the CDKNZ2 gene, subsequent FISH analysis demonstrated that this is not the case.

The hyperdiploid nature of 17-71 and CLL- 1390 was thus initially a confounding

factor in correlating aCGH and FISH data; however, the aCGH segmentation algorithm
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appears to have identified correctly the discrete regions of genomic imbalance in those
regions supported by FISH data when hyperdiploidy was taken into account. These findings
demonstrate that while aCGH analysis provides genome-wide detection of copy number
changes, it is blind to whole genome changes in ploidy, which may be identified by
combining SLP FISH analysis for accurate quantification. The cell-to-cell variation in the
SLP FISH data for both 17-71 and CLL-1390 also suggests that these lines may not be clonal
populations (Figure 5).

While cross contamination of cell lines is a potential issue, especially in cells
maintained over long periods, the data in this study provide no evidence to indicate that these
five cells lines were grossly cross contaminated. Flow cytometry data (Table 1)
demonstrated that while common cell surface markers were present between the lines, no
individual cell line displayed the complete set of expressed markers from any other cell line.
In addition, cytogenetic analyses further support that these cell lines do not suffer from cross
contamination. Enumeration of chromosome numbers in each cell line demonstrated a
modest range around a mean that suggests limited variation within an individual cell line
(Table 1). The possibility of cross contamination with other species is excluded on the basis
that the centromeric probes in the presence study is dog-specific, and no cells were observed
that did not hybridize to the centromeric sequence used.

Clustering analysis of GEP data demonstrated that the global gene expression profiles
of each of the five cell lines were unique for a large number of genes (Figure 7). These data
suggest that each line may be relevant for functional studies of unique pathways. The data

presented in this study identify transcripts with large fold changes relative to a common
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reference to attempt to elucidate the dysregulated genes relevant to the specific malignant
phenotype for each cell line, but there are large numbers of transcripts with fold changes of
smaller magnitudes that may have functional relevance (Supplementary Tables 3 and 4).
gRT-PCR analysis of a small subset of genes provides general agreement with the results
seen from microarray analysis, although variations in the magnitude of fold changes between
the two methods may be assigned to variations in assay sensitivity as well as the fact that a
unique reference lymph node was used in gRT-PCR. While assay sensitivity may contribute
to relative fold change differences of individual genes between cell lines, the lymph node
reference would have no impact. Two major differences exist between data from the two
expression assays, specifically a greater level of downregulation of KIT in CL-1 and FLT3 in
CLGL-90 for gRT-PCR when compared with microarray analysis. These discrepancies are
not present in the remaining cell lines, suggesting that there may be some sequence
alterations in the regions of primer binding preventing the amplification of transcripts. The
catalogue of transcriptional data in this study provided by microarray analysis aids in
highlighting potentially unique features of these lymphoid cell lines, but to completely
understand how these models globally represent the transcriptomes of primary disease further
studies are necessary. Currently, there is a lack of published data regarding GEP in canine
lymphoid tumours, and therefore we cannot provide molecular comparison of these lines
with primary disease. Yet, the use of a commercial microarray platform combined with these
data being publicly available will provide an opportunity for the integration of these cell lines
into ongoing and future expression profiling studies and facilitate additional assessment of

the clinical predictive value for these models.
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The combined application of aCGH, SLP and gene expression analyses for each cell
line allowed DNA copy number imbalances to be correlated with gene transcription status.
For example, aCGH analysis of CL-1 and CLL-1390 indicated loss of CFA 26, which was
supported by deletion of the PTEN locus (CFA 26025) revealed by SLP FISH analysis.
PTEN functions in limiting the proliferative and survival signalling within a normal cell and
is deleted or mutated in up to 50% of human malignancies (Buckler et al. 2008). GEP and
gRT-PCR analysis demonstrated extensive downregulation of PTEN in both CL-1 and CLL-
1390, consistent with the homozygous deletion of this locus. GL-1 contains an amplification
of the proximal region of CFA 25 (3.3-22.3 Mb) (Figure 6), which harbours the dog
orthologue of FLT3 (CFA 25g12), a member of the receptor tyrosine kinase gene family
involved in proliferative cell signalling. This gene is a common target for genetic mutation,
and increased FLT3 expression has been observed in many human lymphoid malignancies
(Kiyoi et al. 2002; Krug et al. 2002) and reported recently in canine leukaemias (Suter et al.
2011). Subsequent SLP FISH analysis revealed four copies of the FLT3 locus in 90% of the
GL-1 cells analyzed, whereas gRT-PCR showed that GL-1 was the only cell line to exhibit
elevated FLT3 expression (~75-fold when compared with normal lymph node cells).

In this study, the relationship between DNA copy number increase of CFA 13 and
upregulation of MYC (CFA 13q13) and KIT (CFA 13g21.3) was less straightforward (Figures
5 and 8). Overexpression of both MYC and KIT has been associated with human lymphoid
malignancies (O'Neil et al. 2007; Usher et al. 2009), consistent with their role in cell cycle
regulation. aCGH analysis of 17-71 and CL-1 indicated gain of CFA 13 with concomitant

DNA copy number increase of both oncogenes evident in SLP FISH analysis (Figures 1 and
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5). gRT-PCR analysis showed that MYC expression was relatively similar in all cell lines
(with only approximately three-fold variation overall), even though MYC copy number status
was elevated in 17-71 and CL-1. KIT expression showed a greater degree of variation, with
four of the five cell lines showing ~10-75-fold upregulation. However, CL-1 presented GEP
and qRT-PCR data with varying degrees of downregulation for this gene relative to the other
cell lines despite an increase in KIT copy number. These examples emphasize that while
genomic imbalances may contribute to dysregulation of gene expression, a wide variety of
other factors such as sequence mutations and epigenetic changes are involved in
transcriptional regulation.

The combined results of our study demonstrate that when used in an appropriate
framework, these cell lines exhibit clinical predictive value that renders them as valuable
tools for investigating discrete aspects of canine lymphoid tumour biology. For example, we
have recently shown that GL-1 harbours a homozygous FLT3 exon 11 internal tandem
duplication (ITD) and is sensitive to the small molecule FLT3 inhibitor, lestaurtinib (Suter et
al. 2011). The presence of a FLT3 ITD mutation is associated with a significantly higher
relapse rate and poorer overall survival in both paediatric and adult AML patients (Kottaridis
et al. 2001; Brown et al. 2005). In addition, the homozygous deletion of PTEN in CL-1 and
CLL-1390 renders these cell lines potentially suitable for the development of therapies that
target the PI3K/AKT pathway (Hennessy et al. 2005). We propose that the generation of
integrated molecular profiling data for these resources will now stimulate further exploration
into their biology and clinical utility, and facilitate comparative studies between canine and

human lymphoid malignancies.
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Conclusions

The Humane Society estimates there are 78.2 million dogs in America
(http://www.humanesociety.org/issues/pet_overpopulation/facts/pet_ownership_statistics.ht
ml) and if the incidence rate of dogs affected from lymphoma ranges from 13 cases per
100,000 dogs to ~100 cases per 100,000 dogs (Dorn et al. 1968; Edwards et al. 2003), at a
minimum 10,000 dogs and at most 78,000 dogs could suffer from this malignancy. Although
there are approximately four times as many people as dogs in the United States, there is the
possibility that more canines could be affected from lymphoma than humans from NHL
(Howlader et al. 2012). Even with the use of common chemotherapeutic agents for the
treatment of NHL in both species, this diverse group of hematological malignancies only has
a median five-year survival rate of ~65% in people and a median two-year survival rate of
~25% in dogs (Howlander et al. 2012; Withrow et al. 2007). Because of this, researchers
have the opportunity to make man “dog’s best friend”, building upon experimental
approaches and biological insights derived from human studies, to further the knowledge of
canine NHL molecular pathology. In turn, using the dog as a comparative model of
evolutionarily conserved genetic abnormalities in cancers will keep the dog “man’s best
friend”. This is because unique genetic structures exist within breed populations that allow
for a more homogeneous genotypic background that those within human populations
(Ostrander et al. 2005; Parker et al. 2005). Combined with the canine genome sequence that

provides a high quality assembly of the canine genetic blueprint (Lindblad-Toh et al. 2005),
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the dog may be essential to identifying evolutionarily conserved molecular abnormalities
responsible for the pathogenesis of spontaneous and inherited genetic diseases that affect
both man and canines, ultimately provide the opportunity to improve therapeutic strategies in
both species by targeting these common molecular aberrations.

Here, | hypothesized that 1) FFPE tissue is a valid resource for genomic profiling in
canine lymphoma, 2) DNA copy number imbalances in canine lymphoma are associated with
transcriptional deregulation in tumor cells, 3) canine lymphoid tumor cell lines are valid in
vitro models of in vivo lymphoid tumors, and 4) conserved molecular alterations exist
between canine lymphoma and human Non-Hodgkin lymphoma. To test these hypotheses, |
employed a multitude of molecular techniques targeting both the canine NHL genome and
transcriptome, including array CGH and gene expression microarrays. Chapter 2, the
evaluation of a panel 99 FFPE canine lymphoma tissue samples through the use of aCGH,
provides evidence supporting the first hypothesis, that FFPE tissue is a valid resource for
genomic profiling in canine lymphoma. Chapter 3, evaluation of canine T-cell lymphomas
using gene expression microarrays and matched aCGH data and to a lesser extent Chapter 4,
the genomic characterization of five widely utilized canine lymphoid tumors, cell lines
provides insight into the hypothesis that CNAs are associated with transcriptional
deregulation. In addition, Chapter 4 provides data to support the validity of canine lymphoid
tumor cell lines as in vitro models of primary diseases through the use of microarrays and
other molecular techniques. All of the chapters provide evidence supporting of the

hypothesis that conserved molecular alterations exist between human and canine lymphoma
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and reinforce the value of using the dog as a model system for studying lymphoma
pathogenesis.

Sufficient sample size is necessary to provide statistical power to genomic studies
(Lee et al. 2002), which look at thousands to millions of data points in a single experiment or
reaction. Compounding this requirement are the challenges associated with regulations and
protocols for sample acquisition, monetary limitations, and temporal constraints. One
solution to this challenge is the retrospective use of FFPE archival tumor tissues, and
although the fixation process leads to the adverse effects degradation and crosslinking on
nucleic acids (Srinivasan et al. 2002), human studies have demonstrated that FFPE tumor
tissue can provide valid genomic data (Paris et al. 2003; Zielenska et al. 2004; Braggio et al.
2011; Linton et al. 2012). In Chapter 2 of this dissertation, | investigate a panel of 99 FFPE
canine lymphoma tumor samples, with rigorous histological classification, using an aCGH
platform that surveys the canine genome at an average resolution of 1 Mb (Thomas et al.
2008). Based upon observations from the use of human FFPE tissue in aCGH, we employed
a PCR-based assay to identify samples that were likely to provide successful and high-quality
hybridization. Comparison of these data to an independent sample population from previous
study of 150 canine lymphomas analyzed on the same aCGH platform (Thomas et al. 2011),
using DNA derived from fresh tissue, allowed for a statistical evaluation of the FFPE aCGH.
To determine if the quantitative data was statistically equivalent between both sample
populations, statistical comparisons were performed at the step of data normalization
(Chapter 2, Figure 1), segmentationation of each tumor genomic into discrete regions of

DNA copy number (Chapter 2, Figure 2), and discretizing the segments into regions of gain,
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deletion, or balance. Genome-wide hierarchical clustering of combined fresh and archival
data for B-cell tumors and T-cell tumors suggested that samples group based upon biological
characteristics, with no major groupings composed of either all fresh or all FFPE samples
(Chapter 2, Figures 3 and 4). The use of statistical methods to process aCGH data from
quantitative values to categories DNA copy number also provided a means to insulate or
results from the spurious CNAs that may be present in FFPE aCGH data (Mc Sherry et al.
2007), although the compromise for ensuring increased true positive and decreased false
positive CNAs was a decrease in resolution from 1 Mb to 2 Mb. This study provides
confirmation to the hypothesis that FFPE tumor tissue represents a valid resource for
genomic profiling of canine lymphoma, given the statistical equivalency observed in all
stages of data processing for both fresh and archival aCGH.

Although numerous recurrent CNAs were observed in canine B-cell and T-cell
lymphoma, including a limited number of loci demonstrating association with tumor
immunophenotype (Thomas et al. 2011), the identification of gene content within these
CNAs did not provide any direct evidence regarding the biological significance of these
genomic aberrations. Examples, such as deletion of the CDKN2A/B locus on canine 11921,
encompassing the tumor suppressors p15 and pl16, may be relevant to disease pathogenesis in
canine T-cell tumors. In addition, the observation of increased levels of aneuploidy in canine
T-cell lymphomas when compared to B-cell lymphomas led to the hypothesis that there is
functional significance, in the form of dosage-dependent transcription, to the CNAs observed
in the T-cell diseases. To test this hypothesis, a subset of 22 canine T-cell lymphomas were

selected from the sample population of Thomas et al. (2011), including the most common T-
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cell lymphoma histological subtypes PTCLu and TZL, and high quality RNA was analyzed
on a canine gene expression microarray that surveys approximately 44,000 transcripts
(Chapter 3). Using computation methods, gene expression microarray data was integrated
with matched aCGH data, allowing for the determination of correlation between DNA copy
number and transcriptional levels for all transcripts surveyed on the gene expression
microarray. These analyses demonstrate that a limited number of loci within the canine T-cell
lymphoma genome share association between DNA copy number gain and increased
transcriptional levels and between DNA copy number loss and decreased transcriptional
levels, and genes found within these loci are not commonly associated human lymphomas
(Chapter 3, Table 5). While CNA data from fresh and archival primary canine T-cell
lymphomas suggested that oncogenes such as MYC and KIT gained on CFA 13 and the tumor
suppressors found deleted at the CDKN2A/B on CFAL1 locus may be deregulated in this
group of malignancies, these genomic aberrations do not appear to be directly associated with
transcriptional deregulation.

A similar approach to examining the association between DNA copy number and
transcriptional deregulation was performed within the genomic characterization of
commonly utilized lymphoid tumor cell lines (Chapter 4), with genes of interest showing
variability in the correlation between DNA copy number status and transcription level. The
genomic amplification of FLT3 in the GL-1 cell line (Chapter 4, Figure 5) is associated with
massive upregulation of the FLT3 transcript in GL-1 (Chapter 4, Figure 8). Also, the
deletion of the tumor suppressor PTEN in two cell lines (Chapter 4, Figure 5), correlates with

a massive downregulation of this transcript in both cell lines (Chapter 4, Figure 5). In
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contrast, both MYC and KIT, gained three of the five cell lines, do not demonstrate
association between DNA copy number and transcriptional levels (Chapter 4, Figures 5 and
8). Because of these data we can confirm the hypothesis that CNAs are associated in
transcriptional deregulation, but in the context that only a limited number of loci demonstrate
association and that, globally within the genome, other mechanisms contribute to
transcriptional regulation within canine lymphoma cells.

The use of a tumor model, in the form of in vitro cell lines or organisms, requires
thorough phenotypic and molecular characterization to ensure that observations and
experiments can effectively be translated to human research. Tumor cell lines can functional
as preclinical models for understanding tumor biology and determining the efficacy of cancer
therapeutics (MacLeod et al. 2008), although incomplete classification or
mischaracterization, cross-contamination, and genetic drift from prolonged culture can limit
the utility of these cell lines as models (MacLeod et al. 2008; Drexler et al. 2003). While
many human lymphoid tumor cell lines exist (MacLeod et al. 2008), there are a limited
number of canine lymphoid tumor cell lines utilized in veterinary oncology research.
Surprisingly, while these cell lines have been in prolonged culture used in many studies to
model canine lymphoid tumors, the tumors used to derive these lines were diagnosed in a
manner that lacked thorough molecular and histological evaluation. Because of this, the
hypothesis that these cell lines represent valid models of primary canine lymphoid tumors
was tested in Chapter 4. Using immunophenotyping we provide a clinical characterization of
the tumor cell lines to better distinguish what lymphoid tumor each line represents, and then

perform subsequent genomic analyses to characterize these lines and compare them with
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known molecular features of primary lymphomas and leukemias. The use of karyotype
analysis and high-resolution oligonucleotide aCGH validated by FISH, demonstrated that
these cell lines displayed high levels of aneuploidy when compared with primary canine
lymphoid tumors. Additionally, there appears to be conservation of recurrent CNAs
observed in primary canine lymphomas, including gains of CFA 13 and CFA 31 and deletion
of CFA 11, within certain cell lines (Chapter 4, Figure 2). Transcriptional analysis of these
cell lines through the use of gene expression microarrays, validated by gRT-PCR, identified
the unique transcriptional characteristics of each cell line. Identification of regions of DNA
copy number imbalance and transcriptional deregulation, including the genomic and
transcriptional amplification of FLT3 in GL-1, provide insight into the relevance of these cell
lines for studying discrete pathways associated with tumor pathogenesis. While these
analyses revised the clinical classification of these cell lines, data suggest that these cell lines
are relevant models of lymphoid tumors. Yet, because these tumor cell lines appear to be
globally different from their primary diseases at the molecular level, their utility as models
may be restricted to discrete biological pathways.

All of the studies within this dissertation (Chapters 2-4) provide the opportunity to
test the hypothesis that the dog is a valid model of spontaneous lymphoma tumors.
Physiologically, there are both similarities differences between man and dog and this
incomplete homology extends to the genomes of both species. While the architecture of the
canine genome differs greatly from the human genome (Breen et al. 2008), the sequencing of
both human and canine genomes (Linblad-Toh et al. 2005; Venter et al. 2001; International

Human Genome Sequencing Consortium 2004) has allowed for the identification of
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extensive synteny shared between human and canine chromosomes and a large number of
orthologous genes. These shared phenotypic and molecular traits are likely evolutionarily
conserved from a common ancestor, whereas the differences between these two organisms
have arisen through the process of speciation. This same parallel appears to exist within
diseases common to both human and dogs, as previous work on human and canine tumors
has identified similarities in regards to morphology, clinical presentation, genetics, and
response to therapy (Vail et al. 200; Khanna et al. 2006; Paoloni et al. 2007). This trend of
parallels and differences between human and dog is found within the work presented in this
dissertation.

Through the use of aCGH on a large panel of FFPE canine lymphoma tumors in
Chapter 2, validation is provided for the catalog of CNAs identified by Thomas et al. (2011)
and a refined estimate of the frequency of recurrent DNA copy number aberrations in both B-
cell and T-cell tumors is presented. Through genomic recoding, Thomas et al. (2011) was
able to identify evolutionarily conserved CNAs shared between human and canine DLBCL,
such as gain of CFA 13q11-13g21.1/HSA 8g22-8qtel (encompassing the MYC locus), and
human and canine PTCLu, including deletion of CFA 11/HSA 9p (encompassing the
CDKN2A/B locus). Additionally, some of the canine lymphoid tumors examined in Chapter
4 demonstrate gain of CFA 13 and deletion of CFA 11 (Chapter 4, Figure 2). While these
shared recurrent CNAs exist between human and dog, comparison of the recurrent CNAs
identified in both human and the recoded dog genome identify a higher level of aneuploidy
within human lymphomas (Thomas et al. 2011). CNAs relevant to human lymphoma

biology, including deletion of CDKN2A/B in human DLBCL (Lenz et al. 2008; Jardin et al.
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2010), were not found to be present in the canine disease (Thomas et al. 2011; Chapter 2).
The lack of differential genomic lesions in these two species suggests a limited conservation
in the genetics of these two diseases, but recent work in human DLBCL has suggested that
multiple mechanisms can affect the same biological processes. Guney et al. (2012) recently
demonstrated that either promoter methylation or genomic deletion can decrease the
expression levels of CDKN2A in human DLBCL. Given that multiple mechanisms can affect
the same biological process within people it may be the case that, although there are gross
genomic differences between human and canine lymphomas, the process of evolution has
allowed for the same biological processes to be targeted by different cellular mechanisms in
the two species.

The transcriptional analysis of canine T-cell lymphomas (Chapter 3) presents another
means to assess the value of the dog as a model for lymphoid tumor biology. Specifically,
the transcriptional profiling of canine PTCLu samples allows for the identification of genes
deregulated within the pathogenesis of this histological subtype. Evaluation of the pathways
and biological processes associated with transcriptional deregulation in the dog demonstrate
similarities with human PTCLu, including deregulation of the p53 pathway (Jung et al.
2006). While this pathway is impacted at transcriptional level in the dog, it is affected at the
protein level in human PTCLu, again suggesting that different molecular and cellular
mechanisms are utilized between humans and dogs to lead to disease pathogenesis. In
contrast, examination of proposed gene expression signatures that define molecular subtypes
within human PTCLu were not able to segregate canine PTCLu samples into clear groupings

based upon gene expression patterns (Chapter 3, Figures 7 and 8). While these analyses may
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be confounded by the histological and molecular heterogeneity found in the PTCLu subtype,
they still suggest major transcriptional differences are present between human and canine
lymphoma. The summation of the data within this dissertation suggests two main themes
regarding the hypothesis of the dog lymphoid as a valid molecular model for human NHL, 1)
that evolutionarily conserved biological perturbations, which may or may not utilize the same
molecular mechanisms, exist between both organisms, and 2) global molecular differences
exist between human and dog based that have arisen from speciation and population
structure. Ultimately, the use of comparative oncology will elucidate the evolutionarily
conserved cellular and molecular mechanisms responsible for lymphoma pathogenesis and

may lead to improved therapeutic options for both man and dog.

Future Work

The data presented in this dissertation suggest some direct and indirect avenues to
proceed with future work. A multitude of additional molecular strategies are available to
characterize additional genomic and cellular aspects of canine lymphoma, allowing for
increased understanding of disease pathogenesis and an increased ability to test the
hypothesis that the dog is a relevant model for human NHL. Considering the observations of
transcriptional deregulation of PTCLu in Chapter 3, along with the limited correlation
between DNA imbalances and transcription levels, two questions can be asked: what are the

factors responsible for transcriptional deregulation?; and what are the effects of transcript

199



levels on protein production?. Epigenetics refers to modifications to the genome that do not
alter sequence composition, and the collective set of these modifications is referred to as the
epigenome. The modifications that influence the transcriptional landscape of a cell fall into
two main categories: methylation of cytosine bases and the interaction of DNA with histone
proteins to produce chromatin structure (Bernstein et al. 2007). Evaluation of chromatin
structure and methylation status of loci associated with gene regulation could help explain
the transcript deregulation observed in Chapter 3. Locus-specific methylation interrogation
has already been performed in canine lymphoma ((Fosmire et al. 2007; Bryan et al. 2009)
and global genomic hypomethylation has been observed canine NHL (Pelham et al. 2003),
promoting this methodology as valuable future direction. MicroRNAs are non-coding RNAs
that function in conjunction with protein complexes to regulate the levels of specific mMRNA
targets by binding to the 3> UTR of mRNAs to inhibit translation or degrade the mRNA
target (Pritchard et al. 2012). Uhl et al. recently used a microarray platform to quantify
microRNA levels in canine lymphomas and identified deregulation of microRNAs that
upregulate oncogenes and downregulate tumor suppressor genes, with microRNA levels
differing between tumor types (Uhl et al. 2011). The correlation of these data to the
transcriptional levels of canine T-cell NHL in Chapter 3 would provide useful insight into the
mechanisms of deregulation.

These techniques, along with the data presented in this thesis, suggest a logical
follow-up project to drastically improve our understanding of canine lymphoma and its
comparative value. One major benefit for many of the human profiling studies described in

Chapter 1 was the presence of thorough clinical data associated with tumor specimens,
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allowing for molecular classifiers and prognosticators to be determined. These sample
resources exist for canine lymphomas as either retrospective FFPE tumor samples or samples
being collected by the Canine Comparative Oncology & Genomics Consortium (CCOGC,;
http://www.ccogc.net), a collaboration of medical and veterinary clinicians and researchers to
working to build a biospecimen repository using standardized protocols and thorough clinical
validation. Using either B-cell or T-cell canine tumors, DLBCL or PTCLu given their high
frequency in human B-cell and T-cell lymphomas, a sample population could be selected that
comprised mainly of one common breed (N > 30), either Golden Retrievers of Boxers, and
an mixture of other breeds (N > 30). These samples would have thorough clinical
classification and detailed information regarding response to a standardized
chemotherapeutic protocol and survival. Genomic tumor DNA derived from these samples
would be subjected to high-resolution oligonucleotide-based aCGH using non-malignant
genomic DNA from that same individual as a reference, allowing for the identification of
recurrent CNAs and not copy number variants (CNVs) associated with normal genomic
variation. Genomic tumor DNA would also be used to determine epigenetic alterations in the
tumor through the use of a custom designed methylation microarray based upon predicted
promoters and CpG islands within the canine genome. Lastly, RNA derived from these
tumor specimens would be applied to gene expression microarrays to survey the
transcriptional characteristics of these samples. References for both epigenetic and
transcriptional profiling experiments would include DNA and RNA from both non-neoplastic
lymph nodes and pure non-neoplastic B-cell or T-cell populations. This combinatorial

approach would provide a means to identify molecular markers that are associated with
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prognosis or tumor biology, and provide insight into how relevant pathways are
transcriptionally deregulated within canine lymphoma. Subsequent use of FFPE tumor tissue
would also allow for the analysis of protein levels for genes with deregulated transcripts.
These data would provide an opportunity to identify molecular pathways that are associated
with response to chemotherapy and survival. Additionally, this comprehensive catalog of
genomic information could be compared with human data to identify evolutionarily
conserved molecular perturbations that may have relevance to the fundamental aspects of
lymphoma biology.

The prevalence of lymphomas in certain breeds and prevalence of tumor
immunophenotypes within breeds (Edwards et al. 2003; Modiano et al. 2005) suggests the
presence of disease susceptibility genes. A genome-wide association study (GWAS) could
be performed with the use of a single nucleotide polymorphism (SNP) microarray to survey
for these disease alleles. Genome-wide association studies function by assessing the
association between SNPs and disease states without prior hypothesis (Need et al. 2010).
These studies have had success with monogenic diseases but varied success with polygenic
disease (Need et al. 2010). Due to the long haplotype blocks and high levels of linkage
disequilibrium found within breeds, along with having developed microarray platforms, the
dog represents and ideal species to investigate genetic disposition to complex genetic
diseases (Lindblad-Toh et al. 2005; Ostrander et al. 2005; Parker et al. 2010). Success has
already been achieved in canine GWAS studies investigating numerous diseases and
disorders, including retinal degeneration (Miyadera et al. 2012) and arrythmogenic right

ventricular cardiomyopathy (Meurs et al. 2010). Initial profiling of NHL, restricted to a

202



single breed, would allow for the identification of prospective markers that could be
subsequently analyzed in other breed groups to determine association (Ostrander et al. 2005).
Efforts to identify SNPs assoiated with canine lymphoma in Golden Retreivers in currently
underway (data not published).

All of these experimental endeavors described above can be accomplished with the
genomic heir to the microarray, next generation sequencing (NGS). This technology uses
short sequence reads of 50 to 500 bp from randomly fragmented DNA and then
computational mapping of these reads to a reference genome assembly, although it is
currently cost prohibitive to map large genomes in many samples (Zhang et al. 2011). The
advantage of this continually developing technology is that it provides the opportunity for
unparalleled discoveries by examining tumors at the resolution of single bases. The
applications of this technology include the identification of disease polymorphisms,
structural mutations, and DNA copy number imbalances, as well as interrogate transcription
levels, DNA-protein interactions, epigenetic modifications, and microRNAs (de Magalhaes
et al. 2010). Exome sequencing may provide a more cost effective means to explore novel
mutations in complex genetic disorders such as lymphomas. To perform this approach,
exons within a genome are targeted for enrichment using either enzymatic reactions or
capture probes, and these sequences are subject to high-throughput sequencing and
subsequent alignment to a reference genome (Ku et al. 2012). This approach should provide
a means to comprehensively screen for recurrent gene mutations within tumors without any
prior targets. As technology improves and costs are decreased, the application of next-

generation sequencing to the sample population in the potential microarray study described
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previously in this section will provide insight into the genomic characteristics of canine
lymphoma at a maximum resolution and will provide the means for a complete comparative

analysis of human and canine lymphoma genomes.
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Supplementary Table 1. Composition of the sample population used within the study. The sample set includes

the FFPE sample obtained for this study as well as the fresh samples used in the study by Thomas et al.

(Thomas et al. 2011). Annotation includes breed, gender, age at diagnosis, lymphoma immunophenotype, and

histological subtype.

