ABSTRACT

ROODE SARAH CULVER. Molecular Characterization of Canine Leukeéia
Comparative Value and Clinical Applicatiar(®nder the direction ddr. Matthew Breeh

Leukemia is associated with significant morbidity and mortality and is the cause of
more cacerrelated deaths in humans than any other hematologic neoplasre are four
main subtypes (ALL, AML, CLL, and CMLyith over 40 specific subtypes of leukemia, and
the pathogenesis ofiostsubtypes is still unclear. Neoplastic transformation is kntonre
associated with genomic alterations, amderstandinghe moleculapathogenesisf
leukemia relies on analysis of these specific alterations including copy number aberrations
(CNAs), gene mutations, and chromosomal rearrangements. Furthermaiéicalasn and
risk stratification have been significantly improved with the addition of genetic data.
Leukemia inthe domestic dog is a spontaneous diseasalar@s a similar histological
appearance and biological behavior to the human countetimasproviding a unique
opportunity to use a comparative approach to advance the understanding of leukemogenesis
in both human and veterinary medicine. In this dissertation, | hypothesized that 1) major
subtypes of canine leukemia are associated with suspgmEfic genetic aberrations that can
be used clinically to aid in diagnosis and disease monita2ingonserved genetic
aberrations exist between canine leukemia andamueukemia of the same subtypad 3)
canine lymphoid tumor cell lines are vaiidvitro models of canine lymphoid tumors.
Assessment of 123 cases of canine leukemia by oligonucleotide array comparative genomic
hybridization (caCGH)including 28 ALLs, 24 AMLs, 25 BCLLs, and 46T-CLLs,
identified CNAs that could be used to differentiateite subtypes (ALL vs. AML) and

chronic subtypes (BELL v T-CLL) with up to 8.3% and 95.8% precision, respectively,



based on the copy number status-8tgenomic regions. In addition, oaCGH datasets for
canine and human leukemia were compared to rewedlitionarily conserved copy number
changes across species, including the shared gain oRPH& M ALL and ~25Mb of shared

gain of HSA12 and loss of 13q14 in BCLL. A subset of 48 acute leukemias comprised of 24
ALLs and 24 AMLs were further assessed inutations irseveneukemia related genes
includingNOTCH1, TP53, NPM NRAS KRAS FLT3, andKIT. Overall, 66.7% (32/48) of
canine acute leukemia had at least one mutation, including 79% (19/24) of ALLsS, and 54%
(13/24) of AMLs.NRASmutations were thenost common (39.6% of cases), followed by
internal tandem duplications identified . T3 (18.8%, all in ALLS). Additionally, insertion/
deletion mutations iINOTCHZ1and point mutations imP53were documented for the first

time and found to be synonymowgh those previously identified in humans. To assess

vitro cell line models that can be used for future study of pathogenesis and therapeutics
veterinary hematological malignancies, genomic and transcriptional profiling were combined
with other cybgenetic methodologies to characterize the molecular and biological traits of
five canine lymphoid cell lines and compare them to primary canine round cell tumors.
Importantly, lased on the integrated analysis, two of the five cell lines were reclassified
compared to presumed tumor of origi@nce two were reclassified] af the cell lines were
found to recapitulate primary round cell tumors confirming them as approjoriteo

models for use in veterinary and comparative research. Lastly, the aftiijgogenetics in

canine leukemias a diagnostic and clinical monitoring methweas demonstrated in three
clinical case reports, two of which used cytogenetics to monitor treatment response. Overall,

these findings provide further insight into the péit@rpathogenesis of canine leukemia and



indicate a shared pathogenesis across species adding increased support for the use of the dog

as an appropriate model for human leukemias.
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CHAPTER 1: Literature review

Introduction

Cancer is the second leading cause of death in huimams United Statesndwhen
divided into cancer type based on organ affected, leukemia ranks within the top ten culprits
of humancancesfrelated deaths annual(piegel, Maet al. 2014. Leukemia is the most
common type of caser in children and adolescemasd itis associated with significant
morbidity and mortalityin all age groupsvith survival rates lower than other types of
hematopoietic neoplasia. PathogenesigHermajority of subtypes is still unclear, and
despite research efforts, therapies have remained largdigged in the past few decades
(Leukemia and Lymphoma Society 2014

Leukemias are baully characterized by clonal proliferation of malignant
hematopoietic progenitor cells in the bone marrow. There are over 40 specific types of
leukemia that are subtyped into lymphoid or #imphoidcellularorigin and further
subclassified into acute awctironic forms based on the degree of maturity of the affected cell
type. Chronic leukemias tend to be indolent in nature and progress slowly. They arise from
neoplastic transformation of late hematopoietmgenitorcells (Figure 1) which results in
prdiferation and accumulatioof differentiated cells. In contrast, acute leukemias generally
have a much more fulminant course because they arise from neoplastic transformation of
earlyprogenitor cellswhich ultimately arrests normal cell lineage diffdration. Neoplastic
transformatioroccurswhen regulatory mechanisms of blood cell progenitors are disrupted as
a result of acquiredenomic alterationthat lead to abnormalities in proliferation,

differentiation, and apoptosis. The molecular understgnolifeukemiaelies onanalysis of



these specific chromosomalterationancludingrecombinationst(anslocations and
inversion$, gene mutations, and copy number chan@isrris and Dobson 20Q1Look and
Ferrando 2006Ga |l I-Agoeol aGutBo®&rjraes). et al . 2013

The importance of nonrandom cytogenetic aberrations in human cancers, specifically
leukemia, was first identifiechore tharhalf a centuryago with the discovery of the
Philadelphia chromosome in chromig/eloid leukemia (CML). This discovery was the first
time a karotypic abnormality could be directly linked to the pathogenesis of d{d&agell
and Hungerford 191 Since then, the genetic aberrations in all human leukemias have been
extensively studied using conventional cytogenetics, fluoresaersitel hybridization
(FISH), array comparative genomic hybridizati@CGH) Sanger sagencing, and whole
genome sequencing. Diagnosis, classification, and prognosis are all reliant on the genetic
changes presemiithin the tumor, and it has been stated that leukemias have benefitted more
from genetic analysis thahe majority ofother umar types(Levine 2013.

Spontaneously occurring canine tumors have the potential to make excellent models
for studying the corresponding humaancer. Dogs share strong anatomical and
physiological similarities to humans and also share similar environments. Canine cancers are
heterogeneous and occur naturally in the presence of an intact immune system, which set
them apart from most geneticallyodified rodent modeldn addition, analysis of the dog
genome has demonstrated that it is more homologous in seqodng@ansompared to
other model systemél.indblad-Toh, Wade et al. 200Breen and Modiano 200®&aoloni

and Khanna 2008reen 2009.



In canines, the true incidence of leukemia is unknown, but it is likely underdiagnosed
due to the fulminant course, limited diagnostics, and the sheer number of differential
diagnoses fothe nonspecific clinical signs and laboratory findingssociated with the
diseaseln addition, extensive information regarding prognosis and appropriate therapeutics
is lacking; andheclinical subtype is often not well definedlding further confusion to the
heterogeneity of the clinical course and outearhleukemia in veterinary medicine
Leukemia in both dogs and humans shares a similar histological appearance and biological
behavior, and the advancement in the understanding of leukemogenesis from a comparative
approach is crucial in continuing to coatlthis disease in both human and veterinary
medicine(Dobson, Villiers et al. 20Q8Jsher, Radford etla2009 Withrow, Vail et al.

2013.

Classification and pathdiology of human leukemia

Classificationstrategiesin human leukemia

Before any disease can be diagnosed, treated, or studieidhpieisative that it be
described, defined, and given a name. Formal classification systems allow for a consensus on
definitions, terminology, and distinct clinical entities resulting in more accurate
communication in medicind.he first true worldwide comsisus for the classification of
hematopoietic tumors was published in 2001 by the World Health Organization (WHO) in
collaboration with the Society for Hematopathology and the European Association of
Hematopathology. The classification system was baseuigerous published studies and

the experience of over 100 clinicians, pathologists,sanehtists The WHO classification



expands upon t heAmeRdwiasne ClEBwrsaddamti on of
( REAL), t-AmericinBr é h ¢ 8 h 0 icafioh Bf acute inyalsidsleukemia, and
theguidelines from the Polycythemia Vera Study Group for chronic myeloproliferative
diseases,lbof which were based largelynanorphological and cytochemical characteristics
of the tumorsThe WHO classification wsathe first time genetic information was included in
the classification algorithnDue to constantly emerging research findings, the classification
system was designed to be flexidad it was understood that revisions would be necessary.
The most recenevision was published in 2008 with the aim of incorporating new clinical
and scientific information to further refine diagnostic criteria and prognostic information
(Vardiman, Harris et al. 2003werdlow, Campo et al. 2008ardiman, Thiele et al. 2009

Current classification requiresdhuse of clinical signs, morphologiadiaracteristics
immunophenotyjng, cytogeneticsand moleclar testing(Swerdlow, Campo et al. 2008
Morphology is always important and requires #issessmerdf 200 leukocytes on blood
smears, and 50@ukocytesn bone marrow sanhgs. In suspected cases of acute leukemia,
blast cell count is an important parameter and should always be assessed morphologically
(McManus 2008Ddhner, Estey et al. 20L0While cytochemistry was important in previous
classification schemes, it is used with decreasing frequency due to the increased use of flow
cytometry forimmunophenotyping. Immunophenotyping is a critical part of disease
definition andis used routinely in diagnosis of humhematopoietitumorsto determine the
lineageof malignant cell populations and differentiate benign and maligmacessesMany
subtypes have aharacteristic immunophenotypehereas for othesubtypes

immunophenotype mdye a negligible part of the diagnosis. Imnmunophenotyping is most



frequentlyperformedusing multipaameter flow cytometry. Thdrawback thatemains is the
lack of consensus ocdlearcutoff poins for positive markes. For most markergpresence

on/in 20% of leukemic cellss used, but for other markers a lower cutoff is sometimes
applied(Dohner, Estey et al. 201.0Conventional cytogenetics are also a routine component
in diagnostic evaluation in whichrainimumof 20 metaphases froblood orbone marow

are examinedin the event conventional cytogenetics fail, either by yielding inconclusive
results or the sample not containing enough metaphsagscenceén situ hybridization
(FISH) can be used to detect gene rearrangements and copy number chamgeghase
nuclei Molecular genetics are also a critical part of classification of certain subtypes and
include reverse transcriptase polymerase chain reactioi? ) for gene fusions and gene
sequencing to detect diagnostic and prognostic mutatimsseme entities a particular

genetic aberration defines thatbtype, while in others associaggghetic changes remain
unknown(Swerdlow, Campo et al. 200B6hner, Estey etla2010. Based on the number of
features involved in classificationig& easy tadentify the flexibility in whichthe current
system was developeddditionally, it alsorecognizes the same disease can present different
clinically and that a continuumxists between subtypes.

All leukemia subtypes currently included in the WHO classification of tumors of the
hematopoietic and lymphoid tissues are listed in Tab&ubsequergectionswill outline the
four main subtypes of human leukemadich include >85% of case§Cook and Pardee
2013, as follows:acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML),
chronic lymphocytic leukemia (CLLaNnd chronic myeloid leukemia (CMLUprevalence and

incidence of these four subtypes are represented in Figure 2.



Acutelymphoblastideukemia

ALL is a clonal disorder resultingdm genetic mutation and transformation of the
lymphoid progenitor cells ik bone marrow or thymus. Incidenoéhumansvaries with
age and subtype. From age$®years, the incidence is43100,000 while in adolescents
015 years and adults the incidence decreases
occurs between the ages of 2 ange&rs ALL is the most common type of cancer in
children in the Unitedbtatesaccounting for-34% of pediatric tumorg.heoverall incidence
in children is slightly higher in boys, howeverALL shows an overall foufold greater
incidence in boys, while girls predominate in cases less than one yearAdhageer of
genetic syndromes have been associated with an incresisefl developing ALL including
Down syndrome, Bloom syndrome, neurofibromatosis, and ataleagiectasia, but these
account for only a small number of cases. Increased risk has alsadseciated with
exposure to ioing radiation, psticides, andatvents in uterqChessells 20QX0nciu
2009.

Pathogenesisf ALL is primarily attributed to aberrant expression of proto
oncogenes, chromosomal translocations, artd/pediploidy. Each of theegenetic
alterations can contribute to leukemic transformation of hematopoietic stem cells by
changing the cellular functions and altering regulatory processaking in unlimited self
renewal and proliferation, blocking offfiérentiation and evasion of apoptosiSurrently the
goal of ALL research is to understand the biological impact associated withrezaurring
genetic aberratiofPui, Relling et al2004 Pui, Robison et al. 2008Clinical features

associated with ALL are a result addueinfiltration by malignant lymphoblasts



(lymphadenopathy, hepatomegaly, splenomegaly) and progressivenbomesv failure
which can lead to increased risk of infection and spontaneous blA®disong. Infiltration
of the central nervous system is also common in ALL and can lead to signs of increased
intracranial pressure and neurological abnormal{tdsessells 2001

Overall, the prognosis of childremth ALL is quite good, with 85% of children alive
five years following diagnosis. Unfortutedy, only 25% of adults diagnosed with ALL have
a survival time(b years. Numerous studies have aimed to identify prognostic factors to
predict successful treatmeiuture @ncer development associated with the treatment of
ALL is a concern, especially in childrestyessing the nedd avoid more intensive
treatmentsf less aggressiveonventional treatments will still result in a curehds been
determined that age is a significant prognostic indicator. Agek2ave the best prognagsis
infants under 1 year of adgmve a poor prognosiand atients over 10 yeardf age have a
progressively worse prognosis with increasing age. Female patients and patients presenting
with a lower leukocyte couragisohave better overall prognosMore recently, gnetic
changedavebeen determined to be important markers of pregnand the focus of
numerous current research ai(@hessells 20Q1Pui, Robison et al. 2008

Chromosomal abnormalities ar@uhd in 6675% of ALL cases using conventional
cytogenetics and have been determined to describe biologically and clinically distinct
sultypesof ALL. These changecan be divided intthreemain groups including
chromosomal translocations, ploidy subgreugnd miscellagous abnormalitiefrable2).
Translocations are present in-80% of both pediatric and adult cases, though the particular

translocations differ between age groupSL-AML1 (a.k.aETV6RUNX]) is the most



prevalent translocation in pedigtALL , present in 25% of casemnd is associated with
excellent overall survival and low rates of rela@@€R ABL1is themost common
transloc#ion in adult patients with ALLalsopresent in 25% of caseandis associated with
the worst prognosis amgrall subtypes of ALLHyperdploidy andhypodiploidy,
characterized by a gain or loss of ramdom chromosomeeespectivelyare considered
separate entities, as well, amalve variable prognoses based on the chromosome number.
Hyperiploidy is presenin 25-35% of children with ALL and carries a favorable prognosis.
Hypodiploidy is less common, present in 5% of cases oyaradl has an intermediate to
poor prognosishatworsensasthe chromosome numbdecreasgto nearhaploidy.While
the mechanismral pathogenesis associated with ploidy chaigesknown, the
chromosoms involvedare not random with eight chromosont¥s4, 6, 10, 14, 17, 18, 21
accountingor the vast majority of chang¢€hessells 20QMMrozek, Harper et al. 2009
Moorman 2012

While large chromosomal aberrations dételausing conventional cytogenetics are
characteristic of ALL, it has been shown that these chaaigesfail to induce leukemia
indicating that cooperating lesions are required for transformation. Genetic lesions driving
tumorigenesis can occur at a submscopic levetherebyescaping standard cytogenetic
analysis. Identifying these changes requires the use of newer technologies that allow for
detection of aberrations across the genome with increased resdiutgostudy in which 242
pediatric casesf@\LL were assessed via single nucleotide polymorpHiShP)array
(average resolution of 5klg,meanof 6.46 copy numberteerrationg CNAs) wasidentified

per case, with deletions outnumbering gains 2:1. The frequency of gains and losses varied



betweenrALL subtypeswith unsurprisingly more gains in cases with hyperdiploidy compared
to increased losses in all otrgibtypesGene candidatesexe evaluated in regions of CNA,
and genes regulating-lBmphocyte development and differentiation were aberra#@% of
B-ALL casesPAX5 which is essential forBneage commitment and maintenane@s the
most frequent aberratiomith 29.7% of cases displaying a change, 98% of which were a loss
(Mullighan, Goorha et al. 200:7The same year a smaller study evaluating 40 cases of
pediatric ALL with varying cytogenetic findings, observed similar findings including the
identification of a neanof 4.2 CNAs per case with an increased frequency in losses
compared to gains. The most frequently impacted genes were those that control cell cycle
progression followed by genes that, agamareassociated with Bymphocyte development
(Kuiper, Schoenmakers et al. 2007

Interestingly, despite cytogenetic differences identified between pediatric and adult
cases of ALL, similarities were identifidry high resolution analgs A median ofsix CNAs
was identified per case, with losses more common than gains. The pattern of deletions
resembled that of previously published pediatric cases with over 70% ofcoasasing a
deletion INCDKN2A PAXS5 IKZF1, ETVG RB1, andor EBF1, whichwereall genes
highlighted inprevious studies assessing pediatric ALhese findings suggest that pediatric
and adult ALL may be more similar at the genomic level than previously thought based on
cytogenetic analysid@ne (Paulsson, Cazier et al. 2008

Treatment of ALL consists of two goals: 1) achieve and 2) maintain remission. In
order to achieve remission, drugs suchiasnstine, L-aspariginase, amtacyclines, and

prednisone are combineld. addition, @tients need supportive care including broad



spectrum antibiotics and blood transfusions. More recamhly of growth factorsuch as
granulocyte colomgtimulating factor hagreatly improved the success of ALL tapy by
accelerating bone marrow recovery. Remission, defined as normal blood cell counts and
normal bone marrow activity with <5% of abnormal blasts, is usually attained by 4 weeks.
Fromthat point 6-8 more months of intensive therapy are compldt#lowed by ~2 years

of low intensity therapyChessells 20010nciu 2009.

Acutemyeloidleukemia

AML is a heterogeneous group of clonal neoplasnsragifrom hematopoieti
progenitor cellsAge independentcidence is 31/100,000 overall, but is skewed heavily to
the older adult population with an incidence of 17.9/100,000 in patients >65 years old. AML
accounts fod5-20% of acute leukemia cases in children and witttgkest frequencin
patients<1 year old. Male predominance (1.5:1) is seen throughout all ages. Four causes
have been linked to AML including exposure to DNA damaging chemotherapeutics,
prolonged inhalation of tobacco smoke, high exposure to radiatidrpratracted exposure
to benzeneHowever, heseexposure®nly account for a small proportion of cases, and the
majority of cases occur (BudseRamas20d@ichimart h o u't
2010.

Similarly to ALL, AML is thought to arise due to malignant transformation of a
progenitor cell in the bone marrcag a result ohcquired DNA alterations involvingroto-
oncogens (Estey and D6hner 20D6These alterations limiioththe ability of cells to
differentiate normally and respdno regulators of proliferatignvhich leads to an

accumulation of immature blast cell¢ot only is the differentiation of the leukemic blasts
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impaired, but the AML blasts also inhibit nornrmajeloid blast cells from differentiating into
mature red blood cells, neutrophils, monocytes, and platelets. This inhibition was originally
thought to be related to the crowding out of normal ldalsfrom the bone marrow due to
theexpanding leu&mic blastcell populationhowever it is now thought that the inhibition is
mediated, at least in part, by various chemokines produced by the AML blasCediésthat
are producedlso likely havedecreased functionalityl his inhibition results in deficiencyf o
any or all lines of myeloid cellsvhich is largely responsible for the clinical signs such as
fatigue bruising, and infection®eoplastic kast cells can also infiltrate organs, but it is
uncommon to result in organ dysfunction until the load is seWithout treatment,
leukemic cells accumulate and functional cells decrease leading to severe infection or
spontaneous hemorrhagventually leading to deatkstey and Dohner 200BueseRamos
201Q Lichtman 2010.