Tissue Source Breed Gender Age at diagnosis Immunophenotype Hlsstologlcal
ubtype
FFPE GR E 8 B BKL
FFPE GR E 9 B BKL
FFPE GR M 6 B BKL
FFPE LAB M 7 B BKL
FFPE ASD M 7 B DLBCL
FFPE ASD F 9 B DLBCL
FFPE ASD F 10 B DLBCL
FFPE BMD M 4 B DLBCL
FFPE BMD F 10 B DLBCL
FFPE BMD M 12 B DLBCL
FFPE BMD M 7 B DLBCL
FFPE BMD M 9 B DLBCL
FFPE BOX F 4 B DLBCL
FFPE BOX F 10 B DLBCL
FFPE BOX M 9.5 B DLBCL
FFPE BOX M 7 B DLBCL
FFPE BOX M 9 B DLBCL
FFPE CS F 7 B DLBCL
FFPE CS F 5 B DLBCL
FFPE CS M 5 B DLBCL
FFPE CS M 7 B DLBCL
FFPE CS M 55 B DLBCL
FFPE GR F 6 B DLBCL
FFPE GR M 10 B DLBCL
FFPE GR M 5 B DLBCL
FFPE GR F 5 B DLBCL
FFPE GR F 5 B DLBCL
FFPE GR F 4.7 B DLBCL
FFPE GR F 11 B DLBCL
FFPE GR F 7 B DLBCL
FFPE GR F 8 B DLBCL
FFPE GR F 9 B DLBCL
FFPE GR F 7 B DLBCL
FFPE GR F 5 B DLBCL
FFPE GR F 8 B DLBCL
FFPE GR F 5 B DLBCL
FFPE GR M 7 B DLBCL
FFPE GR M 10 B DLBCL
FFPE GR M 16 B DLBCL
FFPE GR M 6 B DLBCL
FFPE GR M 7 B DLBCL
FFPE GR M 7.5 B DLBCL
FFPE GR M 11.6 B DLBCL
FFPE GR M 8 B DLBCL
FFPE GR M 6 B DLBCL
FFPE GR M 12 B DLBCL
FFPE LAB F 6 B DLBCL
FFPE LAB F 6 B DLBCL
FFPE LAB F 4 B DLBCL
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Supplementary Table 1 (continued)

Tissue Source Breed Gender Age at diagnosis Immunophenotype HISSLtJt'E)IglgF:gal
FFPE LAB F 10 B DLBCL
FFPE LAB M 10 B DLBCL
FFPE LAB M 10 B DLBCL
FFPE LAB M 10 B DLBCL
FFPE LAB M 4 B DLBCL
FFPE LAB M 4 B DLBCL
FFPE LAB M 11 B DLBCL
FFPE LAB M 8 B DLBCL
FFPE LAB M 5 B DLBCL
FFPE LAB M 8 B DLBCL
FFPE STP M 8 B DLBCL
FFPE Cs M 11 B MZL
FFPE LAB F 11 B MZL
FFPE LAB M 5 B MZL
FFPE BOX F 13 T LBC
FFPE BOX F 9 T LBC
FFPE BOX M 6 T LBC
FFPE GR F 8 T LBC
FFPE GR M 5.5 T LBL
FFPE BOX F 9 T PTCLuU
FFPE BOX F 8 T PTCLuU
FFPE BOX M 6.5 T PTCLuU
FFPE BOX M 6 T PTCLu
FFPE BOX M 95 T PTCLu
FFPE BOX M 4 T PTCLu
FFPE GR F 6 T PTCLu
FFPE GR M 3 T PTCLu
FFPE GR M 6 T PTCLu
FFPE GR F 7 T PTCLu
FFPE GR F 12 T PTCLu
FFPE GR M 10 T PTCLu
FFPE GR M 8 T PTCLu
FFPE GR M 75 T PTCLu
FFPE GR M 10 T PTCLu
FFPE LAB M 10.25 T PTCLu
FFPE LAB M 15 T PTCLu
FFPE LAB M 75 T PTCLu
FFPE LAB M 8 T PTCLu
FFPE GR M 10 T TZL
FFPE GR M 6 T TZL
FFPE GR M 8 T TZL
FFPE GR M 9 T TZL
FFPE GR M 12 T TzL
FFPE GR F 10 T TzL
FFPE GR F 9 T TZzL
FFPE GR M 7 T TZzL
FFPE GR M 10 T TZzL
FFPE GR M 8 T TZzL
FFPE LAB F 13 T TZL
FFPE LAB M 7 T TZL
fresh ROTT F 9 B BKL
fresh LAB F nd B BKL
fresh GR M 2 B BKL
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Supplementary Table 1 (continued)

Tissue Source Breed Gender Age at diagnosis Immunophenotype Hlsssﬂglgr;gal
fresh BRI F 12 B BKL
fresh LAB F 13 B DLBCL
fresh ROTT F 4 B DLBCL
fresh ROTT M 7 B DLBCL
fresh LAB M 9 B DLBCL
fresh MAST M 3 B DLBCL
fresh LAB M 6 B DLBCL
fresh LAB F 5 B DLBCL
fresh GR M 11 B DLBCL
fresh CS M 11 B DLBCL
fresh GSD F 4 B DLBCL
fresh GR M 4 B DLBCL
fresh BMD M 6 B DLBCL
fresh FCR M nd B DLBCL
fresh YT M 11 B DLBCL
fresh GSD M 5 B DLBCL
fresh EBD M 7 B DLBCL
fresh CBR M 10 B DLBCL
fresh BEAG F 10 B DLBCL
fresh GR M 5 B DLBCL
fresh GR F 11 B DLBCL
fresh GR M 11 B DLBCL
fresh GR M 4 B DLBCL
fresh GR M 9 B DLBCL
fresh GR M 8 B DLBCL
fresh GR M 9 B DLBCL
fresh GR F 10 B DLBCL
fresh GR M 8 B DLBCL
fresh GR M 10 B DLBCL
fresh LAB F nd B DLBCL
fresh LAB F nd B DLBCL
fresh LAB F nd B DLBCL
fresh WHWT M 12 B DLBCL
fresh BOX F 7 B DLBCL
fresh GR M 6 B DLBCL
fresh LAB F 11 B DLBCL
fresh BEAG M 8 B DLBCL
fresh LAB M 7 B DLBCL
fresh BMD M 9 B DLBCL
fresh STP M 6 B DLBCL
fresh GD M 5 B DLBCL
fresh LAB M 6 B DLBCL
fresh LAB F 9 B DLBCL
fresh LAB M nd B DLBCL
fresh BRI M 6 B DLBCL
fresh BRI M 6 B DLBCL
fresh BC F 10 B DLBCL
fresh BMD F 11 B DLBCL
fresh BC M 10 B DLBCL
fresh STP F 8 B DLBCL
fresh GR M 10 B DLBCL
fresh EBT F 4 B DLBCL
fresh BRI F 12 B DLBCL
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Supplementary Table 1 (continued)

Tissue Source Breed Gender Age at diagnosis Immunophenotype Hlsssﬂglgr;gal
fresh GR F 9 B DLBCL
fresh GR M 7 B DLBCL
fresh GR M 6 B DLBCL
fresh LAB F 5 B DLBCL
fresh GR F 14 B DLBCL
fresh GR F 14 B DLBCL
fresh GR M 8 B DLBCL
fresh GR M 7 B DLBCL
fresh LAB F 10 B DLBCL
fresh GR M nd B DLBCL
fresh GR M 6 B DLBCL
fresh GR M 9 B DLBCL
fresh DOB M 5 B DLBCL
fresh BOX F 9 B DLBCL
fresh CS F 6 B DLBCL
fresh GR F 7 B DLBCL
fresh GR F 8 B DLBCL
fresh LAB F 14 B DLBCL
fresh LAB M 10 B DLBCL
fresh DOB M 7 B DLBCL
fresh LAB M 10 B DLBCL
fresh GR M 4 B DLBCL
fresh GR M 8 B DLBCL
fresh LAB F 6 B DLBCL
fresh LAB F 9 B DLBCL
fresh LAB M 7 B DLBCL
fresh BMD F 12 B DLBCL
fresh BRI M 4 B DLBCL
fresh STP M 5 B DLBCL
fresh GSD M 2 B FL
fresh LAB M 11 B FL
fresh GR M nd B LPL
fresh GR F 3 B MZL
fresh GR F 9 B MZL
fresh GR M 10 B MZL
fresh GR F 6 B MZL
fresh GR M nd B MZL
fresh STP M 10 B MZL
fresh MAST F 4 B MZL
fresh GSD M 5 B MZL
fresh GR F 8 B MZL
fresh LAB M 11 B MZL
fresh ASD M 6 B MZL
fresh GR M 5 B MZL
fresh GR F 3 B MZL
fresh GR M 5 B MZL
fresh GR F 10 B MZL
fresh GR M 7 B nd
fresh GSD F 4 B nd
fresh BC M 9 B nd
fresh CS M 10 B nd
fresh GR M 7 B nd
fresh GR M 10 B nd
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Supplementary Table 1 (continued)

Tissue Source Breed Gender Age at diagnosis Immunophenotype HISSLtJt'E)IglgF:gal
fresh GR M 10 B SLL
fresh GR F 4 B SLL
fresh LAB F 9 B SLL
fresh BOX M 3 T LBC
fresh BOX M 9 T LBL
fresh LAB F 5 T LBL
fresh GR F 6 T LBL
fresh GR M 6 T LBL
fresh GR M 4 T nd
fresh GR F 9 T nd
fresh BOX M 6 T nd
fresh GR F 3 T nd
fresh GR M 9 T nd
fresh FCR M 5 T PTCLu
fresh GR M 5 T PTCLu
fresh BOX M 5 T PTCLu
fresh BOX F 9 T PTCLu
fresh LAB M 5 T PTCLu
fresh BOX F 6 T PTCLu
fresh BOX F 7 T PTCLu
fresh BOX M 6 T PTCLu
fresh BC E 4 T PTCLu
fresh GR M 9 T PTCLu
fresh BOX F 7 T PTCLu
fresh GR F 4 T PTCLu
fresh LAB F 10 T PTCLu
fresh BOX F 3 T PTCLu
fresh GR M 6 T PTCLu
fresh GR M 6 T PTCLu
fresh GR M 6 T PTCLu
fresh GR M 9 T PTCLu
fresh GR F 10 T SLL
fresh GR M 10 T TZL
fresh GR F 8 T TZL
fresh GR M 9 T TZL
fresh GR M 8 T TZL
fresh GR F 7 T TZL
fresh GR F 10 T TZL
fresh GR F 8 T TZL
fresh GR M 7 T TZL
fresh GR M 9 T TZL
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Supplementary Table 1 (continued)

Breed Abbreviations

ASD Austrailian Shepherd Dog
BC Border Collie
BEAG Beagle
BMD Bernese Mountain Dog
BOX Boxer
BRI Briard
CBR Chesapeake Bay Retriever
CS Cocker Spaniel
DOB Doberman
EBD English Bulldog
EBT English Bull Terier
FCR Flat Coated Retriever
GD Great Dane
GR Golden Retriever
GSD German Shepherd Dog
LAB Labrador Retriever
MAST Mastiff
ROTT Rottweiler
STP Standard Poodle
WHWT West Highland White Terrier
YT Yorkshire Terrier

Histological Subtype
Abbreviations

BLK Burkitt's-like lymphoma
DIBCL diffuse intermediate B-cell lymphoma
DLBCL diffuse large B-cell lymphoma

FL folicular lymphoma

LBC lymphoblastic convoluted lymphoma

LBL lymphoblastic lymphoma

LPL lymphoplasmacytoid lymphoma

MZL marginal zone lymphoma
PTCLu peripheral T-cell lymphoma unspecified

SLL small lymphocytic lymphoma

TZL T-zone lymphoma
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Supplementary Table 2. Regions demonstrating statistically significant recurrent imbalance between B-cell

and T-cell immunophenotypes. For each locus called data was defined as either gain or not gain or deletion or

not deletion, and counts for each immunophenotype were compared using a Fisher’s exact test. A corrected p-

value (P-value < 2.48x107°) was calculated by performing a Bonferroni multiple testing correction.

Clone Start

BCL

BCL

TCL

TCL

BAC Clone CFA Position (bp) Deletion Gain Deletion Gain P-value
160-H22 1 3250690 0 1 0 12 2.39E-06
287-A07 1 5257158 0 1 0 12 2.39E-06

078-M21 (MBP) 1 5833438 0 1 0 12 2.39E-06
122-B18 1 6132668 0 1 0 12 2.39E-06
315-D11 1 7540586 0 1 0 12 2.39E-06
326-E13 1 8481313 0 1 0 12 2.39E-06
186-M23 1 9948155 0 1 0 12 2.39E-06
330-B06 1 10953579 0 1 0 12 2.39E-06
315-L05 1 12212041 0 1 0 12 2.39E-06
122-J16¢ 1 13415312 0 1 0 12 2.39E-06
199-D15 1 14203392 0 1 0 13 6.74E-07
158-B09 1 15489166 0 1 0 13 6.74E-07
521-N11 (BCL2) 1 16746852 0 1 0 13 6.74E-07
191-C08 1 17003730 0 1 0 13 6.74E-07
307-A01 1 17924103 0 1 0 13 6.74E-07
287-D04 1 18560576 0 1 0 13 6.74E-07
029-J06 1 20078471 0 1 0 13 6.74E-07
335-H19 1 21058731 0 1 0 13 6.74E-07
326-C17 1 22375837 0 1 0 13 6.74E-07
330-K15 1 23308831 0 1 0 13 6.74E-07
188-i06 1 24599413 0 1 0 13 6.74E-07
186-J24 1 25993598 0 1 0 13 6.74E-07
328-B18 1 26773675 0 1 0 13 6.74E-07
191-G02 1 27664541 0 1 0 13 6.74E-07
335-M13 1 28639750 0 1 0 13 6.74E-07
062-N04 1 30121168 0 2 0 13 3.84E-06
296-B14 (MYB) 1 30917265 0 2 0 13 3.84E-06
315-018 1 30949977 0 2 0 13 3.84E-06
326-P14 1 32279575 1 2 0 13 3.84E-06
126-B12 1 33664285 1 2 0 13 3.84E-06
323-A23 1 34984668 1 2 0 13 3.84E-06
326-N03 1 35858846 1 2 0 13 3.84E-06
126-P08 1 37057420 1 2 0 13 3.84E-06
199-F21 1 38149614 0 2 0 13 3.84E-06
326-D23 1 39090732 0 2 0 13 3.84E-06
283-L24 1 40567708 0 2 0 13 3.84E-06
126-G22 1 41896919 0 2 0 13 3.84E-06
191-i02 1 42865224 0 2 0 13 3.84E-06
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Supplementary Table 2 (continued)

BACCIN | CFA | pusiion(op) | Deleon | oain | peetion | can Prvalue
199-B12 1 44052711 0 2 0 13 3.84E-06
126-B01 1 45100430 0 2 0 13 3.84E-06
115-D12 1 46450270 0 2 0 12 1.27E-05
160-F23 1 47482700 0 2 0 12 1.27E-05
326-F21 1 48974674 0 2 0 12 1.27E-05
328-J11 1 50176703 0 2 0 12 1.27E-05
126-C12 1 51022726 0 2 0 12 1.27E-05

009-A04 (VIL2) 1 51193918 0 2 0 12 1.27E-05
335-)24 1 51948370 0 2 0 12 1.27E-05
191-M10 1 52783021 0 2 0 12 1.27E-05
326-D01 1 53759391 0 2 0 12 1.27E-05
313-L10 1 54775341 0 2 0 12 1.27E-05
326-M09 1 56022360 0 2 0 12 1.27E-05
182-i18 1 57268953 0 2 0 12 1.27E-05
332-G05 1 58758879 0 2 0 12 1.27E-05
126-D24 1 60165775 0 2 0 12 1.27E-05
126-D16 1 61596373 0 2 0 12 1.27E-05
122-D10 1 62470259 0 2 0 12 1.27E-05
326-i04 1 63809033 0 2 0 12 1.27E-05
325-G14 1 65150283 0 2 0 12 1.27E-05
313-J02 1 65970569 0 2 0 12 1.27E-05
126-i20 1 66821209 0 2 0 12 1.27E-05
191-L16 1 67735852 0 2 0 12 1.27E-05
323-B08 1 68684399 0 2 0 12 1.27E-05
332-L18 1 69801109 0 2 0 12 1.27E-05
122-M03 1 70778977 0 2 0 12 1.27E-05
283-L04 1 71759699 0 2 0 12 1.27E-05
188-J09 1 73112154 0 2 0 12 1.27E-05
126-K11 1 74483708 0 2 0 12 1.27E-05
191-015 1 75656462 0 2 0 12 1.27E-05
326-F13 1 76598645 0 2 0 12 1.27E-05
182-N21 1 77470397 0 2 0 12 1.27E-05
205-F04 1 78653715 0 2 0 12 1.27E-05
328-i05 1 79654628 0 2 0 12 1.27E-05
283-D18 1 80908626 0 2 0 12 1.27E-05
199-N08 1 81937198 0 2 0 12 1.27E-05
335-E20 1 83267787 0 2 0 12 1.27E-05
186-N20 1 84700976 0 2 0 12 1.27E-05
326-K14 1 85808304 0 2 0 12 1.27E-05
191-C05 1 86855504 0 2 0 12 1.27E-05
182-E04 1 87636635 0 2 0 12 1.27E-05
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Supplementary Table 2 (continued)

Clone Start

BCL

BCL

TCL

TCL

BAC Clone CFA Position (bp) Deletion Gain Deletion Gain P-value
191-D08 1 89112739 0 2 0 12 1.27E-05
186-K02 1 90609675 0 2 0 12 1.27E-05
283-M23 1 93037468 1 2 0 12 1.27E-05
313-023 1 94464032 1 2 0 12 1.27E-05
122-i17 1 95393325 1 2 0 12 1.27E-05
199-J15 1 96635726 1 2 1 12 6.18E-06
160-A04 1 97093938 4 2 1 12 1.65E-05
328-F21 1 98790402 4 2 1 12 1.65E-05
157-C12 6 3312639 1 5 0 16 5.60E-06
158-C16 6 4613883 1 5 0 16 5.60E-06
323-H24 6 5368751 1 5 0 16 5.60E-06
313-G17 6 6631432 1 5 0 16 5.60E-06
328-011 6 7696820 1 5 0 16 5.60E-06
330-i20 6 8848006 1 5 0 16 5.60E-06
307-N15 6 9921331 1 5 0 16 5.60E-06
328-G09 6 10788458 1 5 0 16 5.60E-06
182-P11 6 12184603 1 5 0 17 1.83E-06
122-E14 6 13385083 1 5 0 17 1.83E-06
154-P02 6 14850023 1 5 0 17 1.83E-06
313-K08 6 16424498 1 5 0 17 1.83E-06
456-M11 6 17419621 1 5 0 17 1.83E-06
311-i23 6 18838132 1 4 0 17 5.43E-07
126-K24 6 20191462 1 4 0 17 5.43E-07
335-N18 6 21362747 1 4 0 17 5.43E-07
287-E10 6 22209767 1 4 0 17 5.43E-07
122-K24 6 23002948 1 4 0 17 5.43E-07
308-A23 6 24025406 1 4 0 17 5.43E-07
062-L24 6 25074290 1 4 0 17 5.43E-07
388-P16 6 26424387 1 4 0 17 5.43E-07
122-C24 6 27212646 1 4 0 17 5.43E-07
323-L03 6 28034008 1 4 0 17 5.43E-07
323-HO01 6 28976292 1 4 0 17 5.43E-07
326-K20 6 30560826 1 4 0 17 5.43E-07
082-Al15 6 31231659 1 4 0 17 5.43E-07
186-D15 6 32665660 1 4 0 17 5.43E-07
145-B24 6 33823857 1 4 0 17 5.43E-07
186-D02 6 35103382 1 4 0 17 5.43E-07
126-P15 6 36519601 1 4 0 17 5.43E-07
323-010 6 37588250 1 4 0 17 5.43E-07
126-H24 6 38522411 1 4 0 17 5.43E-07
323-E01 6 40533270 1 4 0 17 5.43E-07
332-F17 6 41453234 2 5 0 18 8.83E-07
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Supplementary Table 2 (continued)

Clone Start

BCL

BCL

TCL

TCL

BAC Clone CFA Position (bp) Deletion Gain Deletion Gain P-value
390-J08 (TSC2) 6 41902812 2 5 0 18 8.83E-07
062-E09 6 42287540 2 5 0 18 8.83E-07
289-M05 6 43334237 2 5 0 18 8.83E-07
126-K02 6 44132752 1 4 0 18 1.65E-07
323-E14 6 45212075 2 4 0 18 1.65E-07
323-B24 6 46374436 1 1 0 16 1.37E-08
126-L.23 6 47382080 1 1 0 16 1.37E-08
307-i06 6 49041127 2 1 1 14 2.50E-07
326-C24 6 49809048 2 1 1 14 2.50E-07
326-P01 6 51354349 3 0 1 13 7.37E-08
191-F06 6 52508005 2 0 1 13 6.34E-08
081-002 (GIPC2) 6 53196820 2 0 1 13 6.34E-08
330-M09 (FAIL) 6 53520713 2 0 1 13 6.34E-08
283-F10 6 54239530 2 0 1 13 6.34E-08
335-C24 6 55459220 2 0 1 13 6.34E-08
283-L05 6 57005121 2 0 2 12 1.06E-07
126-D18 6 57721260 2 0 2 12 1.06E-07
122-H04 6 58565507 2 0 2 12 1.06E-07
326-L20 6 59388121 2 0 3 11 1.42E-07
283-F22 6 60378404 2 0 3 10 5.35E-07
502-013 6 61928427 2 0 4 10 1.87E-07
326-P17 6 63154999 2 0 4 10 1.87E-07
126-D19 6 64142886 2 0 4 10 1.87E-07
062-K09 6 65489181 2 0 4 10 1.87E-07
335-F19 6 66731510 2 0 4 10 1.87E-07
326-F16 6 67720732 3 0 4 10 5.67E-07
323-E22 6 68630081 3 0 4 10 5.67E-07
191-C07 6 69682492 3 0 4 10 5.67E-07
335-F21 6 70518925 3 0 4 10 5.67E-07
328-P15 6 71866411 3 0 4 10 5.67E-07
328-D02 6 73074885 3 0 4 10 5.67E-07
362-A05 6 73747480 3 0 4 10 5.67E-07
122-B08 6 75531989 3 0 4 10 5.67E-07
307-M09 6 76736197 3 0 4 10 5.67E-07
335-N02 6 77768748 4 0 4 10 1.02E-06
323-G01 6 79235473 4 0 4 10 1.02E-06
325-H19 6 80200117 4 0 4 10 1.02E-06
335-B12 7 47678461 1 0 1 8 2.18E-05
335-E16 9 43639529 10 6 2 17 1.21E-05
332-N22 9 44612789 12 5 2 17 3.09E-06
461-i14 (NF1) 9 44844362 12 5 2 17 3.09E-06
195-P07 9 47050037 12 5 2 17 3.09E-06
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
122-J04 9 48222977 12 5 2 17 3.09E-06
043-B05 9 48992319 13 5 2 17 2.56E-06
191-B11 9 50438520 14 6 2 17 7.01E-06
191-C16 9 51749658 16 8 3 19 9.21E-06
474-21 9 52864457 16 8 3 19 9.21E-06
332-E15 9 54238869 16 8 3 19 9.21E-06

217-F05 (OLFM1) 9 54249495 16 8 3 19 9.21E-06
328-B07 9 55077765 15 8 3 19 9.63E-06
326-F17 9 56575649 15 8 3 19 9.63E-06
326-F17 (ABL1) 9 56575649 15 8 3 19 9.63E-06
313-D16 9 57897131 14 8 3 19 1.27E-05
126-H22 9 59193473 14 8 3 19 1.27E-05
323-C23 9 60439717 14 8 3 19 1.27E-05
191-J10 9 61767553 14 8 3 19 1.27E-05
188-C04 9 62796911 14 8 3 19 1.27E-05
152-D02 9 63377433 14 8 3 19 1.27E-05
506-n23 9 64037774 14 8 3 19 1.27E-05
010-F12 11 3192024 0 1 19 1 6.60E-12
254-C23 11 4405859 0 1 19 1 6.60E-12
062-M04 11 5647613 0 1 19 1 6.60E-12
191-B07 11 6996421 0 1 19 1 6.60E-12
186-B19 11 8731998 0 1 19 1 6.60E-12
122-L07 11 9346257 0 1 19 1 6.60E-12
283-K03 11 10522363 0 1 19 1 6.60E-12
126-B05 11 11837365 0 1 19 1 6.60E-12
328-A15 11 12900434 0 1 19 1 6.60E-12
326-i09 11 13804046 0 1 19 1 6.60E-12
126-F21 11 14711067 0 1 19 1 6.60E-12
326-L11 11 15919688 0 1 19 1 6.60E-12
323-J05 11 16837935 0 1 20 1 1.56E-12
283-M14 11 17755150 1 1 20 1 2.60E-11
307-C07 11 18807651 1 1 20 1 2.60E-11
062-D11 11 19535154 1 1 20 1 2.60E-11
326-L05 11 20526356 1 1 19 1 1.05E-10
122-E02 11 21728003 0 1 19 1 6.60E-12
313-A02 11 22814929 0 1 19 1 6.60E-12
330-A20 11 24362441 0 1 19 1 6.60E-12
465-G11 11 26700495 0 1 19 1 6.60E-12
296-j02 (TGFBI) 11 26905742 0 1 19 1 6.60E-12
307-k24 (TGFBI) 11 26905742 0 1 19 1 6.60E-12
186-P04 11 27713594 0 1 19 1 6.60E-12
126-B13 11 28573833 0 1 19 1 6.60E-12
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Supplementary Table 2 (continued)

BACCIone | CFA | gt 6 | Deletion | oain | Deletion | cain P-value
188-H11 11 29797201 0 1 19 1 6.60E-12
029-i13 11 30719925 0 1 19 1 6.60E-12
474-K18 11 31871249 0 1 19 1 6.60E-12
062-G24 11 33211810 0 1 20 1 1.56E-12
326-P11 11 34260256 0 1 20 1 1.56E-12
307-i15 11 35676139 0 1 20 1 1.56E-12
126-Al1 11 36556508 0 1 20 1 1.56E-12
182-A16 11 38024633 0 1 20 1 1.56E-12
126-022 11 39163675 0 1 19 1 6.60E-12
452-M22 11 40302657 0 1 19 1 6.60E-12
126-L03 11 41496919 0 1 19 1 6.60E-12
106-N16 11 42443613 0 1 19 0 1.56E-11
126-MO06 11 43723480 0 1 19 0 1.56E-11

325-c12 (p16) 11 44266881 0 1 22 0 2.05E-13
328-B22 11 44799242 0 1 22 0 2.05E-13
185-A04 11 45807072 0 1 22 0 2.05E-13
182-K13 11 46987786 0 1 22 0 2.05E-13
188-A22 11 48005046 0 1 22 0 2.05E-13
335-011 11 48890249 0 1 22 0 2.05E-13
307-i24 11 49872687 0 1 22 0 2.05E-13
122-J09 11 50916465 0 1 22 0 2.05E-13
307-E24 11 52106970 0 1 22 0 2.05E-13
330-P17 11 52978237 0 1 22 0 2.05E-13
283-Al5 11 53699301 0 1 22 0 2.05E-13
092-B24 11 53934635 0 1 23 0 4.69E-14
476-B13 11 53977418 0 1 23 0 4.69E-14
079-i21 11 54069472 0 1 23 0 4.69E-14
330-N18 11 55138322 0 1 23 0 4.69E-14
474-i11 11 56653953 0 1 23 0 4.69E-14
388-J08 11 58004422 0 1 23 0 4.69E-14
326-D17 11 59235609 0 1 23 0 4.69E-14
182-N23 11 60273448 0 1 23 0 4.69E-14
326-A13 11 61871887 0 1 23 1 1.88E-14
323-B19 11 62714242 0 1 22 2 2.71E-14
188-F09 11 64341948 0 1 21 2 1.20E-13
106-A14 11 65134646 0 1 21 2 1.20E-13
283-N18 11 66094162 0 1 21 2 1.20E-13
283-G14 11 67235616 0 1 21 3 3.53E-14
122-K09 11 68341921 0 1 21 3 3.53E-14
122-E09 11 69143449 0 1 21 3 3.53E-14
191-N23 11 70102722 0 1 21 3 3.53E-14
326-021 11 70871279 4 1 26 3 4.06E-13
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
185-018 11 72297346 5 1 27 3 5.61E-13
323-L01 11 73156951 5 1 27 3 5.61E-13
195-D13 11 74439021 5 1 27 3 5.61E-13
307-H04 11 75973925 5 1 27 3 5.61E-13
325-L14 11 76911136 5 1 27 3 5.61E-13
122-i05 12 3252035 3 0 2 9 8.17E-06
335-006 12 4427026 3 0 2 9 8.17E-06
191-i18 12 5253460 3 0 2 9 8.17E-06
197-HO8a 12 6335917 3 0 2 9 8.17E-06
313-G06 12 7117072 3 0 2 9 8.17E-06
181-E20 12 8259038 3 0 2 9 8.17E-06
062-i01 12 9257219 3 0 2 9 8.17E-06
323-M17 12 10496127 3 0 2 9 8.17E-06
328-004 12 11534419 3 0 2 9 8.17E-06
388-D01 12 12223445 3 0 2 9 8.17E-06
312-G10 12 13217473 3 0 2 9 8.17E-06
189-L04 12 14155367 3 0 2 9 8.17E-06
181-004 12 15327665 3 0 2 9 8.17E-06
126-A07 12 16255259 2 0 1 9 1.26E-05
197-P13 12 17752087 2 0 1 9 1.26E-05
122-A17 12 18607544 2 0 1 9 1.26E-05
474-G22 12 19649193 2 0 1 9 1.26E-05
330-G13 12 20224529 2 0 1 9 1.26E-05
188-G14 12 22778924 2 0 1 9 1.26E-05
188-005 12 23869201 2 0 1 9 1.26E-05
186-C07 12 24623249 3 0 1 9 1.42E-05
126-i01 12 26017665 3 0 1 9 1.42E-05
323-P08 12 27250477 3 0 1 9 1.42E-05
182-M05 12 27915811 3 0 1 9 1.42E-05
326-i20 12 29592947 3 0 1 9 1.42E-05
335-F05 12 30789182 3 0 1 9 1.42E-05
325-A21 12 32060036 3 0 1 9 1.42E-05
215-N21 12 32824574 3 0 1 9 1.42E-05
330-G23 12 33876605 3 0 1 9 1.42E-05
122-G12 12 35116072 3 0 1 9 1.42E-05
191-Al7 12 36483312 3 0 1 9 1.42E-05
182-F19 12 38803539 3 0 1 9 1.42E-05
313-C15 12 39922812 3 0 1 9 1.42E-05
335-K08 12 40903881 3 0 1 9 1.42E-05
122-024 12 42279930 3 0 1 9 1.42E-05
323-C21 12 42956843 3 0 1 9 1.42E-05
307-H14 12 44004106 3 0 1 9 1.42E-05
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Supplementary Table 2 (continued)

BACCIOe | CFA | pugiion(ap) | Deletion | oain | peletion | _Gai Prvalue
330-G22 12 44839325 3 0 1 9 1.42E-05
323-F01 12 45705329 3 0 1 9 1.42E-05
307-D08 12 46757674 3 0 1 9 1.42E-05
328-H08 12 47457744 3 0 1 9 1.42E-05
308-N19 12 48897219 3 0 1 9 1.42E-05
122-i07 12 50565795 3 0 1 9 1.42E-05
186-L11 12 51603756 3 0 1 9 1.42E-05
126-F01 12 52261989 3 0 1 9 1.42E-05
307-F24 12 53753923 3 0 1 9 1.42E-05
122-M16 12 56350881 3 0 1 9 1.42E-05
122-M11 12 57365027 3 0 1 9 1.42E-05
313-A20 12 58323620 3 0 1 9 1.42E-05
122-M13 12 59012884 3 0 1 9 1.42E-05
307-A03 12 60310250 3 0 1 9 1.42E-05
186-0O16¢ 12 61710262 3 0 1 9 1.42E-05
122-A06 12 62408628 3 0 1 9 1.42E-05
330-B08 12 63460509 3 0 1 9 1.42E-05
062-J12 12 64763144 3 0 1 9 1.42E-05
328-003 12 65519328 3 0 1 9 1.42E-05
186-L14 12 66907865 3 0 1 9 1.42E-05
313-E16 12 67893771 3 0 1 9 1.42E-05
326-P20 12 68972553 3 0 1 9 1.42E-05
335-K14 12 70351681 3 0 1 9 1.42E-05
062-H02a 12 71396535 3 0 1 9 1.42E-05
126-A05 12 72014547 3 0 1 9 1.42E-05
326-M07 12 73313039 3 0 1 9 1.42E-05
326-M14 12 74571255 3 0 1 9 1.42E-05
317-e23 12 75351911 3 0 1 9 1.42E-05
186-003 16 3126575 4 5 14 3 2.38E-05
186-K08 16 4122070 4 5 14 3 2.38E-05
186-C01 16 5576811 4 5 14 3 2.38E-05
287-K07 16 6340296 4 5 14 3 2.38E-05
122-D08 16 7657913 4 5 14 3 2.38E-05
313-G01 16 9068242 4 5 14 3 2.38E-05
191-004 16 9925948 4 5 14 3 2.38E-05
335-A02 16 11025259 4 5 14 3 2.38E-05
326-006 16 11852099 4 5 14 3 2.38E-05
330-D16 16 13077017 4 5 14 3 2.38E-05
326-i13 16 14308096 4 5 14 3 2.38E-05
195-G08 16 15439431 4 5 14 3 2.38E-05
313-G14 16 16655824 4 5 14 3 2.38E-05
191-K01 16 17319762 4 5 14 3 2.38E-05
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
328-M14 16 18685395 4 5 14 3 2.38E-05
465-A17 16 19535182 4 5 14 3 2.38E-05
326-P09 16 20935226 4 5 15 2 7.42E-06
323-C15 16 21891486 4 5 15 2 7.42E-06
330-N22 16 23322506 4 5 15 2 7.42E-06
197-C18 16 24396775 4 5 15 2 7.42E-06
154-J13 16 25601406 4 5 15 2 7.42E-06
126-A08 16 27010435 4 5 15 2 7.42E-06
186-M03 16 28373781 4 5 15 2 7.42E-06
335-i06 16 29341065 4 5 15 2 7.42E-06
154-L15 16 30702017 4 5 15 2 7.42E-06
182-A05 16 32011584 4 5 15 2 7.42E-06
191-G07 16 33156553 4 5 15 2 7.42E-06
328-C20 16 34134532 4 5 15 2 7.42E-06
326-F18 16 35258210 4 5 15 2 7.42E-06
188-F13 16 36671579 4 5 15 2 7.42E-06
191-011 16 37939235 4 5 15 2 7.42E-06
106-B04 16 41286421 5 5 16 2 9.57E-06
126-013 16 42198173 5 5 16 2 9.57E-06
328-M11 16 43011195 4 5 16 2 2.54E-06
328-A06 16 43591351 4 5 16 2 2.54E-06
328-G20 16 44549251 4 5 16 2 2.54E-06
191-F19 16 45380374 4 5 16 2 2.54E-06
122-F10 16 46330259 4 5 16 2 2.54E-06
122-K13 16 47139942 4 5 16 2 2.54E-06
326-004 16 48325948 4 5 16 2 2.54E-06
315-N17 16 49891163 4 5 16 2 2.54E-06
122-J03 16 50762770 4 5 16 2 2.54E-06
186-H18 16 51764076 4 5 16 2 2.54E-06
326-i05 16 52346251 4 5 16 2 2.54E-06
122-P09 16 54325877 4 5 16 2 2.54E-06
335-C09 16 55628378 4 5 16 2 2.54E-06
335-P21 16 56463147 4 5 16 2 2.54E-06
328-N23 16 57938208 4 5 16 2 2.54E-06
330-B21a 16 59274699 4 5 16 2 2.54E-06
323-C10a 16 60420180 4 5 16 2 2.54E-06
465-K06f 16 61476637 4 5 16 2 2.54E-06
326-D07 17 3202006 1 5 12 2 3.93E-06
283-P14 17 4276458 1 5 12 2 3.93E-06
332-N18 17 5304537 1 5 12 2 3.93E-06
335-A15 17 5970144 1 4 12 2 1.93E-06
465-E17 17 7253309 0 4 11 2 8.92E-07

229



Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
197-G21 17 8411269 0 4 11 2 8.92E-07
328-A17 17 9259152 0 4 11 2 8.92E-07
122-D13 17 10417202 0 4 11 2 8.92E-07
307-M10 17 11522684 0 4 13 0 4.67E-08
186-F04 17 13012750 0 4 13 0 4.67E-08
185-A01 17 14020292 0 4 13 0 4.67E-08
191-F04 17 15441161 0 4 15 0 3.14E-09
283-i16 17 16227070 0 4 15 0 3.14E-09
335-B07 17 17053423 0 4 15 0 3.14E-09
325-K13 17 18377632 0 4 15 0 3.14E-09
307-HO1 17 20068898 0 4 15 0 3.14E-09
326-G17 17 22087929 0 4 15 0 3.14E-09
188-J16 17 23413971 0 4 15 0 3.14E-09
313-C01 17 24154945 0 4 15 0 3.14E-09
335-F14 17 25422350 1 4 15 0 3.42E-08
262-P10 17 26445302 1 4 15 0 3.42E-08
106-F12 17 27821446 1 4 15 0 3.42E-08
122-K20 17 28888737 2 4 15 0 2.15E-07
326-C11 17 30515508 2 4 15 0 2.15E-07
106-P11 (FAIL) 17 31374082 2 4 15 0 2.15E-07
186-B17 17 32167002 2 4 15 0 2.15E-07
186-i14 17 33776052 2 4 15 0 2.15E-07
191-D18 17 34861401 2 4 15 0 2.15E-07
332-C23 17 35771982 2 4 15 0 2.15E-07
283-i04 17 37192024 2 4 15 0 2.15E-07
186-H22 17 38210467 2 4 15 0 2.15E-07
182-014 17 39611794 2 4 15 0 2.15E-07
182-C08 17 40538829 1 4 14 0 1.25E-07
328-H24 17 41636191 1 5 14 0 6.88E-08
326-i14 17 42483884 0 5 14 0 6.13E-09
122-M06 17 43889062 0 5 13 0 2.36E-08
122-D18 17 46612106 0 5 12 0 8.94E-08
326-M16 17 47783401 0 5 12 0 8.94E-08
195-021 17 48779463 0 5 10 0 1.24E-06
335-C20 17 49826222 0 5 10 0 1.24E-06
262-C05 17 50847211 0 5 10 0 1.24E-06
186-L24 17 51896773 0 6 10 0 1.62E-06
326-F03 17 52853031 0 6 10 0 1.62E-06
323-G17 17 53891664 0 7 10 0 9.40E-07
186-Al2 17 54990519 0 8 10 0 6.71E-07
407-F15 (NRAS) 17 55388363 0 8 10 0 6.71E-07
122-C05 17 55753568 0 8 10 0 6.71E-07
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
186-D08 17 57925568 0 10 10 0 5.57E-07
287-F11 17 58787679 0 10 10 0 5.57E-07
191-L13c 17 59896094 0 10 10 0 5.57E-07
154-F18 17 60875541 0 10 10 0 5.57E-07

094-G19 (TXNIP) 17 61713985 0 10 10 0 5.57E-07
186-J14 17 61958904 0 10 10 0 5.57E-07
122-D07 17 63183917 0 10 10 0 5.57E-07
154-B20 17 64690563 0 10 11 0 1.24E-07
191-D06 17 65815826 0 10 11 0 1.24E-07
014-M24 17 66273373 0 10 11 0 1.24E-07
106-M11 17 67138552 0 10 11 0 1.24E-07
199-B04 20 3165421 7 9 2 20 1.04E-05
330-M07 20 3916886 7 9 2 20 1.04E-05
010-D09 20 6224945 7 9 2 20 1.04E-05
332-N14 20 7033098 7 9 2 20 1.04E-05
191-P11 20 8182535 7 8 2 20 4.00E-06
397-A23 (RAF1) 20 8846364 7 8 2 20 4.00E-06
335-E11 20 9107767 7 8 2 20 4.00E-06
332-F13 20 10321207 9 7 2 20 1.48E-06
307-i05 20 12272106 9 5 2 17 4.02E-06
115-i17 20 13659008 8 3 1 18 3.91E-08
189-M06 20 15746489 8 3 1 18 3.91E-08
122-E08 20 17054185 7 3 1 18 3.51E-08
313-005 20 17725654 7 3 1 18 3.51E-08
122-H03 20 18668303 7 2 1 18 7.84E-09
330-N23 20 19828918 7 2 1 18 7.84E-09
313-K09 20 20676077 6 2 1 18 1.15E-08
186-E23 20 21691825 6 2 1 18 1.15E-08
126-D04 20 23043667 6 2 1 18 1.15E-08
308-B21 (FOXP1) 20 23873786 5 2 1 18 8.13E-09
328-G06 20 24451711 5 2 1 18 8.13E-09
326-E02 20 25946124 5 2 0 18 4.19E-09
326-B04 20 26749781 5 2 0 18 4.19E-09
465-J12 20 27905382 5 2 0 18 4.19E-09
043-N06 20 29891940 5 2 0 17 1.48E-08
287-P02 20 30803101 5 2 0 17 1.48E-08
326-E08 20 32051244 5 2 0 17 1.48E-08
313-B12 20 33462539 5 2 0 18 4.19E-09
330-C22 20 34432569 5 2 0 18 4.19E-09
335-F13 20 35428525 5 2 0 17 1.48E-08
191-A07 20 36521128 6 2 0 17 1.27E-08
283-D08 20 37302877 6 2 0 17 1.27E-08

231



Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
283-013 20 38838540 8 2 0 18 2.84E-09
320-D03 20 40231227 11 5 0 19 4.29E-08
313-B16 20 40875378 11 5 0 19 4.29E-08
287-E13 20 42060683 10 5 0 20 1.79E-08
332-L12 20 43094114 10 5 0 20 1.79E-08
199-P08 20 44240002 10 5 0 20 1.79E-08
335-C23 20 45513878 9 6 0 20 7.26E-08
122-C10 20 46461094 9 6 0 20 7.26E-08
188-i04 20 47989871 8 10 0 20 6.08E-06

441-1.12 (CHERP) 20 48907712 8 10 0 20 6.08E-06
122-H05 20 49432015 8 10 0 20 6.08E-06
335-A21 20 50352200 8 11 0 20 1.56E-05
121-P22 20 51322252 8 13 0 23 4.52E-06
388-L10 20 52808898 8 14 0 23 7.67E-06

437-E10 (DNMT1) 20 53850993 8 14 0 23 7.67E-06
043-i02 20 54304815 8 14 0 23 7.67E-06
505-F20 (INSR) 20 55107553 8 14 0 23 7.67E-06
188-F14 20 55569855 8 14 0 23 7.67E-06
014-F21 20 56939708 8 14 0 23 7.67E-06
323-H09 20 58088180 8 14 0 23 7.67E-06
283-N16 20 59443485 8 14 0 23 7.67E-06
136-N17 20 59906392 8 14 0 23 7.67E-06
325-G21 20 60918641 8 14 0 23 7.67E-06
062-L10 25 29729219 1 1 11 1 3.97E-06
126-G24 25 30585828 1 1 11 1 3.97E-06
182-F03 25 31883993 1 1 11 1 3.97E-06
323-C03 25 33061033 1 1 11 1 3.97E-06
188-D23 25 34383510 1 1 11 1 3.97E-06
029-B23 25 35778956 1 1 11 0 8.32E-06
262-E19 25 37025252 1 1 11 0 8.32E-06
315-H13 25 38136147 1 1 11 0 8.32E-06
326-J19 25 39084491 1 1 11 0 8.32E-06
287-C18 25 40529548 1 1 11 0 8.32E-06
335-N07 25 41611255 1 1 11 0 8.32E-06
195-L07 25 43143274 1 1 11 0 8.32E-06
126-B15 25 44494782 1 1 11 0 8.32E-06
465-P16 25 45833152 1 1 11 0 8.32E-06
332-F01 25 46774227 1 1 11 0 8.32E-06
186-D22 25 47692958 1 1 11 0 8.32E-06
126-M16 25 49237541 1 1 10 1 1.38E-05
126-J20 25 50728259 1 1 10 1 1.38E-05
186-i20 25 52106229 1 1 10 1 1.38E-05
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
465-D24 25 53268868 1 1 10 1 1.38E-05
189-L10 25 54272639 1 1 10 1 1.38E-05
184-A16 29 3103577 1 1 1 23 3.62E-13
287-E21 29 4254125 1 1 1 23 3.62E-13
240-E17 29 5295935 1 1 1 23 3.62E-13
186-P14 29 6436624 1 1 1 23 3.62E-13
323-F17 29 7709751 1 1 1 23 3.62E-13
335-H02 29 9643652 1 1 1 23 3.62E-13
186-K24 29 11061423 1 1 1 23 3.62E-13
014-N12 29 12002920 1 1 1 23 3.62E-13
186-L04 29 12933005 1 1 1 23 3.62E-13
312-i02 29 13635104 1 1 1 23 3.62E-13
323-K08 29 14652698 2 1 1 23 4.81E-13
126-F14 29 16123486 2 1 1 23 4.81E-13
313-022 29 16878748 2 1 1 23 4.81E-13
326-L03 29 17847996 2 1 1 23 4.81E-13
122-D15 29 19270454 1 1 1 23 3.62E-13
335-N20 29 20401877 1 1 1 23 3.62E-13
126-F15a 29 21281348 1 1 1 23 3.62E-13
326-i23 29 22531245 1 1 1 23 3.62E-13
126-J16 29 24553155 1 1 1 23 3.62E-13
328-H09a 29 25740840 1 1 1 23 3.62E-13
325-D10 29 26723128 2 1 1 23 4.81E-13
191-K08 29 28367225 2 1 1 23 4.81E-13
122-J15 29 29617505 2 1 1 23 4.81E-13

484-E08 (STMNZ2) 29 30037052 2 1 1 23 4.81E-13
330-F20 29 31064135 2 1 1 23 4.81E-13
106-H09 29 32331291 2 1 1 23 4.81E-13
191-F18 29 32970292 2 1 1 23 4.81E-13
323-J24 29 34096082 2 1 1 23 4.81E-13
328-L16 29 35337414 2 1 1 23 4.81E-13
122-G11 29 36894477 1 1 1 23 3.62E-13
328-F07 29 37529943 1 1 1 23 3.62E-13
326-A07 29 38385682 1 1 1 23 3.62E-13
314-P02 29 39316428 1 1 1 23 3.62E-13
062-K23 29 39927642 1 1 1 23 3.62E-13
188-D01 29 41488231 1 1 1 23 3.62E-13
323-E02 29 42297622 1 1 1 23 3.62E-13
335-J13 29 44534686 1 1 1 23 3.62E-13
126-G10 30 10899015 0 1 8 1 2.18E-05
062-J16 30 11716152 0 1 8 1 2.18E-05
388-D05 30 12429393 0 1 8 1 2.18E-05
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
106-N08 30 13738929 0 1 8 1 2.18E-05
323-D07 30 14942132 0 1 8 1 2.18E-05
328-i21 30 16195475 0 1 8 1 2.18E-05
186-C13 30 17483140 0 1 8 1 2.18E-05
307-B22 30 21250188 0 1 8 1 2.18E-05
328-L.24 30 22120190 0 1 8 1 2.18E-05
465-M14 30 23413683 0 1 8 1 2.18E-05
323-C02 30 24148380 0 1 8 1 2.18E-05
307-A22 30 24858554 0 1 8 1 2.18E-05
186-P22 30 25901422 0 1 8 1 2.18E-05
122-L.20 30 26946897 0 1 8 1 2.18E-05
328-A21 30 28296970 0 1 8 1 2.18E-05
362-G12 30 29363880 0 1 8 1 2.18E-05
335-024 30 30313388 0 1 8 1 2.18E-05
330-E14 30 30989789 0 1 8 1 2.18E-05
186-F14 36 3165163 1 2 0 24 2.13E-12
191-D11 36 4105760 1 2 0 24 2.13E-12
126-E06 36 4903277 1 2 0 24 2.13E-12
205-B13 36 5824975 1 2 0 24 2.13E-12
199-F16 36 7119097 1 2 0 24 2.13E-12
313-H06 36 8414739 1 2 0 24 2.13E-12
326-K05 36 9432719 1 2 0 24 2.13E-12
287-K01 36 10220347 1 2 0 24 2.13E-12
335-G24 36 11100024 1 2 0 24 2.13E-12
313-H18 36 12433610 1 2 0 24 2.13E-12

335-N09d 36 13659871 1 2 0 24 2.13E-12
330-F23 36 14503799 1 2 0 24 2.13E-12
332-J12 36 16080867 1 2 0 24 2.13E-12
186-L12 36 16735431 1 2 0 24 2.13E-12
335-H08 36 17567095 1 2 0 24 2.13E-12
362-P01 36 18370259 1 2 0 24 2.13E-12
188-B08 36 19721774 1 3 0 24 1.50E-11
205-N21 36 20944950 1 3 0 24 1.50E-11
326-i02 36 22314223 1 3 0 24 1.50E-11
122-F03 36 23265682 1 3 0 24 1.50E-11
188-B19 36 24761388 1 3 0 24 1.50E-11
335-L10 36 25735834 1 3 0 24 1.50E-11
188-P02 36 26947724 1 3 0 24 1.50E-11
126-016 36 27784259 1 2 0 24 2.13E-12
126-D12 36 28862588 1 2 0 24 2.13E-12
326-007 36 29955824 1 2 0 24 2.13E-12
188-L14 36 31582954 1 2 0 24 2.13E-12
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
328-L10 36 32456397 1 2 0 24 2.13E-12
323-N12 36 33636634 1 2 0 24 2.13E-12
287-E23 37 3217724 0 1 2 10 2.88E-06
330-J02 37 4637658 0 1 2 10 2.88E-06
186-H17 37 5343389 0 1 2 10 2.88E-06
502-D17 37 6550902 0 1 2 10 2.88E-06

287-H15a 37 7303708 0 1 2 10 2.88E-06
307-C18 37 8887260 0 1 2 10 2.88E-06
330-H08 37 9789878 0 1 2 10 2.88E-06
126-E05 37 10984876 0 1 2 10 2.88E-06
340-M24 37 11269064 0 1 2 10 2.88E-06
062-B09 37 12894754 0 1 2 10 2.88E-06
287-A09 37 14334832 0 1 2 10 2.88E-06
186-i06 37 15242927 0 1 2 10 2.88E-06
335-D08 37 16548812 0 1 1 10 8.32E-06
122-D22 37 17809127 0 1 1 10 8.32E-06
307-H19 37 25949528 0 1 2 9 1.02E-05
122-J11 37 26823809 0 1 2 9 1.02E-05
325-G08 37 28053669 0 1 2 9 1.02E-05
062-009 37 29540476 0 1 2 9 1.02E-05
326-E19 37 31032486 0 1 2 9 1.02E-05
475-G06 (PAX3) 37 31365721 0 1 2 9 1.02E-05
122-H12a 37 31921820 0 1 2 9 1.02E-05
283-K06 37 32863573 0 1 2 9 1.02E-05
195-M21 37 33672353 0 1 2 9 1.02E-05
062-G08 38 3293897 2 3 11 6 2.18E-06
191-P21 38 4047849 2 3 11 6 2.18E-06
122-Go4 38 5252458 2 3 11 6 2.18E-06
182-F21 38 6542693 2 3 11 6 2.18E-06
126-M08 38 7843692 2 3 11 6 2.18E-06
122-K02 38 9226925 2 3 11 6 2.18E-06
328-K19 38 10808854 2 3 12 5 1.27E-06
313-Fl4e 38 11706369 2 3 13 4 7.60E-07
307-K12a 38 12787383 2 3 14 3 3.59E-07
335-K12a 38 13717875 2 3 14 3 3.59E-07
122-E23 38 14343513 2 3 14 3 3.59E-07
122-K05 38 15973647 2 3 14 3 3.59E-07
465-H08 38 16589743 2 3 14 3 3.59E-07
126-D23 38 17820043 2 3 14 3 3.59E-07
465-E12 38 18966916 2 3 14 3 3.59E-07
182-D13 38 20212987 3 3 16 3 1.35E-07
328-C16 38 21574807 3 3 16 3 1.35E-07
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Supplementary Table 2 (continued)

BACCIO | CFA | pugion(op) | Deletion | oain | peletion | _Gai Prvalue
283-L06 38 22521974 3 3 16 3 1.35E-07
326-D12 38 23830743 3 3 16 3 1.35E-07
328-D10 38 25230077 3 3 16 4 8.54E-08
183-C10 38 25742670 3 3 16 4 8.54E-08
160-F08 38 26503755 3 3 16 4 8.54E-08
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Supplementary Table 1. Signalment and histoplathological data for the canine lymphoma cohort and healthy

reference samples. Cases are listed according to tumor immunophenotype and then by histological subtype and

tumor grade (HG/IG/LG = high/intermediate/low grade). M= male, F= female. ‘ND’ indicated data not

determined, ‘NA’ not applicable.
Breed abbreviations: Boxer (Box), Golden Retriever (GR), Labrador Retriever (LAB)
Histological Subtypes: lymphoblastic convoluted lymphoma (LBC), lymphoblastic lymphoma (LBL),

peripheral T-cell lymphoma unspecified (PTCLu), T-zone lymphoma (TZL)

Age (in years) at

Breed Gender Tissue Type diagnosis Immunophenotype | Histological subtype Grade
BOX M Tumor 3 T LBC HG
BOX M Tumor 9 T LBL ND
LAB F Tumor 5 T LBL ND
GR F Tumor 6 T LBL ND
GR M Tumor 9 T ND ND
GR M Tumor 5 T PTCLu HG
BOX M Tumor 5 T PTCLu HG
BOX F Tumor 9 T PTCLu HG
LAB M Tumor 5 T PTCLu HG
BOX F Tumor 6 T PTCLu ND
BOX M Tumor 6 T PTCLu HG
BOX F Tumor 7 T PTCLu HG
LAB F Tumor 10 T PTCLu HG
GR M Tumor 6 T PTCLu HG
GR M Tumor 6 T PTCLu LG
GR M Tumor 9 T PTCLu HG
GR F Tumor 8 T TZL LG
GR M Tumor 9 T TZL ND
GR M Tumor 8 T TZL ND
GR F Tumor 7 T TZL ND
BOX F Tumor 3 T PTCLu HG
GR M Tumor 9 T TZL LG
MIXED ND Healthy Control NA NA NA NA
MIXED ND Healthy Control NA NA NA NA
MIXED ND Healthy Control NA NA NA NA
MIXED ND Healthy Control NA NA NA NA
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Supplementary Table 2. KEGG pathways associated with genes deregulated in T-cell lymphomas. Entrez
GenelDs obtained from probes significantly differentially expressed between T-cell lymphomas and non-
malignant tissues were submitted to DAVID for enrichment analysis and significant KEGG pathways (P-value
<0.1) are listed.