Overall the prognosis of AML is the poorest of all leukemia subtypes withaf2%
leukemia related deaths attributed to AMROhner, Estey et al. 20L.ancreasing age, gh
white blood cell count, prior myelodysplastic syndrome, and previous cytotoxic therapy for
another disorder are all adverse prognostic factors. However, the most important factors for
prognosis are genetic changes identified in leukemia cells. Karybagbeen determide¢o
be the strongest prognostic factor for response to induction therapy and survival and
differentiates patients into three risk groupsudingfavorable, intermediate, and adverse
(Déhner, Estey et al. 201.0

Karyotypic abnormalities are identified in 55% of adult AML patients using a

conventional cytogenetic approach. Té&aryotypic changes have been associated with
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prognosis andesponsiveness to intensive therapy. The favorable risk group includes AMLs
with t(8;21), inv(16) or t(15;17). The adverse risk group includes complex karyotypes, t(6;9),
anddel(5qg),amongothess. The intermediate group is the most heterogeneatisvariable
disease outcomesd indudes cases with a normal katype (~ 40-50% of AML casesand
trisomy 8, among others. Unlike ALL, differences in chromosomal abnormalities between
children and adts are minor Table 3 (Raimondi, Chang et al. 1998hipley and Butera
2009 Dohner, Estey et al. 201Bhatnagar and Garzon 2014

As described, cytogenetic alterations are important prognostic factors, but are not
helpful in the 4660% d cases with a normal karyotype. Overcoming the limitations of
conventional cytogenetics Iperformingmore in depth assessmentGilAs using aCGH
may explain some of the heterogeneity in patients with normal karyotypes and better
characterize intermediatad poor risk prognostic categories. One study assessed 86 cases of
adult AML using ararray with ~®kb resolution for detection of CNA& mean of 2.34
CNAs were identified per genome, with a total of 201 Ckgging in size from 35kb to
250Mbidentified, of which 76% contained a known canessociatedene. While 24%f
casesvith normal karyotypes contained CNAt this resolutionno CNAs were identified in
43 0f86 (50%) case$Walter, Payton et al. 2009

A more recent stly assessed 48 cases with both conventional cytogenetics and a
custom designed gesentric microarray. Using ésemethods, CNAs were identified in
100% of caes with an average of 5.7 CNA$,which submicroscopic losses were the most
common Patients wth a normal karyotype contained an average of 5.1 CNAs per case

however none of the identified aberrations in this subset of cases were considered recurrent.

12



Genomic data was correlated with survival and two regions were found to be prognostic.
Poorer oerall survival was associated with a deletion of IZ@q11.1, which contains
TP53 A deletion at 5g33.3 is significantly associated with achieving complete remission.
Candidate genes at 5g33.3 incliF1, a transcription factor important for differestion
of B-cells, andRNF145 normaly expressed in -Eells and known to be aberrantly expressed
in AML. While further assessment in a larger cohort is necessary, this shows that precise
identification of genomic alterations may lead to improved moledliggnostics and risk
stratification ofAML patients(Mehrotra, Luthra et al. 20}4

Discovery of recurrengene mutatiosand their inclusion to the current prognostic
model has been invaluable at improving risk stratification. Thus far, three gene mutations
have been determined to be clinically relevant enough to be incorporatethssification
Approximately onethird of patients have activating mutations in receptor tyrosine kinase
geneFLT3as a result from eithemternaltandem duplication or point mutation. These
mutationsare related to aadverse disease outcome anddiaeen a focus of targeted
therapies currently in clinical trial®NPM1, a genavith molecular chaperoning and tumor
suppressor functiongs mutated in approximately 30% patientshowever this mutation is
associated with a highly favoraljpeognosis. Also associated with a favoeablitcome,
mutations iNCEBPA a gene essential for normal granulocytic differentiation, are present in
5-10% of AML patients, and 15% of cytogenetically normal cases. Numerous other genes
have been found to be recurrently mutated in AML includiif RUNX1, RAS ASXL1
IDH1/IDH2, TET2 andDNMT3A but the clinical impactof these genesas yet to be fully

determinedRenneville, Roumier et al. 200Bhatnagar and Garzon 2014
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Recent studies have focused on identifyangl further understanding the role that
various mutations play in the pathogenesis of AML. Patel et al. performed a mutational
analysis of 18 geneSET2 ASXL1 DNMT3A CEBPA PHF6, WT1, TP53 EZH2 RUNX1,

PTEN FLT3, NPM1, HRAS KRAS NRASKIT, IDH1, and IDH2) in 398 patients and

identified at least one mutation in 97.3% of patiehltgacts of mutations on prognosis were
evaluated, and genetic predictors of outcome were identified that improved risk stratification.
When mutational and cytogenetic arsdg were combined, the proportion of patients with
intermediate risk, the most variable risk group, decreased from 63% based on cytogenetics
alone, to only 35% once mutation data was inclugRadel, Gonen et al. 20L2Viore

recently the Cancer Genome Atlas Network evalligemomes of 200 adult cases of AML
using whole genome or whole exome sequencihg approacldentified that AML

genomes contain an average of 13 mutations of wdnithfive are recurrently mutated in

AML, andseveral mutationsccurin mutual exclusivity of other@Cancer Genome Atlas
Research Network 20)13The true impact of these studisstill unknown but brings to light

the complex interplay of genetic events that contributeégathogenesis of AML.

Despite all the research efforts devoted to AML, treatment has remained largely
unchanged over the past several decades. Similarly to ALL, conventional treatment occurs in
two phasesl) produce complete remission and 2) proloamplete remission. If remission
can be maintained for 3 years, the risk of relapse declines significantly. Conventional therapy
includes combination therapy with cytarabine and an anthracycline. Unfortunately, more than
50% of patiets with adverse karygpes do nbrespond to induction therapy. At this point,

no drug has shown significant additive benefit to induction chemotherapy sufficient to
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change the standard ofrean over 40 years, but numerous clinical trials for new drugs and
targeted therapiaacluding FLT3inhibitors, p-glycoprotein inhibitors, and hypomethylating

agents are ongoin@stey and Dohner 2006evine 2013.

Chroniclymphocytideukemia

In humans, CL is definedby slow proliferation and accumulation of clonal mature
B-lymphocytes in the bone marrow, lymph nodes and spleen. It is the most common
leukemia in adults in the United States accountin@@s of all cases with an overall
incidence of 3/100,000. Adults over the age of 60 are most commonly affected with the
median age at diagnosis being 70 years of age nales are more commonly affected (2:1).
CLL hassignificantclinical heterogeneity, and most patients are diagnosed initially on
routine blood work with minimal clinical sign®earden 200;/Dighiero and Hamblin 2008

CLL is considered an accumulativesarder of clonal B lymphocytes resulting from
defects in apoptosis and proliferatfgviorkman and Vernau 20p3Most cells are in GO
phase of the cell cycle, with only a small percentage of aetigelyproliferating. The
lifespan of leukemic lymphocytes is long due to the ability to evade apoptosis, so despite a
low proportion of proliferating cells, lymphocyte numbers continue to Asg-apoptotic
signals are likely a result of upregulationasfantiapoptotic proteinBCL-2. The tumor
microenvironmente.g. in bone marrows} also thought to contribute to the aomlation
and survival of cells based on theding that leukemic cellsundergo apoptosis quickly after
in vitro culture, a process that che prevented by adding a number of cytokitcethe

culturemedia It has also been determined that normal activated T cells are intermingled with
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leukemic cells in tissues involved in Clfurther supportingrole for the tumor
microenvironmen{Workman and Vernau 200Bighiero and Hamblin 2008

The B-cell receptor (BCRis also linkel to the pathogenesis of CLL. It has been
found that 5670% of CLL cases have somatic mutations in the immunoglobulin heavy chain
variable region genes (IGHWvhich playa role in BCR signalingVhen activated, BCR
signaling triggers a cascade of signalawgnts resulting in proliferatioand differentiation.
The IGHV can undergo mutation in noeoplastic lymphocytes when exposed to antigens,
which allows for development of more specific antigertibody binding.Presence of
mutated IGHVin CLL is asso@ted withfavorable outcome compareddases with
unmutatedGHV which displaysignificantly shorter time to treatment, poorer response to
therapy, and overall inferi@urvival (Dighiero and Hamblin 200&unnarsson and
Rosenquist 2001 Currently, it is thoughthat the difference in clinical behavior is a result of
a difference in response to external signals. Cells with mutated IGHV are thought to be
activated by a restrictezbt of antigens, whereas aallith unmutated IGHV are more likely
to express polyreactive BCRs that are easily activated by autoantigens in the tumor
microenvironment leading to increased BCR signaling and more aggressive (egse
and Chiorazzi 2013

While most cases are diagnosed prior to the development of clinical agytie
disease progressedinical signs become evident. Lymphadenopathpat@emegaly, and
splenomegaly are all common. Advanced disease is often associated with anemia and
thrombocytopenia due to bone marrow failure. Pneumsritze cause of death in 30% of

patientsas a result of neutropenia atie associated inability to figf infection CLL can also
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undergo transformationto highr ade | arge cel |l | ymphoma, know

5% of patientgDearden 200/

CLL has a protracted disease course so prognosis is generally good, especially when
compared withother leukemia types. Orthird of patients never need treatment aad
expectsurvivaltime upwards of 20 yea(®ighiero and Hamblin 20080Onethird have an
initial indolent phase followed by disease pexgion with survival timesangingl10-15
years. The remaining oftkird have a more aggressive disease course and require treatment
immediately following onset with overall survival ofS3years. While a staging system in
CLL exists, it does a poor job differentiating what patients will develop progressive
disease. Lymphocyte doubling time and bone marrow involvement are considered prognostic
factors, but both can be varialfl@ighiero and Hamblin 20Q8RodriguezVicente, Diaz et al.
2013. This has led researchers to look to genetic markers to improve risk stratification in
CLL patients.

Convertional cytogeneticef metaphase preparationas identified numerous
chromosomal aberrations in CLL, but only in ~50% of cases. When FISH is used to assess
interphasenuclei the percentage of cas@sth detectable aberratiomscreases to >80%. €h
false negative rate of analysis using conventional cytogenetics is associated with the low
number of cells proliferating compared to the number of cells in GO. In addition, proliferating
cells are rarely found in the blopitherefore pone marrow samplese required for
conventional cytogenetic analy¢Bearden 200;/RodriguezVicente, Diaz et al. 20}3

RecurrentCNAsin CLL include trisomy 12 and deletions of 13q, 11q, 17p, and 6q

(Table 4. These changes have been found to be significantly associated with survival
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(Dearder2007 Hoehn, Medeiros et al. 201Gunnarsson and Rosenquist 20Tleletion of
17p and 11q are associated with more advanced diseadbehathers, and patients with 17p
deletions have the shortest median treatrrexet interval (9 months). In comparison, patients
with deletion of 13q have a good prognosis with >92 months of treafneensurvival
(Dohner, Stigenbauer et al. 20D0Translocations are rare in CLL, but have been identified
involving immunoglobulin genes. When they are present, they have a neggiacton
treatment response and survif@bdriguezVicente, Diaz et al. 20}3

Complex karyotypes containing >3 chromosomal abnormities are present in 20% of
cases ad are also associated with aggressive disaadshort survival times. In a study that
assessed 48 cases using a microarray with ~5kb resgluntosasecomplexity of genomic
changes, indicated by either the number of aberrations or the total alzeraitions, was
associated with progression free survival and predicted a poor treatment reBpbests
with a loss ofTP53(located in 17palsohadmore complex changes, and, therefore, poor
prognosis, as previously identifi¢day, EcketPassow et al. 200

Molecular changes have also been assessed in CLL using-gdrudene sequencing
in four cases. Numerous mutations with the potential to impact gene function were identified
and subsequently analyzed iB33additional cases. Somatic mutations were identified
several genes previously unassociated with including the NOTCHL1 signaling pathways
and defects in splicing machingipuente, Pinyol et al. 20L1A number of other genes have
been found to be mutated in CLL, includinB53andATM. TP53mutation has been found

in 4-12% of patients with untreated CLL and confers a poor progaasishort overall
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sunival. Clinical relevance of other mutati®has yet to be determineRodriguezVicente,
Diaz et al. 2018

Due to the vast clinical heterogeneity in CLL, there is usually an observation period
following diagnosis to assess for evidence of disease progression before implementing
treatment. Chlorambucil, an alkylating agestthe standard therapy for Cland 4586% of
patients respond. It exhibits low toxicity arsdan oral formulation making ihe preferred
treatment. It only evokes a complete remissionlii% of patients, however, raising
guestions as to whether tgeal of treatment of CLL should be complete remission. Purine
analogs, includingludaradine, have bedound toexhibit higher remission rates (up to 40%)
but no difference in overadlurvival Monoclonal antibodies, including rituximab and
alemtuzimab, ae newer therapeutics tha&sult inhigh response rates (>85%) and increased
complete remissions over standard therapy. In addition, alemtuzumab is one of the only
therapies with activity against casegh TP53mutation or deletiofiDearden 200Hallek
and Pflug201pin2013 a new tyrosine kinase inhibitor
an essetial component of BCR signaling, was found to have an overall response rate of 71%
in 85 patients with relapse or refractory CLL. The respovessindependent of risk factors
and genomics, and progression free survival at 26 months was maintained if yd&téras
who responde@Byrd, Furman et al. 20)3This further indicates that treatment strategies for
remission in both low and high kigatients are continuously evolving.

As previously described, CLL in humans in defined as an accuom&ftmature B
lymphocytes, and questions of whethérue T-cell counterpart exists in humans remain. If

S0, it is considered a very rare entitycdll chronic lymphoproliferative diseases account for
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<5% of all lymphoproliferative disorders and inclUslezary syndromimycosis fungoides
large granular lymphocyte leukemia, adulcdll leukemia/lymphoma, and-dell
prolymphocytic leukemiaTl-cell CLL has been described in the past, but is not uniformly
recognized. Hoyer et @lublished25 cases of ICLL collected over the course of 15 years
from three institutions and describadsmall mature lymphocyte morphology that is different
from morphological baracteristics from the subtypes mentioned abokiesd casesere
diagnosed based on immunophenotyping @odalrearrangement in the-dell receptor
genes and not immunoglobulin genes. Tsieylyfound a median survival of ~13 months
and identified thathe majority ofcases were refractory to chlorambucil. Cytogenetic
abnormalities involvingp15, 8q14q11,and14q32were identified Hoyer, Ross et al.
1995. More recently there were concerns that matuoellleukemias, while rare, could not
be adequately classified under the WHO classifon scheméussick, Wood et al. 2002

It has also been noted that large oveslaqgrur between the classifitions of mature -Cell
tumorsand very few molecular distinctions existther complicating classification of these

rare tumors(Herling, Khoury et al. 2004

Chronicmyeloidleukemia

CML is a clonal myeloproliferativdiseasewhich results fronthe BCRABL1
translocationn a hematopoietic stem cell. The incidence of CML-t3/100,000 of the
adult population andepresentd 5% ofall adultleukemias. The median age of onset is 55
years, and there is an increased prevalence in males compared to femabedy Khewn

exposure risk is high doses of radiation, but this accounts for very few cases. As with the
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other leukemia subtypes, the majority of cds@ge an unknown caugeaderl, Talpaz et al.
1999 Mughal and Goldman 20}.3

CML is a triphasic disease composedchronic, accelerated, and blast/acute phase.
The dironic phase lasts ~H) years while tére is a gradual accumultai of mature myeloid
cells in the bone marrow, peripheral blood, and spleen. The accelerated phase, marked by an
increase in the proportion of blastlsg10-19%) and overall disease burdegenerallylasts
for 4-6 monthsThe Hast phase lasts onlyZ2 months and is evident by a blast cell count of
>20%in the bone marrownd a rapid expansion of blast cellghe blood and tissues.
Similarto CLL, patients are often diagnosed before clinical signs are apparent on routine
bloodwork. If clinical signs are preserthey include splenomegaly, leukocytosis, lethargy,
fatigue,andshortness of breath, among oth@salabretta and Paiti 2004 Mughal and
Goldman 2013

The discovery of th8 CRABL1 translocation, known as the Philadelphia (Ph)
chromosome, was the first time a karyotypic abnormality was directly linked to the
pathogenesis of disea@dowell and Hungerford 19§1Since that discovery over half a
century ago, CML likely has the most advanced wstdeding of the molecular basis of any
neoplasia. The Ph chromosome is formed as a result of a reciprocal translocation between
chromosomes 9 and 2€9;22)(q34;g11))resulting in aBCRABL1fusion gene on derivative
chromosome 22. ABL is a neneceptortyrosine kinase, thefore the resulting oncoprotein
from the gene fusion displays constitutive kinase activity that provides growth advantage to
the cell byinitiating cell proliferation and survival signaling. The RAS;3M/Akt, and

STATS pathways arellaconstitutively activated as a result of B&BL. While progression
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to blast phase is not well understood, it is thought that incréSBAABLL expression
promotes secondary molecular and chromosomal chakigaderl, Talpaz et al. 1999
Calabretta and Perrotti 200d4ehlmann, Hochhaus et al. 200

Currently, CML patients are routinely classified into risk categories based on age, the
number of basophils, spleen size, percentage of blast cells, and platelet count. Since ~80% of
patients with CML develop additional neandom chromosomal abrmalities, several
studies have aimed to identify better markers of progression and pro@iatsis 5 (Mughal
and Goldman 20)3Two initial studies assessed the complexity of the CML genome at alll
three phases of development. In one st@yAs were assessed in 55 patients (25 chronic
phase, 4 accelerated phase, an8last phase) at a 1Mb resolution. It vidantified that
patients in accelerated/blast phase had significantly @Ni&s than patients in chronic
phasgHosoya, Sanada et al. 2Q08nother studyevaluatings4 patients at the same
genomewide resolution also idntified that genomic imbalancesreased with disease
progressior{Brazma, Grace et al. 200 More recently, efforts were made to identify a
predictive genetic marker for response and outcome associatedewvéhsargose
escalation inmatinib, a tyrosine kinase inhibitor that targets B&SBL. Forty-four patients
wereevaluated foCNAs at a 108b resolution across the genome. All patients were in
chronic phase, but had not responded as expected to standard doses of imatinibutdvas fo
that a gain irGSIT1is associated with a poor response to imatiKih, Kim et al. 201
GSIT1has been previously associated waigticinogenesjsand, more recently, gain GfSIT1
has also been associated with poor response to imatinib in gastrointestinal stromal tumors

(Lee, Kang et al. 2033While low sample sizes and array resolutions callareativanced
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analysis before these ampts can be applied clinically, results are promisingnigroved
risk stratification.