Pathway c%i?ﬁ Pvalue Genes
Imncqfuar?:ﬁztzw'g:ﬁsftm; N 6 323507 403469, 479484, 477598, 483900, 403646, 474862, 474861, 474860,
*oduction 607827, 481732, 481731, 445454, 403765, 403468, 403785, 607528
cfa05330:Allograft - 228506 474862, 474861, 474860, 483594, 403469, 607827, 481732, 481731,
rejection : 403765, 403646, 403468, 403785
cfa05320:Autoimmune " 620506 403469, 403646, 474181, 474862, 474861, 474860, 483594, 607827,
thyroid disease : 481732, 481731, 403765, 403468, 403785
105310 Asthma ; 650505 474862, 474861, 474360, 40344609é 768057827, 481732, 481731, 403468,
) 488437, 403469, 403982, 480080, 477598, 478800, 485893, 611884,
Cfﬁ;ﬁiﬁigyg:ﬁ)‘on 22 2.82E-04 403646, 474862, 474861, 483594, 474860, 607827, 477956, 481732,
481731, 480203, 403765, 607448, 478392, 403468
cfa05332:Graft-versus- 474862, 474861, 474860, 483594, 607827, 481732, 481731, 403765,
host disease 9 2.88E-04 403646
cfa05416:Viral " 2040 475032, 403469, 481280, 403646, 481271, 474862, 474861, 474860,
myocarditis : 483594, 607827, 481732, 481731, 403765, 403468
612101, 477886, 403981, 403511, 478845, 490967, 481954, 481271,
cfa04062:Chemokine 2 0.91E.04 403859, 485828, 607528, 612913, 481111, 486719, 478227, 487235,
signaling pathway : 403541, 448793, 483900, 486102, 403872, 478347, 483701, 607885,
487341, 610002, 445454
1205322 Systemic lupus 403469, 478194, 483169, 483175, 403646, 483164, 487382, 474862,
17 0.001242966 | 474861, 474860, 607827, 480369, 481732, 481731, 403765, 488288,
erythematosus 203468
Cfa04940:Type | diabetes 0 000128373 | 474862, 474861, 474860, 483504, 607827, 481732, 481731, 403765,
mellitus ) 403646, 475242
Cfa05340:Primary 607898, 612582, 403469, 442981, 490008, 483197, 492019, 403468,
_ it 9 0.002379288
immunodeficiency 487123
477166, 477471, 476196, 608847, 488997, 609767, 610519, 475359,
cfa04110:Cell cycle 19 0.004953097 | 477871, 611782, 479459, 484622, 481131, 476847, 475035, 485069,
484610, 403429, 478127
475032, 488437, 475034, 608847, 477598, 478800, 477032, 609429,
. 481271, 482932, 480684, 610255, 487235, 478836, 478347, 403558,
¢fa04510:Focal adhesion 26 0.005491705 | 43802" 607885, 482154, 611782, 403824, 480369, 477956, 403416,
442989, 608977
Cfa04662:B cell receptor 13 0005023672 | 477886, 486717, 489734, 487235, 492019, 403872, 490183, 478347,
signaling pathway : 609429, 481271, 607898, 478491, 484196
cfa04115:p53 signaling » 0.00802462 485118, 611782, 608847, 488997, 609767, 610255, 481131, 485060,
pathway : 610825, 484610, 483626, 479303
cfa04612:Antigen 480438, 490008, 483197, 474181, 474862, 474861, 474860, 483594,
processing and 13 0.011541799 607827, 481732, 481731, 476669, 479329
presentatlon
cfa04660:T cell receptor " 0018046051 | 275032, 486717, 487235, 489734, 403646, 403872, 490183, 478347,
signaling pathway : 609429, 607885, 487965, 442981, 489383, 481131, 403468, 403785
474391, 608843, 481226, 607494, 607186, 403698, 484067, 476406,
cfa04142:Lysosome 16 0.019502294 | 489897 483725, 478909, 476697, 403708, 477700, 486953, 403403
cfa05222:5mall cell lung 12 0.03596031 488437, 475034, 478350, 490867, 477956, 487235, 478800, 481131,
cancer : 403416, 612237, 442989, 484610
eT04120-Ubiepitin 479873, 477199, 477471, 476425, 610956, 475055, 478475, 477930,
. ; 17 0.03644467 | 476067, 608118, 483626, 479418, 483746, 487965, 478350, 612823,
mediated proteolysis 142989
cfa04664:Fc epsilon R M 0043477820 | 475032, 477886, 481256, 487235, 492019, 480454, 484196, 403872,
signaling pathway ) 478347, 403785, 481271
cfa04620: Toll-like 12 0065451330 | 403469, 483406, 491743, 490867, 478845, 448807, 487235, 403765,
receptor signaling ) 480454, 478347, 609429, 474181
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Supplementary Table 3. KEGG pathways associated with genes deregulated in T-zone lymphomas. Entrez

GenelDs obtained from probes significantly differentially expressed between T-zone lymphomas and non-

malignant tissues were submitted to DAVID for enrichment analysis and significant KEGG pathways (P-value

<0.1) are listed.

Pathway C(Ec‘)?;et Pvalue Genes
475032, 488437, 475034, 403883, 608847, 478800, 480118, 609429,
. 481271, 480173, 482932, 482970, 403954, 610255, 487486, 486758,
¢fa04510:Focal adhesion 29 4.136-04 487235, 478836, 403558, 403934, 481084, 403802, 482154, 403824,
481734, 403416, 608977, 490642, 476626
) 481111, 612101, 612913, 403981, 610078, 486719, 478227, 403511,
C‘;?g;‘gﬁﬁécp*ﬁ”v?";;”e 23 0.007404509 | 486758, 487235, 448793, 403912, 610817, 403872, 481271, 403934,
482839, 403859, 610002, 490969, 477625, 482970, 403954, 607528
cfa04370:VEGF 12 0014990708 | 482154, 481256, 403486, 487235, 489734, 486758, 404011, 403872,
signaling pathway ' 403934, 481271, 403979, 478264
cfa04660:T cell receptor 16 0015009699 | 475032, 486758, 489734, 487235, 478255, 403872, 489126, 609429,
signaling pathway : 403934, 478264, 482839, 487965, 403486, 403954, 403468, 403785
cfa04150:mTOR 1 0.02580538 403802, 489038, 477403, 479356, 612844, 610255, 491768, 487235,
signaling pathway ) 486758, 482932
475032, 490649, 478227, 490431, 486758, 489734, 479158, 403872,
cfa04360:Axon guidance 17 0.030733572 | 481271, 403934, 478264, 475537, 481343, 403486, 476350, 482970,
403954
Cfaogi?;’bgﬂ‘:r;“p'd 7 0.03478152 607962, 476449, 479425, 481256, 404011, 488421, 482026
cfa04520:Adherens 487343, 475032, 403883, 476196, 480203, 486758, 481162, 403954,
junction 11 0.042907744 403934, 611060, 481271
¢f204810:Regulation of 488437, 488485, 490649, 478828, 477082, 486758, 487235, 478800,
actin cytoskeleton 23 0048529397 | 403872, 476413, 479177, 403558, 481271, 403934, 479139, 487343,
403827, 479745, 483699, 491183, 608977, 482970, 403954
cfa05414 Dilated o 0050183442 | 488437, 481508, 478332, 403859, 486563, 610255, 480463, 480124,
cardiomyopathy ) 477625, 478800, 608977, 476595
cfa04512:ECM-receptor N 0067660165 | 488437, 475034, 481734, 403824, 480173, 487486, 478800, 478836,
interaction ) 608977, 476626, 477945
612101, 474573, 486563, 482880, 477082, 480463, 404011, 478255,
cfa04010:MAPK 28 0071308745 | 479158, 476413, 600429, 481271, 609559, 482839, 482594, 403979,
signaling pathway ' 485692, 486758, 403872, 478264, 403934, 403634, 481084, 481256,
480344, 491768, 403486, 482670
cfa04662:B cell receptor 10 0.073817866 478491, 482839, 403486, 487235, 489734, 486758, 403872, 609429,
signaling pathway ) 481271, 478264
cfa05212:Pancreatic 403802, 403883, 482839, 476196, 487235, 486758, 483881, 482932,
cancer 10 0.085146539 403934, 481271
: 475887, 485591, 482839, 403486, 487235, 403416, 480118, 485119,
cfa04210:Apoptosis 11 0.08840261 484774, 403634, 478264
¢fa00330:Arginine and 8 0.094433801 475536, 484743, 610941, 479081, 477858, 480693, 479242, 403450

proline metabolism
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Supplementary Table 4. KEGG pathways associated with genes deregulated in peripheral T-cell lymphoma
unspecified. Entrez GenelDs obtained from probes significantly differentially expressed between peripheral T-
cell lymphomas unspecified and non-malignant tissues were submitted to DAVID for enrichment analysis and
significant KEGG pathways (P-value <0.1) are listed.

Pathway C%i?wet Pvalue Genes
Imncqfuar?:ﬁztzw'g:ﬁsftm; N 5 S A4E05 403469, 479484, 477598, 483900, 403646, 474862, 474861, 474860,
* oduction 607827, 481732, 481731, 445454, 403765, 403468, 403785
cfa05330:Allograft - 4. 02E-06 474862, 474861, 474860, 483594, 403469, 607827, 481732, 481731,
rejection : 403765, 403646, 403468, 403785
cfa05320:Autoimmune 12 5 69E.05 474862, 474861, 474860, 483594, 403469, 607827, 481732, 481731,
thyroid disease : 403765, 403646, 403468, 403785
1205310 Asthma . 8.74E.05 474862, 474861, 474860, 40344609é 768057827, 481732, 481731, 403468,
cfa04662:B cell receptor 6 > 05E.04 477886, 486717, 482512, 489734, 487235, 492019, 611606, 403872,
signaling pathway : 490183, 478347, 609429, 607898, 478491, 483729, 489644, 484196
612101, 477886, 403981, 482512, 403511, 478845, 490967, 481954,
cfa04062:Chemokine - 3.46E.04 483729, 485828, 611002, 481111, 612913, 478227, 487235, 403541,
signaling pathway ' 448793, 483900, 486102, 403872, 478347, 483701, 487649, 607885,
487341, 403586, 489644, 445454
cfa05332:Graft-versus- 474862, 474861, 474860, 483594, 607827, 481732, 481731, 403765,
host disease 9 3.83E-04 403646
cfa05340:Primary 0 6 84500 607898, 479419, 612582, 403469, 442981, 490008, 483197, 492019,
immunodeficiency ) 403468, 487123
£1204660:T cell receptor 475032, 486717, 482512, 487235, 489734, 403646, 403872, 490183,
signaling pathway 20 8.51E-04 478347, 609429, 607885, 479419, 487965, 442981, 483729, 489383,
489644, 481131, 403468, 403785
efa04514-Cell adhesion 403469, 403982, 480080, 477598, 611884, 485893, 403646, 474862,
olecules (CAMS) 21 0.001266033 | 474861, 483594, 474860, 610775, 607827, 477956, 481732, 609832,
481731, 403765, 607448, 478392, 403468
cfa04940:Type | diabetes 474862, 474861, 474860, 483594, 607827, 481732, 481731, 403765,
mellitus 10 0.001720042 403646, 475242
cfa05416:Viral 13 0001855854 | 475082, 403469, 481280, 403646, 474862, 474861, 474860, 483594,
myocarditis ' 607827, 481732, 481731, 403765, 403468
477166, 606931, 476196, 488997, 609767, 482534, 476131, 610519,
cfa04110:Cell cycle 20 0.003363421 | 475359, 487057, 477871, 611782, 479459, 484622, 481131, 476847,
485069, 484610, 403429, 478127
cfa04115:p53 signaling - 0010818802 | 485118, 606931, 611782, 488997, 609767, 610255, 481956, 481131,
pathway ' 485069, 610825, 484610, 487057
cfa05322:Systemic lupus 15 0012030691 | 403469, 483169, 403646, 487382, 474862, 484526, 474861, 474860,
erythematosus : 607827, 480369, 481732, 483707, 481731, 403765, 403468
608843, 481226, 607186, 478929, 403698, 484067, 476406, 480283,
cfa04142:Lysosome 17 0.012990097 | 482897, 483725, 478909, 476697, 403708, 477700, 486953, 403403,
479877
Cffggl?ég'igr']\m 8 0.016665008 477871, 474950, 477166, 491196, 484622, 476131, 481449, 610519
fgiggfozrosfg (r’]!“'r':;e " 0.0190706 403469, 482512, 478845, 448807, 487235, 480454, 478347, 609429,
bathway 483406, 491743, 490867, 483729, 489644, 403765
cfa05222:Small cell lung 13 0020957033 | 475034, 606931, 482512, 487235, 612237, 487057, 490867, 483729,
cancer : 477956, 489644, 481131, 442989, 484610
606931, 482512, 610255, 487235, 403872, 478347, 477032, 487057,
cfa05215:Prostate cancer 14 0.029184812 483729, 489644, 478232, 612303, 484610, 403429
cfa04670:Leukocyte s 0044176100 | 482512, 403982, 478227, 487235, 483900, 486102, 477032, 4845256,
transendothelial migration : 491825, 610775, 480369, 483707, 477956, 609832, 489644, 478392
480128, 485855, 480887, 478227, 477082, 484127, 481280, 403872,
cfa04530: Tight junction 17 0.053203855 | 477032, 484526, 494005, 480369, 480198, 483707, 481131, 478013,
478392
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Supplementary Table 4 (continued)

Pathway C%ir';i Pvalue Genes
cfa05220:Chronic 11 0.056427835 482512, 487965, 477039, 476196, 483729, 489644, 487235, 481131,
myeloid leukemia ) 403872, 403429, 478347
cfa04664:Fc epsilon RI 11 0.061057224 475032, 477886, 482512, 489644, 487235, 492019, 480454, 484196,
signaling pathway ' 403872, 478347, 403785
cfa04722:Neurotrophin 16 0.063794401 482512, 477936, 476428, 487235, 481291, 403872, 478347, 609429,
signaling pathway ) 481954, 487649, 494005, 609559, 479459, 483729, 491768, 489644
cfa05221:Acute myeloid 9 0.071195544 482512, 483729, 489644, 487235, 490967, 478232, 403872, 478347,
leukemia ) 611255
cfa04612:Antigen
processing_and 1 0.07639344 474862, 474861, 474i67%64‘15%3i£98411,763()175_2;12779,342%0008, 481732, 483197,
presentation ’ '
475032, 475034, 482512, 610255, 477598, 487235, 477032, 478347,
cfa04510:Focal adhesion 22 0.08295724 403558, 609429, 484526, 607885, 482154, 611782, 403824, 480369,
477956, 483707, 489644, 442989, 608977, 480684
¢fa04150:mTOR 489038, 477403, 482512, 479356, 610255, 491768, 489644, 487235,
signaling pathway o 0.084191049 478232
¢fa00532:Chondroitin 5 0.095402614 484618, 482807, 482831, 491852, 486786

sulfate biosynthesis
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Supplementary Table 5. KEGG pathways associated with genes differentially regulated in peripheral T-cell

lymphoma unspecified molecular subgroups defined by clustering. Entrez GenelDs obtained from probes
significantly differentially expressed between T-cell lymphoma unspecified Group 1 and Group 2 were
submitted to DAVID for enrichment analysis and significant KEGG pathways (P-value <0.1) are listed.

PTCLu Group Pathway Gene Count Pvalue Genes
cfa05212:Pancreatic 403802, 403883,
1 cancer 4 0.048788973 486758, 481271
. 488108, 481343,
1 Cfaoﬁ?gfﬁgxon 5 0.060496926 486758, 610879,
9 481271
cfa05219:Bladder 403802, 403883,
1 cancer 3 0.074789737 486758
cfa04672:Intestinal
1 immune network 3 0.088529542 4730, 203785,
for IgA production
. 475034, 403824,
2 reccf;‘ot‘c‘)fl"ftfrgc'\t’:on 5 0.006778589 487486, 478836,
P 477945
cfa04514:Cell 610775, 403982,
2 adhesion molecules 5 0.028977495 480203, 478392,

(CAMs)

477945
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Supplementary Table 6. KEGG pathways associated with genes differentially regulated in peripheral T-cell
lymphoma unspecified when compared with T-zone lymphoma. Entrez GenelDs obtained from probes

significantly differentially expressed between Golden Retrievers with peripheral T-cell lymphoma unspecified

and T-zone lymphoma were submitted to DAVID for enrichment analysis and significant KEGG pathways (P-

value <0.1) are listed.

Pathway C%met Pvalue Genes

cfa04622:RIG-I-like

receptor signaling 5 0.030018741 488371, 479575, 483406, 490498, 474181 103
pathway

cfa04620:Toll-like

receptor signaling 6 0.032564311 483406, 482512, 478845, 448807, 403765, 474181 103

pathway
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Supplementary Table 7. Canine gene expression microarray probes representative of NF-kappap associated

genes identified to segregate human T-cell lymphoma samples (Martinez-Delgado et al. 2005).

Canine Microarray Probe Gene Canine Microarray Probe Gene
A_11_P076026 CCRL2 A_11_P0000022481 MRAS
A_11_P0000019968 CD4 A_11 P0000019963 MYC
A_11_PQ074756 CD6 A_11 P110071 NFATC1
A_11 P173498 CFLAR A_11_P108336 NFATC3
A_11_P0000031839 CFLAR A_11 P166053 NFATC3
A _11_P097871 CSF1 A_11_P163098 NFATC3
A_11_P0000032429 CSF1R A_11_P054066 NFKB1
A 11_P156148 CSF1R A_11_P050481 NFKB1
A_11_P0000019962 CSF2 A_11_P0000030566 NFKB2
A_11_P050036 CSF2 A 11 _P207488 NFKB2
A _11_P089521 CSF2RB A_11_P202133 NFKBIA
A 11_P052411 CSF3 A_11_P092766 NFKBIA
A 11 _P085186 CSF3R A_11_P0000028606 NFKBIB
A_11_P170058 CSF3R A_11_P148713 NFKBIL1
A_11_P0000019508 ICAM1 A 11_P0000020221 NFKBIL1
A _11_P0000028981 ICAM1 A _11_P0000032499 NFRKB
A_11_P0000025316 ICAM2 A_11_P0000020443 REL
A_11_P218768 ICAM4 A_11_P054071 RELA
A_11_P076721 ICAM5 A_11_P0000027953 RELA
A_11_P0000019892 IFNG A_11_P0000028546 RELB
A_11_P095566 IKBKAP A_11_P056116 RIPK1
A_11_P078157 IKBKB A_11_P0000023194 RIPK2
A_11_P105986 IL10RA A_11_P0000020022 SELE
A_11_P051511 IL10RB A_11_P052886 SELE
A_11_P0000023586 IL10RB A_11_P099176 SELL
A_11_P0000021657 IL15 A_11_P091281 SRF
A_11_P0000019238 IL15 A_11_P0000039369 SRF
A_11_P0000019875 IL1A A_11_P0000025843 TBK1
A_11_P000001223 IL1B A_11_P150528 TBK1
A_11_P000001227 IL1B A_11_P000001224 TNF
A_11_P054421 IL1B A_11_P055276 TNF
A_11_P087391 IL1F5 A_11_P0000040492 TNFAIP1
A_11_P0000025991 IL1IR1 A_11_P0000034113 TNFAIP1
A_11_P0000020395 IL1R2 A_11_P184988 TNFAIP1
A_11_P089831 ILIRL1 A_11_P196048 TNFAIP1
A_11_P0000019819 ILIRN A_11_P198008 TNFAIP3
A_11_P052591 IL2RB A_11_P0000028169 TNFAIP3
A_11_P116371 IL2RB A_11_P0000021716 TNFAIP6
A_11_P0000019919 IL2RG A_11_P110226 TNFRSF11A
A_11_P179978 IL4AR A_11_P0000026561 TNFRSF11B
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Supplementary Table 7 (continued)

Canine Microarray Probe Gene Canine Microarray Probe Gene
A_11_P0000033097 IL4AR A_11 P0000035213 TNFRSF14
A_11_P088686 IRAK3 A_11 P0000031045 TNFRSF1B
A_11_P0000026129 IRF1 A_11_P194208 TNFRSF1B
A_11_P124796 IRF2 A_11_P0000018738 TNFRSF21
A_11_P0000021276 IRF2 A_11 P0000032806 TNFRSF25
A_11 P201723 IRF2 A_11_P0000032775 TNFRSF4
A 11_P112666 IRF3 A_11_P103731 TNFRSF8
A_11_P0000026757 IRF5 A_11_P00000756 TNFSF10
A_11_P0000024933 IRF6 A_11_P080016 TNFSF11
A_11 P107266 JUN A_11_P0000024469 TNFSF13
A_11_P0000028949 JUNB A_11 P106676 TNFSF13
A 11_P125841 JUND A_11_P0000033418 TNFSF4
A _11_P090646 LTB A_11_P108441 TRADD
A _11_P050361 LTB A_11_P095766 TRAF1
A _11_P0000033916 MAP3K14 A _11_P083091 TRAF2
A 11_P053481 MMP9 A_11_P0000025493 TRAF2
A 11_P053471 MMP9 A_11_P122756 TRAF3
A_11_P0000019937 MMP9 A_11_P0000033868 TRAF3
A 11 _P053796 MMP9 A_11_P0000024936 TRAF5
A_11_P0000019576 MMP9 A_11_P050516 VCAM1
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Supplementary Table 8. Canine gene expression microarray probes representative of the three human PTCLu

molecular subtypes (U1, U2, and U3) identified by Ballester et al. (Ballester et al. 2006).

U1 u2
Canine Microarray Probe Gene Canine Microarray Probe Gene
A_11_P052371 COL4A2 A_11_P0000025530 AK1
A_11_P0000014854 COL4A2 A_11_P083521 AK1
A_11 P133721 COL4A2 A_11_P00000984 AK1
A_11_P0000022407 COL4A2 A _11_P0000033877 AKT1
A 11_P144643 MYH1 A_11_P156083 CSNK2A1
A_11_P050487 MYH1 A _11_P00000363 CSNK2A1
A _11_P223367 MYH1 A_11_P0000014537 CSNK2A1
A _11_P206663 MYH1 A_11_P054066 NFKB1
A _11_P050166 MYH1 A_11_P050481 NFKB1
A 11_P138641 TNNC2 A_11_P198373 PPP1CC
A_11_P189053 TNNC2 A_11_P059926 PPP1CC
A _11_P199403 TNNC2 A_11_P0000019758 PPP1CC
A 11 P181188 TNNC2 A_11_P0000024585 RPL13
A _11_P067796 TNNC2 A 11 _P181173 RPL13
A_11 P178553 TNNT1 A_11_P0000021980 RPS16
A_11_P0000038795 TPM1 A_11_P141110 RPS3A
A_11_P201098 TPM1 A_11_P0000021288 RPS7
A_11_P205402 TPM1 A_11_P188398 RPS7
A_11_P051551 TPM1 A_11_P086566 RPS7
A_11_P0000026210 TPM2 A 11 _P206633 RPS7
A_11_P095311 TPM2 A_11_P083261 VAV2
A_11_P192433 TPM2
A_11_P137306 TPM2
A_11_P188983 TPM2
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Supplementary Table 8 (continued)

U3
Canine Microarray Probe Gene
A_11_P0000031446 CBLB
A_11 P179933 CBLB
A_11_P0000014224 CCL2
A_11_P0000020009 CcCL2
A_11_P0000020102 CCL3
A_11_P0000025427 ccL3
A_11_P0000012536 CCL3
A _11_P082446 CCL4
A_11_P0000011179 CCL4
A_11_P0000020101 ccL4
A_11_P0000019736 CCL5
A _11_P0000021548 CD44
A 11 _P073186 CD59
A 11_P073181 CD59
A _11_P0000021552 CD59
A_11_P0000020258 CD63
A_11_P0000027894 CcD81
A 11 P097871 CSF1
A_11_P0000029883 CTSB
A_11_P0000040497 CTSB
A_11_P128201 CTSC
A_11_P053433 CTSC
A_11_P00000515 CTSD
A_11_P0000019666 CTSS
A_11_P0000020166 CXCL10
A 11 _P058961 CXCL10
A_11_P000003319 CXCL10
A 11 P098131 GBP1
A_11_P154388 GBP1
A_11_P061336 IFNAR1
A_11_P0000019801 1L10
A_11_P0000024522 JAK1
A_11_P166518 JAK1
A_11_P212008 JAK1
A_11_P123596 JAK1
A_11_P176723 JAK1
A_11_P0000028310 JAK2
A_11_P0000014955 STAT1
A_11_P0000014955 STAT1
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Supplementary Table 1. Summary of cytological markers used for immunophenotyping of the five canine cell
lines.

Antibody Clone(s) Origin
CD79% HM57 Dako, Carpinteria, CA
CD3e CD3-12 Serotec, Oxford, UK
CD14 TUK4 Dako
CD34 IH6 Santa Cruz Biotechnology, Santa Cruz, CA
CD1la CA9.AG5
CD1b CC20
CD1c CA13.9H11
CD3 CALl7.2A12
CD4 CAl13.1E4

CD8 alpha CA9.JD3

CDS8 beta CA15.4D2

CD11b CA16.3E10
CD11c CAl1.6A1
CD11d CAl11.8H2
CD18 CAL.4E9
CD21 CA2.1D6
CD45 CA12.10C12
CD45RA CA4.1D3
CD49-like CA4.5B3
CD54 CL18.1D8
CD90 CA1.4G8
TCR b sub unit CA15.8G7
TCG gd CA20.8H1 & CA20.6A3
MHCII CA2.1C12
Myeloperoxidase
MPO
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Supplementary Table 2. Known cancer-associated genes located in regions of genomic imbalance identified

within each of the five canine lymphoid cell lines. Genes marked with a ‘-* are located in regions of genomic

loss in the corresponding cell line, and genes marked with a ‘+” are located in regions of genomic gain. The

final column indicates if the same aberration was common to more than one cell line. The dog chromosome

location and nucleotide position are shown for each gene. Human malignancies known to be associated with

each gene are listed, based on the Cancer Gene Census list (Futreal et al. 2004), and abbreviations are defined in

the final worksheet.

Start

End

Line CNA Symbol Entrez CFA Position Position Human Tumour Common
Gene Types Imbalance
(bp) (bp)
GL-1 + TRIP11 480228 8 4244728 4311757 AML CLGL-90
GL-1 + GOLGAS 480233 8 4874438 4904818 papillary thyroid CLGL-90
GL-1 + NKX2-1 403940 8 18093598 | 18094341 NSCLC
GL-1 + NIN 480320 8 30114397 | 30195376 MPD
GL-1 + KTN1 480332 8 34384460 34485232 papillary thryoid
GL-1 + GPHN 490739 8 44162067 | 44239873 AL
GL-1 + RADS1L1 490746 8 44818080 | 44852414 lipoma, uterine
leiomyoma
GL-1 + TSHR 403968 8 56364250 56519846 thyroid adenoma
GL-1 + DICER1 480426 8 | 66973499 | 67054267 pleuropulmonary
blastoma
breast, colorectal,
GL-1 + AKT1 490878 8 75362995 | 75379763 ovarian, NSGLC
GL-1 - TRIM33 475804 17 | 55103454 | 55195676 papillary thyroid CLL-1390
GL-1 ; NRAS 403872 17 | 55487772 | 55493796 melanoma, MM, CLL-1390
AML, thyroid
GL-1 + LHFP 485998 25 | 4553789 4788715 lipoma
GL-1 + BRCA2 474180 25 | 10710474 | 10720192 breast, ovarian,
pancreatic, leukemia
GL-1 + FLT3 486025 25 | 14366859 | 14649940 AML, ALL
GL-1 + CDX2 486028 25 | 14688806 | 14694790 AML
) . CLL-1390,
GL-1 - NCOA4 477750 28 4802203 4809056 papillary thyroid CLGL-90
GL-1 + TLX1 608311 28 | 16803962 | 16809219 T-ALL
GL-1 + NFKB2 486858 28 | 17903193 | 17907119 B-NHL
GL-1 + SUFU 608531 28 | 17993646 | 18113032 medulloblastoma
GL-1 ; FGFR2 415125 28 | 34305079 | 34383074 gastric. NSCLC, CLL-1390
endometrial
marginal zone B-cell
lymphomas,
CLGL-90 - TNFAIP3 484006 1 33294306 | 33304234 Hodgkin's
lymphoma, primary
mediastinal B cell
lymphoma
CLGL-90 - BCL10 490183 6 65772218 | 65782284 MALT CLL-1390
CLGL-90 + TPR 480045 7 20341287 | 22406417 papillary thyroid
CLGL-90 + ABL2 480052 7 23693016 | 23693646 AML
CLGL-90 + FH 480092 7 | 35870706 | 35896536 licomyomatosis,

renal
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
CLGL-90 + NTRK1 490404 7 44109976 44128155 papillary thyroid
CLGL-90 + PRCC 610063 7 44169703 44194188 papillary renal
CLGL-90 + MUC1 448784 7 45313778 45317332 B-NHL
CLGL-90 + TPM3 480137 7 | 46014149 | 46032309 pap'";?’étyro'd'
CLGL-90 + ATIC 488513 7 62810580 62811281 ALCL
CLGL-90 + SS18 480171 7 65525428 65604679 synovial sarcoma
CLGL-90 + ZNF521 490511 7 66182557 66457121 ALL
CLGL-90 + TRIP11 480228 8 4244728 4311757 AML GL-1
CLGL-90 + GOLGA5 480233 8 4874438 4904818 papillary thyroid GL-1
CLGL-90 - CDKN2B 481563 11 | 44291166 | 44294234 | Melanoma multiple 17-71
other tumour types
CLGL-90 y CDKN2A 100271861 | 11 | 44291185 | 44291430 melanoma, multiple 17-71
other tumour types
CLGL-90 - EZH2 475511 16 4931247 4971025 DLBCL CLL-1390
melanoma,
colorectal, papillary
thyroid, borderline
CLGL-90 - BRAF 475526 16 | 11187215 | 11275966 ov, Non small-cell
lung cancer
(NSCLC),
cholangiocarcinoma,
pilocytic astrocytoma
CLGL-90 - CREB3L2 491369 16 13717640 13749359 fibromyxoid sarcoma
CLGL-90 - MLL3 482810 16 18937028 18949358 medulloblastoma
CLGL-90 - HOOK3 475567 16 25748786 25855653 papillary thyroid CLL-1390
CLGL-90 - FGFR1 475582 16 29991366 30031785 MPD, NHL CLL-1390
CLGL-90 - WHSC1L1 475584 16 30060083 30135713 AML CLL-1390
CLGL-90 - WRN 493997 16 | 36143444 | 36165937 osteosarcoma, CLL-1390
meningioma, others
N ) papillary thyroid, )
CLGL-90 PCM1 475618 16 44187273 44250904 CML. MPD CLL-1390
CLGL-90 - GMPS 477123 23 52647574 52698886 AML
CLGL-90 - MLF1 477127 23 54979325 54994606 AML
CLGL-90 + HOXC13 486503 27 4318371 4324857 AML
malignant melanoma
CLGL-90 + ATF1 486545 27 6924605 6998215 of soft parts,
angiomatoid fibrous
histiocytoma
CLGL-90 + MLL2 486558 27 | 8531731 8566195 med“"rzaﬁsmma'
congenital
fibrosarcoma,
CLGL-90 + ETV6 486685 27 | 37368707 | 37512159 multiple leukemia
and lymphoma,
secretory breast,
MDS, ALL
CLGL-90 + ZNF384 486723 27 41377989 41396069 ALL 17-71
CLGL-90 + CCND2 611782 27 43598257 43622929 NHL,CLL 17-71
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
CLGL-90 + KDM5A 477727 27 45395780 45416780 AML
N ) gastric. NSCLC, GL-1,
CLGL-90 FGFR2 415125 28 34305079 34383074 endometrial CLL-1390
CLGL-90 - TET2 478499 32 29032332 29065813 MDS CLL-1390
clear cell sarcoma,
CLGL-90 + CREB1 607922 37 18921034 18978133 angiomatoid fibrous
histiocytoma
CLGL-90 + IDH1 478889 37 19512414 19527002 gliobastoma
alveolar
CLGL-90 + PAX3 488544 37 31348380 31445022 thabdomyosarcoma
CLGL-90 + ACSL3 478927 37 31902792 31930487 prostate
CLGL-90 ; MDM4 478939 38 | 4073518 | 4103319 GBM, bladder, CLL-1390
retinoblastoma
17-71 - CD79A 484483 1 115320051 115323256 DLBCL
17-71 - AKT2 449021 1 116297439 | 116315357 ovarian, pancreatic
colorectal,
17-71 . APC 479139 3 3140198 3145094 | Pancreatic desmoid,
hepatoblastoma,
glioma, other CNS
congenital
17-71 + NTRK3 609087 3 54000017 54059252 fibrosarcoma,
Secretory breast
17-71 + IDH2 479043 3 55931324 55934746 GBM
1771 + CRTC3 488747 3 | 56425501 | 56510660 salivary gland
mucoepidermoid
17-71 + DDX6 479414 3 63014482 63015035 B-NHL
17-71 + WHSC1 479077 3 64987304 65047248 MM
1771 " FGFR3 488808 3 | 65120808 | 65138045 | Pladder, MM, T-cell
lymphoma
17-71 + POU2AF1 489413 5 24698652 24702900 NHL CLL-1390
17-71 + DDX10 479448 5 26893543 26933741 AML* CLL-1390
leukemia, lymphoma,
17-71 + ATM 479450 5 27193106 27302081 medulloblastoma, CLL-1390
glioma
17-71 + BIRC3 489433 5 32303262 32345295 MALT CLL-1390
breast, colorectal,
lung, sarcoma,
17-71 - TP53 403869 5 35558194 35560518 adrenocortical, CLL-1390
glioma, multiple
other tumour types
17-71 - PER1 489488 5 35951783 35961017 AML, CMML CLL-1390
17-71 + SBDS 607017 6 4257727 4263798 AML, MDS
17-71 - MLLT3 481556 11 42955374 43230018 ALL
17-71 - CDKN2B 481563 11 | 44201166 | 44204234 | Melanoma multiple | o o g,
other tumour types
17-71 - CDKN2A | 100271861 | 11 | 44201185 | 44201430 | Melanoma multiple | o) o4
other tumour types
exostoses, CL-1,
17-71 + EXT1 482024 13 20205634 20211952 osteosarcoma CLL-1390
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
Burkitt lymphoma, CL-1. CLL-
17-71 + MYC 403924 13 28237812 28242545 amplified in other 13‘90
cancers, B-CLL
osteosarcoma, skin
17-71 + RECQL4 482101 13 40960958 40966452 basal and sqgamous CL-1
cell
17-71 + THRAP3 482476 13 | 41270869 | 41273266 a”e“r{;r:ti' bone cL-1
17-71 + PHOX2B 610284 13 41910717 41913784 neuroblastoma CL-1
idiopathic
17-71 + FIP1L1 612980 13 48975049 49015435 hypereosinophilic CL-1
syndrome
17-71 + CHIC2 611250 13 49491388 49492689 AML CL-1
GIST, idiopathic
17-71 + PDGFRA 442860 13 49674177 49705871 hypereosinophilic CL-1
syndrome
GIST, AML, TGCT,
17-71 + KIT 403811 13 50076752 50122138 mastocytosis, CL-1
mucosal melanoma
1771 + KDR 482154 13 | 50374756 | 50416683 NSCLC, cL1
angiosarcoma
1771 + JAZF1 475265 14 | 43897520 | 44039739 | endometrial stromal
tumours
R marginal zone
17-71 + NOTCH2 483148 17 59938680 60095754 lymphoma, DLBCL
17-71 + PDEA4DIP 475817 17 60249583 60431764 MPD
17-71 + BCL9 483154 17 61246102 61266246 B-ALL
17-71 + ARNT 483185 17 63020921 63090503 AML
17-71 + ZNF384 486723 27 41377989 41396069 ALL CLGL-90
17-71 + CCND2 611782 27 43598257 43622929 NHL,CLL CLGL-90
17-71 - TCEA1 477879 29 8623066 8661396 salivary adenoma CLL-1390
17-71 - PLAG1 486960 29 10569085 10571102 salivary adenoma CLL-1390
17-71 - NCOA2 486989 29 22259566 22449037 AML CLL-1390
17-71 - BUB1B 608350 30 10351301 10398908 rhabdomyosarcoma
17-71 - RUNX1 487746 31 32289570 32538757 AML, pr;E—LALL, T
17-71 + PIK3CA 488084 34 | 15655874 | 15683859 colorectal, gastric,
gliobastoma, breast
17-71 + SOX2 488092 34 | 17860019 | 17861804 | NSCLC,oesophageal
squamous carcinoma
17-71 + ETV5 607474 34 21740447 21797619 Prostate
17-71 + EIF4A2 488118 34 22363213 22369397 NHL
17-71 + BCL6 488124 34 23120680 23121637 NHL, CLL
17-71 + LPP 478670 34 23642485 23721030 lipoma, leukemia
17-71 + EVI1 488148 34 36754708 37036008 AML, CML
CL-1 - GATA3 487134 2 30912789 30930714 breast CLL-1390
CL-1 - CYLD 611649 2 67448660 67514022 cylindroma
CL-1 - LCK 478151 2 71833707 71856947 T-ALL
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
clear cell ovarian
CL-1 - ARID1A 487352 2 76223193 76224052 carcinoma, RCC
CL-1 - POU2AF1 489413 5 24698652 24702900 NHL
CL-1 - DDX10 479448 5 26893543 26933741 AML*
leukemia, lymphoma,
CL-1 - ATM 479450 5 27193106 27302081 medulloblastoma,
glioma
CL-1 - POUSF1 481709 12 3864795 3869546 sarcoma
eX0stoses, 17-71,
CL-1 + EXT1 482024 13 20205634 20211952 osteosarcoma CLL-1390
Burkitt lymphoma, 17-71
CL-1 + MYC 403924 13 28237812 28242545 amplified in other CLL-13§0
cancers, B-CLL
osteosarcoma, skin
CL-1 + RECQL4 482101 13 40960958 40966452 basal and sgamous 17-71
cell
CL-1 + THRAP3 482476 13 | 41270869 | 41273266 a”e“rg:ti' bone 17-71
CL-1 + PHOX2B 610284 13 41910717 41913784 neuroblastoma 17-71
idiopathic
CL-1 + FIP1L1 612980 13 48975049 49015435 hypereosinophilic 17-71
syndrome
CL-1 + CHIC2 611250 13 49491388 49492689 AML 17-71
GIST, idiopathic
CL-1 + PDGFRA 442860 13 49674177 49705871 hypereosinophilic 17-71
syndrome
GIST, AML, TGCT,
CL-1 + KIT 403811 13 50076752 50122138 mastocytosis, 17-71
mucosal melanoma
cL-1 " KDR 482154 13 | 50374756 | 50416683 NSCLC, 1771
angiosarcoma
CL-1 - SDHB 478217 14 | 8311196 8312050 paraganglioma,
pheochromocytoma
CL-1 - SMO 482262 14 10477116 10484158 skin basal cell
CL-1 - AKAP9 475224 14 20560914 20690823 papillary thyroid
CL-1 - CDK®6 609920 14 21136061 21367160 ALL
CL-1 - IKZF1 483231 18 4664186 4737257 ALL CLL-1390
CcL-1 - HRAS 403735 18 | 28632557 | 28634000 | Infrequentsarcomas, | o | 3q9
rare other types
CcL-1 + EXT2 475989 18 | 48027824 | 48162207 exostoses,
osteosarcoma
CL-1 + CCND1 449028 18 51528147 51535735 CLL, B-ALL, breast
parathyroid tumors,
CL-1 + MEN1 483758 18 | 55371658 | 55373538 Pancreatic
neuroendocrine
tumors
CcL-1 - IL2 403989 19 | 20759464 | 20765050 intestinal T-cell
lymphoma
skin basal cell, skin
CL-1 - ERCC3 476105 19 26327292 26353755 squamous cell,
melanoma
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)

B pleomorphic salivary )
CL-1 - FHIT 100215999 | 20 | 33351491 | 33351593 gland adenoma CLL-1390
CL-1 - SH3GL1 485039 20 | 58226432 | 58256938 AL
CL-1 - GNA11 403914 20 | 59126674 | 59135936 uveal melanoma CLL-1390
CL-1 - IRF4 612320 20 | 60592951 | 60605485 MM CLL-1390

jejunal harmartoma,
CL-1 - STK11 485088 20 | 60701049 | 60719407 ovarian, testicular, CLL-1390
pancreatic

- salivary gland )
CL-1 - MAML2 485116 21 8055148 8163013 mucoepidermoid CLL-1390
CL-1 + PICALM 476780 21 | 16436199 | 16536724 TALL, AML,

retinoblastoma,
CL-1 - RB1 476915 22 6007265 6088905 sarcoma, breast,
small cell lung
CL-1 - LCP1 476921 22 7947444 7976388 NHL
CL-1 + GMPS 477123 23 | 52647574 | 52698886 AML
CL-1 + MLF1 477127 23 | 54979325 | 54994606 AML
CL-1 + BCR 607482 26 | 30921293 | 31043362 CML, ALL, AML
CL-1 - SMARCB1 486407 26 31757752 31793696 malignant rhabdoid CLL-1390
CL-1 - CLTCL1 477568 26 | 33066596 | 33067989 ALCL CLL-1390
CL-1 - PTEN 403832 26 | 40921801 | 40982411 | narmartoma, glioma, |, 4594
prostate, endometrial
CL-1 + RUNX1 487746 31 | 32289570 | 32538757 | AMb p’:ﬁ'LALL* T
CL-1 + RAP1GDS1 487868 32 | 23609731 | 23610387 T-ALL
CL-1 + TET2 478499 32 | 29032332 | 29065813 MDS
B papillary thyroid,
CL-1 + TFG 487954 33 | 10256870 | 10281041 ALCL NSCLC
CL-1 - CBLB 487965 33 | 14302309 | 14515119 AML
CL-1 - HOXD11 609973 36 | 22941981 | 22943754 AML
CL-1 - NFE2L2 478813 36 | 24019319 | 24048915 NSCLC, HNSCC
CcL-1 + MDM4 478939 38 | 4073518 | 4103319 GBM, bladder,
retinoblastoma
CL-1 + ELK4 488574 38 5077862 5083781 prostate
cL1 ; PBX1L 488669 38 | 21418107 | 21702773 pre B-ALL, CLL-1390
myoepithelioma
CL-1 ; SDHC 478983 38 | 24163154 | 24193269 paraganglioma, CLL-1390
pheochromocytoma
CLL-1390 - MLLT10 487096 2 14239280 | 14481685 AL
CLL-1390 - GATA3 487134 2 30912789 | 30930714 breast cL-1
CLL-1390 - IL6ST 403545 2 46083499 | 46086321 hepatocellular ca
CLL-1390 - NPM1 606906 2 51296140 | 51297025 NHL, APL, AML
CLL-1390 ; PIK3R1 487235 2 56329645 | 56396891 | 9liobastoma, ovarian,
colorectal
CLL-1390 + FLIL 489286 5 8845067 8899160 Ewing sarcoma
CLL-1390 + ARHGEF12 479409 5 16529028 | 16674123 AML
CLL-1390 + MLL 479417 5 18223805 | 18277422 AML, ALL
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
CLL-1390 + PCSK7 479423 5 19373247 | 19394215 MLCLS
CLL-1390 + PAFAH1B2 479425 5 19428425 | 19453228 MLCLS
CLL-1390 + POU2AF1 489413 5 24698652 | 24702900 NHL 17-71
CLL-1390 + DDX10 479448 5 26893543 | 26933741 AML* 17-71
leukemia, lymphoma,
CLL-1390 + ATM 479450 5 27193106 | 27302081 medulloblastoma, 17-71
glioma
CLL-1390 + BIRC3 489433 5 32303262 | 32345295 MALT 17-71
breast, colorectal,
lung, sarcoma,
CLL-1390 ; TP53 403869 5 35558194 | 35560518 adrenacortical, 17-71
glioma, multiple
other tumour types
CLL-1390 - PERL 489488 5 35951783 | 35961017 AML, CMML 17-71
CLL-1390 - SBDS 607017 6 4257727 4263798 AML, MDS
CLL-1390 - HIP1 489814 6 9962640 | 10116717 CMML
colorectal,
CLL-1390 y PMS2 479751 6 14421640 | 14422111 | endometrial, ovarian,
medulloblastoma,
glioma
CLL-1390 - CARD11 489887 6 17307402 | 17339752 DLBCL
CLL-1390 - IL21R 608011 6 20200022 | 22213828 NHL
CLL-1390 - MYH11 479836 6 31070496 | 31178815 AML
skin basal cell, skin
CLL-1390 - ERCC4 479842 6 32225328 32255494 squamous cell,
melanoma
CLL-1390 ] socs1 490006 6 | 34554036 | 34554520 HOdgk'S,\'A'éTphoma'
CLL-1390 | - CREBBP 479866 6 | 40452244 | aos7e136 | AULAML DLBCL
CLL-1390 - TSC2 479883 6 41906956 41907635 hamartoma, renal cell
CLL-1390 ; RBM15 479909 6 | 44706218 | 44713102 | 3Cute megakaryocytic
leukemia
CLL-1390 - BCL10 490183 6 65772218 | 65782284 MALT CLGL-90
CLL-1390 ; FH 480092 7 35870706 | 35896536 "eom?’e"n";ftos's'
CLL-1390 - NTRKL 490404 7 44109976 | 44128155 papillary thyroid
CLL-1390 - PRCC 610063 7 44169703 | 44194188 papillary renal
CLL-1390 - MUC1 448784 7 45313778 | 45317332 B-NHL
CLL-1390 ; TPM3 480137 7 46014149 | 46032309 pap"';rli’cﬂl‘_yro'd'
CLL-1390 - ATIC 488513 7 62810580 | 62811281 ALCL
CLL-1390 - 5518 480171 7 65525428 | 65604679 synovial sarcoma
CLL-1390 - ZNF521 490511 7 66182557 | 66457121 ALL
CLL-1390 - DDIT3 607439 10 | 4589897 4590495 liposarcoma
CLL-1390 - CDK4 481131 10 | 4796151 4798825 melanoma
CLL-1390 ; WIFL 481148 10 | 10646325 | 10712616 | Pleomorphic salivary

gland adenoma
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
skin basal cell, skin
CLL-1390 - DDB2 483626 10 18804884 18805259 squamous cell,
melanoma
CLL-1390 - MKL1 481238 10 | 27785022 | 27823045 | 2Cute megakaryocytic
leukemia
CLL-1390 - PDGFB 442986 10 28865779 28884090 DFSP
CLL-1390 - MYH9 481280 10 31178981 31183255 ALCL
colorectal,
CLL-1390 - MSH2 494002 10 52718729 52719173 endometrial, ovarian
colorectal,
CLL-1390 - MSH6 474585 10 52956050 52962867 endometrial, ovarian
CLL-1390 - BCL11A 481381 10 63737094 63737580 B-CLL
CLL-1390 - REL 474606 10 64140219 64173382 Hodgkin Lymphoma
CLL-1390 | + EXT1 482024 13 | 20205634 | 20211952 exostoses, CcL-t, 17
osteosarcoma 71
Burkitt lymphoma, CL-1. 17-
CLL-1390 + MYC 403924 13 28237812 28242545 amplified in other 7’1
cancers, B-CLL
osteosarcoma, skin
CLL-1390 - RECQL4 482101 13 40960958 40966452 basal and sgamous
cell
CLL-1300 | - THRAP3 482476 13 | 41270869 | 41273266 a”e“’{;r:t‘z' bone
CLL-1390 - PHOX2B 610284 13 41910717 41913784 neuroblastoma
idiopathic
CLL-1390 - FIP1L1 612980 13 48975049 49015435 hypereosinophilic
syndrome
CLL-1390 - CHIC2 611250 13 49491388 49492689 AML
GIST, idiopathic
CLL-1390 - PDGFRA 442860 13 49674177 49705871 hypereosinophilic
syndrome
GIST, AML, TGCT,
CLL-1390 - KIT 403811 13 50076752 50122138 mastocytosis,
mucosal melanoma
CLL-1300 | - KDR 482154 13 | 50374756 | 50416683 NSCLC,
angiosarcoma
CLL-1390 + SDHB 478217 14 | 8311196 8312050 paraganglioma,
pheochromocytoma
CLL-1390 + SMO 482262 14 10477116 10484158 skin basal cell
CLL-1390 + CDK6 609920 14 21136061 21367160 ALL
CLL-1390 - EZH2 475511 16 4931247 4971025 DLBCL CLGL-90
CLL-1390 - HOOK3 475567 16 25748786 25855653 papillary thyroid CLGL-90
CLL-1390 - FGFR1 475582 16 29991366 30031785 MPD, NHL CLGL-90
CLL-1390 - WHSC1L1 475584 16 30060083 30135713 AML CLGL-90
CLL-1390 ; WRN 493997 16 | 36143444 | 36165937 osteosarcoma, CLGL-90
meningioma, others
B ) papillary thyroid, )
CLL-1390 PCM1 475618 16 44187273 44250904 CML, MPD CLGL-90
CLL-1390 - MYCN 482978 17 14695794 14696400 neuroblastoma
CLL-1390 ; NCOAL 475684 17 | 22010228 | 22103136 alveolar
rhadomyosarcoma
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
CLL-1390 - DNMT3A 482996 17 | 22472795 | 22543932 AML
ALCL, NSCLC,
CLL-1390 y ALK 483021 17 | 26113418 | 26791325 Netrebladtoma
CLL-1390 - EML4 483048 17 | 36949766 | 37040146 NSCLC
CLL-1390 - TTL 483065 17 | 39847955 | 39878835 ALL
CLL-1390 - PAX8 403927 17 | 40418495 | 40474708 follicular thyroid
CLL-1390 - TRIM33 475804 17 | 55103454 | 55195676 papillary thyroid GL-1
melanoma, MM,
CLL-1390 . NRAS 403872 17 | 55487772 | 55493796 AML . thyroid GL-1
marginal zone
CLL-1390 . NOTCH2 483148 17 | 50938680 | 60095754 | | oo BCL
CLL-1390 - PDE4DIP 475817 17 | 60249583 | 60431764 MPD
CLL-1390 - BCL9 483154 17 | 61246102 | 61266246 B-ALL
CLL-1390 - ARNT 483185 17 | 63020921 | 63090503 AML
CLL-1390 - IKZF1 483231 18 4664186 4737257 ALL CL-1
CLL-1390 - EGFR 404306 18 8996524 9008764 glioma, NSCLC
CLL-1390 - HRAS 403735 18 | 28632557 | 28634090 | 'Mfrequentsarcomas, CcL1
rare other types
CLL-1390 - LMO2 609006 18 | 36905462 | 36906265 T-ALL
Wilms, desmoplastic
CLL-1390 - WT1 609253 18 | 38119538 | 38167266 small round cell
tumor
CLL-1390 - CREB3L1 483636 18 46173214 46207227 myxofibrosarcoma
CLL-1390 | - EXT2 475989 18 | 48027824 | 48162207 exostoses,
osteosarcoma
CLL-1390 - CARS 475998 18 | 49983563 | 50022089 ALCL
CLL-1390 - CCND1 449028 18 | 51528147 | 51535735 | CLL,B-ALL, breast
parathyroid tumors,
CLL-1390 - MEN1 483758 18 | 55371658 | 55373538 Pancreatic
neuroendocrine
tumors
CLL-1390 . GATA2 484626 20 | 5477019 | 5483189 AML(CML blast
transformation)
CLL-1390 - RPN1 476516 20 5614589 5643159 AML
skin basal cell, skin
CLL-1390 - XPC 476521 20 7304420 7332803 squamous cell,
melanoma
CLL-1390 - RAF1 484648 20 8954761 8974764 | pilocytic astrocytoma
CLL-1390 - PPARG 403606 20 9138704 9189466 follicular thyroid
CLL-1390 | - VHL 494000 20 | 11209624 | 11214024 | 'enal. hemangioma,
pheochromocytoma
CLL-1390 - FANCD2 484659 20 | 11243353 | 11298177 AML, leukemia
CLL-1390 - SRGAP3 610229 20 | 11897579 | 12144751 | pilocytic astrocytoma
CLL-1390 - FOXP1 484692 20 | 23791647 | 24018670 ALL
CLL-1390 - MITF 415126 20 | 24853276 | 24884775 melanoma
CLL-1390 ; FHIT 100215999 | 20 | 33351491 | 33351503 | Pleomorphic salivary cL-1

gland adenoma

259



Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
clear cell renal
CLL-1390 - PBRM1 476593 20 40113102 40189018 carcinoma, breast
uveal melanoma,
CLL-1390 - BAP1 484737 20 40351072 40353902 breast, NSCLC
CLL-1390 - SETD2 476643 20 | 44709764 | 44799106 clear cell renal
carcinoma
CLL-1390 - ELL 484820 20 47514925 47591752 AL
CLL-1390 - JAK3 610004 20 | 48054809 | 4goesgoz | cute megakaryocytic
leukemia,
lethal midline
CLL-1390 - BRD4 484869 20 49900870 49911658 carcinoma of young
people
CLL-1390 - SMARCA4 476710 20 53179597 53272709 NSCLC
CLL-1390 - MLLT1 485023 20 56724757 56855631 AL
CLL-1390 - SH3GL1 485039 20 58226432 58256938 AL
CLL-1390 - GNA11 403914 20 59126674 59135936 uveal melanoma CL-1
CLL-1390 - IRF4 612320 20 60592951 60605485 MM CL-1
jejunal harmartoma,
CLL-1390 - STK11 485088 20 60701049 60719407 ovarian, testicular, CL-1
pancreatic
CLL-1390 , MAML2 485116 21 | 8055148 | 8163013 salivary gland cL-1
mucoepidermoid
CLL-1390 - PICALM 476780 21 16436199 16536724 TALL, AML,
CLL-1390 - NUP98 476822 21 29236854 29354079 AML
CLL-1390 | - LMO1 610473 21 | 34917359 | 34953292 T-ALL,
neuroblastoma
CLL-1390 - BCL7A 486256 26 10284330 10312445 BNHL
CLL-1390 - ALDH2 610941 26 12337083 12374037 leiomyoma
CLL-1390 - PTPN11 477488 26 13024312 13082124 JMML, AML, MDS
CLL-1390 - CHEK2 486338 26 25085083 25131328 breast
Ewing sarcoma,
desmoplastic small
CLL-1390 - EWSR1 609786 26 | 25624888 | 25625439 round cell tumor,
ALL, clear cell
sarcoma, sarcoma,
myoepithelioma
CLL-1390 - CHCHD7 609282 26 25770915 25771175 salivary adenoma
meningioma,
CLL-1390 - NF2 477535 26 25847299 25923411 acoustic neuroma,
renal
CLL-1390 - BCR 607482 26 30921293 31043362 CML, ALL, AML
CLL-1390 - SMARCB1 486407 26 31757752 31793696 malignant rhabdoid CL-1
CLL-1390 - CLTCL1 477568 26 33066596 33067989 ALCL CL-1
CLL-1390 ; PTEN 403832 26 | 40921801 | 40982411 | narmartoma, glioma, cL-1
prostate, endometrial
CLL-1390 - HOXC13 486503 27 4318371 4324857 AML
malignant melanoma
CLL-1390 ; ATF1 486545 27 | 6924605 6998215 of soft parts ,

angiomatoid fibrous
histiocytoma
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Supplementary Table 2 (continued)

Entrez Start End Human Tumour Common
Line CNA Symbol CFA Position Position
Gene Types Imbalance
(bp) (bp)
CLL-1390 ; MLL2 486558 27 | 8531731 8566195 med“"rgﬂzsmma'
congenital
fibrosarcoma,
multiple leukemia
CLL-1390 - ETV6 486685 27 37368707 37512159 and lymphomna,
secretory breast,
MDS, ALL
CLL-1390 - ZNF384 486723 27 41377989 41396069 ALL
CLL-1390 - CCND2 611782 27 43598257 43622929 NHL,CLL
CLL-1390 - KDM5A 477727 27 45395780 45416780 AML
CLL-1390 - NCOA4 477750 28 4802203 4809056 papillary thyroid GL-1
medullary thyroid,
CLL-1390 - RET 403494 28 6945883 6976159 papillary thyroid,
pheochromocytoma
CLL-1390 - TLX1 608311 28 16803962 16809219 T-ALL
CLL-1390 - NFKB2 486858 28 17903193 17907119 B-NHL
CLL-1390 - SUFU 608531 28 17993646 18113032 medulloblastoma
} gastric. NSCLC, GL-1,
CLL-1390 - FGFR2 415125 28 34305079 34383074 endometrial CLGL-90
CLL-1390 - TCEA1 477879 29 8623066 8661396 salivary adenoma 17-71
CLL-1390 - PLAG1 486960 29 10569085 10571102 salivary adenoma 17-71
CLL-1390 - NCOA2 486989 29 22259566 22449037 AML 17-71
CLL-1390 - RAP1GDS1 487868 32 23609731 23610387 T-ALL
CLL-1390 - TET2 478499 32 29032332 29065813 MDS CLGL-90
CLL-1300 | - PIK3CA 488084 34 | 15655874 | 15683859 | colorectal, gastric,
gliobastoma, breast
CLL-1390 | - SOX2 488092 34 | 17860019 | 17861804 | NSCLC,oesophageal
squamous carcinoma
CLL-1390 - ETV5 607474 34 21740447 21797619 Prostate
CLL-1390 - EIF4A2 488118 34 22363213 22369397 NHL
CLL-1390 - BCL6 488124 34 23120680 23121637 NHL, CLL
CLL-1390 - LPP 478670 34 23642485 23721030 lipoma, leukemia
CLL-1390 - EVI1 488148 34 36754708 37036008 AML, CML
CLL-1390 ; PMS1 478840 37 | 3524826 3609594 colorectal,
endometrial, ovarian
clear cell sarcoma,
CLL-1390 - CREB1 607922 37 18921034 18978133 angiomatoid fibrous
histiocytoma
CLL-1390 - IDH1 478889 37 19512414 19527002 gliobastoma
CLL-1390 ; PAX3 488544 37 | 31348380 | 31445022 alveolar
rhabdomyosarcoma
CLL-1390 - ACSL3 478927 37 31902792 31930487 prostate
CLL-1390 - MDM4 478939 38 4073518 4103319 GE.’M' bladder, CLGL-90
retinoblastoma
CLL-1390 - ELK4 488574 38 5077862 5083781 prostate
CLL-1390 - SLC45A3 488575 38 5111404 5116718 prostate
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Supplementary Table 2 (continued)

. Entrez St?ft E_n(_j Human Tumour Common
Line CNA Symbol Gene CFA Pczi:;l)on Pcﬁ:;)on Types Imbalance
CLL-1390 - PBX1 488669 38 | 21418107 | 21702773 m)‘/’gg;@'ﬁ'&ha cL
CLL-1390 - SDHC 478983 38 | 24163154 | 24193269 phgircah%i?ﬁgc"y”t‘;na cL
Abbreviation Term
A amplification
AEL acute eosinophilic leukemia
AL acute leukemia
ALCL anaplastic large-cell lymphoma
ALL acute lymphocytic leukemia
AML acute myelogenous leukemia
AML* acute myelogenous leukemia (primarily treatment associated)
APL acute promyelocytic leukemia
B-ALL B-cell acute lymphocytic leukaemia
B-CLL B-cell Lymphocytic leukemia
B-NHL B-cell Non-Hodgkin Lymphoma
CLL chronic lymphatic leukemia
CML chronic myeloid leukemia
CMML chronic myelomonocytic leukemia
CNS central nervous system
D large deletion
DFSP dermatofibrosarcoma protuberans
DLBCL diffuse large B-cell lymphoma
DLCL diffuse large-cell lymphoma
E epithelial
F frameshift
GIST gastrointestinal stromal tumour
JMML juvenile myelomonocytic leukemia
L leukaemia/lymphoma
M mesenchymal
MALT mucosa-associated lymphoid tissue lymphoma
MDS myelodysplastic syndrome
Mis Missense
MLCLS mediastinal large cell lymphoma with sclerosis
MM multiple myeloma
MPD Myeloproliferative disorder
N nonsense
NHL non-Hodgkin lymphoma
NK/T natural killer T cell
NSCLC non small cell lung cancer
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Supplementary Table 2 (continued)

Abbreviation Term
0 other
PMBL primary mediastinal B-cell lymphoma
pre-B All pre-B-cell acute lymphoblastic leukaemia
S splice site
T translocation
T-ALL T-cell acute lymphoblastic leukemia
T-CLL T-cell chronic lymphocytic leukaemia
TGCT testicular germ cell tumour
T-PLL T cell prolymphocytic leukaemia
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Supplementary Table 3. List of the top 50 transcripts with fold changes of the largest magnitude when

compared with normal lymph node expression levels. The normalized cell line expression level for each probe

set was compared with the normalized expression level in the normal lymph nodes, and fold changes were

calculated relative to the non-malignant lymph nodes. Probe sets with the 50 largest absolute fold changes

(either positive or negative) were identified as genes with dysregulation that may be reflective of a malignant

phenotype.