Other molecular abnormalities have also been associated with disease progression.
TP53is mutated in 280% of patients with CML, and it has been found that mice injected
with p53 deficient BCRABL+ cells develop a more aggressive form of CML than mice
injected with BCRABL+ cells containing wildtype p53. Loss of p53 also made cells
significantly less susceptible to apoptotidK4A/ARFis homozygously deleted in ~50% of
patients with a lymphoblastic phenotype of blast phikéations inRB1have alsdeen
identified in CML patients in accelerated or blast ph@aabretta and Perrotti 2004

Historically, CML was treated using combination therapiegarious
chemotherapeutics including vincrigginprednisone, doxorubicin, cyclophosphamide,
hydroxyur ea, et cinterferonimmure therapy begameltiBegi8t ine of U
defense against CML. Since then, the development of tyrosine kinase inhibitors has
revolutionized the treatment and grmsis of CML.Imatinib received FDA approval in
2001. Five year followup of patients in chronic phasedicated hematological remission rate
of 98% and progression frearvivalin 84% of patientsResistance to imatinib occurs in
~30% of patients in clonic phase and a much higher percentage in accelerated phase.
Resistance is associated with increased expressBGRHABLL or the acquisition of point
mutations in théABL1kinase domain. Second generation tyrosine kinase inhibitors have
since been deveped whit are more potent than imatireimd some of which are efficacious
in patients resistdno imatinib (Hehlmann, Hochhaus et al. 200fughal and Goldman

2013.
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Comparative biology and value of dogss a modein cancer research

Animalmodels ofleukemia

The vast majority of animal models used in the study of leukemia have been,
unsurprisingly, odent based with an occasional study ugelgrdish or fruit flies to
investigate specifigenetic changeook and Pardee 2013 hese models have been
indispensable for the study of leukersaecifically understanding the biology and
biochemistry of pathway$iowever, there are limitations to the application of findings in
these modelsThey do not adequately represent important features of tumor ¥iolog
including long latency periods, genomic instabilapd theheterogeneity of tumor cells and
the surrounding microenvironment. In addition, the tumors are induced and have genetic
mutation inonly one or a few gene$his makes it impossible to eval@athe complex
biology of gene networks and interactions that are known to contribute to disease
pathogenesis in humafBaoloni and Khanna 200&ordon, Paoloni et al. 200Rowell,
McCarthy et al. 201;1Cook and Pardee 2013 0 give a specific exaple, there are almost
no animal models of CLL. As previously discussed, CLL cells are largelyimeto
making recapitulating the disease in a model challenging. There is one transgenic mouse
model that developaB-cell lymphoproliferative diseasghich representa particularly
aggressive phenotype of CLhowever no models exist fothe indolent form that occurs

more frequently in humar(®ighiero and Hamblin 2008

Thedog as amodelorganism
The listof qualities that makes dogs an excellent model in biomedical research is a

extensiveone. Dogs have similarities to human anatomy@mgiologyespeciallyinvolving
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the cardiovascular, urogenital, nervous, and musculoskeletal systems. It has also been
identified thatthe catalog of commodisease syndromefared between dogs and humans is
larger than any other laboratory or domestic spd€ssrander and Wayne 200®ogs
share the environmemtith humansgncludingsimilar exposures tair and water, which,
when contaminated, can pose significant health risks to the exposed population. In a previous
study, dogs living near hazardous waste sites were compared with a control population of
dogs. Sevetadiomarkers were identified in dogs living near contaminated sites including an
increased frequency of micronuclei and decreased CD4+/CB&H Tatia both of which
were also identified in humans in the same locatsupgporting the sentinel role dogsc
play (Backer, Grindem et al. 2001

The DNA and protein sequences from the dog are also more similar to human
sequences than mice are to humans, and dogs and humans share a more recent last common
ancestofBoyko 201). All 19,000 genes identified in the dog match an orthologous gene in
humans, and for many gene families, there is a significantly closer relationship between dog
and human genes compared to any other animal ni@deloni and Khanna 20R8o0g
breeds developed as a result of intensive artificial selection, vittounintentional
selection of deleterious gends a resultmany dogoreeds show an increased prevaleioce
specific diseases including cancer, blindness, heart disease, catgibsgisyeatopy, etc.
Even within cancer, different breeds show different breed predispositions for certain cancer
types. For example, boxers have an increased prevalence of mast cell tumors, greyhounds
haveosteosarcoméaScottish terrierfavetransitiondcell carcinoma, and the list continues.

Most breeds have existed for less than two centuries, but the level of diversity of dogs is

25



about twice of that found in humans. From a genetic research perspective, this makes the dog
an ideal model for identifym genetic changes since they are likely more penetnémn the
population(Olson 2007 Paoloni and Khana 2007 Boyko 201).

Dogs are also easily accessible and maintain a prominent status in our culture. There
are currently 83 million dogs as pets in the United Sta@merican Pet Products
Association20149, and 54% of them are considered a fif
result, >&5 billion is spent annually on their caj@merican Pet Products Associatid@14)
and they are cared for until old age allowing them to serve as models of diseases that occur in
old age and/odevelopover a lifespan. In addition, owners aféeenwilling, and evereager
to participate imesearclstudiesto benefit not only their own pet, botherpets as well
(Rowell, McCarthy et al. 2031

Dogs are valuable models throughout biomedsc&nce however there are some
additional attributes that emphasize their roleamparative antranslational cancer
research. Dogs develop spontaneous tumors, and they do so with an intact immune system.
Tumors grow over long periods of time and exhibit biological complexity including
individual and intraumoral heterogeneitgnd metastasis to distance sigl@snilar tumor
types in dogs and humanveashared histology and respasithilarly to therapyCompared
to humans, they also have a compressed course of progression, which is advantageous when
thinking about their use in clinical trials. The disease free interval can be assessed in ~18

months compared to 7 yearsraguiredin humangKhanna, Lindbladloh et al. 2006

Paoloni and Khanna 208
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Applications of thelog model inbiomedicalscience andancerresearch

The dog has already played an essential role in biomedical science. Genetic mapping
of narcolepsy, copper toxicosis, and icthyosis ralvbeen evaluated in the dog and
contributed to understanding of similar human condit{@ws/ko 201). Novel candidate
genes for ahythmogenic right ventricular cardiomyopathgvealsobeen identifiedn the
dog and translated to humaideurs, Mauceli et al. 20)0A gene associated witkereditary
multifocal cystadenocarcinoma and nodular dermatofibrosis in German Shephsrds
localized in the dog and found to be mutated. Géree wasnapped to humans and assessed
in patients with BitHogg-Dube syndrometlie human equivalent), andggnonymous
mutation was identifiedLingaas, Comstock et al. 2003strander 2012 Dogs have also
been used as important models in numerous other diseases including Aldphiiea A,
SCID, and muscular dystropfgmong other¢Parker, Shearin et al. 2010

Cancer research is the area of biomedicance in which the dog model has
received the most attention and applicati®mer one million pet dogs are diagnosed and
managed with cancer annualiyth prevalence increasing from year to year. Cancer is the
most common cause of death, witiedn fou dogsover the age of ears and one in two
over the age of0 yearslying from cancefWithrow, Vail et al. 2013 Numerous studies in
dogs have shed some light on cancer biology, pathogenesis, and drug develapotehas
had msitive impacts in both veterinary and human medi@iaoloni and Khanna 2007
Paoloni and Khanna 208

Severakecent studies have highlighted similarities between mammary cancer in dogs

and humans. Canine mammary carcinoma has similar epidemiologic, clinical and
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morphological characteristics to human breast cancer, and it has been identifiRfeGiAeit
andBRCAZ2two well characterized genes in human breast cancer, are also significantly
associated with canine mammary tum@ssera, Melin et al. 2009 Human and dog
mammary tumors have also been compared on a gewmeeexpression level using
microarrays. A signiftant overlap of genemd pathwayslysregulated in mammary tumors
across both species was observed indicating highly comparable cancer signaling networks are
shared across specigs$va, Aurisicchio et al. 2009More recently, five cases were whole
genome sequenceehd common aberrations were analyzed further using digital PCR in a
cohort of 20 cases on tumor specimens, as well as cell free DNA derived from plasma. In one
dog tumorspecific DNA was foundh the plasma year aftethe mammary tumors were
surgically removedsuggestingnetastasis, which was subsequently found in the lung.
Chromosomal instability was similar to that previously identified in humans, and the
techiques applied highlighted the possibilities and value of identification of tumor
biomarkers in both dogs and humé#Bsck, Hennecke et al. 201L3

Similarcomparisons betweeatogs and humans have bgmrformedfor a number of
other tumor types and yielded similar results. In colorectal cancer a strong degree of genetic
homology was identified between canine and humans, and in a hierarchical clustering
analysis, caseclusterel by subtype, not species, again indicating tumor biology is shared
across speciggang Le et al. 201) Ost@sarcoma has also beextensivelycompared
between dogand humaa Comparison of genom&ide CNAs across the two specishow
shared genomic complexignd identifiedcandidate genes for further explorati@dmgstadt,

Thayanithy et al. 2002 Similaritieshave also been identified in global expression analysis
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of osteosarcomand again cases clustered based on biological characteristics as opposed to
species further supporting similaterspecies pathogene@izaoloni, Davis et al. 2009
Hematopoietic tumors, most notablyriphomaarelikely the most studied tumors in
the dogdfor their comparative value (Reviewed (Marconato, Gelain et al. 201Bo, Frantz
et al. 2014). Global assessment of copy number change revealed high levels of molecular
diversty in canine lymphoma, similar to humarshd regions of evolutionarily conserved
CNA were notedThomas, Seiser et al. 201More recently, the importance of the
activation of the NFKB pathway in the pathogenesis of diffuse largeel lymphoma was
identifiedin two independent studies assessing dog and human t(vhadaliar, Haggart et
al. 2013 Richards, MotsingeReif et al. 2013 It has also been shown that several subtypes
of canine lymphoma can be divided into three molecular subgseitipprognostic
significance(Frantz, Sarver et al. 2013
Dogs also provide advantages as a therapeutic model in drug development to serve as
an intermediary between conventional-phaical studies and human clinical trials. Clinical
trials in humans are consinad in relation to what patients can receive the drug and when
(usually when tumors are refractory to all other treatments). In veterinary medicine, however,
there are fewer regulatiomsth the discretiorbeingleft to the ownerwhich allows for
investgational therapies to be offerbdfore conventional therapies, in combination with
other drugs, or during minimal residual disease (MRD). Evaluating novel therapeutics in the
setting of MRD is a unique opportunity in dogs. The vast majority of murine Isxddect
provide periods of MRD for drug assessment due to the kinetics of tumor progression in

these models. There are already numerous studies evaluating novel chemotherapeutics in
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dogs and the literature is continuously growing. The efficacy of lipasamramyl

tripeptide phosphatidylethanolamine-fLTP-PE) was first evaluated in canine osteosarcoma
with favorable results. It led to Phase Il studies in children, which showed similar results to
the dog studie@Gordm, Paoloni et al. 20Q09Targeted anicancer agents have also been
studied in the dog. Masitinib and Toceranib are both tyrosine kinase inhibitors that are FDA
approved for use in veterinary medicine for treatment of mast cell tumaddition, they

have been usedr a number of other tumor types and led to an increased understahding
the role of tyrosie kinases in veterinary tumors, whicéin translate back into human
medicine(London 2009. In the futureit is speculated that cancer therapeutics will be
defined based on the molecular tumor biglag opposed to tumor histology. Thsnceptis
known as personalized medicine, for which dogs have already been determined to be a

relevant and important clinical mod@&aoloni, Webb et al. 2014

Diagnosis, classification, and pathologgf canine leukemia

Apart from numerous individual case studies (&lgdiano 1998 Reimann,
Bartnitzke et al. 1998Adams, Mellanby et al. 2004edieu, Palazzi et al. 200Bliraoka,
Hisasueet al. 2007, little research has been previously documented involving canine
leukemia. While considered rare, it is often a devastating disease with limited knowledge
regarding prognosis and appropriate treatment regimens. As previously describedlanolec
changes in human leukemia have been imperative in further understanding the pathogenesis

of disease and improving risk stratification, and similar studies in other veterinary tumors
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have yielded similar results. It is anticipated that a similar appreuld be beneficial in
canine leukemia.

The most recent classification scheme for hematopoietic tumors in veterinary
medicine was published in 2002 in association with the World Health Organization. While it
maintains similar language and categoriegheoWHO Classification of Tumors of
Hematopoietic and Lymphoid Tissues, there are some distinct differences. Recurrent genetic
abnormalities are naurrentlyassociated with theeterinary version, and some
characteristics from more historical classifioa schemes have increased carryover (e.qg.
using an alphanumeric code for subclassification of AML derived from the FAB system).
There are a few important featuras well that favor it over previous classification schemes.
The WHO system attempts tofohee complete disease entities as opposed to solely different
histological diagnoses. It also recognizes that diseases can present different clinically, and
that thedistinction ofdifferent classifications may lhallengingasindividual cases fall
within a continuum of the same disea&énfortunately, it isnot used universally making
some comparisons in the literature difficult. Application of the system has increased in use as
emphasis is placed on veterinary and comparative oncology. Methods foosiggisk
stratification, and tumor management are all increasing in sophistication, which is also
increasing the need for more precision in identifying and classifying hematopoietic tumors in
veterinary medicine. Tablists the current list of clag&ationsof leukemiain veterinary
medicine and their human countergdialli, Jacobs et al. 20021cManus 2008Weiss and

Wardrop 201}
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While considered rare, the true incidence of canine leukemia is unknown. An
incidence was puished in 1983 080.5/100,00qSchneider 1983 however lymphomas
were not separateddim true leukemias, so this number is likely exaggeratetiore recent
retrospective angsis of bone marrow disorders identifi2d6 cases of neoplasia in 717
patients analyzed over ary8ar timeline. The neoplasms identified included, acute
leukemias (n=46), chronic leukemias (n=7), stage 5 lymphoma (n=28), multiple myeloma
(n=25) malignanhistiocytosis (n=11), metastatic mast cell tumor (n=3), sarcoma (n=5), and
carcinoma (n=1Weiss 200% There are a couple key shortcomings of these findings that are
important to keep in mindCases were recruited from only osggecialtyhospital which may
impact the distribution. In addition, this study only incld@ases in which the Ibe marrow
was assessed. While the textbook diagnosis of leukemia requires a bone marrow assessment,
in reality, cases are often diagremsbased on blood samples alone, making the numbers in
this studyconsiderably lower than expected if all leukemia cagse included.lt is also
hypothesized that leukemia in dogs is underdiagnosed and underreported due to the fulminant
course and noespecific clinical signs, making identification of incidenpeevalenceand
distribution of the diseasmore challengingWeiss and Wardrop 2011

There are a few studies that have assessed the epidgyroblcanine leukemia using
flow cytometry to better describe theost frequent phenotypes observed1999, a study
done in the United States showed that CLL in dogs occurred in older animals (mean age 9.75
years) and that 73% (53/73) of CLL cases wefecell phenotype. Of the acute leukemias
that were evaluated, 55% (21/38) were found to be of myeloid origfa,(6/38) Bcell

origin, 18% (7/38) Tcell origin, and 11% (4/38) undifferentiateicute leukemia cases had
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an average age of 7.4 ye@v®ernau and Moore 1999More recently another assessment was
donein the United Kinglomto assess the epidemiological features of dogs with leukemias
confirmed by flow cytometry analysis and compare th@tween subtype®f 64 cases of
confirmed leukemia39% (25/64) were ALL, 27% (17/64) were Cldand 34% (22/64) were
AML. When ALL is dvided by phenotype 15/25 were-&ell origin, 6/25 were ell origin,
1/25 was biphenotypic, and 3/25 were undifferentiated. In CLLs, the majority wereedf T
origin (12/17). Age at diagnosis was found to be statistically different between ALL and
AML with mean ages of 8.0 years and 6.3 yaaspectively. No statistical differences
across the three subtypes were identified when evaluating sex, red blood cell count, or white
blood cell count. A wide variety of breeds were represented in the confiemleehhia cases
with the most frequent being mixed breed dogs, golden retriever§emuanshepherds.
Golden retrievers were found to be significantly overrepresent&tln(Adam, Villiers et
al. 2009. The same year, a study in Italgsessed 145 cases of leukemia and ideng8tétl
(51/149 ALLs, 23% (33/145 AMLs, and42%(61/145 CLLs. B-cell ALL (47/51) was
more common than-Tell ALL (4/51), while in CLL a Fcell prenotype was more common
(54/61)(Tasca, Carli et al. 2009Discrepancies across these studies are poshikl¢o
minor differences in methods and geographical distribution of cases identified. Small sample
sizes may also be impacting the true frequency of subtypes.

Overall, the clinical presentation, hematology, and cytology of canine leukemia
mirror that ofhuman leukemia. Dapften present with vague clinical sigimeluding
anorexia, lethargyandweight loss Physical exam findings may reveal other sigmsh as

hepatosplenomegaly, fever, pallor, and petechiation. While dogs with chronic leukemias may
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beasymptomatic at presentation, acute leukemias often have severe clinicéDsilgasn,
Villiers et al. 2006 Withrow, Vail et al. 2013

Hematology abnormalities are also common at presentation. In CLL, the white blood
cell count is usually >30,000/ but can vary from normal to >100,0Q0/ For diagnosis,
persistentymphocytosis is required, and mild neutropenia, anemia, and thrombocytopenia
are not uncommon. In ALLhone marrow failure is common resulting in anemia,
neutropenia, and/or thrombocytopemidaich are more severe than if identified in CLL.
Findings in AML are similar to ALLhowever often the cytopenias are more severe because
the myeloid leukemia prevents other myeloid cells from proliferating and differentiating, as
previously discussedML involvesproliferation of themyeloidseries resulting in a high
white blood cell coun{>100,0004l) characterized by a leshifted neutrophilia.
Eosinophilia and basophilia are also possible characterisiidsrtunately, there are
currently no hem@logical, morphological, cytochemical, or immunophenotyping methods
that are useful in the identification of CML, as there are no characteristics that differentiate
theneoplastic process from an inflammatory or immumediated process. Therefore it is a
diagnosis of exclusioand will not be further discussed in upcoming sections regarding the
methods otlassifing leukemiagDobson, Villiers et al. 20Q8/Vithrow, Valil et al. 2013

It has been stated that microscopy remains the most valuable and avdigajlostic
tool for leukemiagDean 2003 which is reiterated in the importance of cell morphology in
the classification of canine leukemi&gorphological assessment should include a 200 cell
differential white blood cell courtnd 500 cell diffezntial of a bone marrow aspirate. Bone

marrow biopsy is also recommendecdassess overall architecturde. both T-cell and Bcell
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CLL, the lymphocytes are small and matwieh round nuclei and narrow rim of cytoplasm
and small pink cytoplasmic granulase possible iT-CLL. In ALL, lymphoid cells are
usually moderate in size withheterogeneousppearance. Irregularly shapaad indented
nuclei are common, and largenphoblass make up 20-30% ofnucleatectells.AML is
characterized by20-30% myeldlasts with large nuclei and prominenicleoli Efforts have
been made to identify morphological differences between ALL and AML. Lymphoblasts
have more condensed chromatin and less prominent nucleoli, whereas myeloblasts are more
likely to contain granws or vacuole@Neiss and Wardrop 201Withrow, Vail et al. 2013
Canine leukemic cells have even been assessed by electron microscopy in an attempt to
identify differerces in ultrastructural morphologyOverall, canine leukemic cells were
usually indistinguishable from normal cells at this level and definitive identification of blast
cells was difficult to impossibléGrindem B85). Other studies have also noted that there is
poor correlation between morphologic appearance and immunophenotype of canine
leukemiagVernau and Moore 1999and determined that &% of acute leukemias
diagnosed as ALL by morphology are reclassified as AML when immunophendésganh,
Villiers et al. 2009. While morphology is still a critical part of assessment of canine
leukemia, further evaluation is essential for appropriate diagnosis and classification.
Several methods have been usadctassification of hematopoietic neoplasms
including cytochemistry, flow cytometry, and PCR for antigen receptor rearrangement
(PARR). Cytochemistry most commonly uses stains that interact with speb#imical
functional groups, though antigens to parar proteins can also be used. A panel of stains is

necessary for case evaluation since staining, especially of neoplastic cells, can vary and be
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difficult to interpretif only one stain is used. Cytochemical staining is best applied to
diagnosis of nostymphoid leukemiasas none of the common cytochemical stdabel
lymphoid cells Undifferentiated cells also have weak or absent staining because they do not
yet contain necessary cellular constitueatsetict with stains. Currently used stains, datlu
moiety labeled, and positive staininrmrmal cells are included inable7 (Dean 2003
Weiss and Wardrop 20)11Recently it was identiid that alkaline phosphatase is a sensitive
and specific marker for AML in dogs. All AML samples evaluated (n=21) were positive for
staining with 2/3 showingtrongexpression in >50% of blast cells. No cases of lymphoma or
CLL showed positive staining. tine 13 ALLs evaluatedpur showed weak staining. Overall
it was determined that cytochemical staining for alkaline phosphatase may help differentiate
acute leukemiagStokol, Schaefer et al. 2013

Immunophenotyping methods use monoclonal antibodies to proteins located on the
cell surface or in the cytoplasm. These can be useadmunocytochemistrjhoweverit is
becomig more common to evaluate cells using flow cytometry because of the ability to
assess a greater number of markers on a greater number of cells than is usually possible using
immunocytochemistryAs with cytochemistry, it is important to assess a panelarkears
and interpret all the findings in light of one another, as some antigens can be lost during
neoplastic transformation. In addition, it is unknowpEciselywhich stage of
differentiation and maturation canine leukocytes express each of the sn&iker
cytometry immunophenotyping has been used successfully to differentiate AML from ALL,

ALL from CLL, and lymphoid leukemias from primary lymphomasble8 presents the
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commonly used markers available for use in veterinary med{Diean 2003Tarrant 2005
Blackwood 2008Wilkerson 2012.