Line Gene Symbol Entrez Gene Probe Set ID GL-1 Fold change Regulation
GL-1 LOC486411 486411 CfaAffx.21066.1.S1 s at 13296.353 down
GL-1 LOC486411 486411 Cfa.4465.2.51 s at 10412.998 down
GL-1 LOC486411 486411 CfaAffx.21065.1.S1 s at 9828.401 down
GL-1 DLA-DRA1 481731 CfaAffx.2126.1.S1 s at 9141.049 down
GL-1 DLA-DRB1 474860 Cfa.181.1.S1_at 8201.921 down
GL-1 LOC607558 607558 Cfa.4465.2.51 at 7958.1514 down
GL-1 LOC479329 479329 Cfa.1333.3.51_a_at 7921.1187 down
GL-1 LOC486374 486374 CfaAffx.225.1.S1 x at 7580.953 down
GL-1 LOC479329 479329 Cfa.1333.3.51 s at 6215.029 down
GL-1 LOC612066 612066 CfaAffx.345.1.51_s at 5873.4517 down
GL-1 DLA-DQB1 474862 CfaAffx.2152.1.S1 s at 5729.887 down
GL-1 LOC612050 612050 CfaAffx.20815.1.51_x_at 5616.285 down
GL-1 L.OC491454 491454 CfaAffx.23527.1.51 x_at 5302.8594 down
GL-1 DLA-DQA1 474861 Cfa.182.1.52_at 5257.4497 down
GL-1 LOC475935 475935 CfaAffx.10688.1.S1_x_at 4353.866 down
GL-1 LOC475935 475935 Cfa.12215.1.A1 at 4285.315 down
GL-1 LOC606953 606953 CfaAffx.23723.1.51_x_at 4039.7522 down
GL-1 SELL 480080 Cfa.12138.1.A1 at 3998.8281 down
GL-1 LOC607200 607200 CfaAffx.20958.1.S1 at 3910.6926 down
GL-1 LOC475754 475754 Cfa.12195.14.51 s at 3789.547 down
GL-1 SELL 480080 CfaAffx.23335.1.51 s at 3660.3738 down
GL-1 LTB 481712 CfaAffx.1728.1.S1 s _at 3448.1458 down
GL-1 SMPDL3A 476279 Cfa.15673.1.51_at 3024.05 down
GL-1 LOC486389 486389 CfaAffx.20902.1.S1_x_at 2879.8318 down
GL-1 HSPB1 403979 Cfa.3849.1.S1 at 2644.456 down
GL-1 LOC486389 486389 CfaAffx.246.1.51 x at 2528.8555 down
GL-1 LOC486374 486374 CfaAffx.23301.1.51_x_at 2389.584 down
GL-1 LOC486374 486374 CfaAffx.20953.1.51 x at 2332.782 down
GL-1 LOC486394 486394 CfaAffx.22878.1.S1_at 1839.8704 down
GL-1 LOC491492 491492 CfaAffx.23613.1.51 x at 1762.1396 down
GL-1 LOC486374 486374 CfaAffx.20950.1.S1 at 1662.5637 down
GL-1 CD3E 442981 CfaAffx.19814.1.S1 s at 1645.9608 down
GL-1 LOC490894 490894 Cfa.4556.3.Al1 a at 1573.549 down
GL-1 TRIM22 485284 CfaAffx.10368.1.S1_s at 1465.8065 down
GL-1 LOC490894 490894 Cfa.4556.3.A1 s at 1408.5511 down
GL-1 LOC491391 491391 CfaAffx.23584.1.S1_at 1262.0912 down
GL-1 CTSZ 611983 Cfa.12490.1.A1 at 1219.1464 down
GL-1 KMO 480093 Cfa.14036.1.A1 at 1194.0963 down
GL-1 LOC490888 490888 CfaAffx.690.1.51 at 1186.4572 down
GL-1 LOC609879 609879 Cfa.4217.1.S1 at 1138.65 down
GL-1 LOC606881 606881 Cfa.4555.1.S1_s_at 1088.0737 down
GL-1 LOC491391 491391 CfaAffx.23040.1.S1 x at 1084.5056 down
GL-1 LOC486384 486384 CfaAffx.23639.1.S1 at 1061.1919 down
GL-1 LOC607020 607020 CfaAffx.265.1.51_s at 1035.4285 down
GL-1 LOC612135 612135 CfaAffx.22083.1.S1_at 1033.7167 down
GL-1 ABLIM1 477828 Cfa.10796.1.S1_at 1020.6454 down
GL-1 LOC607448 607448 Cfa.18829.1.S1 s at 1014.4846 down
GL-1 LOC607255 607255 CfaAffx.247.1.S1_at 1000.4574 down
GL-1 IF144L 479980 Cfa.3380.1.S1_at 998.0517 down
GL-1 GPR87 485718 Cfa.6119.1.A1_s_at 994.4501 up
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Supplementary Table 3 (continued)

Line Gene Symbol Entrez Gene Probe Set ID GL-1 Fold change Regulation
CLGL-90 DLA-DRA1 481731 CfaAffx.2126.1.51_s_at 8138.737 down
CLGL-90 LOC486374 486374 CfaAffx.225.1.81 x_at 7730.2983 down
CLGL-90 DLA-DRB1 474860 Cfa.181.1.51_at 7609.3403 down
CLGL-90 HAPLN1 488921 CfaAffx.13470.1.51_at 7204.902 up
CLGL-90 LOC612066 612066 CfaAffx.345.1.51_s_at 5824.692 down
CLGL-90 LOC612050 612050 CfaAffx.20815.1.51_x_at 5663.319 down
CLGL-90 LOC491454 491454 CfaAffx.23527.1.51_x_at 5453.291 down
CLGL-90 DLA-DQB1 474862 CfaAffx.2152.1.S1 s at 5337.408 down
CLGL-90 LYZ 474442 Cfa.15305.1.51_at 5238.883 down
CLGL-90 DLA-DQA1 474861 Cfa.182.1.52_at 5116.275 down
CLGL-90 LAPTMS5 487324 Cfa.9004.1.51_at 4741.263 down
CLGL-90 LOC475754 475754 Cfa.12195.14.51 s _at 4693.7573 down
CLGL-90 LOC606953 606953 CfaAffx.23723.1.51_x_at 4210.458 down
CLGL-90 LOC607200 607200 CfaAffx.20958.1.S1_at 3997.1025 down
CLGL-90 LYZ 474442 CfaAffx.1598.1.S1 s at 3885.2249 down
CLGL-90 LTB 481712 CfaAffx.1728.1.S1 s at 3538.5027 down
CLGL-90 SMPDL3A 476279 Cfa.15673.1.51_at 3106.2534 down
CLGL-90 LOC486389 486389 CfaAffx.20902.1.51_x_at 2979.7322 down
CLGL-90 SLC24A5 612878 CfaAffx.21550.1.51_s at 2958.6838 up
CLGL-90 LOC486389 486389 CfaAffx.246.1.51_x_at 2833.5505 down
CLGL-90 HSPB1 403979 Cfa.3849.1.51 at 2717.7273 down
CLGL-90 S100A6 480143 Cfa.4306.2.51_a_at 2559.6868 down
CLGL-90 IFNGR2 487739 Cfa.14847.1.A1_s_at 2489.2576 down
CLGL-90 CYBB 491825 Cfa.6017.1.51 at 2459.8452 down
CLGL-90 LOC486374 486374 CfaAffx.23301.1.51_x_at 2453.5833 down
CLGL-90 LAPTM5 487324 CfaAffx.17529.1.51 s at 2057.7925 down
CLGL-90 LOC474869 474869 Cfa.6248.1.A1_a_at 1990.5271 down
CLGL-90 LOC486394 486394 CfaAffx.22878.1.51_at 1953.8593 down
CLGL-90 LOC486374 486374 CfaAffx.20953.1.51_x_at 1869.4667 down
CLGL-90 S100A6 480143 Cfa.4306.1.51_a_at 1865.2081 down
CLGL-90 LOC491492 491492 CfaAffx.23613.1.51_x_at 1812.3892 down
CLGL-90 LOC490894 490894 Cfa.4556.3.A1_a_at 1691.1257 down
CLGL-90 LOC486374 486374 CfaAffx.20950.1.S1_at 1689.9825 down
CLGL-90 CYBB 491825 CfaAffx.21511.1.51_s at 1561.4867 down
CLGL-90 BIRC3 489433 Cfa.18376.1.51_at 1546.7222 down
CLGL-90 LOC490894 490894 Cfa.4556.3.A1_s_at 1480.6989 down
CLGL-90 EPSTI1 476931 Cfa.11073.1.A1_at 1447.2886 down
CLGL-90 LOC479329 479329 Cfa.1333.3.51 a_at 1305.4291 down
CLGL-90 LOC491391 491391 CfaAffx.23584.1.51_at 1291.1058 down
CLGL-90 KMO 480093 Cfa.14036.1.A1_at 1224.5457 down
CLGL-90 ZNF521 490511 CfaAffx.27799.1.51 s at 1204.445 up
CLGL-90 LOC490888 490888 CfaAffx.690.1.S1_at 1201.0208 down
CLGL-90 KCNIP4 479129 CfaAffx.25302.1.51_at 1175.3755 up
CLGL-90 CTSzZ 611983 Cfa.12490.1.A1_at 1161.909 down
CLGL-90 LOC491391 491391 CfaAffx.23040.1.51_x_at 1116.1057 down
CLGL-90 LOC606881 606881 Cfa.4555.1.51 s _at 1111.3616 down
CLGL-90 LOC607020 607020 CfaAffx.265.1.51_s_at 1094.481 down
CLGL-90 LOC486384 486384 CfaAffx.23639.1.51_at 1086.8561 down
CLGL-90 LOC607255 607255 CfaAffx.247.1.51_at 1007.0188 down
CLGL-90 LGALS3 404021 Cfa.797.1.51_at 989.0108 down

17-71 LOC486411 486411 CfaAffx.21066.1.S1_s at 13577.96 down

17-71 LOC486411 486411 Cfa.4465.2.51_s_at 10615.56 down

17-71 LOC486411 486411 CfaAffx.21065.1.51_s at 10021.677 down

17-71 LOC486374 486374 CfaAffx.225.1.51_x_at 7809.281 down

17-71 LOC607558 607558 Cfa.4465.2.51_at 7396.499 down

17-71 LOC612066 612066 CfaAffx.345.1.51_s_at 6000.6865 down

17-71 LOC607937 607937 Cfa.3865.1.51_at 5952.862 down

17-71 LOC612050 612050 CfaAffx.20815.1.51_x_at 5695.5757 down

17-71 LOC491454 491454 CfaAffx.23527.1.51_x_at 5459.9604 down

17-71 LOC479419 479419 Cfa.6198.1.51_at 5222.4795 down
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Supplementary Table 3 (continued)

Line Gene Symbol Entrez Gene Probe Set ID GL-1 Fold change Regulation
17-71 LOC475754 475754 Cfa.12195.14.S1_s_at 4702.9937 down
17-71 SELL 480080 Cfa.12138.1.A1_at 4567.296 down
17-71 LOC606953 606953 CfaAffx.23723.1.51_x_at 4129.8296 down
17-71 LOC607200 607200 CfaAffx.20958.1.51_at 4008.3372 down
17-71 SELL 480080 CfaAffx.23335.1.51_s_at 3989.1968 down
17-71 LTB 481712 CfaAffx.1728.1.S1 s at 3522.1855 down
17-71 SMPDL3A 476279 Cfa.15673.1.51_at 3085.4082 down
17-71 LOC486389 486389 CfaAffx.20902.1.51_x_at 2994.4211 down
17-71 LOC479419 479419 Cfa.6198.1.51_s at 2968.638 down
17-71 LOC480788 480788 CfaAffx.6644.1.S1 s at 2710.5024 down
17-71 HSPB1 403979 Cfa.3849.1.51 at 2699.8267 down
17-71 LOC486389 486389 CfaAffx.246.1.S1_x_at 2589.829 down
17-71 HORMAD1 475839 Cfa.1049.1.51_at 2475.7766 up
17-71 LOC486374 486374 CfaAffx.23301.1.S1 x_at 2444 5447 down
17-71 ETV1 475246 Cfa.8383.1.A1 at 2173.906 up
17-71 LOC486374 486374 CfaAffx.20953.1.51_x_at 2033.9419 down
17-71 GIMAPS 482797 CfaAffx.7820.1.51 at 2033.7966 down
17-71 LOC490894 490894 Cfa.4556.3.A1_a_at 1984.3472 down
17-71 HORMAD1 475839 CfaAffx.18751.1.51 s at 1977.3862 up
17-71 LOC486394 486394 CfaAffx.22878.1.S1 _at 1913.7838 down
17-71 CLEC2D 611449 Cfa.18933.2.51_at 1909.4722 down
17-71 L0OC491492 491492 CfaAffx.23613.1.51_x_at 1810.66 down
17-71 PTPRCAP 611830 Cfa.18377.1.S1 at 1781.1102 down
17-71 KCNA3 490110 Cfa.12141.1.A1 at 1765.277 down
17-71 LOC486374 486374 CfaAffx.20950.1.S1_at 1724.9507 down
17-71 CD3E 442981 CfaAffx.19814.1.51 s at 1663.5466 down
17-71 LOC490894 490894 Cfa.4556.3.A1_s_at 1475.0103 down
17-71 CD99 609832 Cfa.12433.1.A1_at 1318.9318 down
17-71 LOC491391 491391 CfaAffx.23584.1.51_at 1286.1975 down
17-71 LOC607937 607937 CfaAffx.17301.1.51_s at 1280.0151 down
17-71 LOC489383 489383 CfaAffx.19788.1.S1_at 1229.391 down
17-71 CLEC2D 611449 Cfa.18933.1.51 at 1229.2683 down
17-71 LOC491922 491922 Cfa.268.2.51_at 1221.5479 down
17-71 LOC490888 490888 CfaAffx.690.1.S1_at 1217.815 down
17-71 YTHDF3 486970 Cfa.3031.1.51_at 1208.8855 down
17-71 GSPT2 480921 Cfa.5851.1.A1 a_at 1150.9882 down
17-71 LOC491391 491391 CfaAffx.23040.1.51_x_at 1112.8171 down
17-71 CLEC2D 611449 Cfa.18933.2.51 s at 1110.244 down
17-71 LOC606881 606881 Cfa.4555.1.51 s _at 1107.0166 down
17-71 LCK 478151 CfaAffx.16646.1.S1_at 1094.7379 down
CL-1 LOC486411 486411 CfaAffx.21066.1.S1_s at 13961.211 down
CL-1 LOC486411 486411 Cfa.4465.2.51_s_at 12269.862 down
CL-1 LOC486411 486411 CfaAffx.21065.1.51_s at 10995.92 down
CL-1 LOC486374 486374 CfaAffx.225.1.51_x_at 7682.972 down
CL-1 LOC607558 607558 Cfa.4465.2.51_at 7260.952 down
CL-1 LYZ 474442 Cfa.15305.1.51_at 6365.7974 down
CL-1 LOC612050 612050 CfaAffx.20815.1.51_x_at 6084.809 down
CL-1 LOC612066 612066 CfaAffx.345.1.51_s_at 5998.4224 down
CL-1 LOC475935 475935 Cfa.12215.1.A1_at 5447.3857 down
CL-1 LOC491454 491454 CfaAffx.23527.1.51_x_at 5411.7314 down
CL-1 LOC479419 479419 Cfa.6198.1.51 at 5207.814 down
CL-1 PTPRCAP 611830 Cfa.18377.1.51_at 5120.318 down
CL-1 LOC475754 475754 Cfa.12195.14.S1_s_at 4765.839 down
CL-1 LOC606953 606953 CfaAffx.23723.1.51_x_at 4310.4526 down
CL-1 LOC475935 475935 CfaAffx.10688.1.51_x_at 4267.0547 down
CL-1 LOC607200 607200 CfaAffx.20958.1.51_at 4005.556 down
CL-1 LYZ 474442 CfaAffx.1598.1.51 s at 3741.8386 down
CL-1 LOC480788 480788 CfaAffx.6644.1.51 s at 3740.1843 down
CL-1 LTB 481712 CfaAffx.1728.1.51_s at 3501.4133 down
CL-1 SELL 480080 CfaAffx.23335.1.51_s at 3109.222 down
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Supplementary Table 3 (continued)

Line Gene Symbol Entrez Gene Probe Set ID GL-1 Fold change Regulation
CL-1 SMPDL3A 476279 Cfa.15673.1.51_at 3085.751 down
CL-1 LOC479419 479419 Cfa.6198.1.51 s at 3035.0647 down
CL-1 LOC486389 486389 CfaAffx.20902.1.51_x_at 2969.2954 down
CL-1 ABLIM1 477828 Cfa.10796.1.51_at 2873.642 down
CL-1 MSX2 403663 Cfa.3529.1.51_at 2769.9646 up
CL-1 BCL2A1 488770 Cfa.21056.1.51_at 2717.9536 down
CL-1 LOC486389 486389 CfaAffx.246.1.S1_x_at 2665.825 down
CL-1 HSPB1 403979 Cfa.3849.1.51_at 2653.1094 down
CL-1 S100A6 480143 Cfa.4306.2.51_a_at 2582.8792 down
CL-1 CYBB 491825 Cfa.6017.1.51_at 2565.6787 down
CL-1 LOC486374 486374 CfaAffx.23301.1.51_x_at 2431.497 down
CL-1 CD48 488642 Cfa.14560.1.51_at 2246.1755 down
CL-1 BCL2A1 488770 CfaAffx.21575.1.S1 s at 2203.4507 down
CL-1 S100A6 480143 Cfa.4306.1.51_a_at 2050.1536 down
CL-1 GIMAPS 482797 CfaAffx.7820.1.S1 at 2046.0487 down
CL-1 LOC490894 490894 Cfa.4556.3.A1_a_at 2018.0757 down
CL-1 LOC486374 486374 CfaAffx.20953.1.51_x_at 2012.9781 down
CL-1 LOC474869 474869 Cfa.6248.1.A1_a_at 2007.023 down
CL-1 LOC486394 486394 CfaAffx.22878.1.51_at 1984.5347 down
CL-1 LOC607937 607937 Cfa.3865.1.51_at 1892.6042 down
CL-1 SELL 480080 Cfa.12138.1.A1_at 1835.9462 down
CL-1 LOC491492 491492 CfaAffx.23613.1.51_x_at 1825.9441 down
CL-1 LOC476222 476222 Cfa.11029.1.A1_s_at 1811.6765 down
CL-1 BIRC3 489433 Cfa.18376.1.51_at 1777.5276 down
CL-1 KCNA3 490110 Cfa.12141.1.A1_at 1753.9478 down
CL-1 LOC486374 486374 CfaAffx.20950.1.51_at 1727.2783 down
CL-1 CD53 610454 Cfa.18818.1.51_s at 1707.2902 down
CL-1 CD3E 442981 CfaAffx.19814.1.51 s at 1661.3103 down
CL-1 EPSTI1 476931 Cfa.11073.1.A1_at 1566.1064 down
CL-1 CYBB 491825 CfaAffx.21511.1.51_s at 1546.7395 down
CLL1390 LOC486411 486411 CfaAffx.21066.1.S1_s at 14347.661 down
CLL1390 LOC486411 486411 Cfa.4465.2.51_s_at 10630.011 down
CLL1390 LOC486411 486411 CfaAffx.21065.1.51_s at 9966.395 down
CLL1390 DLA-DRA1 481731 CfaAffx.2126.1.51_s at 9743.034 down
CLL1390 LOC479329 479329 Cfa.1333.3.51 _a_at 8115.8447 down
CLL1390 LOC607558 607558 Cfa.4465.2.51_at 8045.081 down
CLL1390 LOC486374 486374 CfaAffx.225.1.51_x_at 7653.385 down
CLL1390 DLA-DRB1 474860 Cfa.181.1.51 at 6752.8867 down
CLL1390 LOC612066 612066 CfaAffx.345.1.51_s at 5954.408 down
CLL1390 LOC612050 612050 CfaAffx.20815.1.51_x_at 5933.7134 down
CLL1390 LOC479329 479329 Cfa.1333.3.51_s_at 5778.3994 down
CLL1390 LYZ 474442 Cfa.15305.1.51_at 5607.953 down
CLL1390 LOC491454 491454 CfaAffx.23527.1.51_x_at 5485.646 down
CLL1390 DLA-DQA1 474861 Cfa.182.1.52_at 5378.916 down
CLL1390 DLA-DQB1 474862 CfaAffx.2152.1.51 s at 5341.213 down
CLL1390 LOC475754 475754 Cfa.12195.14.S1_s_at 4821.817 down
CLL1390 LOC606953 606953 CfaAffx.23723.1.51_x_at 4293.935 down
CLL1390 LOC475935 475935 Cfa.12215.1.A1_at 4140.857 down
CLL1390 LOC607200 607200 CfaAffx.20958.1.51_at 3984.7139 down
CLL1390 LTB 481712 CfaAffx.1728.1.51 s at 3535.3557 down
CLL1390 LOC475935 475935 CfaAffx.10688.1.51_x_at 3490.0674 down
CLL1390 SMPDL3A 476279 Cfa.15673.1.51_at 3129.179 down
CLL1390 LOC486389 486389 CfaAffx.20902.1.51_x_at 3054.8528 down
CLL1390 LOC486389 486389 CfaAffx.246.1.51_x_at 2644.7358 down
CLL1390 S100A6 480143 Cfa.4306.2.51 a_at 2606.1526 down
CLL1390 LYZ 474442 CfaAffx.1598.1.51 s at 2551.9658 down
CLL1390 LOC486374 486374 CfaAffx.23301.1.51_x_at 2463.8975 down
CLL1390 CD48 488642 Cfa.14560.1.51 at 2207.273 down
CLL1390 BCL2A1 488770 Cfa.21056.1.51_at 2184.3625 down
CLL1390 LOC486374 486374 CfaAffx.20953.1.51_x_at 2162.3257 down
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Supplementary Table 3 (continued)

Line Gene Symbol Entrez Gene Probe Set ID GL-1 Fold change Regulation
CLL1390 BCL2A1 488770 CfaAffx.21575.1.51_s_at 2020.7922 down
CLL1390 ACTC1 478250 Cfa.12195.5.51 at 1950.3608 up
CLL1390 LOC474869 474869 Cfa.6248.1.A1_a_at 1910.8586 down
CLL1390 LOC486394 486394 CfaAffx.22878.1.51_at 1877.4979 down
CLL1390 S100A6 480143 Cfa.4306.1.51_a_at 1857.9686 down
CLL1390 LOC480788 480788 CfaAffx.6644.1.S1 s at 1848.7128 down
CLL1390 LOC491492 491492 CfaAffx.23613.1.51_x_at 1837.7408 down
CLL1390 LOC490894 490894 Cfa.4556.3.A1_a_at 1784.1268 down
CLL1390 LOC486374 486374 CfaAffx.20950.1.S1_at 1756.3866 down
CLL1390 CYBB 491825 Cfa.6017.1.51_at 1741.8286 down
CLL1390 CD53 610454 Cfa.18818.1.51_s at 1721.3523 down
CLL1390 CTsz 611983 Cfa.12490.1.A1_at 1670.5894 down
CLL1390 LOC609879 609879 Cfa.4217.1.51_at 1533.6669 down
CLL1390 CYBB 491825 CfaAffx.21511.1.51 s at 1504.2798 down
CLL1390 LOC490894 490894 Cfa.4556.3.A1_s_at 1492.8147 down
CLL1390 CD48 488642 CfaAffx.19527.1.51 s at 1488.8748 down
CLL1390 GPR37 482275 Cfa.1393.1.A1 at 1477.1793 up
CLL1390 LOC607827 607827 Cfa.21014.2.51_s_at 1339.8268 down
CLL1390 KMO 480093 Cfa.14036.1.A1_at 1338.9485 down
CLL1390 SH3BP1 481265 CfaAffx.3122.1.S1 at 1319.7699 down
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Supplementary Table 4. Summary of cancer gene fold changes in the cell lines relative to non-neoplastic

canine lymph nodes. The normalized cell line expression level for each cancer gene (Futreal et al. 2004)

present on the array was compared with the normalized expression level in the normal lymph nodes and fold

changes were calculated relative to the non-malignant lymph nodes. Replicate gene symbols represent multiple

probes on the microarray.