Additional physical information about the cell population is alsorglddrom flow
cytometry through evaluation of forward scatter (cell size) and side scatter (cell granularity).
The use of sidecaitter to differentiate hematopoietic neoplasms has been investigated, and
while it provided sufficient data for differentiation in one small study, it since has been
determined to be insensitive eterogeneousell populations, highly dependent on sample
guality, and of no real advantage over morphological assesgierdant 2005 DNA ploidy
and the fraction of cells in the@hase of the cell cycle have also been evaluated using flow
cytometry in canine leukemia. Hyperploidy was detected in 2/8 AMLs and 2/16 ALLs, while
both CMLs (n=2) and CLLs (n=12) were euploid. Thplase fraction was found to be
significantly higher in acute leukemias compared to chronic leukemias, but nacsighif
differences were identified between individual subtyjiisndato, Poggi et al. 2010

PARRcan be used to differentiate lymphoid neoplaamd confirm a population is
clonal indicating the population is derived from a single parental endeherefore likely a
neoplastic process. Normal lymphocyte development includes the rearrangement of both T
cell receptor (TCR) and immunoglobulin (IG) genes by trimming or adding nucleotides
between genes as they recombine. The end result is sighlBogth and sequence
heterogeneity and a diverse population of lymphocytes with near limitless antigen specificity.
PCR of these regions should then result in a smeagel electrophoresue to the diversity
in sequence length. If one band is identifan gel electrophoresis it represents a population

of cells with the same length of rearrangement likely derived from one parental clone (l.e.
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neoplastic). This methodology has been used in both human and veterinary medicine. In
veterinary medicine, it imost frequently usetb confirm neoplasia, ani aid in
differentiaton of B- vs. T-cell ymphomaPARRcan be applied similarly to lymphoid
leukemias but cannobe used for differentiation ahyeloid and lymphoid origin, ashas
been demonstrated tha30% of AMLs have receptorearrangement@urnett, Vernau et al.
2003. While the sensitivity and specificity of PARR vary by lab, it has been reported to have
75-80% sensitivity and a false positive rate of ~@%ery 2009. Recently, a novel clonality
assay was designed and tested to better evaluzt# populationsUsing genomic DNA
sequenci ng o falarge eumeCoRpreviBumknowsn gees were identified
and incorporated into multiplex assay to detect all rearranged geme multiplex assay
wasfound to havenimproveddetection rate of 100% compared to 1B&sed orprevious
methodqKeller and Moore 2012

Accurate classification of canine leukemia is important for assessing prognosis and
choosing appropriate treatment stratedieis well known that chronic leukemias have much
better prognosis that acute, and lymphoid leukemias are rasponsive to treatmemnthich
also results in a better prognos@mpared to myeloid leukemiaBrognostic markers have
been identified in canine typhoproliferative diseases characterized by lymphocytosis. Flow
cytometric assesment yielded four main phegpes: CD8+ Fcell, CD21+ Bcell, CD4
CD8-CD5+ T-cell (aberrant phenotype), and CD34+ (progenitor cells). While there was no
significant differencen survivaltime associated with-Bss. T-cell neopla&, prognostic
indicators in each subtype were identified. kedll lymphocytosislymphocytosis

>30,000ul had significantly shortemedian survival time (MST; 131 daykan those
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presenting with<30,000ul (MST 1098d) In B-cell lymphocytosis, larger lymphocyte size
was associated with shorter survival times. Dogs with CD34+ cells had a poor outcome with
a MST of 16 days. It is important to note that in this study there was no attempt to distinguish
leukemia from stage V lymphoma and that immunophenotype was associated with prognosis
independent of the clinical diagnogWilliams, Avery et al. 2008 In another study in which
there was sufficient clinical information to eubut stage V lymphoma, immunophenotype of
CLL was found to bsignificantly associated with survival with MSTs of 930 days4@0L
compared to only 430 days in®LL. Anemia in FCLL was also identified as a negative
prognostic indicato(Comazzi, Gelain et al. 2011 ess is known about the prognosis of
myeloid leukemias. In 16 dogs with AML, median and mean survival following diagnosis
was 7days and 20 days, respectivelyith a mnge 0f2-138 dayshowever, these numbers
are skewed becauséclient elected euthanagitue to clinical signs and presumed poor
prognosigJuopperi, Bienzle et al. 20LIThere is evidence that not all canine AML is
rapidly fatal. A dog with acute megakaryoblastic leukemia achieved complete remission and
was maintained fo24 months on a chemotherapy regimen of vincristinenaiabicin,
cytosine arabinoside, and prednisol@gWélimann, Muellauer et al. 20Q9CML is so rare
that little is known about the clinicaburse and prognosis,peially since it likely evades
detection during chronic phasgéhemotherapy seems to control dogs with CML in chronic
phase, but once progressioccurs, prognosis is very pqduopperi, Bienzle et al. 20,11
Withrow, Vail et al. 2013

Since leukemia is rare in dogs, standard and efficaciousnigeatregimens have not

been established. ALL is most frequently treated with the same protocol commonly used for
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treatment of lymphoma consisting of cyclophosphamide, doxorubicin, vincristine, prednisone
(CHOP), though responses have been disappoiiMd. has a similar treatment strategy to
ALL; however cytosine arabinoside should be substituted for doxorubicin. The introduction
of cytosine arabinoside has been the most important development in the therapy of humans
with AML, and previous success has beeted in dogsTreatment of CLL is much more
rewarding. Following diagnosis, treatment often is not initiated immediately. Instead
treatment is usually started when the lymphocyte count increases to fQ,0G90og
becomes anemic and/or thrombocytopenr there is evidence of lymphadenopathy or
hepatosplenomegaly. CLL is treated with chlorambucil often in combination with
prednisone. Vincristine or cyclophosphamide may be added if response to chlorambucil is
inadequate. Once treated, 70% of CLL cadesv a normalization of lymphocyte counts.
CML is treated with hydroxyurea which controls cell proliferation while in chronic phase
(Withrow, Vail et al. 2013

It has been suggested that cytogenetic or molecular evaluation in canine leukemia
may lead to improved diagnosis, tegtunderstanding of prognosis, and potentially more
advanced and directed therapeutic approagchexpperi, Bienzle et al. 20;1Withrow, Vail
et al. 2013. Cytogenetic evaluation of 10 cases of canine leukemia was first published in
1986. Six of the 10 dogs were found to contain the normal modal number of chromosomes
(n=78), while modal numberd the remainingour were 54, 81, 83/85, and 156. Extra
metacenic chromosomes were identifiedfive of the dogs, and double minute
chromosomes were foundtimreedogs. Together these data strongly suggest that cytogenetic

changes are commonly found in canine leuke(@i@ndem and Buoen 198an 1993,
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cytogenetic analysis was completed on two dogs with ALL, one of which contained an extra
metacentric chromosonfermed from apparent robertsonian translocatiotwofcopies of
chromosome {Nolte, Werrer et al. 1998

With the sequencing of the dog genome, advances in technology made it possible to
assess cytogenesi;n a more detailed fashiokJse of FISH led to the discovery of tBER
ABLL1 translocation irfive cases of CMI(Figure 3)(Breen and Modiano 2008nd chronic
monocytic leukemigCruz, Milner et al. 201)1 andRB1deletion, commonly found in human
CLL, was identified in 6/8 cases of canine CLL. Canine leukemias have @&sasse=ssed
for mutations iIrKIT, RAS andFLT3 genes and found to harbor mutassynonymousvith
those previously identified in humadsher, Radford et al. 200Suter, Small et aP01%
Giantin, Aresu et al. 20)3Further characterization of these cytogenetic and molecular
aberrations is critical to better understaugacanine leukemipathogenesis arichproving

current nethods of diagnosis and prognosis.

Dissertation outline

In this dissertation, | hypothesize that 1) major subtypes of canine leukemia are
associated with subtypspecific genetic aberrations that can be used clinically to aid in
diagnosis and disease mtmming; 2) conserved genetic aberrations exist between canine
leukemia and human leamia of the same subtypend3) canine lymphoid tumor cell lines
are validin vitro models ofcaninelymphoidtumors.Subsequent chapters focus on
enhancing the undersi@ing of genetic changes in canine leukemia to assess the clinical

applications in veterinary medicine and determine the comparative value of the dog as a
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model for human leukemia. First, high resolution oligonucleotide array comparative genomic
hybridization of 123 cases of primary canine leukewias used to evaluate the genomic
landscapef the diseasand investigate the utility dENAs for subtype differentiatiom

veterinary medicine. The overall level of instability observed gereide was limited wh
predominantly lowly penetrai@NAs, however, predictive modeling identified regions to

classify 69.595.8% of canine leukemia cases accurately depending on the regions used.
Furthermore, whe@NAsin canine leukemia were directly compared with thossipusly

identified in their human counterparts, numerous regions of sk¥édwere found to be
evolutionarily conserved between dogs and humans and contain genes previously found to be
important in the pathogenesis of leukenihis study was followed bgn evaluation of the
mutational status ofesvengenes previously implicated in leukemia in a subset of canine

acute leukemias, as identification of genetic mutations has been instrumental in improving
classification of human acute leukemias. Several nongations identified in the dog were

found to be previously documented in humans further indicating a shared pathogenesis across
species. Additionally, gnomic and transcriptional profiling wecembinedwith other

cytogenetic methdologies to define molular and biological traits of five canihgmphoid

cell lines and compare thetm primary canine tumoysvhichconfirmedthem as appropriate

in vitro models for use in veterinary and comparative research. Lastly, the utility of
cytogenetics in canine leakiawasdemonstrateth three clinical case reports, two of which

usal cytogenetics to monitor treatment response. In summary, this body ofwadds a

largecontribution tothe catalogue ofjenetic findingsn canine leukemiancludingboth
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CNAs and pont mutations ifeukemiarelatedgenesandtakes ecritical first stepin

determiningthe clinicaland comparativetility of these changes
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Tablel. Accepted WHO classifications of leukemia in humans (Swerdlow, Campo et al
2008).

WHO Classification of Leukemia

Myeloproliferative Neoplasms
Chronic myelogeous leukemiaBCR ABL1 positive
Chronic neutrophilic leukemia
Chronic eosinophilic leukemia

Mast Cell leukemia

Myeloproliferative neoplasm, unclassifiable
Myelodysplastic/myeloproliferative neoplasms
Chronic myeloronocytic Leukemia

Atypical chronic myeloid leukemil8CRABL1
Juvenile myelomonocytic leukemia
Myelodysplastic/myeloproliferative neoplasm, unclassifiable

Acute myeloid leukemia and related precursor neoplasms
AML with recurrent genetic abnormalities
AML with (8;21)(922;922)RUNXERUNX1T1
AML with inv(16) or t(16;16)(p13.1922CBFB-MYH11
Acute Promyelocytic leukemia with t (15;17)(q22;q1RML-RARA
AML with t(9;11)(q22;q12)MLLT3-MLL
AML with t(6;9)(p22;923);DEK-NUP214
AML with inv(3) or 1(3,3)(g21;926.2)RPNLEVI1
AML with t(1;22)(p13;9q13)RBM15MKL1
AML with mutatedNPM1
AML with mutatedCEBPA
AML with myelodysplasiarelated changes
Therapy related myeloid neoplasms
AML, not otherwise specified (NOS)
AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic and monocytic leukemia
Acute erythroid leukemia

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis
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Table 1.(continued)

WHO Classification of Leukemia

Acute Leukemias of ambiguous lineage

Acute undifferentiated leukemia

Mixed phenotype acute leukemia

Mixed phenotype acute leukemia with t(9;22)(q34;qLIBERABL1

Mixed phenotype acute leukemia with t(v;11924);L rearranged

Mixed phenotype acute leukemia B/myeloid, NOS

Mixed phenotype acute leukemia T/myeloid, NOS

Mixed phenotype acute leukemiNOS- rare types

Precursor Lymphoid Neoplasms

B lymphoblastic leukemia, NOS

B lymphoblastic leukemia with recurrent genetic abnormalities

B lymphoblastic leukemia with t(v;11q23}ILL rearranged

B lymphobilastic leukemia with t(12;21)(p13;q22)EL-AML1

B lymphoblastic leukemia with hyperdiploidy

B lymphoblastic leukemia with hypodiploidy

B lymphoblastic leukemia with t(5;14)(q31;93%)3-IGH

B lymphoblastic leukemia with t(1;19)(g23;p13.B2A-PBX1

T lymphoblastic leukemia

Mature Bcell Neoplasm

Chronic lymphocytic leukemia

B-cell prolymphocytic leukemia

Hairy cell leukemia

Splenic Bcell leukemia, unclass#ble

Mature T and NK-cell neoplasms

T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Aggressive NK cell leukemia

Adult T-cell leukemia
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Table2. Cytogenetic changes in ALL with associated fregryeand prognosis in children

and adults (Mrozek, Harper et al. 2009; Moorman 2012)

Frequency in Prognosis in Frequency in | Prognosis in
Chromosome Aberration | children Children adults adults
Favorable to
Hypediploidy 23-30% Favorable 7-8% intermediate
Intermediate;
adverse if <40
Hypodiploidy 6% chromosomes 7-8% Adverse
t(12;21)(p13;922); Not
TEL-AML1 22-26% Favorable 0-4% determined
1(9:22)(g34;911.2)
BCRABL1 1-3% Adverse 11-29% Adverse
t(4;11)(921;923); 1-2%; 55% of
MLL-AFF1 infants Adverse 4-9% Adverse
t(1;19)(923;p13.3); Favorable to Intermediate to
E2A-PBX1 1-6% intermediate 1-3% adverse
t(10;14)(g24;911); Favorable to
TCRA/DTLX1 Rare Not determined 0.6-3% intermediate
del (6q) 6-9% Not prognostic 3-7% Intermediate
Favorable to
Abnormal 9p 7-11% Adverse 5-15% intermediate
Abnormal 12p 3-9% Not prognostic 4-5% Favorable
Favorable to
Normal karyotype 31-42% Usually favorable | 1534% intermediate
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Table3. Cytogenetic changes in AML with associated frequency and prognosis in children
and adults (Raimondi, Chang et al. 1999; Estey and D6hner 2006; Shipley and Butera 2009;
Do6hner, Estey et al. 2010).

Frequency in | Frequency in

Chromosome Aberration children adults Prognosis
Normal karyotype 24% 44% Intermediate
1(8;21)(g22;022)RUNXERUNX1T1 12% 6% Favorable
inv(16)(p13922)/t(16;16)CBFB-MYH11 6% 5% Favorable
t(15;17)(922;q121); PML-RARA 9% 10% Favorable
1(9;11)(p22;g23)MLLT3-MLL 7% not determined | Intermediate
t(11923;V)/inv/del(11923)MLL rearranged| 9% 4% Adverse
1(6;9)(p23;924);DEK-NUP214 <1% 2% Adverse

Intermediate to
-7/del(7q) 5% 7% adverse

Intermediate to
-5/del(5q) 1% 4% adverse
Hyperdiploid 16% not determined | not determined
+8 overall 9% 7% Intermediate
+21 overall 5% 2% Intermediate
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Table4. Cytogenetic banges in CLL with associated frequency and prognosis (Dearden
2007; Hoehn, Medeiros et al. 2010; Gunnarsson and Rosenquist 2011; RoWitgree,
Diaz et al. 2013)

Chromosome

Aberration Frequency Prognosis

del (13g14) 30-62% Favorable

Trisomy 12 12-30% Intermediate

del(11q) 7-19% Intermediate to adverse
del(17p) 4-9% Adverse

Translocations 1-13% Adverse

del(6q) 3-6% Not determined

Table5. Cytogenetic changes in CML in blast phase and associated frequency (Calabretta
and Perrotti 2004).

Chromosome

Aberration Frequency
DoubleBCRABL1 38%
Trisomy 8 38%
i(17q) 20%
Trisomy 19 13%
t(3;21)(g26;0922) 2%
t(7;11)(p15;p15) <1%
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Table6. Comparison of WHO classifications of leukemia in humans and domestic animals.
Human classifications withoabrresponding animal classification were omitted from the list
(see table 1 for complete list). Classifications identified only in animalslengifiedonly in
animals are indicated and associated with a blank in the column with human classifications
(Valli, Jacobs et al. 2002).

WHO Human Classification of Leukemia ‘ WHO Domestic Animal Classification of Leukemia
Myeloproliferative Neoplasms

Chronic neutrophilic leukemia CML, neutrophilic

Chronic eosinophilic leukemia CML, eosinophilic
CML, monocytic
Myelodysplastic/myeloproliferative neoplasms

Chronic myelomonocytic leukemia Chronic myelomonocytic leukemia
Acute myeloid leukemia and related precursor neoplasms

AML/ undifferentiatedeukemia (MO0)
AML with minimal differentiation AML without maturation (M1)
AML without maturation AML with maturation (M2)
AML with maturation Acute promyelocytic leukemia (M3)
Acute myelomonocytic leukemia Acute myelomonocytic leukemia (M4)
Acute monoblastic and monocytic leukemi| Acute monoblastic leukemia (M§
Acute monocytic leukemia (M5B)
Acute erythroid leukemia Erythroleukemia (M6A)
Erythroremic myelosis (M6B)
Acute megakaryoblastic leukemia Acute megakaryoblastic leukemia (M7)
Acute basophilic leukemia Acute basophilic leukemia
Precursor Lymphoid Neoplasms
B lymphoblastic leukemia, NOS B lymphoblastic leukemia
T lymphoblastic leukemia T-cell lymphoblastic leukemia
Mature B-cell Neoplasm
Chronic lymphocytic leukemia B-cell chronic lymphocytic leukemia
B-cell prolymphocytic leukemia B-cell lymphocytic lymphoma intermediate type
Hairy cell leukemia Hairy Cell Leukemia
Mature T- and NK-cell neoplasms
T-cell prolymphocytic leukemia T-cell chronic lymphocytic leukemia
T-cell large granular lymphocytic leukemia T-cell LGL lymphoma/leukemia
Aggressive NK cell leukemia NK-cell chronic lymphocytic leukemia
Adult T-cell leukemia Adult T-celklike lymphoma/leukemia
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Table7. Cytochemical stains used in diagnosis of-hanphoid leukemias in veterinary

medicine (Dean 2003)

Name (abbreviation)

Enzyme/Moiety Labeled

Normal Cells Staining Positive

Peroxidase (PER)

Peroxidase

Neutrophils, eosinophils, +/
monocytes

Sudan Black B (SBB)

Intracellular lipids

Neutrophils, eosinophils, monocyte
(weak)

Chloroacetate Esterase
(CAE)

Neutrophils, Basogts, Mast Cells

Leukocyte Alkaline
Phosphatase (LAP)

Neutrophils (species dependent),
eosinophils, basophils

Non-Specific Esterase
(NAE, NBE)

U-naphthyl butyrate esteras

( N B E-paphthilacetate
esterase (NAE)

Monocytes, lymphocytes,
megakaryocytesy/- plasma cells,
granulocytes

Acid Phosphatase (ACP)

Acid phosphatase

Neutrophils, eosinophils, basophiles
monocytes, megakaryocytes,
platelets, erythroid precursors

b Glucuronid

b glucuronid

Lymphocytes, monocytes

Periodic AcidSchiff
(PAS

Carbohydrates

Lymphocytes, platelets,
megakaryocytes, (weak in
monocytes, eosinophils, and
basophils)

Toluidine blue

Acid mucopolysaccharides

Mast cells

61



Table8. Markers used in
Wilkerson 2012).

immunophenotyping of canine leukgBiackwood 2008;

Antigen Cellular Specificity

CD3, CD5 AllT cells

CDh4 Helper T cells, neutrophils

CD8 Cytotoxic T cells, natural killer cells

CD11b Granulocytes, monocytes

CD11d NK cells/cytotoxic T large granular lymphocytes

CD14 Monocytes, macrophages

CDh21 B cels

CD34 Hematopoietic progenitor cells

CD45 All leukocytes

CD79a B cells

CD90 Monocytes, macrophages, T cells, some B cells

MPO Neutrophils and their precursors

MAC387 Monocytes, macrophages, neutrophils and their
precursors
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Figure 1. Hematopoietic cascaddbreviations as follows: hematopoietic stem cell (HSC),
hematopoietic progenitor cell (HPC), common myeloid progenitor (CMP), common
lymphoid progenitor (CLP), colony forming unit granulocyte erythrocyte monocyte
megakaryoyte (CFUGEMM), and colony forming unit granulocyte monocyte (GEM).
(Adapted fromhttp://daley.med.harvard.edu/assets/Willy/hematopoies)s.jpg
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ALL, 26%
66,030 cases

Approximate Prevalence
of Leukemia

Figure 2.Approximate prevalence and estimated incidence of leukemia in humans.