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
ABL1 1.026 up 1.012 up 1.007 up 1.126 up 1.004 up
ABL2 1.058 up 1.023 up 1.021 up 2.163 up 1.651 up

ACSL3 10.009 up 6.839 up 4.223 up 13.534 up 193 up
ACSL3 7.614 up 7.425 up 4.423 up 13.031 up 2.117 up
ACSL3 6.075 up 6.111 up 3.301 up 7.88 up 2.2up
ACSL3 4.487 up 5.276 up 3.032 up 8.068 up 1.485 up
ACSL3 2.014 down 2.587 down 2.691 down 2.346 down 3.296 down
AKAP9 4.143 down 1.429 up 3.481 down 5.431 down 6.361 down
AKAP9 2.784 down 1.761 up 1.391 down 3.456 down 1.74 down
AKAP9 2.668 down 1.31up 2.082 down 3.948 down 2.648 down
AKAP9 1.002 down 1.167 up 1.009 down 1.179 down 1.052 down
AKT1 4747 up 1.262 down 2.833 up 3.507 up 1.853 up
AKT2 6.528 up 1.156 up 1.06 up 4.45 up 2.205 up
ALDH2 18.889 down 37.176 down 1.334 down 40.032 down 12.559 down
ALDH2 17.008 down 25.641 down 1.664 down 168.922 down 7.647 down
ALK 1.031 up 1.004 up 1.011 up 1.015 up 1.006 up
APC 1.056 up 1.023 up 1.025 up 1.014 up 1.01up
APC 1.024 up 1 down 1.006 up 1.01up 1.003 up
APC 1.821 down 2 down 3.38 down 2.311 down 1.597 down
APC 1.197 down 1.84 down 2.022 down 1.689 down 1.583 down
APC 1.123 down 2.403 down 1.95 down 1.343 down 1.151 down
ARHGEF12 1.052 up 1.004 down 1.01up 3.169 up 1 down
ARHGEF12 1.044 up 1.018 up 1.037 up 1.123 up 1.014 up
ARHGEF12 1.034 up 1.009 up 1.01up 1.021 up 1.005 up
ARID1A 1.896 down 2.117 down 1.557 down 2.291 down 2.328 down
ARID1A 1.6 down 1.28 down 1.863 down 4.289 down 1.275 down
ARNT 1.024 up 1.002 down 1.317 up 2.038 up 1.005 up
ATF1 2.03 up 2.072 up 2.243 up 5.619 up 1.189 down
ATIC 3.004 up 1.396 up 1.437 up 4.063 up 2.453 up
ATM 1.024 up 1.02 up 1.01up 1.006 up 1.003 up
ATM 1.27 down 1.273 down 1.019 up 1.321 down 1.251 down
ATRX 1.038 up 1.001 up 1.012 up 1.328 up 1.002 up
ATRX 3.303 down 2.14 down 2.789 down 1.553 down 6.915 down
ATRX 2.919 down 2.061 down 3.625 down 1.397 down 11.104 down
ATRX 2.384 down 2.477 down 2.238 down 1.028 up 7.229 down
ATRX 2.116 down 2.124 down 2.551 down 1.24 down 4.87 down
ATRX 2.097 down 1.862 down 3.242 down 1.486 down 3.128 down
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
BAP1 1.061 up 1.04 up 1.03 down 1.22up 1.01 down
BAP1 1.051 up 1.073 down 1.07 down 1.293 up 1.072 down
BAP1 1.01 up 1.136 down 1.008 up 1.126 up 1.005 up

BCL10 2.381 down 4.183 down 1.442 down 1.788 down 3.64 down
BCL10 2.141 down 3.929 down 1.253 down 1.689 down 2.647 down
BCL11A 1.304 up 1.301 down 1.181 down 124.538 up 1.102 down
BCL11A 1.753 down 226.3 down 3.932 down 2.526 up 4.656 down
BCL11A 1.031 down 1.337 down 1.095 down 19.42 up 1.289 down
BCL2 1.027 up 1.004 up 1.007 up 1.014 up 1.005 up
BCL2 1.14 down 3.02 down 2.634 down 3.338 down 3.368 down
BCL3 1.02 down 1.107 down 9.118 up 27.266 up 1.033 down
BCL6 78.209 down 44.232 down 4.468 down 342.116 down 26.3 down
BCL7A 2.312 up 1.043 up 1.031 up 153 up 1.048 up
BCL9 1.795 up 1.385 down 1.035 up 121.678 up 1.131 down
BCR 1.049 up 1.02 up 1.028 up 1.009 up 1.015 up
BCR 1.032 up 1.012 up 1.072 up 1.031 up 1.014 up
BCR 1.025 up lup 1.006 up 1.007 up 1.004 up
BIRC3 85.153 down 1546.722 down 1.47 up 1777.528 down 18.366 down
BIRC3 36.054 down 43.775 down 3.38 up 45.762 down 15.421 down
BIRC3 16.618 down 17.187 down 15.532 down 16.995 down 17.055 down
BIRC3 11.294 down 11.48 down 6.378 up 12.107 down 10.752 down
BMPR1A 1.03 up 1.016 up 1.282 up 2.803 up 2.806 up
BRAF 1.159 up 1.269 down 1.118 up 3.063 up 1.189 up
BRCA1 1.132 up 1.021 up 1.054 up 1.179 up 1.02up
BRCA2 3.614 up 1.717 up 1.578 up 1.417 up 1.149 down
BRCA2 2.796 up 1.658 up 1.879 up 1.272 up 1.364 up
BRD3 1.538 up 1.033 up 1.044 up 191up 1.041 up
BRD3 1.345 up 1.026 up 1.047 up 1.894 up 1.373 up
BRD3 1.163 up 1.828 down 1.081 down 1.537 up 1.594 up
BRD3 1.027 up 1.004 up 1.007 up 1.014 up 1.005 up
BRD3 1.025 up 1.002 up 1.007 up 1.013 up 1.006 up
BRD4 1.522 down 2.101 down 1.311 down 1.503 down 1.838 down
BRIP1 1.343 up 1.018 up 1.293 up 1.24up 1.48 up
BUB1B 6.28 up 3.542 up 2.402 up 4.816 up 6.771 up
CANT1 1.188 up 1.099 down 1.092 down 1.055 down 1.284 up
CARD11 1.038 up 1.003 up 1.011 up 1.019 up lup
CARD11 1.032 up 1.033 up 1.012 up 1.001 up 1.012 up
CARD11 10.266 down 17.316 down 75.98 down 96.858 down 23.237 down
CARD11 9.956 down 11.267 down 12.324 down 13.158 down 12.149 down
CARD11 1.036 down 1.097 down 1.131 down 1.051 down 1.061 down
CARS 15.011 up 7.588 up 11.767 up 38.258 up 13.346 up
CARS 11.56 up 7.199 up 10.538 up 28.479 up 11.369 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
CARS 4.148 up 2.895 up 3.965 up 11.437 up 4111 up
CARS 1.377 up 1.539 up 1.868 up 3.332up 1.931up
CARS 1.061 up 1.149 up 1.732 up 1.079 up 1.046 up
CARS 1.007 up 1.017 down 1.011 down 1.005 down 1.013 down

CBFA2T3 1.053 up 1.022 up 1.016 up 1.018 up 2.039 up
CBFB 4.386 up 2.951 up 2.334 up 2.762 up 5.508 up
CBFB 2.986 up 2.272up 1.597 up 1.907 up 3.9up
CBLB 40.665 down 41.094 down 39.599 down 43.395 down 41.871 down
CBLB 2.578 down 4.931 down 2.571 down 5.073 down 2.568 up
CBLB 1.065 down 1.173 down 1.081 down 1.09 down 1.858 up
CBLC 1.043 down 2.062 up 1.045 down 1.872 up 1.025 down

CCNBL1IP1 1.046 up 1.011 up 1.01up 1.024 up 1.01 up

CCND1 3.52 down 2.841 down 184.901 up 1.292 up 5.704 down
CCND1 2.696 down 2.326 down 57.041 up 1.597 up 3.833 down
CCND2 1.182 down 2.231up 4.031 up 2.075 up 568.857 down
CCNDs3 3.177 up 1.555 down 3.217 down 5.272 down 2.807 up
CD274 1.824 down 1.921 down 3.889 up 2.118 down 1.801 down
CD274 1.014 down 1.071 down 2.223 up 1.032 down 1.045 down
CD79A 1.596 up 10.351 down 10.326 down 10.771 down 10.359 down
CD79B 592.343 down 607.788 down 606.365 down 602.164 down 611.073 down
CDH1 1.026 up 1.003 up 1.007 up 1.013 up 1.005 up
CDH11 1.033 up 1.012 up 1.013 up 1.021 up 1.004 up
CDH11 1.27 down 1.308 down 1.302 down 1.301 down 1.314 down
CDK4 2.397 up 1.431 up 2.288 up 212 up 1.655 up
CDK4 2.395 up 1.392 up 2.555 up 2.085 up 1.792 up
CDK®6 5.345 up 9.011 up 1.119 up 1.734 up 353.989 up
CDK®6 1.049 up 1.032 up 1.025 up 1.02up 1.013 up

CDKN2B 1.032 up 1.004 up 1.009 up 1.022 up 1.005 up

CDKN2C 16.068 up 22.217 up 4.334 up 1.27 down 50.939 up

CDKN2C 4.234 up 4.801 up 2.006 up 1.573 down 6.651 up
CDX2 1.033 up 1.017 up 1.01up 1.018 up 1.005 up
CDX2 1.024 up lup 1.005 up 1.008 up 1.002 up

CHCHD7 4.027 down 1.27 up 1.97 up 1.88 up 1.011 up

CHEK2 3.947 up 1.769 up 1.289 up 2.252 up 2.945 up
CHEK2 2.15up 1.456 up 1.028 down 1.581 up 2.137 up
CHIC2 3.24 down 2.307 down 1.343 down 1.312 down 2.762 down
CHIC2 2.782 down 2.473 down 1.675 down 1.179 up 2.112 down
CLTC 1.046 up 1.1 down 1.19 up 1.54 down 1.101 down

CLTCL1 1.097 up 1.044 up 1.045 up 1.026 down 1.032 up

CLTCL1 1.029 up 1.005 up 1.01up 1.014 up 1.01up

CLTCL1 1.026 up 1.004 up 1.007 up 1.023 up 1.073 up

COL1A1 1.027 up 1.004 up 1.007 up 1.014 up 1.005 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
COL1A1 6.718 down 6.778 down 6.847 down 7.008 down 6.733 down
COL1A1 1.119 down 1.142 down 1.128 down 1.12 down 1.145 down

CREB1 2.679 down 1.155 down 1.703 down 1.025 up 2.704 down
CREB3L1 1.02 up 1.007 down 1.003 down 1.041 down 1.006 down
CREB3L2 1.01 down 1.034 down 1.027 down 1.02 down 1.032 down
CREBBP 2.842 down 3.242 down 2.633 down 2.236 down 4.935 down
CREBBP 2.634 down 3.335 down 3.012 down 2.011 down 12.438 down
CREBBP 1.226 down 1.184 down 1.258 down 1.196 down 1.179 down

CRLF2 1.038 up 1.014 up 12.998 up 1.019 up 1.003 up

CRTC3 1.03 up 1.004 down 1.007 up 1.018 up 1.001 down
CTNNB1 1.454 up 1.396 down 1.282 down 2.184 down 1.639 up
CTNNB1 1.186 up 1.445 down 1.454 down 1.861 down 1.382 up

CYLD 9.605 down 5.517 down 2.369 up 55.926 down 5.764 down

DAXX 1.485 up 1.014 up 1.433 up 1.227 up 4517 up

DAXX 1.251 up 1.013 up 1.03up 1.06 up 2.393 up

DAXX 1.204 up 1.03 up 1.3up 1.329 up 2.902 up

DAXX 1.109 up 1.034 down 1.033 down 1.024 up 2.206 up

DDB2 10.545 down 32.033 down 2.354 down 2.973 down 5.842 down
DDB2 6.52 down 7.243 down 2.302 down 2.702 down 6.983 down
DDB2 1.009 down 1.014 down 1.041 down 1.08 down 1.039 down

DDIT3 1.496 up 2.319 up 1.62up 3.417 up 1.449 up

DDX10 1.878 up 1.086 up 1.952 up 1.231 down 1.287 up

DDX10 1.337 up 1.066 down 1.972 up 1.477 down 1.612 up

DDX5 1.283 down 1.554 down 1.245 down 1.423 down 1.325 down

DDX6 1.18 down 1.108 down 1.319 up 1.645 up 1.01 down

DICER1 1.041 up 1.011 up 1.019 up 1.011 up 1.02 down

DICER1 29.19 down 31.905 down 36.113 down 27.551 down 34.099 down

DICER1 1.168 down 1.235 up 1.825 down 1.795 up 3.512 down
DNMT3A 7.861 down 2.344 down 10.467 down 8.891 down 11.694 down

DUX4 1.032 up 1.013 up 1.013 up 1.017 up 1.01up

EBF1 6.85 down 7.56 down 7.502 down 7.498 down 7.531 down
EBF1 6.324 down 65.12 down 67.54 down 67.294 down 68.108 down
EBF1 4.479 down 122.302 down 157.466 down 147.974 down 161.508 down
EGFR 1.026 up 1.004 down 1.01up 1.225 up 1.005 up
EIF4A2 2.62 down 2.755 down 1.449 down 1.956 down 1.792 down
ELF4 1.025 up 1.011 up 1.008 up 1.014 up 1.005 up
ELK4 1.012 up 1.008 down 1.004 down 36.629 up 1.002 down
ELL 1 down 1.027 down 1.015 down 1.315up 1.013 down

EML4 1.206 up 1.558 down 1.528 up 2.581 down 3.502 down

EPS15 1.285 down 1.076 down 1.193 down 1.648 down 1.217 up

EPS15 1.045 down 1.03 up 1.142 down 1.19 down 1.692 up

ERBB2 1.036 up 1.007 up 1.019 up 1.018 up 1.006 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
ERCC2 1.032 up 1.007 up 1.53 up 1.235 up 1.009 up
ERCC3 2.726 up 1.02 down 2.023 down 1.296 down 2.291 up
ERCC3 1.713 up 1.103 down 2.33 down 2.479 down 1.601 up
ERCC4 1.036 up 1.02 up 1.014 up 1.034 up 1.011 up
ERCC4 1.03 up 1.006 up 1.009 up 1.019 up 1.004 up
ERCC5 4.593 down 3.183 down 3.376 down 3.044 down 5.233 down

ETV1 1.036 up 1.075 up 2173.906 up 1.125 up 1.009 up
ETV1 1.03 up 1.008 up 646.061 up 1.02up 1.006 up
ETV4 18.327 up 3.578 up 532.324 up 20.067 up 1.038 up
ETV5 1.035up 1.022 up 262.301 up 1.188 up 1.004 up
ETV5 1.034 up 1.014 up 819.967 up 2.39 up 1.107 down
ETV6 2.785up 14.836 down 2.028 up 35.279 down 249 up
EVI1 1.058 up 1.037 up 1.023 up 1.03up 1.011 up
EVI1l 1.044 up 1.012 up 1.019 up 1.015 up 1.012 up
EVI1 1.029 up 1.006 up 1.011 up 1.026 up 1.004 up
EVI1 1.026 up lup 1.007 up 1.013 up 1.006 up
EVI1 1.024 up 1.001 up 1.006 up 1.094 up 1.006 up
EVI1l 1.022 up 1.014 up 1.018 up 1.03 up 1.014 up
EWSR1 1.557 up 1.295 up 1.095 down 1.02 down 1.165 down
EWSR1 4.249 down 1.531 down 6.184 down 3.691 down 10.004 down
EXT1 1.475 up 1.952 up 5.247 up 2.037 up 2.789 down
EXT1 1.421 up 2.315up 7.344 up 2.386 up 5.556 down
EXT2 7.987 up 1.035 down 2.879 up 6.076 up 3.733 up
EXT2 4.167 up 1.105 down 2.4 up 3.555 up 2.973 up
EZH2 2.73 up 1.627 up 6.67 up 2.868 up 2.306 up
FANCA 1.652 up 1.334 up 1.338 up 2.396 up 1.334 up
FANCC 1.15 down 1.019 down 1.147 down 1.184 down 1.123 down
FANCD?2 4.108 up 3.791 up 6.971 up 7.715up 9.839 up
FANCD?2 3.143 up 3.293 up 6.201 up 5.133 up 6.876 up
FANCE 2.346 up 2121 up 1.303 up 2.232 up 194 up
FANCE 1.775up 2.018 up 1.127 up 1.887 up 1.516 up
FANCG 1.757 up 1.293 down 1.27 down 1.029 down 1.705 up
FANCG 1.198 up 1.533 down 1.257 down 1.483 down 1.626 up
FBXW7 4.772 down 4.822 down 4.544 down 4.923 down 5.045 down
FBXW7 4.553 down 6.335 down 1.908 down 9.382 down 4.88 down
FBXW7 4.009 down 3.995 down 2.476 down 7.604 down 4.941 down
FGFR1 1.962 up 4.136 up 1.011 up 1.017 up 1.006 up
FGFR1OP 2.042 up 7.734 down 5.355 up 2.56 down 3.117 down
FGFR1OP 1.019 up 1.01up 1.051 up 1.051 up 1.005 up
FGFR2 1.029 up 1.005 up 1.009 up 1.015 up 1.005 up
FGFR2 1.028 up 1.005 up 1.009 up 1.016 up 1.005 up
FGFR2 1.028 up 1.007 up 1.008 up 1.012 up 1.003 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
FGFR3 1.028 up 1.007 up 1.008 up 1.014 up 1.004 up
FH 2.532 up 2.842 up 3.577 up 1.083 down 1.901 up
FH 2472 up 3.408 up 2.436 up 3.878 up 2.898 up
FH 2431 up 2.858 up 2.296 up 3.382 up 2.361 up
FHIT 6.66 down 1.486 up 29.934 down 1.892 down 2.375 down
FHIT 2.601 down 1.792 up 2.404 down 2.339 down 2.02 down
FHIT 2.399 down 1.171 up 2.091 down 1.67 down 1.712 down
FHIT 2.365 down 2.699 up 2.392 down 1.842 down 2.474 down
FIP1L1 2.437 up 1.633 up 2.212 up 3.093 up 2.024 up
FIP1L1 1.833 up 1.295 up 2.854 up 1.612 up 2.094 up
FIP1L1 1.434 up 1.114 up 1.445 up 1.826 up 1.383 up
FLI1 1.97 up 1.374 down 1.372 down 69.385 down 2.217 up
FLI1 1.194 down 1.227 down 1.379 down 1.081 down 1.176 down
FLT3 125.713 up 3.326 down 1.057 up 4.015 down 3.407 down
FLT3 50.567 up 11.559 down 1.138 up 4.19 down 3.947 down
FNBP1 5.34 down 3.386 down 5.228 down 5.431 down 5.413 down
FNBP1 4.871 down 1.416 up 1.416 up 3.712 down 24.801 down
FOXP1 1.693 up 1.041 down 1.003 up 2.987 up 1.077 down
GAS7 1.028 up 1.002 up 1.065 up 1.015 up 1.004 up
GATAlL 1.025 up 1 down 1.007 up 1.011 up 28.868 up
GATAlL 1.141 down 1.166 down 1.164 down 1.155 down 27.868 up
GATAlL 1.027 down 1.005 down 1.02 down 1.016 down 2.047 up
GATA2 1.041 up 1.008 up 1.011 up 1.029 up 1.01up
GATA3 1.864 up 2.548 down 1.509 down 31.843 down 1.027 up
GMPS 1.983 up 1.099 up 3.015up 3.318 up 4.595 up
GMPS 1.175up 1.241 down 2.298 up 2.632 up 3.518 up
GMPS 1.003 down 1.025 down 1.023 down 1.017 down 1.027 down
GNA11l 1.874 up 1.357 up 1.599 down 9.257 up 4.652 up
GNA11l 1.284 down 1.305 up 32.128 down 2.872 up 2.299 up
GNAQ 1.873 up 1.366 up 3.27 up 5.574 up 2.624 up
GNAS 1.793 up 1.46 up 1.485 up 1.642 up 1.815up
GNAS 1.21up 1.084 up 1.112 down 1.072 up 1.336 up
GNAS 1.197 up 1.104 up 1.142 up 1.226 up 1.22up
GOLGAS 1.795 up 1.203 down 1.213 down 1.827 up 1.201 up
GOLGAS5 1.296 down 1.509 down 2.127 down 1.198 down 1.327 down
GOLGAS5 1.098 down 1.359 down 1.745 down 1.068 up 1.349 down
GOPC 141 up 3.329 up 1.387 up 3.074 up 1.242 up
GPC3 1.061 up 1.034 up 1.02 up 1.01 down 1.016 up
GPC3 1.024 up 1.012 up 1.008 up 1.021 up lup
GPHN 7.326 up 4.465 up 3.813 up 3.027 up 11.071 up
HERPUD1 2.657 down 1.02 up 1.01up 7.812 down 2.518 down
HERPUD1 2.443 down 1.099 down 1.09 down 5.484 down 2.233 down

274



Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
HIP1 1.028 up 1.003 up 1.007 up 1.014 up 1.003 up
HIP1 1.021 up 1.004 up 1.01 up lup lup

HMGA1 1.903 up 2.296 up 4.008 up 4.598 up 1.633 up

HNRNPA2B1 1.813 up 1.524 up 1.542 up 1.185 up 1.682 up

HNRNPA2B1 1.09 up 1.048 up 1.026 up 1.191 down 1.041 down

HNRNPA2B1 9.831 down 3.986 down 5.725 down 9.213 down 11.552 down

HNRNPA2B1 7.781 down 2.736 down 4.364 down 4.982 down 8.481 down

HNRNPA2B1 4.58 down 3.214 down 1.397 down 3.461 down 1.558 down

HOOK3 1.002 down 1.037 down 1.345 down 4.123 up 1.535 down
HOXAL13 1.033 up 1.011 up 1.012 up 1.02up 1.005 up
HOXA9 1.929 up 1.003 up 1.008 up 1.014 up 1.003 up
HOXA9 1.022 up 1.006 up 1.005 up 1.008 up 1.002 up
HOXA9 1.067 down 1.016 up 1.088 down 1.15 down 1.145 down
HOXC13 1.037 up 1.01up 1.015 up 1.021 up 1.009 up
HOXD11 1.035up 1.034 up 1.014 up 1.023 up 1.012 up
HRAS 2.08 up 4.438 up 2.667 up 3up 3.432 up
HRAS 2.054 up 5.169 up 3.031up 3.287 up 3up
IDH1 13.909 up 2413 up 7.371 up 2.071 up 12.628 up
IDH2 1.191 up 2431 up 1.798 up 1.279 up 1.896 up
IDH2 1.112 down 1.334 up 1.137 up 1.032 down 1.167 up
IKZF1 1.249 up 2.238 down 1.666 down 1.296 down 1.486 down
IL2 4.809 down 5.005 down 4.9 down 5.017 down 4.939 down
IL21R 1.829 down 1.868 down 1.859 down 1.868 down 1.868 down
IL6ST 1.4 down 1.499 up 2.266 up 1.902 up 1.454 down
IRF4 3.282 up 1.944 up 1.655 up 1.821 up 1.528 down
IRF4 1.674 up 1.19up 1.098 down 1.056 up 1.122 down
ITK 1.342 down 1.227 up 1.378 down 1.315 down 2.991 up
JAK1 4.51 down 3.126 down 2.811 down 7.012 down 6.004 down
JAK1 3.583 down 3.335 down 2.312 down 5.758 down 2.783 down
JAK1 3.213 down 4.237 down 2.248 down 6.45 down 3.153 down
JAK1 2.538 down 4.781 down 2.055 down 5.594 down 2.562 down
JAK1 1.624 down 6.001 down 1.443 down 6.62 down 2.06 down
JAK2 2.122 down 2.61 down 1.141 up 1.708 down 2.336 down
JAK2 2.067 down 2.242 down 1.036 down 1.977 down 2.411 down
JAK3 1.485 down 1.554 down 1.357 down 1.564 down 1.481 down
JAZF1 1.091 up 1.072 up 1.126 up 1.07 up 1.068 up
JAZF1 1.031 up 1.008 up 1.017 up 1.001 up 1.008 up
JAZF1 1.94 down 11.457 down 1.815 down 34.396 down 11.466 down
JAZF1 1.171 down 1.448 down 1.656 up 1.663 down 1.609 down
JUN 4.881 down 21.974 down 1.196 down 1.032 up 25.2 down
JUNB 1.149 down 1.334 down 1.228 up 15.319 up 1.212 down
KDMS5A 2.712 down 2.394 down 3.068 down 3.915 down 4.424 down
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
KDM5A 2.079 down 1.894 down 2.445 down 3.146 down 6.247 down
KDM5A 1.128 down 1.101 down 1.201 down 1.25 down 1.188 down
KDM5C 1.036 up 1.015up 1.013 up 1.032 up 1.013 up
KDM5C 1.008 up 1.002 down 1.001 down 1.006 up 1.009 down
KDM6A 2.438 down 4.12 down 2.311 down 7.703 down 7.731 down
KDM6A 1.905 down 3.973 down 2.849 down 12.955 down 9.094 down

KDR 1.79 down 1.828 down 1.06 up 1.841 down 1.828 down
KIT 2.672 up 21.199 up 158.154 up 1.082 down 3.285up
KIT 1.381up 14.68 up 104.238 up 1.084 down 2.576 up
KLK2 1.098 down 1.133 down 1.12 down 1.126 down 1.122 down
KTN1 2.197 up 1.022 up 1.227 up 2.269 up 1.31 down
KTN1 1.467 up 1.014 down 1.13 down 1.278 up 1.353 down
KTN1 1.353 up 1.514 up 1.135up 1.618 up 1.326 down
KTN1 1.297 up 1.133 up 1.478 down 1.371 up 2.138 down
LASP1 2.074 up 1.336 up 2.442 up 1.502 up 1.606 up
LASP1 1.028 up 1.006 up 1.007 up 1.014 up 1.002 up
LASP1 1.003 down 1.023 down 1.023 down 1.017 down 1.025 down
LCK 2.788 down 1.078 down 1094.738 down 96.537 down 1.527 down
LCK 1.786 down 1.4 up 89.361 down 38.09 down 1.134 up
LCP1 1.615up 1.127 up 1.07 down 1.861 down 1.004 down
LCP1 1.197 up 1.062 down 1111 up 1.883 down 1.182 down
LCP1 1.084 down 1.259 down 1.016 down 1.847 down 1.32 down
LHFP 1.024 up 1.002 up 1.007 up 1.007 up 2.278 up
LHFP 1.063 down 1.098 down 1.084 down 1.076 down 360.249 up
LIFR 1.028 up 1.008 up 1.01up 1.02up 1.003 up
LIFR 1.025 up 1.004 up 1.007 up 1.022 up 1.003 up
LMO1 1.014 down 1.008 down 1.014 down 1.025 down 1.015 down
LMO2 1.904 down 125.806 down 64.673 down 185.266 down 1.189 up
LMO2 1.827 down 571.646 down 40.311 down 553.771 down 1.013 up
LPP 1.49 up 1.301 up 1.212 down 1.17 down 1.317 up
LPP 1.039 up 1.012 up 1.014 up 1.012 up 1.003 up
LPP 1.028 up 1.001 down 1.004 up 1.005 up 1.001 up
LPP 1.016 up 1.002 up 1.002 up 1.002 up 1 down
MALT1 7.982 down 3.062 down 9.145 down 2.534 up 19.797 down
MALT1 1.541 down 2.468 down 2.317 down 8.661 up 2.453 down
MALT1 1.154 down 1.991 down 2.219 down 34.005 up 2.957 down
MAML2 1.014 up 1.001 down 1.02 up 1.007 up 1.011 down
MAP2K4 2.392 up 1.078 down 2.1up 2.792 up 1.357 down
MAP2K4 1.322 up 1.175 up 1.178 up 1.759 up 1.028 down
MAP2K4 1.38 down 1.64 down 1.208 down 1.369 down 2.014 down
MDM2 2.134 down 1.106 down 1.164 down 1.531 up 6.229 down
MDM2 2.08 down 1.22 down 1.362 down 1.323 up 6.073 down
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
MDM2 1.943 down 1.254 down 1.5 down 1.079 up 4.403 down
MDM4 1.375up 1.198 down 1.143 down 15.899 up 3.321 down
MEN1 2.319 up 1.006 up 1.013 up 4.886 up 1.014 up
MEN1 1.17 up 1.019 down 1.01 down 1.317 up 1.014 down
MEN1 1.025 up 1.002 down 1.007 up 1.086 up 1.006 up