Other, 11% ALL,12%
5,800 6,020
cases cases

CML, 11%
5,980 cases

Estimated Incidence
of Leukemia

Approximate USA prevalare of the four major types of leukemia as of January 1, 2010

according to the Surveillance, Epidemiology, and End Results pragfrim National
Cancer Institutéleft). Estimated incidence in 2014 for types@&ikemia in adults and
children fromthe Ameaican Cancer SocietgAdapted from Leukemia and Lymphoma

Society 2014)
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Figure 3. Conserved cytogenetic rearrangement in canine CML. (a) Comparative
ideograms showing corresponding regions for HSA 9934 and HSA 22g11 on cani
chromosomes 9 and 26. Orange and green spots indicate the lotaamimeABL and
BCR The horizor | blue | ine on each ideogran
on CFA 9 and CFA 26 (b) Schematic representation of the derivative CFA 9 and
derivative CFA 26 produced by the reciprocal translocation (c) FISH analysis of
metaphase preparations anterphase nuclei in normal canine leukocytes using can
BAC clones representing canid@L andBCRon CFA 9 (orange) and CFA 26 (green
respectively. Inset shows enlarged, single metaphase chromosomes for CFA 9 ar
correctly oriented. (d) Hybridizain of the same two BAC probes to metaphase
chromosomes and interphase nuclei of a canine CML. Heterozygdosatization of
these two BAC clones to the derivative chromosome 26 is evident in the metapha
preparation and etmcalization of one green amhe yellow spot is also evident in the
two interphase nuclei. Inset shows the derivative CFA 26 enlarged and correctly o
(Adapted from Breen and Modiano 2008).
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CHAPTER 2: Genomewide assessment of recurrent genomic imbalances in canine
leukemia identifies evolutionarily conserved copy humber changeand regions for

subtype differentiation

Abstract

Leukemia in dogs is a heterogeneous disease with survival ranging from days to years
depending on the subtype. Strides in both human and canine leukemia have been made to
improve classification and undéading of pathogenesis through the use of
immunophenotyping; however, classification and institution of appropriate therapy remain
challenging. In this study, 123 cases of canine leukemia, including 28 ALLsS, 24 AMLs, 25
B-CLLs, and 46 TCLLs, were assesddor genome wide DNA copy number aberrations for
the first time using higinesolution array comparative genomic hybridization (aCGH). This
extensive catalog of data was then used to identify recurrent DNA copy number changes and
thus genes that may be paotial drivers of pathogenesis in each subtype. Predictive modeling
to identify regions of copy number imbalance that could be used to reliably differentiate
acute subtypes (ALL vs. AML) and chronic subtypesGBL v T-CLL) was performed and
shown to diferentiate cases with up to 83.3% and 95.8% precision, respectively, based on
the copy number status aBBlgenomic regions. In addition, CGH datasets for canine and
human leukemia were compared to reveal evolutionarily conserved copy number changes
acrossspecies, including the shared gain of HSA 21q in ALL and ~25Mb of shared gain of
HSA 12 and loss of HSA 1314 in CLL. These findings further support the use of the dog as
an appropriate model of human disease and narrow the genomic regions of interest in

leukemia for further investigation in both species.
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Introduction

Leukemia in dogs is usually considered a devastating diagnosis as the disease course
is often fulminant and rapidly fatal. However, there is substantial heterogeneity in the
diagnosis and eksification of leukemias and similar variation in prognosis, treatment
strategies, and outcomes within and between subtypes. Leukemias are broadly characterized
by clonal proliferation of malignant hematopoietic progenitor cells in the bone marrow. Over
40 specific subtypes are divided by lymphoid or #ymphoid cellular origin and further
subclassified into acute and chronic forms based on the degree of maturity of the affected cell
type. Chronic leukemias tend to be indolent, while acute leukemiasajgrierve a much
more aggressive course. Leukemia in dogs is often considered rare; however, the true
incidence is unknown, and it likely often goes undiagnosed due to the rapid clinical course
and nonspecific clinical signgJuopperi, Bienzle et al. 201WVeiss and Wardrop 2011
Withrow, Vail et al 2013.

Historically, cytological evaluation of blood and bone marrow was considered the
primarymethodfor diagnosis of leukemiddowever,it has been wellocumented in both
human and veterinary medicine that morphologic classification has limgaaod there is
poor correlation between morphologic appearance and immunophenotype of leukemia
(Vernau and More 1999 Adam, Villiers et al. 200p Cytochemical staining has improved
diagnostic methods but cannot be used for definitive classification of lymphoid leukemias
and can be difficult to interpret inrsgles with undifferentiated cells. Immunophenotyping,
most commonly via flow cytometry, is the preferred method for the phenotypic identification

and characterization of leukemic cells in both veterinary and human me@hiwierg 2009.

67



Despite the advancements in diagnostics in veterinary medicine, clinical qusstions
remainthat arechallenging to answer. Accurate diagisoof acute lymphoblastic leukemia
(ALL) and acute myeloid leukemia (AML) can be problematic despite advances in
immunophenotyping due to limited or aberrant expression of cell markers in early
hematopoietic cells and lack of validated antibodies foriuseterinary medicine
(Wilkerson 2012 Better subclassification and stratificationpatients within a subtype is
also important, and, again, challenging to accomplish using the current methods. For
instance, prognosis of-Bell lymphoproliferative diseases, includingcBll chronic
lymphocytic leukemia (CLL), is highly varied. One studsakiating 17 cases of canine B
CLL identified survival times ranging from ~20 days to >800 days (median=480 days) which
was not related tdifferences irtreatment method€Comazzi, Gelin et al. 201)L

It is widely accepted that neoplastic transformation occurs when regulatory
mechanisms of blood cell progenitors are disrupted as a result of acquired mutations that lead
to abnormalities in proliferation, differentiation, and apoptoBiee molecular understanding
of leukemia lies in analysis of these specific chromosomal mutations including
recombinations (translocations and inversions), gene mutations, and copy number aberrations
(CNAs)(Look and Ferrando 200&a | |-Agioe ol aGutBo®rjraeszLedne al . 20
2013. The importance of nonrandom cytogenetic aberrations in human cancers, specifically
leukemia, was first identified more than 50 years ago with the discovery of the Philadelphia
chromosome in patients diagnosed with chronic myeloid leukemia (CNtwell and
Hungerford 196} This discovery was the first time a karyotypic abnormality could be

linked directly to the pathogenesis of dised3earacteristic cytogenetic and molecular
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abnormalities have since been identified in the other three major subtypes of human leukemia
including CLL, AML, and ALL. Many of these genetic lesions are better predictors of

clinical behavior and outcome than mbology or immunophenotyping alone and have been
incorporated into classification of leukemias based on the World Health Organization scheme
(Swerdlow, Campo et al. 20p&Research is ongoing to better classify human leukemias

based on genetic changes, but overcoming thiéalions related to the vast heterogeneity in
leukemias among a background of extensive natural variation in human populations has
proven to be challengindevine 2013.

Animal models of leukemia are primarily rodent based and have been indispensable
for understanding the biology and biochemistry of molecular changes that occur in
leukemias. However, neoplasms within these models are inducedchudk only a few
genetic changes leading to inadequate representation of important features of tumor biology
including heterogeneity of tumor cells and the complex biology of gene networks known to
contribute to leukemogenesis in humans. In additiomgthge some subtypes of leukemia in
which suitable models have been challenging to develop. Appropriate rodent models of
human BCLL, especially those that accurately portray the indolent form, are limited
(Dighiero and Hamblin 20Q8Bertilaccio, Scielzo et al. 201.3ogs area relevantarge
animal model that provida unique opportunity to evaluate spontaneously occurring
leukemia with similar morphology and clinical characteristics as humans. Evaluation of
recurrent genetic changes using crsgscies comparison tveeen dogs and humans has
identified orthologous regions of importance in brain tunfdl®mas, Duke et al. 20R9

colorectal cancefTang, Le et al. 20)0nonHodgkin lymphomgThomas, Seiser et al.
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2011), osteoarcomd@Angstadt, Thayanithy et al. 201 2Zirothelial carcinoma (Shapiro et al
2014,in preparatiol, and melanoma (Poorman et al 20b4preparationeach of which has
led to the identificatiomf regions of the gnome harboring candidate genes associated with
pathogenesis and with therapeutic potential.

Prior studies have assessed targeted molecular changes in canine leukemia and
identified evolutionarily conserved genetic changes shared with huB@RsABL1
trarslocations have been documented in canine ¢B&tken and Modiano 2098chronic
monocytic leukemia (CMoL{Cruz, Milner et al. 201;1Pérez, Culver et al. 20},Xhronic
myelomonocytic leukemia (CMML{Culver, Ito et al. 2013 and AML (Figueiredo, Culver
et al. 2012 Deletin of RB1, one ofthe most prevalef@NAsin human CLL, has also been
identified in a subset of canine®LLs (Breen and Modiano 2008Canine leukemias have
also been assessed for mutationklin, RAS andFLT3 genes and found to harbor mutations
synonymous with those previously identified in humg@usher, Radford et al. 200Suter,

Small et al. 201)1 Despite evidence of shared clinical characteristics and genetic changes in
humans and dogs, genonvede approaches have yet to be used to evaluate canine leukemia.
In the present study, we aimed to identify recurrent CNAs in 123 cases of canine leukemia,
including regions that may play a fundamental role in pathogenesis, providgigdote
therapeutic targets, and can be used to differentiate subtypes. In addition, we compared
genomewide changes in canine leukemias with previously published human leukemia
datasets to identify shared regions of CNA between canine and human leukeiméa, fu
supporting the use of the dog as a model and narrowing the regions of interest in both

species.
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Materials and Methods

Case recruitment and immunophenotyping

Blood samples from cliemdwned dogs with a confirmed diagnosis of leukemia were
collected fom cases presenting at four veterinary teaching hospitals, Colorado State
University, University of Minnesota, North Carolina State University, and University of
Guelph. All blood samples were obtained with informed client consent under approved
institutional protocols. All cases were diagnosed and immunophenotyped using flow
cytometry as previously describ@dilliams, Avery et al. 2008

The criteria for diagnosis of B cell CLL were a B cell count of greater than 7000/
no siquificant increase in other lymphocyte subsets, small cell size as determined by flow
cytometry and a cytologic description by a board certified clinical pathologist which used the
descriptors fismall 6 and fAmatur ehkavedeend/ or CLL.
shown to exhibit an indolent clinical course consistent with a diagnosis o{ Wlliams,

Avery et al. 2008 B cell count was determined by multiplying the WBC by the percentage
of cells in the blood that expressed COf24t did not express CD5.

T cell CLL cases were diagnosed based on the presence of a lymphocytosis (greater
than 5000 lymphocytgsl) comprising an expansion of T cells (CD3+) with no significant
increase in other lymphocyte subsets, small cell sizerdeted by flow cytometry, and a
cytol ogi c des amimpdti andier ®LL A largersabset o cases (35/46)
met the diagnostic requirements of T zone lymphoma/leukemia (TZL), an indolent
lymphoma that in most cases features circulating netpllgmphocytes resulting in a

lymphocytosigFloodKnapik, Durham et al. 201%eelig, Avery et al. 2034nclusion
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criteria for T zone lymphoma cases were: lymphocytosis (greateb@@hlymphocytesi)
with greater than 25% of the lymphocytes being T cells that do not express Hleelkacyte
antigen CD45. These criteria have been shown to be diagnostic for T zone lymphoma
(Seelig, Avery et al. 2024

All caseof acute leukemiavere identified on the basis of greatfean 1000 CD34+
cellsjul in circulation In addition, o casesvith onlyl38 and 686 CD34+ cel|d/in
circulation were included as they haxbnocyte counts greater than 6Q0@&nd these
morocytes did not express class Il MHThesefeatures havebeen anecdotally associated
with definitively diagnosed AML in the past. Cases with an expansion of €Ddls and
class Il MHC negative were designated AML, whereas cases with CD5 expression were
designated as ALL.

The final cohort comprised 123 leukemia sam@&sALLs, 24 AMLs, 25B-CLLs,
and 46T-CLLs, of which with 26 were CBDZD8- and 20 were CD8+. As previously
indicated, 35/4@-CLLs met the criteria for classification of T zone lymphomaluding 20
CD4-CD8- and 15 CD8+. Canine CML was not included due to the limited number of cases
and the challenges of accurate diagnddignhalment of each case is included in
Supplementary Table Appendixl).

Blood samples from a representative caseash subtype were divided into two
aliquots for the purposes of comparing copy number detection in whole blood and flow
sorted neoplastic cells from the same patient as a measure of the impact of cell heterogeneity
in the blood sample. One aliquot wasgessed as whole blood while the other aliquot was

submitted to the NCSU CVM Flow Cytometry and Cell Sorting Laboratory to sort neoplastic

72



cells from whole blood samples using fluorescent activated cell sorting (Cytomation MoFlo,
Dako). Neoplastic cells wersorted based on expression of CD34 in ALL and AML, CD21

in B-CLL, and CD3 in FCLL to yield a >98% pure population.

Identification of CNAs using oligonucleotide array comparative genomic hybridization
(oaCGH)

0aCGH was performed using a 180,000 fea@@H microarray (Agilent
Technologies Santa Clara, CA) as previously desciibedmas, Seiser et al. 20Ihomas,
Borst et al. 201% The array contains repeaiasked 60mer oligonucleotides spaced
approximately every 13kb across the dog genome (canFam versidhirzddjad-Toh,
Wadeet al. 200%. DNA was isolated from peripheral blood samples collected into EDTA for
each of the 123 leukemias cases and the samples e$dided neoplastic cells using the
Qiagen Blood & Cell Culture DNA Mini Kit (Qiagen, Valencia, CA). Equimolar Isaxd
blood-derived genomic DNA from 25 clinically healthy male and female dogs were used as
common reference samples and werers@xched to each patient. Tumor and reference
DNA (500ng) was labeled with Cyanined® TP and Cyanine-BUTP, respectively, ursg
the Agilent Enzymatic Labeling Kit. Probe hybridization, array washing and scanning was
performed as described elsewh@raomas, Seiser et al. 2011

Image data were processed using Feature Extraction v10.10 software (Agilent
TechnologiesSanta Clara, CA) and then imported into Nexus Copy Number v7.5
(Biodiscovery, Hawthorne, CA) for analysis. Raw data were evaluated to identify and
exclude probes displaying namiform hybridization or signal saturation, and copy number

callsweremadeusng Bi odi scoveryds FASST2 segmentat.
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were based on a minimum of three consecutive probes per segment and mean log2
tumor:reference ratio for defining genomic gain or loss-/e0.1, respectively, resulting in
copy number sttus at a genomeide resolution 026 kb.
In cases in which DNA was isolated from both whole blood and-floited
neoplastic cells, probes in regions of call&dA were compared between the two sample
types based on a MaiWhitney test controlled for nitiple testing using a Bonferroni
correction to identify chromosomal regions with significant differences (fawigg error
rate pXKD.01) in aberration status between the sample types. 0aCGH data from all 123 cases
in the cohort were compiled and filtered to flag regions of naturally occurring copy number
variation(CNV) previously documented to occur in dd@scholas, Baker et al. 20).1Cases
were then separated by leukemia subtypaetermine regions of recurre@NA present in
020% of cases in each subtype. The GISTIC al
the genome in each leukemia subtype with a statistically high frequency of aberration over
the background (@ound¥p.05andGs core O 1.0) indicating thes
to contain a functional mutation associated with driving cancer pathogéBesisikhim,
Getz et al. 200) CNAsthat differ significantly in frequency between immunophenotypes
were evaluated basedonativai | ed Fi sher 6s EXxactdstingusisggt cont
a Bonferroni correction (famityise error rate pKD.01)and a minimum difference of 20%
between the groups specified. Genes within the defined intervals were identified using the
UCSC canine genome browser (http://genome.ucsc.edu/) and the NCBI gene database

(http://www.ncbi.nlm.nih.gov/ger)eGenes previously associated with cancer were based on

those reported in the Cancer Gene Censtig:{/cancer.sanger.ac.uk/cosmic/cepdtigreal,
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Coain et al. 2004, Network of Cancer genes 4l@ttp://ncg.kcl.ac.ul/ and somatic copy

number alterations across human can({®esoukhim, Mermel et al. 20)0n addition,
statistical significance of subtype characterisitncsuding number of CNAand percent of
the genome@ained lost, or changed was determined using a Kru§Kallis test followed by
Mann-Whitney U for posthoc comparisons. Differences with p<0.05 were considered
statistically significant

Further statistical analyses using the Feature Extraction data were performed using R
(R Core Team 2023The signals (rProcessedSignal and gProcessealpigere normalized
using the following equations:
Eq 1.

1 E€0Qi i QQYQQE da
1 £ 0Qi i QQYQQE Oha
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Eq 2.

01 € OQI | QoY i @D 10 6 'Qd
Where,Processed ratigs the centered and normalized ratio of the Agilent processed
fluorescent signals.€gmentation was performed across all chromosomes using circular
binary segmentatio(Olshen, Venkatraman et al. 2004Data were further dichotomized as
gain (1), no change (0), or losg), based on segments that were3HIAD (mean absolute
deviation)from the median of each patients response across all chromosomes. Hierarchical
clusterng was performed using segmented data usi
method. Additionally, available tumor subtype was annotated on the heatmap.

Predictive modeling was performed by first systemically defining regions for the
purposes of feature radtion. These regions were based on an estimate of variance around

each marker and calculated by the following equation:
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Regions were selected based$¥2.5 and were used as features for model development. A
recursive random forest ensemble classification model was initially applied by removing any
feature with Ginicoeffit ent of O and rerunning the model
(OOB) no longer improved. The remaining regions were then used as features in a decision

tree classification model to develop the final model.

Fluorescence in situ hybridization:

Fluoresencein situ hybridization (FISH) of canine leukemia cases was performed as
previously describe(Breen, Hitte et al. 2004rhomas, Borst et al. 201t verify copy
number data obtained by o0aCGH. FISH analysis was performed using panels of
cytogenetically validated clon¢fhomas, Duke et al. 20p8&om the CHORI82 dog

bacterial artificial chromosome (BAC) librarywfvw.chori.org. Panels ofdur or five

differentially labeled BAC FISH probes were assembled to span the length of selected
chromosomal regions involved in recurrent turassociated DNA copy number imbalance.

For identifying full chromosome aneuploidy, BAC probes were spacedfatmnntervals

along the length of the entire chromosome. For subchromosoiNrad, a probe was

positioned within the aberrant region, flanked by at least one probe located proximally and/or
distally to the aberration, within a region of balanced copy nunithes following clones

were used for each panel are identified in Table 1.
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BAC DNA was isolated using a Qiagen REAL Prep 96 kit and was labeled via nick
translation with one of five fluorochromes (Spectrum Red dUTP, Spectrum Orange dUTP,
Spectrum Green dTP (Abbott Molecular, Des Plaines, IL), diethylaminomethylacourmarin
5-dUTP (Perkin Elmer, Waltham, MA), or Cyanird®TP (GE Healthcare, Fairfield, CT).
Labeled probes were pooled into sets of four or five probes as required and precipitated with
sonicatedlog competitor DNA.

Cellular preparations were prepared from heparinized peripheral blood samples from
select canine leukemia cases and from clinically healthy controls. Cells were directly
harvested (in the absence of mitogens) using conventional teelsrad colcimid arrest,
hypotonic treatment and methasgdhcial acetic acid fixation, prior to being dropped onto
glass slides. FISH analysis was performed as described elsgBheza, Hitte et al. 2004
The copy number status of each probe was scored in at least 50 cells for all leukemia cas

and controls.

Comparison of canine and human leukemratigh the use of genomic recoding

To allow direct comparison of 0aCGH data from cam@ukemiaswith published
humanleukemiasthe genome coordinates of all oligonucleotides on the canine array we
imported into the Liftover Batch Coordinate Conversion Tool (http://genome.ucsc.edu/cgi
bin/hgLiftOver), using default settings to establish the orthologous nucleotide sequence
coordinates within the human genome sequence assembly (February 2009, (GBBT3)37
With recoded coordinates, the signal intensity data for each array were reprocessed to output
each canine oaCGH profile with O6virtual &8 hun

were downloaded from the Gene Expression Omnibus (GEO;
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http://www.ndi.nIm.nih.gov/geo/) and imported into Nexus Copy Number for analysis using
similar methods to those described above. Canine ALL was compared to 37 pediatric ALLS
including seven Jcell and 30 Bcell which were assessed using Affymetrix 250k Nsp SNP
arrays(GSE7255(Kuiper, Schoenmakers et al. 2007canine AML was compared to 111

cases of pediatric AML assessed using Affymetrix 250K Sty arrays (GSEXRadtke,

Mullighan et al. 2009 and canine BCLL was compared to 369 cases of hurBaCLL

evaluated using Affymetrix 250k Nsp SNP arrays (GSE28030Qhnarsson, Mansouri et al.

2011). Regions of rearrentCNA shared between dogs and humans of the same leukemia
classification were identified by directly comparing regions of called aberration across
speciesCNAsrecurrent in >10% of the canine cases were compiled with copy number
changes recurrent >386 human cases, and regions of shared CNA were then delineated
based on the minimally shared regions between the datasets. These thresholds were selected
on the premise that based on the sample size of the dog data, a 10% threshold was necessary
toensure egi ons were aberrant in 02 cases. Due
and increased sample sizes of the human datasets, a recurrence threshold of 3% was applied,
with the goal of compiling a complete catalogue of shared aberrations recuidentified

in both species.

Results

Assessment of sample type on detecti@N#s
Blood samples from representative cases of each subtype were divided and DNA was

isolated from whole blood and from a >98% neoplastic enriched cells population obtained b
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fluorescent activated cell sorting. Both DNA samples were evaluated using o0aCGH and the
calledCNAs were compared between unsorted and sorted samples to assess whether the
heterogeneous cell population in whole blood impacted aberration detection. Esapl
0aCGH output for two cases are presented in Figure 1. Case A is an ALL with a WBC count
of ~111,000 cell§/l and shows obvious aberrations present in both populations of cells. Case
B is aT-CLL with a WBC of ~14,500 cellgl and shows minimal abetrans across the

genome in both sample types. No regions with significant difference in aberration status
between the two samples types were identified in any of the cases investigated, supporting

the use of whole blood DNA for analysis of other cases.

Gerome wide overview @NAin canine leukemia

Overall, within the cohort of 123 cases of canine leukemia, genomic imbalance in
copy number status across the genome was low, with primarily small aberrations and few
highly recurrent changes in copy numbetwstg Figure 2). DNA CNAs were detected in
each of the 123 cases evaluated with a median number of aberrations of 75 (fa2gg 25
The approximate size distribution of CNAs was assessed by determining the number of
aberrations that occur in each of thédwing size ranges: <250 kilobases (kb), Z8ID kb,
500 kb1 Megabase (Mb),-EMb, and >5Mb identified (Table 2). Approximately 50% of
imbalances were smaller than 250kb. Gains and losses occurred with approximately the same
frequency, and no significadifferences were identified between the total number of
aberrations or the frequency of gains or losses between leukemia subtypes. The only
statistically significant difference in aberration frequency identified was a greater number of

losses>5Mb in ALL compared to other subtypes (p<0.05).
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With the size of aberrations heavily skewed towards small intervals, a potentially
more relevant measure of genomic imbalance is the percent of the genome impacted by
regions ofCNA (Figure 3). Overall, an average D86 (range 0.34.0%) of the genome
wasimpacted by regions @NA in canine leukemia, with 3.6% (range {26.3%) gaied
and 2.4% (range 0-22.8%) lost When subtypes were compared ALL was found to have
significantly greater percent of the genome charagetipercent of the genome lost (p<0.05).

No significant differences in percent of the genome gained were identified between subtypes.

CNAsIn subtypes of canine leukemia

The four subtypes of canine leukemia evaluated in this study were separated and
further assessed for specific region<THA that are recurrent in greater than 20% of the
population. Characteristics of recurrent CNAs and the lists of recurrent CNAs for each
subtype are identified in Table 3 and Supplementary Table 2 (App&ndespectrely. In
addition, regions determined to be significant based on the GISTIC (Genomic Identification
of Significant Targets in Cancer) algorithm were also identified (Tab|Betpukhim, Getz
et al. 2007. GISTIC identifies regions in which the frequency and magnitude of genomic
gain and loss are significantly incredsrelative to the genorveide background level of
aberration. This indicates they are aberrant more often than would be expected by chance
within the population, suggesting these aberrations are more likely to contain drivers of
cancer pathogenesis.

Amongthe canine ALLs, the most extensive region of recurrent CNA includes gain
of the entire length of chromosome 31 (CBB) in 25% of cases; with the most distal

portion of the chromosome being gained in 43%. Whole chromosome gains &, GQEA
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13, 19, and@6 were also evident, in addition to loss of CkAbut none were aberrant in
>20% of cases. The most penetrant changes not in regions of CNV were losses of small
regions at CFA8g11.2q12 (89%) and CFA6q12 (72%) containing tiECRA/D(T cell
receptor alpa and delta chains) afi@RB (T cell receptor beta chain) genes, respectively,
both of which were also found to be significant when the GISTIC algorithm was apptied (G
score >1, Gbound<0.05; Table 4). A copy humber loss located at CFA22q11.1:4,362,788
4,763,828 Mb was also found to be significantly associated with ALL, and the extended
region of significance (3,518,968156,289Mb) includemirl5a mirl6-1, andRB1
(retinoblastomal), which are wédhown for their roles in cell proliferation and
tumorigeresis.

In cases of AML, the only recurrent whole chromosome change included a gain of
CFA7 in 21% of cases. The regions with greatest frequency of gain include@40E2q13
containingTERT(telomerase reverse transcripfase46% of cases, and CE28g18
containingENTX (VENT homeobox) gained in 42% of patients. Both of these regions
were also identified as significant CNAs based on tH&TBT algorithm (Table 4)The three
regions with the greatests§gores included losses BCRA/D, TCRB andTCRG (T cell
receptor gamma chain), which was surprising sincsetlsaseare of myeloid origin. The
region with the next highest-&ore includes the loss N1 (neurofiborominl; CFA9g24:
44,812,99744,848,495), which is biologically relevant in myeloid tumors

Both phenotypes of CLL have fewer recurrent CNAs than the acute leukemias.
Recurrent gains iB-CLL include gain of the entire length of CHA in 28% of cases

including a peak containingNT7B(winglessrelated MMTYV integration site 7B; CFA
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10g21) gaind in 44%. Small regions containifgeRT(36%) and\NR4A1(nuclear receptor
subfamily 4; CFA27q11; 28%) are also recurrently gaine@#CLL. The most penetrant
regions of imbalance include th&H (immunoglobulin heavy chain; CF8g33.3),IGK
(immunoglobtin kappa chain; CFA7916), andGL (immunoglobulin lambda chain; CFA
26024) loci, all with losses identified in 96% of cases. Several regions found to be recurrent
were also present in regions of significance based on GISTIC, including los&d€ afid
IGH and gains o'WWNT7BandNR4A1(Table 4).

The cohort off-CLLs comprised 20 CD8+ and 26 CIoD8- cases, of which a large
subset were specifically classified as TZINAs were compared between the two
phenotypes (CD8+ vs CB@D8-), as wellas TZLandonnT ZL cases, wusing Fis
tests corrected for multiple testing and at least a 20% difference between the groups. No
CNAs were identified to be significantly different between groups, and therefore the CD8+
and CD4CDB8- phenotypes of both TZL andn-TZL cases were combined together as one
cohort for further analysis. The most frequent loss@s@1iL were identified in th@ CRA/D
andTCRB regions in 98% and 85% of cases, respectively. The most frequent gains in regions
without a CNV were peaks atf35g32 containing NFRSF18&ndTNFRSF4members of
the tumor necrosis factor superfamily) gained in 39% of cases and &H&.1 containing
CSMD3(CUB and Sushi multiple domains 3) gained in 29%, both of which were identified
to be significant based on tSTIC algorithm (Table 4). There were no whole
chromosome changes classified as recurrent, though CFA13 was nearly recurrent being

gained in 18% of cases
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"FISH was performed to validate 0aCGH analysis in cases in which fresh heparinized
blood was availale for cellular preparations. Trisomy of CHAwas validated in 3 cases of
AML in 72-84% of cells (Figure 4A). Gain CFR0 was assessed in 2 caseB-@LL, and
three copies were identified in G&% of cells (Figure 4B). Gain of 13 was also assessed in 1
case of ALL, and 2 cases ®fCLL (Figure 4C). Three copies of CFA 13 were identified in
60-80% of cells, with 4 copies of varying individual probes present occasiona36(6f
cells). Loss oRB1 identified via 0aCGH in ALL an®&-CLL, was also valid&d in one case

of each subtype with hemizygous loss occurring in 82% and 34% of cells, respectively.

Differentiation of subtypes in canine leukemia base@NAs

Hierarchical clustering was performed on the cohort of 123 cases using segmented
values scaleé across each probe (Figure 5). Leukemia subtypes were found to largely cluster
with cases of the same subtype. Chronic leukemias clustered in larger grould® cdses
with the same phenotype, whereas the acute leukemias formed smaller gro@psasof
their respective subtypes with cases of AML and ALL being more interspersed in larger
clusters consisting of acute leukemias. Heterogeneous clusters within the dendogram include
cases from all four subtypes in which copy number changes were ofdavpéitude with
zero to few larger regions of imbalance (CNAs >1Mb).

Subtype specifi€NAs were further assessed using predictive modeling targeted to
differentiate subtypes of acute leukemia (AML from ALL) and chronic leukemi@L(B
from T-CLL), which annot be differentiated based on morphological assessment alone.
Acute leukemia model 1 was optimized using two regions: 8654725.88 Mb and CFA

27:28.7228.91 Mb (Figure 6A). These regions classified 82.7% of cases correctly with an
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overall precisiorof 83.3% (88% for ALL and 77.8% for AML). The region on CBAs part
of theTCRA locus, therefore a subsequent model was generated excludif@RaindIG
genes, as deletions in these regions are suspected to be due to receptor rearrangement, a
normal pocess that occurs in all lymphocytes. Acute leukemia model 2 utilizes three regions:
CFA 2:26.0526.07 Mb, CFA19:23.0423.33 Mb, and CF/1:32.4138.18 Mb (Figure 6B).
This model accurately classifies 69.2% of cases with an overall precision of 69.5% (67.
for ALL and 70.8% for AML). Gene candidates within all model regions were identified.
The region of CFA includes onlfPHYH (phytanoytCoA 2-hydroxylase), and the region of
CFA 31 contains numerous genes includRigNX1(runtrelated transcription fact 1),
ERG(v-ets avian erythroblastosis virus E26 oncogene) Eari8P(v-ets avian
erythroblastosis virus E26 oncogene), which are all known to play a role in tumorigenesis.
No genes are annotated in the regions of QFAn model 1 and CFA9 in model 2.

The first model generated for differentiation of chronic leukenBa€I(L andT-
CLL) required only CFA8:5.765.88 Mb to classify 95.8% of cases correctly (Figure 7A).
As previously mentioned, this region includes Ti&RA locus, therefore a second mouels
generated that excluded the region§GRandIG genes. The second model utilizes three
regions to classify 87.3% of cases correctly with an overall precision of 85.8% (78.8% for
CLL and 93.0% foil-CLL; Figure 7B) including the following: CFA&:45.30-46.57 Mb,
CFA 10:31.2737.13, and CFAL4:5.285.80. Several cancer associated genes are present
within these regions includingUC1 (mucin 1),PBXIP1(pre-B-cell leukemia homeobox

interacting protein 1) an@KS1B(CDC28 protein kinase regulatory subiubiB) on CFA7
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andPRDM4(PR domain containing 4GRY1(cryptochrome 1), anNUAK1 (NUAK

family, SNFZxlike kinase, 1) on CFAOQ.

Evolutionarily conserved regions 6INAidentified in leukemia in dogs and humans

To directly compare synonymous copy humbleanges shared between dogs and
humans with the same subtypes of | eukemia,
datasets of human ALL, AML, an®8-CLL were downloaded from GEO. A representative
and comparative datasetBICLL was not available due tbe rarity of these phenotypes in
humans. OverallCNAsin dogs visually appear to be more penetrant and cover a greater
proportion of the genome compared to humans in all subtypes (Figaf®s 8

Cases of canine ALL (n=28) were compared to 37 casesnodéih pediatric ALL
including 30 cases of-Bell ALL and 7 cases of-€ell ALL (GSE7255(Kuiper,
Schoenmakers et al. 200Bhared regions @&NA conssted of 79 regions (69 gains, 10
losses) ranging in size from 14.3 kb to 54.5 Mb including regions on 14/22 human autosomes
(Figure 8A; Table 5). In human ALICNAs (including both gains and losses) present in
>3% of cases encompass ~898 Mb, of which 3iéshared b NAsin the same direction
in canine ALL. Human chromosome 21q (H82g21.122.3) is highly recurrently gained in
both species. HSA, 6, and 17 alsoave a high proportion (327%)of the chromosome
included in regions of shared copy numbaing Figure 8BE).

Canine AML was compared with 111 cases of human pediatric AML (GSE15731
(Radtke, Mullighan et al. 2009The human data set is characterized by a low burden of
genomic imbalance with 265 Mb of DNA included in regions of copy number imbalance

(Figure 9A). There are a total of 13 regions of sh&Bid (11 gains, 2 loss¢gsomprised of
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~29 Mb in total, resulting in 11% of aberrant human DNA being shared between species
(Table 6). Shared regions of imbalance occur on only three chromosomes including HSA
8, and 24Figure 9BD). The largest region of shared gain includ&6.5 Mb of HSA
8024.1324.22, which includes the oncogeMd¥C (v-myc avian myelocytomatosis viral
oncogenepandPVT1(Pvtl oncogene).

CanineB-CLL was compared with a human dataset consisting of 369 caBeSIdf
(GSE28030(Gunnarsson, Mansouri et al. 2Q1%imilar to the human AML dataset, tBe
CLL data set appears to have limited genome copy number instabilitpnly a few
chromosomes impacted by regions of recurXA which total ~255 Mb (Figure 10A).
Comparison of caninB-CLLs results in the identification of 17 regions of shaC&A
totaling ~31 Mb (12% of human aberrations). Sha@ébhsrange in sizérom 33 kb to 20.2
Mb, skewed towards small intervals with 14/17 regions <1 Mb in size (Table 7). Shared
regions of imbalance occur on seven chromosomes, with the largest region oicdkAred
being a gain of HSA2g13.221.2 (Figure 10C), which comprisesmerous cancer related
genes includingDK2 (cyclin-dependent kinase AKZF4 (IKAROS family zinc finger 4),
ERBB3(v-erb-b2 erythroblastic leukemia viral oncogene homolods3)ATE(signal
transducer and activator of transcription®RK4 (cyclin-depenént kinase 4), ansiDM2
(MDM2 oncogene, E3 ubiquitin protein liggsamong otherddSA 13q14.214.3 contains
the shared region of loss with the greatest penetrance in human cases (55.6%), which

contains the biologically relevamirl5aandmirl6-1 (Figure10D).
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Discussion

It has been previously suggested that cytogenetic and molecular evaluation in canine
leukemia may lead to improved diagnosis, better understanding of progmassotentially
more advanced and directed therapeutic approaches imeeyemedicingJuopperi,

Bienzle et al. 201;1Withrow, Vail et al. 2013 In this study, we performed the firstde
scale genom&vide analysis and comparative assessment of @NAs in four broad
subtypes of canine leukemia including ALL, AMB;CLL, andT-CLL. This serves as a
critical first step in identifying recurrent genetic aberrations that differentiatepsgtf
leukemia in veterinary medicine and contrilaite better understanding of disease
pathogenesis in both dogs and humans.

Whole blood was used for DNA isolation and 0aCGH analysis for all cases in this
study due to the ease of sample collectioneAfiaCGH analysis of a subset of cases used as
preliminary data, numerous cases lacked any visibly obvious aberration (#b)lleading
to concern that the sensitivity of aberration detection may be compromised by cellular
heterogeneity in whole bloodaG@GH data were therefore obtained using DNA isolated from
both whole blood and neoplastic cells that had beendloted to >98% purity. No
difference in aberration detection was identified between sample types, indicating that the
use of whole blood deréd DNA was appropriate for further case analysis. This finding was
expected on the basis that leukemic cells, in the majority of cases, are the largest cell
population in whole blood of dogs with leukemia. In addition, it has been determined that
DNA CNAscan be detected in cell populations containing 10% of abnormal cells

(Krijgsman, Israeli et al. 20)3lIt is expeatd that low frequency of aberrations in some cases
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is more likely a result of disease heterogeneity with different molecular subtypes, which
mirrors what is seen in humagullighan, Goorha et al. 20QRadtke, Mullighan et al.
2009 Gunnarsson, Mansouri et al. 201#&vine 2013.