MET 1.028 up lup 1.014 up 1.02 up 17.805 up
MITF 1.035up 1.027 up 1.013 up 1.029 up 1.003 up
MITF 1.033 up 1.017 up 1.442 up 221.706 up 1.008 down
MITF 1.026 up 1.002 up 1.007 up 1.013 up 1.005 up
MITF 1.748 down 1.667 down 2.304 up 59.186 up 14.084 down
MITF 1.006 down 1.016 up 1.133 up 99.131 up 1.008 down
MKL1 1.005 up 1.02 down 1.019 down 1.008 down 1.015 down
MLF1 23.039 up 2.499 down 4.398 up 4.605 up 1.923 up
MLH1 1.885 up 1.376 down 1.002 down 1.085 down 1.739 up
MLH1 1.499 up 1.442 down 1.262 down 1.518 down 1.6 up
MLH1 1.075 down 1.099 down 1.095 down 1.089 down 1.099 down
MLH1 1.022 down 1.014 down 1.006 down 1.005 up 1.06 down
MLL 1.028 up 1.006 up 1.009 up 1.015 up 1.004 up
MLL 1.024 up 1.001 up 1.006 up 1.206 up 1.004 up
MLL 6.065 down 3.389 down 2.344 down 1.319 up 2.853 down
MLL2 3.725 down 1.965 down 2.941 down 7.224 down 2.371 down
MLL3 8.821 down 7.815 down 4.077 down 8.195 down 2.921 down
MLL3 4.708 down 4.567 down 3.217 down 3.992 down 2.852 down
MLL5 1.037 up 1.031 up 1.009 up 1.108 up lup
MLL5 5.128 down 2.148 down 5.239 down 2.797 down 5.171 down
MLL5 3.874 down 1.737 down 3.525 down 2.204 down 3.876 down
MLL5 1.647 down 1.256 down 1.69 down 1.217 up 1.531 down
MLL5 1.366 down 1.106 down 1.408 down 1.383 down 1.417 down
MLLT1 1.813 up 1.465 up 1.014 down 1.23up 1.363 up
MLLT1 1.036 up 1.008 up 1.013 up 1.02up 1.007 up
MLLT1 1.028 up 1.003 up 1.006 up 1.015up 1.003 up
MLLT10 1.001 up 1.035 down 1.008 down 1.001 down 1.367 up
MLLT10 1.003 down 1.036 down 1.424 up 1.133 up 1.115up
MLLT3 2.462 down 1.397 up 9.268 down 12.246 down 1.011 up
MLLT3 1.058 down 2.569 up 3.726 down 2.158 down 4.121 up
MLLT4 1.032 up 1.009 up 1.012 up 1.023 up 1.007 up
MLLT4 1.032 up 1.004 up 1.011 up 1.017 up 1.008 up
MLLT6 1.023 up 1.002 up 1.006 up 1.011 up 1.005 up
MSH2 15.233 up 3.76 up 4.395 up 8.897 up 4.024 up
MSH2 3.357 up 1.663 up 1.316 up 2.237 up 1.501 up
MSH6 2.238 up 1.324 down 2.28 up 1.965 up 1.155 up
MSI2 15.611 up 2.287 up 6.776 up 1.036 down 1.164 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
MSI2 8.692 up 1.191 down 1.812 down 8.314 up 1.839 down
MSI2 8.261 up 1.243 up 1.065 up 5.304 up 1.376 down
MSN 4.297 up 1.346 down 1.225 up 1.221 down 4.707 up
MSN 4.222 up 2.211 down 1.289 up 1.439 down 4.503 up
MSN 2.951 up 1.713 down 1.132 up 1.527 down 3.452 up
MSN 1.037 down 1.068 down 1.055 down 1.059 down 1.062 down

MUC1 1.062 up 1.921 up 1.004 up 1.037 up 1.387 up
MUTYH 1.427 up 1.373 down 1.519 down 1.035 up 1.579 up
MUTYH 7.258 down 2.16 down 5.019 down 3.137 down 13.198 down

MYB 100.997 up 2513 up 1.215up 152.967 up 105.207 up

MYC 1.13 up 1.477 up 2.181up 2.053 up 1.268 down
MYCL1 1.034 up 1.012 up 1.078 up 1.012 up 1.006 up

MYCN 1.738 up 1.709 down 2.277 down 2.277 down 214.131 up

MYCN 1.032 up 1.009 up 1.02 up 1.024 up 1.939 up
MYD88 1.021 up 1.004 down 1.006 up 1.008 up 1.004 up
MYDB88 1.438 down 2.348 down 2.703 down 2.399 down 1.099 down
MYD88 1.33 down 2.448 down 2.608 down 1.976 down 1.047 down
MYH11 1.103 up 1.084 up 1.051 up 1.036 up 1.044 up
MYH11 1.066 up 1.05up 1.023 up 1.029 up 1.019 up
MYH11 5.012 down 5.11 down 5.128 down 5.079 down 5.12 down
MYH11 1.081 down 1.108 down 1.113 down 1.1 down 1.101 down

MYH9 1.396 up 1.931 down 1.001 up 2.2 down 2.163 down

MYH9 1.166 up 1.363 down 1.171 down 2.819 down 1.299 down

MYH9 1.975 down 2.521 down 1.355 down 5.747 down 3.365 down

MYH9 1.016 down 1.056 down 1.022 down 1.051 down 1.061 down
NCOAl 3.369 down 1.307 up 1.751 down 3.05 down 2.505 down
NCOA1 2.802 down 1.175 down 1.972 down 2.953 down 2.601 down
NCOA1 2.119 down 1.046 down 1.718 down 1.851 down 2.453 down
NCOAl 2.102 down 1.355 up 1.535 down 2.047 down 1.97 down
NCOA1 1.87 down 1.125 down 3.613 down 2.021 down 3.118 down
NCOA2 1.028 up 1.003 up 1.007 up 1.015up 1.006 up
NCOA2 3.966 down 2.67 down 10.933 down 3.361 down 13.18 down
NCOA2 1.286 down 1.287 down 1.274 down 1.26 down 1.369 down
NCOA4 2.776 up 1.868 up 4.917 up 3.953 up 2.049 up
NCOA4 1.482 up 1.096 down 2.029 up 1.64 up 1.31up
NCOA4 1.28 up 1.167 down 2.054 up 1.617 up 1.252 up

NF1 2.181 up 1.074 up 5.194 up 1.959 up 1.431 up
NF1 1.096 up 1.021 up 1.05up 1.014 up 1.015 up
NF1 1.01up 1.772 down 19.768 up 1.694 up 1.003 down
NF2 1.123 up 1.111 up 1.009 up 4.43 up 1.067 up
NF2 1.037 up 1.013 up 1.017 up 14.995 up 1.015 up
NF2 1.027 up 1.004 up 1.008 up 1.014 up 1.005 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
NFE2L2 2.142 up 1.04 up 3.035 up 1.009 up 1.807 up
NFE2L2 1.38 up 1.376 down 2.215up 1.36 down 1.472 up
NFE2L2 1.047 up 1.019 up 1.024 up 1.119 up 1.027 up
NFKB2 11.369 down 42.029 down 1.312 up 1.139 up 23.624 down
NFKB2 1.341 down 1.53 down 4.19 up 6.655 up 1.913 down

NIN 1.705 up 4.421 down 1.322 up 3.184 down 3.817 down
NIN 1.196 up 4.931 down 1.014 down 2.594 down 2.388 down
NIN 1.035up 1.005 up 1.012 up 1.017 up 1.005 up
NIN 1.372 down 6.872 down 1.325 down 8.108 down 4.62 down
NKX2-1 1.013 up 1.002 up 1.005 up 1.013 up 1.002 up
NONO 2.399 down 1.208 up 5.786 down 2.573 down 3.87 down
NONO 1.24 down 1.017 down 1.764 down 1.686 down 1.267 down
NOTCH1 1.042 up 1.014 up 1.015 up 1.02 up 1.011 up
NOTCH2 1.026 up 1.003 up 1.005 up 1.005 down 1.002 up
NPM1 1.078 up 1.019 up 1.035 up 1.167 up 1.01up
NRAS 1.443 down 2.078 up 1.165 up 1.543 up 1.527 down
NRAS 1.318 down 3.46 up 2.301 up 2.34 up 1.247 down
NSD1 2.181 down 1.567 down 3.96 down 2.312 up 1.435 down
NSD1 1.21 down 1.192 down 1.17 down 2.289 up 1.26 down
NTRK1 1.047 up 2.898 up 13.767 up 1.035 up 1.026 up
NTRK3 1.036 up 1.011 up 1.011 up 1.02up 1.007 up
NTRK3 1.034 up 1.007 up 1.01up 1.021 up 1.005 up
NTRK3 1.024 up 1.004 down 1.002 up 1.01up 1.001 up
NTRK3 1.023 up lup 1.005 up 1.01up 1.002 up
NUP214 1.026 up 1.002 up 1.007 up 1.013 up 1.004 up
NUP214 1.276 down 1.461 down 1.758 down 1.176 down 1.206 down
NUP98 1.934 up 1.09 down 1.362 up 1.729 up 1.008 down
NUP98 1.468 up 1.467 up 1.028 down 1.207 up 1.097 down
NUP98 1.076 up 1.018 up 1.028 up 1.45up 1.188 down
NUP98 1.027 up 1.03 up 1.016 up 1.006 up 1.005 up
OMD 1.04 up 1.01up 1.015 up 1.012 up 1.003 up
P2RY8 1.024 up 1.001 up 1.006 up 1.012 up 1.005 up
PAFAH1B2 1.455 up 1.24 up 1.405 down 1.016 down 1.887 up
PAFAH1B2 1.185up 1.105 up 1.623 down 1.193 down 1.478 up
PAX3 1.043 up 1.008 up 1.012 up 1.018 up 1.01up
PAX5 1.127 up 1.011 up 1.066 down 1.332 up 1.006 up
PAX5 1.031 up 1.014 up 1.011 up 1.026 up 1.008 up
PAX5 1.026 up 1.003 up 1.007 up 1.014 up 1.004 up
PAX5 1.026 up 1.001 up 1.007 up 1.012 up 1.005 up
PAX5 1.016 up 1.005 up 1.001 down 1.004 up 1.006 down
PAX7 1.026 up 1.003 up 1.007 up 1.013 up 1.005 up
PAX8 1.026 up 1.002 up 1.007 up 1.014 up 1.005 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
PBRM1 1.492 up 1.492 down 1.656 down 1.071 up 1.999 down
PBRM1 1.089 up 1.126 down 1.153 down 1.09 down 1.132 down
PBRM1 1.03 up 1.005 up 1.01up 1.016 up 1.005 up
PBRM1 1.026 down 1.657 down 1.849 down 1.457 down 1.988 down

PBX1 1.029 up 1.016 up 1.013 up 1.016 up 1.007 up
PBX1 1.026 up 1.004 up 1.008 up 1.013 up 1.003 up
PCM1 2.953 up 1.21up 1.61up 4.898 up 1.071 down
PCM1 1.03 up 1.024 down 1.018 down 1.13up 1.012 down
PCM1 1.029 up 1.009 up 1.007 up 1.103 up 1.003 down
PCM1 1.399 down 1.503 down 1.332 down 1.865 down 2.112 down
PCM1 1.058 down 1.498 down 1.348 down 1.34 up 2.442 down
PCSK7 1.34 up 1.03 down 1.03 down 1.219 up 1.336 up
PCSK7 1.043 up 1.012 up 1.079 up 1.023 up 1.286 up
PCSK7 1.429 down 1.63 down 1.509 down 1.113 down 1.554 down
PDE4DIP 1.431 up 1.161 down 1.362 up 1.27 up 1.349 up
PDE4DIP 1.202 up 1.574 down 1.158 down 1.004 down 1111 up
PDE4DIP 1.193 up 1.007 up 1.727 up 1.679 up 2.879 up
PDE4DIP 1.073 up 1.009 up 1.062 up 1.041 up 1.016 up
PDE4DIP 1.049 up 1.013 up 1.012 up 1.016 up 1.006 up
PDE4DIP 1.046 up 1.022 up 1.013 up 1.033 up 1.01up
PDE4DIP 1.027 up 1.016 up 1.008 up 1.013 up 1.006 up
PDE4DIP 1.01up 1.008 up 1.018 down 1.005 down 1.009 down
PDE4DIP lup 1.148 down 1.143 up 1.019 up 1.199 up
PDGFB 1.027 up 1.01up 1.013 up 1.029 up 1.007 up
PDGFB 1.252 down 1.213 down 1.02 down 1.265 down 1.206 down
PDGFRA 1.028 up 1.02 up 1.012 up 1.025 up 1.008 up
PDGFRB 1.045 up 1.036 up 1.187 up 1.059 up 1.027 up
PDGFRB 1.04 down 1.049 down 1.059 down 1.057 down 1.061 down
PER1 1.644 up 1.472 up 1.119 down 3.322 up 1.096 down
PER1 1.075up 1.006 up 1.005 up 1.275 up 1.005 up
PER1 1.026 up 1.008 up 1.008 up 1.013 up 1.007 up
PER1 1.026 up 1.002 up 1.008 up 1.013 up 1.006 up
PER1 1.01up 1.018 down 1.009 down 1.003 down 1.012 down
PER1 1.008 up 1.051 up 1.008 up 1.349 up 1.004 up
PHOX2B 1.008 up 1.071 up 1.01 down 1.005 down 1.009 down
PICALM 3.905 up 2.736 up 8.687 up 12.795 up 1.353 up
PICALM 3.026 up 2.147 up 5.043 up 9.836 up 1.024 up
PICALM 1.515up 1.357 up 2.872 up 4.139 up 1.672 down
PICALM 1.088 up 1.219 up 2.28 up 2.238 up 1.951 down
PIK3CA 1.701 down 1.184 up 2.147 up 1.698 up 2.079 down
PIK3R1 1.213up 5.313 down 2.399 up 5.549 down 1.355 down
PIK3R1 2.451 down 23.152 down 1.242 down 20.465 down 18.84 down
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
PIM1 1.28 up 1.028 up 1.236 down 1.341 up 1.465 up
PIM1 1.772 down 1.282 down 6.924 down 2.127 down 1.21 down

PLAG1 1.026 up 1.005 up 1.008 up 1.013 up 1.004 up
PMS1 3.491 up 1.932 up 4.707 up 6.169 up 158 up
PMS1 1.748 up 1.212 up 3.844 up 3.37up 1.351 up
PMS1 1.073 up 1.1up 2.977 up 2.497 up 1.069 up
PMS1 1.019 down 1.066 up 2112 up 1.904 up 1.032 down
PMS2 8.982 up 1.755 up 2.799 up 7.499 up 4.325 up
PMS2 1.378 up 1.395 down 1.162 up 1.49 up 1.129 up
PMS2 1.068 up 1.04 up 1.038 up 1.022 up 1.017 up
PMS2 1.046 up 1.134 down 1.25 down 1.14 up 1.142 up

POU2AF1 108.152 down 110.711 down 109.995 down 109.311 down 110.434 down
POUSF1 1.026 up 1.026 up 1.007 up 1.115 down 1.005 up
PPARG 1.146 down 1.211 down 1.16 down 127.487 up 1.166 down
PPP2R1A 1.685 up 1.131 up 1.29 up 1.562 up 2.262 up
PPP2R1A 1.633 up 1.082 down 1.484 up 1.498 down 2.664 up
PPP2R1A 1.096 up 1.057 up 1.031 up 1.46 up 1.913 up
PRCC 1.247 up 2.284 up 1.589 up 1.63 up 11.298 up
PRDM1 1.958 down 2.192 up 30.522 down 8.097 up 37.204 down
PRDM16 1.026 up 1.004 up 1.006 up 1.013 up 1.004 up
PRF1 1.181 down 201.443 up 1.237 down 1.211 down 1.434 down
PRKARLA 2.061 up 1.466 up 1.669 up 2.226 up 2.062 up
PRKARLA 141 up 1.122 up 1.294 up 1.449 up 2.017 up
PTEN 1.618 up 1.872 down 2.035 down 328.539 down 353.019 down
PTPN11 1.621 up 2.426 up 1.376 up 6.718 up 1.331up
RADS51L1 1.96 up 1.101 up 1.185 up 1.788 up 2.224 up
RAF1 2.645 up 1.586 down 1.433 up 1.156 up 1.62up
RAF1 2.443 up 1.838 down 1.326 up 1.698 up 1.398 up
RAF1 1.806 up 1.292 up 1.11up 1.551 up 1.428 up
RAF1 1.748 down 3.27 down 1.807 down 1.98 down 1.249 down
RAF1 1.117 down 2.304 down 1.366 down 1.105 down 1.221 down
RALGDS 2.674 up 1.148 down 1.511 up 1.233 down 1.694 down
RALGDS 1.651 up 1.744 down 1.222 up 8.239 down 20.508 down
RANBP17 1.024 up 1.008 up 1.007 up 1.011 up 1.007 up
RANBP17 1.017 up 1.017 down 1.005 down 1.013 down 41.767 up
RAP1GDS1 3.495 up 2.076 up 2.199 up 3.496 up 1.04 down
RAP1GDS1 2.669 up 2.208 up 2.009 up 3.382 up 1.09 down
RAP1GDS1 1.254 down 1.068 up 1.166 up 3.326 up 1.266 down

RARA 1.027 up 1.006 up 1.04 up 1.01up 1.004 up
RARA 2.11 down 1.559 down 1.152 up 1.265 down 1.115 down
RARA 1.29 down 1.916 down 1.65 up 3.42 down 1.148 down

RB1 2.312up 300.722 up 1.996 up 1.08 down 1.011 down
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
RB1 2.294 up 232.848 up 1.224 up 1.133 down 1.059 up
RBM15 1.031 up 1.009 up 1.068 up 2.985 up 1.009 up
RBM15 1.401 down 1.41 down 1.166 down 1.079 up 1.569 down
RBM15B 1.723 up 1.204 down 1.03 down 1.267 up 1.624 up
RECQLA4 1.157 up 1.172 up 2up 243 up 1.111 up
REL 5.58 down 9.128 down 1.86 up 1.99 down 9.286 down
ROS1 1.051 up 1.011 up 1.011 up 1.02 up 1.006 up
ROS1 1.025 up 1.011 up 1.008 up 1.012 up 1.005 up
RPL22 4.243 up 2.601 up 4.201 up 1.566 down 1.946 up
RPL22 3.204 up 2.403 up 3.355up 1.977 down 1.788 up
RPN1 2.928 up 1.401 up 1.901 up 2.288 up 2.615up
RPN1 2212 up 1.189 up 1.662 up 1.923 up 2up
RPN1 1974 up 1.107 up 1.518 up 1.593 up 2.027 up
RUNX1 1.535up 1.002 up 1.003 up 2.303 up 11.249 up
RUNX1 1.029 up 1.001 up 1.007 up 1.013 up 1.091 up
SBDS 15up 1.454 up 4.002 up 2.797 up 1.431 down
SBDS 1.035 down 1.088 up 2.278 up 1.75up 1.727 down
SDHB 2.341 up 2.012 up 1.96 up 2.116 up 3.849 up
SDHC 1.578 up 2.177 up 1.372 up 122 up 1.537 up
SDHC 1.393 up 1.828 up 1.166 up 1.132 up 1.319 up
SDHC 1.223 up 1.558 up 1.127 up 1.282 down 1.161 up
SET 2.025 up 1.435 up 1.421 up 2.192 up 1.499 up
SETD2 17.377 down 7.097 down 14.785 down 15.143 down 51.467 down
SETD2 2.699 down 2.566 down 1.671 down 2.643 down 2.266 down
SETD2 2.368 down 1.938 down 1.319 down 2.338 down 2.489 down
SFRS3 1.607 up 1.21up 1.379 up 1.052 up 1.599 up
SH3GL1 1.115up 1.025 up 1.117 up 1.022 up 1.029 up
SH3GL1 1.039 up 1.011 up 1.014 up 1.02up 1.006 up
SH3GL1 1.026 up 1.002 up 1.006 up 1.012 up 1.005 up
SLC45A3 1.027 up 1.008 down 1.009 up 1.224 up 2.053 up
SMARCA4 1.163 up 1.147 down 1.082 down 1.57 down 1.115up
SMARCA4 1.089 up 1.153 down 1.196 down 1.59 down 1.283 down
SMARCB1 2.56 up 1.038 up 2.061 up 1.929 down 2.646 up
SMARCB1 1.797 up 1.194 down 1.629 up 3.383 down 2.052 up
SMO 1.037 up 1.38 up 1.013 up 1.045 up 1.008 up
SOCSs1 1.025 up 1 down 1.006 up 1.011 up 1.004 up
SOX2 1.034 up 1.01up 1.013 up 1.065 up 1.009 up
SRGAP3 3.529 up 1.156 up 6.535 up 1.997 down 2.331up
SRGAP3 1.038 up 1.016 up 1.013 up 1.011 up 1.006 up
SRGAP3 1.035 up 1.007 up 1.011 up 1.018 up 1.008 up
SRGAP3 1.034 up 1.001 down 1.011 up 1.012 up 1.006 up
SRGAP3 1.032 up 1.084 up 1.011 up 1.018 up 1.009 up

282



Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
SRGAP3 1.027 up 1.01up 1.009 up 1.018 up 1.006 up
SRGAP3 1.025 up lup 1.008 up 1.01up 1.005 up
SRGAP3 1.024 up 1.009 up 1.007 up 1.019 up 1.026 up
SRGAP3 1.023 up 1.008 down 1.47 up 1.278 down 1.001 up

SS18 3.321up 4.407 up 2.336 up 2.281 up 1.944 up
SS18 1.707 up 2.254 up 1.257 up 1.079 up 1.068 down
SS18 1.295 up 1.775 up 1.115up 1.004 down 1.271 down
SS18 1.052 up 1.033 up 1.027 up 1.019 up 1.006 up
SS18L1 1.032 up 1.009 up 1.014 up 1.031 up 1.027 up
STK11 2.836 up 1.192 down 2.353 up 1.676 up 2.017 up
STK11 2.548 up 1.003 up 2.399 up 1.518 up 1.763 up
SUFU 1.037 up 1.006 up 1.011 up 1.025 up 1.008 up
SuUz12 1.866 up 1.739 up 1.815 up 7.285up 1.529 up
SYK 2.131up 80.965 down 2.971 down 83.641 down 1.329 up
SYK 1.171 down 271.383 down 5.26 down 279.909 down 2.274 down
TAF15 5.057 up 3.216 up 4.397 up 2.587 up 2.406 up
TAF15 1.458 up 1.527 up 1.551 up 1.269 up 1.001 up
TAL1 1.017 up 1.006 up 1.001 down 1.002 up 1.001 down
TCEA1 1.024 up 1.122 down 1.375 down 1.133 up 2.001 down
TET2 1.03 up 1.016 down 1.007 up 5.106 up lup
TET2 1.02 up 1.003 down 1 down 3.606 up 1.006 down
TET2 1.397 down 1.534 down 1.773 down 4,732 up 1.572 down
TET2 1.095 down 1.146 down 1.117 down 1.111 down 1.125 down
TFE3 1.022 up 1.007 up 1.01up 1.016 up 1.32up
TFE3 1.659 down 2.074 down 1.348 down 1.132 down 1.238 up
TFEB 1.635 down 1.69 down 1.433 down 1.624 down 1.672 down
TFEB 1.134 down 1.18 down 1.144 down 1.165 down 1.196 down
TFG 5.244 up 2.886 up 2.521 up 4.149 up 4.854 up
TFG 2.186 up 1.421 up 1.197 up 1.614 up 2.1up
TFG 1.201 down 1.225 down 1.272 down 1.214 down 1.371 down
TFPT 1.202 up 1.311 up 1.193 up 1.575 up 2.186 up
TFRC 24,505 up 26.965 up 6.13 up 26.737 up 22.819 up
TFRC 9.023 up 13.14 up 2.378 up 11.49 up 6.148 up
THRAP3 1.65up 1.277 up 1.289 up 2.018 up 1.43up
THRAP3 1.058 up 1.032 up 1.037 up 1.582 up 2.321up
THRAP3 1.024 up 1.006 up 1.005 up 1.014 up 1.004 up
TLX1 1.029 up 1.004 up 1.01up 1.016 up 1.005 up
TLX1 1.027 up 1.007 up 1.008 up 1.013 up 1.006 up
TLX3 1.031 up 1.015 up 1.01up 1.011 up 1.008 up
TNFAIP3 1.137 down 1.16 down 1.048 up 1.148 down 1.156 down
TNFRSF14 4.875 down 3.179 down 2.793 down 12.576 down 1.349 down
TNFRSF14 4.637 down 2.796 down 2.572 down 8.536 down 1.363 down
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
TNFRSF14 2.921 down 2.206 down 2.109 down 8.965 down 1.035 up
TOP1 2.419 up 1.301 up 3.894 up 1.78 up 1.761 up
TOP1 1.977 up 1.039 up 3.979 up 1.358 up 1.808 up
TOP1 1.048 up 1.351 down 1.831 up 1.207 down 1.023 up
TP53 1.808 up 1.195 down 1.182 down 3.231up 1.179 down
TPM3 1.336 up 1.141 up 1.241 up 2.464 down 1.045 down
TPM3 1.076 up 1.062 up 1.033 up 1.041 up 1.02 up
TPM3 1.039 up 1.009 up 1.012 up 1.206 up 1.022 up
TPR 1.036 up 2.236 up 1.486 up 2.238 up 2.127 down
TPR 1.821 down 1.27 up 1.351 down 1.672 up 1.845 down
TPR 1.567 down 1.118 up 1.456 down 1.103 down 1.83 down
TPR 1.476 down 1.603 up 1.355 down 1.988 up 1.816 down
TRIM33 2.378 down 1.39 up 1.523 down 1.04 down 1.219 down
TRIM33 1.778 down 2.04 up 1.232 down 1.509 up 1.31 down
TRIP11 1.579 down 4.126 up 2.585 down 1.09 up 1.824 down
TSC1 1.047 up 1.027 up 1.03 up 1.019 up 1.011 up
TSC1 1.029 up 1.002 up 1.006 up 1.052 up lup
TSC1 1.028 down 1.034 down 1.017 down 1.02 up 1.042 down
TSC1 1.01 down 1.045 down 1.136 down 1.035 up 1.012 down
TSC2 3.298 down 2.905 down 2.646 down 1.765 down 2.819 down
TSC2 2.796 down 2.797 down 2.212 down 2.07 down 1.963 down
TSHR 1.03 up 1.006 up 1.01up 1.014 up 1.004 up
TTL 1.024 up 1.015 up 1.002 up 1.01up 1.002 down
VHL 1.788 up 2.028 up 2.152 up 5.549 up 1.001 up
VHL 1.259 up 1.403 up 1.367 up 2.221up 1.234 up
WAS 2.073 down 1.217 down 3.163 down 1.621 down 1.319 down
WHSC1 19.8 up 5.177 up 10.1up 13.205 up 13.519 up
WHSC1 11.622 up 5.969 up 7.028 up 3.738 up 4,747 up
WHSC1 7.802 up 2.314 up 6.33 up 6.561 up 7.237 up
WHSC1 5.717 up 3.504 up 6.61 up 8.538 up 1911 up
WHSC1 4.615 up 3.589 up 9.473 up 9.582 up 1.798 down
WHSC1 3.585 up 1.845 up 3.214 up 2.542 up 1.578 up
WHSC1 1.999 up 1.342 up 1.838 up 1.772 up 1.866 up
WHSC1L1 5.681 down 4.823 down 4.3 down 7.311 down 7.797 down
WHSC1L1 3.462 down 1.808 down 2.154 down 2.015 down 2.466 down
WHSC1L1 2.907 down 2.874 down 2.776 down 3.13 down 2.964 down
WHSC1L1 2.019 down 3.423 down 1.647 down 5.756 down 2.337 down
WIF1 1.061 up 1.034 up 1.026 up 1.02 up 1.013 up
WIF1 1.035up 1.022 up 1.016 up 1.021 up 1.01up
WIF1 1.027 up 1 down 1.005 up 1.027 up 1.002 down
WRN 1.505 up 1.161 down 1.02 down 7.21up 1.023 up
WT1 1.027 up 1.008 up 1.007 up 1.028 up 1.007 up
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Supplementary Table 4 (continued)

Gene Symbol GL-1 CLGL-90 17-71 CL-1 CLL-1390
WT1 1.027 up 1.005 up 1.007 up 1.024 up 1.005 up
XPA 2.016 up 1.291 down 1.01 down 1.929 up 2.012 down
XPA 1.541 up 1.038 up 1.039 up 1.621 up 1.63 down
XPC 1.553 up 1.138 up 1.533 up 2.405 up 1.487 up
XPC 1.493 up 1.008 up 1.02 up 1.432 up 1.039 up
XPC 1.201 up 1.084 down 1.322 up 2.484 up 1.026 up

ZNF331 5.992 down 6.975 down 4.681 down 3.693 down 4.702 down
ZNF384 1.265up 1.092 down 4.362 up 1.054 up 1.938 down
ZNF384 1.026 up 1.001 up 1.007 up 1.015 up 1.013 down
ZNF521 1.02 up 1204.445 up 4.776 up 1.292 up 121.957 up
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