Physically extensive regions of recurrent chromosomal imbalance were limited in
number in all subtypes. ALLs contained a gain of CHAn 25% of cases, with the
frequency of the most distal portion of the chommme increasing to 43%. Gain of CBA
is recurrent in numerous other canine cancers with similar frequencies includeiy B
lymphoma(Thomas, Seiser et al. 201hemangiosarcom@homas, Borst et al. 2014
osteosarcomg@Angstadt, Thayanithy et al. 200 2nd glioma Thomas, Duke et al. 20D9A
gain of CFA7 was dentified in 21% of AML cases. Interestingly this chromosome has not
met our definition of recurrence (i.e. >20%) in other tumor types, with only ~5%cefl T
lymphomagThomas, Seiser et al. 201dnd ~10% of histiocytic sarcomédedan, Thomas
et al. 201}, gliomas(Thomas, Duke et al. 2009andosteosarcoma#ngstadt, Thayanithy
et al. 2012 including a gain of this chromosome. Gain of CFAvas also previously
identified in a case of CMMIKCulver,lto et al. 2013 which may indicate that gain of this
chromosome is related to the shared myeloid lineage of AML and CMML. Similarly, while
gain of CFA10 was present in 28% BFCLL cases, this aberration was uncommon in
numerous other canine tumopgs assessed previously; reported in <5% of cases of
lymphoma(Thomas, Seiser et al. 201 bsteosarcom@Angstadt, Thayanithy et al. 20j1&nd
glioma(Thomas, Duke et al. 20p%nd ~10% of histiocytic sarcom@dedan, Thomas etl.

2011).
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Similarities between mature hematological neoplasms of the same phenotype in dogs
based on previously published findings in canine lymphoma are apfé@nemas, Seiser et
al. 201). The genomic profile dB-CLL and Bcell lymphona B-LSA) share numerous
similarities including gains of CFA 10, 13, and 31, but interestingly the frequencies were
varied.B-LSA contains recurrent gains of CAS (~25%) and CFA1 (~20%) whileB-
CLL has lower frequency gains (~10%) of these chromosadimesnot meetingour
threshold of recurrenc&-CLL, on the other hand, recurrently gains CEA which is
gained with lower frequency (~5%) BtLSA. Low frequency gains of CF2 and the
telomeric end of CFA, and low frequency losses of CHA are alsshared, suggesting an
association between these regions and B cell neoplasms in dogsTvhénwas compared
with T-cell ymphoma T-LSA), T-CLL was found to have overall less genomic imbalance
with few aberrations shared with a similar frequency, perihelated to the indolent nature
of T-CLL. T-LSA has recurrent gain of CFE3 (~35%) and nearly recurrent loss of CFA
(~18%), which are both found -CLL at lower frequencies (CFA3 ~18%; CFAL6
~10%). Gain of CFA3 is also identified at a low freqney in both diseases.

The most penetrant losses in our dataset include deletionsTiCRI@Ci in up to
98% of T-CLL and thelG loci in 96% ofB-CLL, both of which are mirrored ifi-LSA and
B-LSA, respectivelyThomas, Seiser et al. 201The losses are presumed to result from the
process of antigen receptor rearrangement in which antigen receptor chains are assembled
from variable (v), optional diversity (d), joining (j), and constant (c) regions genes to yield an
extensive repertoire of ceptor specificities. Losses of ti€RIoci are also identified in up

to 89% ofcanineALLs. In addition, there is evidence of copy number loss at lgithand
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IGL loci in ALLs; howeverthese regions are more challenging to interpret as they are poorly
annotated in the dog genome, surrounded by regions identified as naturally occurring CNVs
(Nicholas, Baker et al. 20),1and are also lost in ndrematological neoplasms in dogs. The
IGK locus which is not associated with regions of CNV, is not found to contain losses in
ALL. ALLs in this study were not able toe clearly differentiated as B and T cell; however,

in previous studies of canine leukemia in which a more extensive panel of flow cytometry
markers was used, it was concluded that the majority of canine ALLs-ce# iR origin

(Adam, Villiers et al. 2009Tasca, Carli et al. 2009Loss ofTCRand notilGK in our cases

may indicate the ALLs are primarily-@ell phenotype. In humans, howeveg andTCR
rearrangements cannot be reliably used as specific markers for B and T cell lineage,
especially in ALL. In human B\LL, >95% of cases rearrang@H, while 60% of cases
rearrangdGK. A high rate of lineage irdielity in B-ALLs has been identified witiCRD
andTCRB rearrangements found in 89% and 35% of cases, resped®velyc z e pa E&s ki ,
PongersWillemse et al. 1999 In our subset of canine ALLS, losses involving Ti&RA/D
andTCRB loci were present in 88 and72% of cases, respectively. TRERD gene is
encompassed within the largeCRA gene, andgain, because annotation of these regions in
the doggenomas lacking, it is not possible to properly differentiate these region in the
genomewide data. Human cases ofALL display less lineage infidelity with >95% of cases
rearranging th@ CRloci ard only 20% of cases rearrangiltgH (Sz c zepa Es-ki , Pong
Willemse et al. 1999 The exceptional rate of lineage infidelity in ALL compared with

mature neoplasms and normal lymphocytes are thought to be related to ongoing dctivity o

the recombinase system on accessible gene loci. Interestingly, approximately 30% of canine
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AMLs in our dataset also have deletions inTi@Rloci. This is not an uncommon finding in
humans with about a third of human AMLs exhibiting rearrangememn@Hror TCRIoci

(Kyoda, Nakamura et al. 19971 ikewise,canine AMLs have previouslyeen documented to
havelGH rearrangements in a third of cases evalu@Bednett, Vernau et al. 2003t is also
possible that these cases had been misclassified as myeloid, or perhaps were more
representative of a biphenotypic population. In the future, further assessment of
rearrangments iNTCRandIG genes of acute leukemias in dogs is necessary, as
characterization of these rearrangements in humans have been suggested to be a prognostic
indicator(Kyoda, Nakamura et al. 1993 z ¢ z e p a Es-killemseRebah 1P89r s
Schmetzer, Braun et al. 20d®gan, Vashet al. 2013.

Hierarchical clustering of all 123 cases of canine leukemia revealed that cases of the
same subtype do cluster together, indicating that there are CNAs that differentiate subtypes
and that cases of the same subtype frequently look tilexr cases of the same subtype at a
genome wide level of copy number imbalance. Therefoveas expectethat predictive
diagnostic models could be developed based on regicDN Afto differentiate AML versus
ALL, and B-CLL versusT-CLL, as both of thesdistinctions are nearly impossibleskd on
morphological assessmeartd can even be challenging via flow cytometry in the case of
acute leukemias. The first models generated for both the differentiation of acute and chronic
leukemias were reliant on thess of TCRAD loci for differentiation of subtypes. As we
assume these deletions are associated with the process of receptor rearrangement, copy
number losses in this region in any population @yrphocytes, both normal and neoplastic,

would be expectd and therefore losses could be identified in lymphocytosis unrelated to a
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neoplastic process. While this could still be used effectively in differentiation of the
subtypes, it is expected that it could not confirm a neoplastic population. Both modgls usi
these loci had high precision with 83.3% in differentiating acute leukemias and 95.8% in
differentiating the chronic leukemias.

An additional model for each subtype differentiation was generated with exclusion of
all IG andTCRIoci. The second modebf differentiating acute leukemias, with a precision
of 69.2%, uses three regions of the genome, two with no identifiable link to cancer, and the
third, CFA31 gained in ALLS, which contains several genes associated with leukemogenesis
includingRUNX2, ERG andETS2and is a conservedNA shared with humangStrefford
2006 (Baldus 2004Baldus, Burmeister et al. 200®larcucci, Maharry et al. 2007
Chronic leukemia model 2 also includes the use of three regions, two of which contain
several cancer related genes. The regionfef Tis gained irB-CLLs and include€KS1B
which is associated with pathogenesis and prognosis in multiple myeloma, another
hematopoietic neoplasia of&ll origin (Fonseca, Van Wier et al. 200 region on CFA
10, also found to be gainedB3iCLLs, includesCRY1which is upregulated in highsk B-
CLL patientgEisele, Prinz et al. 2008ndNUAKZ1, previously implicated in the
pathogenesis of multiple myelonj@uzuki, lida et al. 2005

This was the first time that comparative analysis of CNAs between dogs and humans
with leukemia was assessed. Globally, the profiles of gerwithe copy number imbalance
in dog and humans share similar characteristics. In our cohort of canine@Cl®esyere
skewed towards small intervals with 85% of aberrations <1Mb in size. Similar distribution

had been documented in human studies. For instance, in a study assessingg24@ ped
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ALLs, it was noted that the minimally aberrant regions typically measured less than 1Mb in
size, with approximately half containing only a single géviellighan, Goorha et al. 2007
Studies in CLL have yielded similar findings, with a large proportion of aberrations <1 Mb
(Kay, EckelPassow et al. 201Gunnarsson, Mansouri et al. 2Q10Overall, in human
studies, losses have also been found to be more common than gains in every(Kuighgpe
Schoenmakers et al. 20Mullighan, Goorha et al. 20Q0Kay, EckelPassw et al. 2010
Gunnarsson, Mansouri et al. 201l a study of AML, it was noted that while the frequency
of losses was greater, entire chromosomes were gained more frequently t(Rarlost
Erba et al. 2010 In dogs, we found no significant differences in the frequency of gains and
losses in all subtypes. We also noted that while there were nun@xAsin ~20-30% of
cases, there were very f@@NAsthat were present at a greater frequency. This finding is
also observed in humans and credited to be due to the heterogeneous nature of the disease.
It is a widespread hypothesis in cancer research that abiit@s@current among
patients are more likely to be associated with pathogenesis comparedrezaoent events.
Using cross species comparison heightens this hypothesis to include events that are not only
recurrent among human cases, but are evolattigrconserved in other species with similar
histological characteristics and disease progression. In order to directly compare and easily
identify regions of share@NA across species, the dog data was recoded and arranged to
appear as though it was humand then compared with previously published human data
sets downloaded from GEO.
Compaison of ALL in dogs and humans revealed thbbut a third of the aberrant

regions were shared across species @iiA\s in the same direction, includirgain ofHSA
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219 (CFA 31), the most highly recurrent aberration in both species. There are several genes
known to be associated with cancer and leukemogenesis in this region in€luthbgL,
ERG andETS2 RUNXLis a transcription factor and complex regulator of hep@tsis that
controls the balance between proliferation and differentiation. It is commonly involved in
translocation in both AML and ALL, and the result of this translocation is attenuation of
RUNX1activity leading to increased proliferation and impaidéterentiation. Conversely, it
has also been identified that overexpression leads to the development of leukemia in a mouse
model and can stimulate proliferation, indicating that for hematopoiesis to proceed normally,
RUNX1needs to be tightly regulat¢Briedman 2009Lam and Zhang 20)2ERGandETS2
are transcription factors in the same family that also help to regulate hematod€3sis.
frequently overexpressed in AML patients with an amplification of HSA 21; increased
expression has been associated with a higher incidence of relapse and found to be an
independent negative prognostic factor for survidddrcucci, Maharry et al. 200.7In T-
ALL increased expression &RGhas also been related to inferior overall and relapse free
survival (Baldus, Burmeister et al. 2006ETS2is known to be critical for numerous cellular
processes including proliferation, differentiation, and apoptosis. Overexpres&dsaas
been previously identified in acuteuleemia and has also been correlated with copy number
amplifications suggesting the increased DNA dosage is likely contributing to overexpression
(Baldus 2004

In AML, potentially the most striking similarity between dogs and human®ikatik
of recurrent aberrations in both datasets. In humans, AML is the subtype of leukemia that is

the most molecularly heterogeneous, has the poorest prognosis, and is potentially the most
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widely studied. Recent reports have highlighted the lack of genoomplexity in AML.

Normal karyotypes are common with few recurrent aberrations identified. AMLs also have
fewer sequence mutations than most other adult cancer types and more than 25% of human
AML cases carry no mutations in known leukerassociated@nes which has made
differentiating initiating and cooperating mutations challengivglch, Ley et al. 2012

Cancer Genome Atlas Research Network 200\& did identify a ~20Mb region of shared
copy gain between dogs and humans on HSA 8 (CFA 13), which isdotletheMYCand
PVT1loncogenes that are frequentlyamplified in numerous tumor typéSarramusa,

Contino et al. 2007 Comparison of the dog data to other human AML datasets in the
literature identified other shar€&NAsthat were not evident in the AML dataset used for
comparison in tis study. A focal deletion dIF1was previously identified in 7% of human
AMLs and 42% of cases with adverse r{Skiela, Alvarez et al. 20)Avhich is especially
interesting giverNF1 was identified in the region @&NA with the highest Gcore (apart

from TCRIoci) when evaluated using the GISTIC algorithm in our canine dataset.

The comparison dB-CLL between dogs and humans revealed the highly penetrant
regions in human cases are shared in the dog. In most of theseesstae aberrant genome
interval in the dog is smaller than the corresponding human region, which allows for the
narrowing of human regions of interest. The most frequent aberration in human cases was a
loss at 13q14 in ~56% of patients. While this I@spriesent in only 12% of dogs, the region
of copy number loss in dogs is in close alignment with themailty deleted region in
humansand includes theniR15a/miR161 loci thought to play a role in the pathogenesis of

CLL. RB1was historically thought tbe pathologically associated with losses in this region,
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but newer high resolution technologies have narrowed the region to that of the miRNA loci.
RB1has previously been identified to be deleted in canine leuk@rean and Modiano
2008, and vas also lost in 8% d-CLLs in this cohortDLEUZ2 (deleted in lymphocytic
leukemia 2) is the nenoding gene that hosts bathiR15A andmiR161, which are known
to play a critical role in controlling the expansion of matureeBs through downregulation
of genes controlling cell cycle entry. It has been found that downregulatdbEif2
accelerated proliferation of both human and mousel& by modulating expression of
genes controlling celtycle progressiofKlein, Lia et al. 201D

The next most recurre@NA in human CLL is trisomy HSA 12 which is partially
orthologous to the aberrant regions aetected on CFA 27 and CFA SA 12 is ~133Mb
in length, of which ~25.3 Mb is shared in the dog, which nastbe region of shared
aberration by 80%. There are numerous cancer and leukemia related genes within the shared
25Mb region includingcDK2, CDK4, IKZF4, STAT6, MDM2nd several bers.CDK2 and
CDK4 have both been found to be upregulateB-GLL and have been targeted with CDK
inhibitors in clinical trials with favorable resul{gorz, P€herer et al. 200Zong, Chen et
al. 201Q Flynn, Andritsos et al. 201&odbersen, Agaval et al. 2013 IKZF4 is a member
of the Ikaros transcription factor family. This particular family member remains poorly
understooghowever the role of numerous lkaros transcription factors have been previously
implicated in hematological malignaies based on the role they play in the regulation of
important cell fate decision during hematopoiesis. Increased expression of several Ikaros
genes have been found in numerous hematological malignddciesand Ward 20)1

STATGs involved in signal transduction and has been linked to transformation and increased
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cell proliferation in hematopoietic malignanci@uns and Kaplan 2006In addition, an
increase in STAT6 protein expression has been identified in patients with CLL with a HSA
12 trisomy(Winkler, Schneider et al. 20P3ncreased expression MDM2, an inhibitor of
p53, has been associated wthor outcome in CLL and is considered a possible therapeutic
target in humangGryshchenko, Hofbauer et al. 2008

Another region of interest shared between dogs and humans is tloé tfershort
arm of HSA 2. While only present ir346 of patients in this dataset, it has been identified to
be highly recurrent in cases of untreated human patients with progressive (IXegseo,
Leporrier et al. Q10). Again, by evaluating the regions of shared aberration between dogs
and humans, the region of interest is narrowed to a more manageable size (~28 Mb) of
investigation. The shared region was found to include a few genes already potentially linked
to CLL pathogenesiZAP70(zetachain TCR associated protein kinase 70kDa) expression is
a welkknown marker of poor prognosis in CLL and was recently found to activateBNF
signaling leading to increased proliferation and cell sun{iratle, Rombout et al. 2013
REL, a member of the NkB family present in the shared region of gain on HSA 2, is a key
regulator of differentiation and cell specific gene expression in B cells. Gains of this loci
have also been reported other Bcell lymphoproliferative disease including diffuse large B
cell ymphoma, mantle cell ymphoma, and Hodgkin disease, in which copy number
amplification was associated with increased nuclear sta{Bagh, MartinSubero et al.
2003. Also within the shared region of gainNEEIS1(meis homeobox 1) which has been

found to be overexpressén ALL (Rozovskaia, Feinstein et al. 20@rgiropoulos, Yung et
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al. 20079 and associateditih progression of myeloid leukemia through differentiation arrest,
selfrenewal, and cell cycle activityVong, Iwasaki et al. 2007

It is important to acknowledge that one of the limitations in this study is that the
biological impact of the CNAs could not be further evaluagdtablesamples for RNA
isolation and gene expression analysis were not available, leaving us only the opportunity to
glean information from previous literature. In order to investigate expression changes, blood
would need to be collected into an RNA stalaitian agent prior to being stored (e.qg.
PAXgene Blood RNA Kit, Qiagen) to prohibit vitro changes to the transcriptor{izebey
Pascher, Hofmann et al. 2Q1Archiving of RNA-stabilized blood samples would allow for
future expression analysis using either a targeted approach with quantitative-reverse
transcriptase polymerase chaiacgon (QRFPCR) to evaluate specific candidate genes
suggested here or a genomigle approach using a microarray which would allow for
merging of the genomeide copy number and expression data. Either method would lead to
discovery of genes with copy nib@r changes accompanied by synonymous changes in gene

expression which are more likely to be intricately involved in the pathogenesis of leukemia.

Conclusion

Canine leukemia is an incredibly heterogeneous disease in which classifications of
certain subtyps are challenging based on morphology and still not clearly delineated using
immunophenotyping methods. The addition of genomics in human medicine has improved

classification and risk stratification of leukemias, and it is expected the same can occur in
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veterinary medicine. Genomic profiling of 123 cases comprised of four main subtypes
allowed for genomevide analysis of copy number imbalance in dogs and comparative
assessment of aberrations shared between dogs and humans. Overall the genomic profiles of
both species showed global similarities with numerous shared regions of copy number
change In many cases, comparing species allowed for narrowing of the region of interest in
CNAs in human leukemia. These data reiterated the heterogeneity of the diseaiserbtne
distribution of CNAs and low frequency of the majority of recurrent aberrations. Recurrent
and significant regions @NA were identified in each subtype of canine leukemia, many of
which contain known cancer related genes. Furthermore, idhtégions of diagnostic
relevance will be further assessed in validation cohorts in future studies. Given the
heterogeneity of the disease, further assessment of recurrent and digZgNéstia a larger
cohort would also likely be beneficial. These datke a large and important contribution to
the catalog of molecular findings in canine leukemia and support the need for further
assessment of molecular changes in canine leukemia and the validity as a model for human

leukemias for the advancement of beéterinary and human medicine.
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Tablel. BAC Clones from CHORB2 dog library used for FISH analys&tart positionsn
base pairs (bp) according to CanFam2 genome assembly.

CHROMOSOME | BAC CLONE START POSITION
(bp)

7 362E04 3,172,261

7 182-C02 23,023,900
7 326012 42,632,862
7 334-P01 63,349,778
7 122121 83,666,897
10 315E20 3,069,928

10 122-C08 23,364,116
10 335A24 33,187,242
10 328L11 53,000,461
10 330-P10 72,197,474
13 199-F19 4,523,780

13 335M01 28,175,151
13 191-A04 33,742,078
13 098B16 50,007,605
13 186-G02 64,868,825
22 386-:D17 3,212,903

22 521-E11 6,004,418

22 186-B04 13,920,896
22 313012 23,402,077
22 126-H23 32,615,961

Table2. Median number of aberrations and size distribution by subtype. Percentage of total
aberrations by subtype is includedparentheses. Figures that are statistically significant
compared to other subtypes are bolded. (*p<0.05)

CNAs <250kb | CNAs 256500kb] CNAs 500k 1Mb | CNAs 1Mb-5Mb] CNAs >5Mb
SUBTYPE| GAIN | LOSS | GAIN | LOSS | GAIN | LOSS | GAIN | LOSS | GAIN | LOSS
ALL 15 22 8 12 45 5 15 3 1 1.5
(21%) | (29%) | (10%) | (12%) | 6%) | %) | (4%) | 6%) | @) | 2%)

AML 23 | 205 [ 145 | 55 5.5 3 3 2 1 0
(26%) | 27%) | (14%)| %) | %) | 6%) | (4%) | 4%) | a%) | 1%)

sl | 19 20 7 7 3 5 1 3 1 0
(23%) | 31%) | (9%) | (13%) | 6%) | %) | @w) | 6%) | 1%) | 0%)

Tl | B5 ] 175 6 4 4.5 4 2 2 0 0
(26%) | (29%) | (10%) | (10%) | 6%) | @%) | (4%) | @%) | @) | 1%)
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Table3. Characteristics of recurrent CNAs in canine leukemia by subtype. Recurrent CNAs
were defined as being aberrant in >20% of the population. All percentages are based on the
total number of recurrent CNAs.

CHARACTERISTIC ALL AML B-CLL T-CLL
Recurrent CNAs 231 184 134 82
Recurrent Gains 89 (39%) 139 (75%) 80 (60%) 52 (63%)
Recurrent Losses 142 (61%) 46 (25%) 54 (40%) 30 (37%)
Size range 18kb-39.2Mb 3.3kb-80.9Mb 11.6kb-69.5Mb 6.5kb2.0Mb
Median size 238kb 236kb 177kb 207kb
194 (84%) 174 (95%) 123 (92%) 76 (93%)
CNAs <1Mb ) ) . .
81 gains, 113 loss{ 131 gains, 43 lossg 73 gains, 50 lossg 50 gains, 26 lossq
48 (21%) 49 (26%) 53 (40%) 39 (48%)
>50% CNV overlap ) . . .
23 gains, 25 leses| 20 gains, 29 lossey 21 gains, 32 lossq 18 gains, 21 lossd

110



Table4. Regions of CNA found to be significant based on GISTIC method. This method
calculates a &core based on the frequency of the occurrence and the amplitude of the copy
number chang and assesses the statistical significance of the CNAs by compaging th
observed statistic to the overall pattern of aberrations seen across the genome.

REGION TYPE | Q-BOUND | G-SCORE IF;\IC%SESR'EEE GENES OF
ALL

chr8:5,840,39%,855,628 | CN Loss | 2.66E09 | 9566 | TCRA/D
chr18:14,658,1134,695,371| CNLoss | 3.07E09 | 60.34 | TCRG
chr16:9,742,118,773,985 | CNLoss | 3.07E09 | 47.98 | TCRB
chrX:335,102372,566 CNloss | 0008 8.42 | SHOX, P2RY8
chr25:14,521,8634,541,114| CN Loss |  0.009 6.67
chr23:23,787,81@3,842,18 | CNloss | 0.009 624 | GMPS, MLF1, WWTR1
chr31:39,607,1089,643,583| CN Gain |  0.000 561 | U2AF1
chr24:35,827,2685,867,695| CN Loss | 0.018 5.35
chr22:4,362,788.763.828 | CN Loss | 0.033 488 | mirl5a, mirl6l, RB1
chr30:10,124,3930,193,135| CN Gain | 0.005 3.58
chr12:5.201,185,270.234 | CN Gain |  0.005 3.52
chra:88,497,0188,577,070 | CN Gain |  0.007 3.40
chr36:28,098,5428,205,027| CN Gain |  0.032 294 | CHNL, HOXD11, NFE2L2
chr34:14,295 4384,353,106| CN Gain |  0.045 283 | TERT

AML

chr8:5,831,055,855,628 | CNLlos | 583512 | 3221 | TCRAD
chr16:9,757,55B,773.985 | CNLloss | 5.83E12 | 19.52 | TCRB
chr18:14,658,11d4,695,371| CN Loss | 1.67E09 | 1434 | TCRG
chr9:44,812,99714,.848.495 | CN Loss |  0.003 681 | NFL
chr7:44,749,80214,795.768 | CN Gain |  0.010 432
chr22:43,165,13@6.184,489| CN Gain |  0.037 332 | GPC5, GPC6
chrX:0-143,538 CNGain | 0037 317 | P2RYS8
chr34:14,628,2334,770,478| CN Gain | 0.038 251 | TERT
chr13:32,025,8582,130,741| CN Gain |  0.039 248 | NDRG1
chr12:5,201,185,270.234 | CNGain | 0.039 2.43

chr8:5,708,6265,716,%51 CNGain | 0.040 241 | TCRAD
chr18:55,899,7955,990,657| CN Gain |  0.041 236 | MACROD1
chr19:26,734,0826,839,883| CN Gain |  0.042 231
chr28:43,662,0583,804,472| CN Gain |  0.049 216 | VENTX
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Table4. (continued)

REGION TYPE Q-BOUND G- POSSIBLE GENES OF
SCORE | INTEREST
B-CLL
chr17:40,839,92610,866,023| CN Loss 1.03E13 37.59 IGLk
chr8:75,979,0065,995,859 | CN Loss 7.34E11 16.67 IGH
chrl5:23,192,68%23,592,383| CN Loss 4.27E09 15.07 ANKS1B, FBXW7
chr14:13,623,8013,644,630| CN Loss 5.77E04 7.53
chr10:23,187,5723,285,3% | CN Gain 9.40E07 412 WNT7B
chr11:43,831,7383,899,685| CN Gain 1.61E05 3.08
chr22:63,871,8253,897,768| CN Gain 6.14E05 2.85
chr13:32,025,8582,130,741| CN Gain 6.90E05 2.84
chr7:44,776,06314,814,712 | CN Gain 0.002 2.19
chr20:43,525,5683,%0,311 | CN Gain 0.004 2.09
chr4:39,042,2239,194,034 | CN Gain 0.007 1.98 GRK6
chr4:74,476,2364,630,614 | CN Gain 0.024 1.76
chr25:53,370,31:63,416,492| CN Gain 0.030 1.72
chr28:43,108,5633,165,201| CN Gain 0.030 1.72
chr27:5,862,41%,966,868 CN Gain 0.034 1.69 NR4A1
chr9:51,949,6661,974,590 | CN Gain 0.045 1.64 NOTCH1, ABL1, TRAF2,
BRD3, LHX3, NUP214,
RALGDS, TSC1
T-CLL
chr8:5,840,396p,855,628 CN Loss 5.79E09 76.31 TCRA/D
chrl16:9,757,550,797,164 CN Loss 5.79E09 36.91 TCRB
chrl8:14,658,13-14,695,371| CN Loss 5.79E09 26.85 TCRG
chr12:5,201,185,270,234 CN Gain 7.79E07 6.73
chr15:23,243,39@3,592,383| CN Loss 0.031 6.42 NDRG2
chrX:0-143,538 CN Gain 0.001 4.56 P2RY8
chr31:38,171,2788,193,697| CN Gain 0.001 452
chr10:23,205,6123285,357 | CN Gain 0.012 3.73 WNT7B
chr13:15,429,5935,683,373| CN Gain 0.014 3.68 CSMD3, RRM2B, EXT1
chr4:74,476,2364,630,614 | CN Gain 0.022 3.49
chr5:59,367,55%59,481,691 | CN Gain 0.023 3.45 TNFRSF18, TNFRSF4
chr18:49,342,01:89,392,277| CN Gain 0.025 3.37 CARS
chrl2:61,445,7651,508,748| CN Gain 0.025 3.28 PTP4A1, FUT9
chr34:14,717,9384,781,691| CN Gain 0.025 3.20
chr7:44,811,57314,814,712 | CN Gain 0.025 2.87
chr5:3,728,75%,768,118 CN Gain 0.030 2.63
chr30:10,124,3930,193,135| CN Gain 0.032 2.58
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Table5. Shared regions @NA in dogs and humans with ALL. Regions were identified by
comparing aberrations present in >10% of the canine cases with aberratidifiedlien

>3% of human caseBor each region, the copy numiesent(CN gain vsloss), the number

of genes, and the frequency of aberration in both the dog and human cohorts are included.
For some frequencies, a range is listed, indicating the freque@yAfvasnot stable

across the entire region.

REGION EVENT GENES %CFA %HSA
chr40-40808181 CN Gain 373 10.732.1 548.1
chr4:4273744818758236 CN Gain 36 10.7 54
chr4:5270577&7350182 CN Gain 51 10.7 8.1
chr4:579024289090118 CN Gain 35 10.7 54
chr4:705087455509386 CN Gain 66 10.7 54
chr4:125181414.37896400 CN Gain 29 10.7-14.3 54
chr4:13848025144386271 CN Gain 46 10.7 54
chr4:176408007176438939 CN Gain 0 10.7 54
chr6:3346523:8606668 CN Gain 463 14.325 10.818.9
chr6:62030184116569012 CN Gain 301 10.7-14.3 10.818.9
chr6:116610284.16772460 CN Gain 6 10.7 135
chr6:131762561.32090022 CN Gain 7 14.3 135
chr6:1700985770899992 CN Gain 9 10.7 18.9
chr8:23227672584646 CN Gain 2 14.3 54
chr8:10513478114850252 CN Gain 31 14.321.4 5.4
chr8:130351818.46274826 CN Gain 203 10.721.5 6.4
chr10:5931430%9617647 CN Gain 0 14.3 10.8
chr10:7266683&3507410 CN Gain 14 10.7-17.9 8.1
chr10:790907949205310 CN Gain 18 10.7 10.8
chr10:8071084481032317 CN Gain 6 10.7 10.8
chr10:876703688165280 CN Gain 3 14.3 8.1
chr10:10269722-103099243 CN Gain 19 143 8.1
chr10:132245208.35374737 CN Gain 61 10.725 10.813.5
chr12:57258104 7505598 CN Gain 1 10.7 54
chr12:5783028568182553 CN Gain 0 10.7 54
chrl2:12471383024993169 CN Gain 0 10.714.3 54
chr12:13224449432349534 CN Gain 240 10.7-14.3 8.1
chr14:2256077323136959 CN Gain 38 10.7-25 18.9
chr14:238167024074056 CN Gain 19 10.7-14.3 18.9
chr14:247058924785839 CN Gain 0 10.7 18.9
chrl4:4733297317504393 CN Gain 2 10.7 18.9
chr14:6510962%65445614 CN Gain 1 10.7 18.9
chr14:9087231-8113690 CN Gain 4 10.721.4 18.9
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Tableb. (continued)

REGION EVENT GENES %CFA %HSA
chr14:9282542®3172970 CN Gain 4 10.714.3 18.9
chr14:9422407®4469738 CN Gain 1 10.7 18.9
chr14:962552636743200 CN Gain 1 10.7-14.3 18.9
chr14:100557733.00602893 CN Gain 51 10.7 18.9
chrl4:100995099102084743 CN Gain 24 10.7-14.3 18.9
chr14:104545028.06368585 CN Gain 47 14.325 18.9
chr17:8933051689654 CN Gain 23 10.7 10.8
chrl7:34790443921471 CN Gain 17 10.7 10.8
chr17:43029946906748 CN Gain 71 10.721.4 10.8
chrl7:624807772409D6 CN Gain 59 14.3 10.8
chrl7:7599533203701 CN Gain 63 10.7 10.8
chr17:9565674€862989 CN Gain 6 10.7 10.8
chrl7:17641786.8811050 CN Gain 60 10.7-14.3 10.8
chr17:2113986:22200000 CN Gain 12 10.7 10.8
chrl7:264990426965653 CN Gain 10 10.7 10.8
chrl7:2716641687578356 CN Gain 10 10.7-21.4 10.8
chr17:3127876B3001308 CN Gain 54 10.7 10.8
chrl7:361580386939647 CN Gain 60 10.7 135
chrl7:3775275@88773756 CN Gain 59 10.7 13.5
chr17:3955412%10378206 CN Gain 32 17.9 135
chrl7:408704621098888 CN Gain 10 10.7 13.5
chrl7:422232542470413 CN Gain 5 14.3 13.5
chr17:4292882413374676 CN Gain 15 14.3 135
chrl7:472729249041673 CN Gain 2 10.717.9 13.516.2
chr17:5080810&%0931107 CN Gain 1 10.7 10.8
chr17:547619364859092 CN Gain 2 10.7 10.8
chr17:5636929%66605365 CN Gain 2 10.7 10.8
chr17:5890103%9384791 CN Gain 30 17.9 10.8
chrl7:647987065030975 CN Gain 4 10.7 10.8
chr17:6830026@9694759 CN Gain 16 10.7-21.4 10.8
chrl7:7044996& 3124404 CN Gain 116 14.3 10.8
chr17:73305507 3769964 CN Gain 23 14.3 10.8
chrl7:73802527 8774742 CN Gain 158 10.7-17.9 10.8
chr18:456311946400522 CN Gain 10 10.7 8.1
chr18:6333309%3559964 CN Gain 2 10.7 8.1
chr21:1550224416944323 CN Gain 415 28.542.3 48.7-54.1
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Tableb. (continued)

REGION EVENT GENES %CFA %HSA
chr7:14186727042201754 CN Loss 58 10.7-39.3 8.1-:24.3
chr9:3457786334830509 CN Loss 17 10.717.9 8.1
chrl12:6862453051767 CN Loss 20 10.7#17.9 54
chrl12:7821718117622 CN Loss 7 10.7 5.4
chr13:449631552697610 CN Loss 150 10.7-25 5.48.1
chrl3:5314497%4228654 CN Loss 14 10.7 5.4
chr15:4015449810220895 CN Loss 2 14.3 5.4
chr15:410436841367545 CN Loss 7 10.7 5.4
chr15:4187733942012268 CN Loss 10 10.7 5.4
chr16:68270329%68284720 CN Loss 3 10.7 5.4

Table6. Shared regions &€NA in dogs and humans with AMIRegions were identified by
comparing aberrations present in >10% of the canine cases with aberratidifie ddien

>3% of human caseBor each region, the copy numigsent(CN gain vs. loss), the number
of genes, and the frequey of aberration in both the dog and human cohorts are included.
For some frequencies, a range is listed, indicating the freque@yAfvasnot stable

across the entire region.

REGION EVENT GENES %CFA %HSA
chr8:2154745€1655111 CN Gain 2 16.7 9
chr8116040103117844613 CN Gain 3 12.5 8.1
chr8:12449713335051522 CN Gain 90 12.529.7 9
chr8:138899424.46274826 CN Gain 161 12.533.3 9
chr22:234279424626889 CN Gain 21 16.720.8 4.5
chr22:2553198827229646 CN Gain 13 12.545.8 4.5
chr22:364853288620029 CN Gain 71 12.529.2 4.5
chr22:3958964:39938004 CN Gain 8 125 4.5
chr22:450958545705902 CN Gain 9 12.5 4.5
chr22:4629383246564959 CN Gain 4 12.529.7 4.5
chr22:4764474619691432 CN Gain 62 12.529.7 4.5
chr7:310486681111222 CN Loss 1 125 3.6
chr7:14209642-142500376 CN Loss 30 16.7 3.6
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Table7. Shared regions &NA in dogs and humans wi+CLL. Regions were identified

by comparing aberrations present in >10% of the canine cases with aberrations identified in

>3% of human cases. Feach region, the copy numbmrent(CN gain vs. loss), the number
of genes, and the frequencyaiferrationin both the dog and human cohorts are included.

For some frequencies, a range is listed, indicating the freque@yAfvasnot stable

across thentire region.

REGION EVENT | GENES %CFA %HSA
chr2:26161653277852 CN Gain 2 12 3.3
chr2:486772349646318 CN Gain 6 32 3.3
chr2:50228923%0542410 CN Gain 1 32 4.1-6.2
chr2:590634769133970 CN Gain 1 32 3.3
chr12:5170379%1757474 CN Gain 3 16 10.3
chr12:524071063088084 CN Gain 28 12.028.0 10.3
chrl2:5413722464171034 CN Gain 0 16 10.6
chr12:557074565899163 CN Gain 224 28 10.6
chr12:10451319408338177 CN Gain 28 32 10.3
chr12:11335378013838353 CN Gain 13 20 10.3
chr20:607531261458399 CN Gain 28 16 5.2
chr4:10208956.02173433 CN Loss 16 4.1
chr11:8568143'B5826673 CN Loss 12 4.9
chr11:9591409°96100080 CN Loss 12 5.7
chr13:4113892311774659 CN Loss 14 16 6.5
chr13:5062201%50902051 CN Loss 8 12 55.6
chrl7:476771%511647 CN Loss 48 16 3.25
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Figurel. Genomewide 0aCGH profiles compizag DNA isolated from peripherdilood to

DNA isolatedfrom flow-sorted neoplastic cells in cases of canine leukemia. Blood samples
for representati cases of canine ALL (A) and canineCLL (B) were collected and DNA

was isolated from both whole blood and a >98% pure population of neoplastic cells derived
from fluorescence activated cell sorting. 0aCGH profiles of whole blood (i);stoted
neoplatic cells (ii), and the stacked overlay of the two profiles (iii) were assessed for
differences in aberration detection between sample type due to presumed cell heterogeneity
in whole blood. Each oaCGH profile includes the chromosom88,id) on the xaxis and

log2 tumor:reference ratio on theayis with gains visible above the midline, and losses
below the midline. The case of ALL (A) has a gairC&fA 31 and loss of the proximal half

of CFA 22 and CFAX which is equally evident in profiles of both spl@ types (Aiii). The

case ofT-CLL has fewCNAs evident in either sample type (Bij) and the profiles are
indistinguishable when overlaid (B, iii).
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Figure 2.Penetrancelots of genomavide CNAs in four subtypes of canine (eukemia
including ALL (A), AML (B), B-CLL (C), andT-CLL (D). CFA1-38 and X are plotted

across the-axis, and the percentage of cases that demonstrated either copy number gain
(blue, above midline) or loss (red, below midline) within a defined chromdsegian are
represented on theakis. The horizontal lines above and below the midline indicate the 20%
threshold for definition of a recurre@NA.
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Figure 3 Genomic imbalances in each subtype expressed as percent genome ahdriped
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Figure 4.FISH verifies recurrenENAsidentified via 0aCGH. Each panel{®) includes a
representative interphase nuclei harvested from whole blood from a dog with leukemia. The
inset shows a control dog chromosome wihrect localization of each of the differently
labeled BAC clones and the approximate Mb position of each clone. Copy number of each
colored probe is also indicated in each panel. (A) Trisomy of chromosome 7 in AML. (B)
Trisomy of dog chromosome 10B¥CLL. (C) Trisomy of chromosome 13 CLL. (D)

Loss of region containingB1in ALL.
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Figure 5.Hierarchical clustering of canine leukemia cases based on genome wide copy

number status. Data consisted of segmented values that wiexe &sed clustered using
Euclidian distance and Warddés met hod. Col umn
represent individual markers along the genome. Blue indicates a region of gain and red

indicates a region of loss. Subtype metadata is annotateddhb column.
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Figure 6.Diagnosticpredictor models for differentiation of AML and ALL based on copy
number status of regions defined using a random forest ensemble classification model
followed by a decision tree classification model. Model #1 includ&@€Rlocusas part of th
model, wkereas model #2 was generated after exclu@it@BandI|G loci from modeling.

Above each box the number of cases following that branch and the percentage based
total number of cases (n=52) is indicated. Inside each box includes the number of AML
ALLs following that branch and the percentage of each subtype based on the total nun
cases following that branch. A classification of primarily AML is designated by yellow b
and a classification of primarily ALL is designated by red boxes.
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Figure 7.Diagnostic predictor models for differentiation of@.L and T-CLL based on cop?
number status of regions defined using a random forest ensemble classification model
followed by a decision tree classification modébdel #1 indudes al CRlocusas part of the
model, whereas model #2 was generated after exclddiipnd| G loci from modeling.
Above each box the number of cases following that branch and the percentage based
total number of cases (n=71) is indicated. Ingideh box includes the number of®.Ls and
T-CLLs following that branch and the percentage of each subtype based on the total n
of cases following that branch. A classification of primarilCBL is designated by blue
boxes, and a classification afiparily T-CLL is designated by green boxes
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Figure 8.Comparison of recurrent genontidNAsin canine (CALL) and human ALL

(hALL). The canine data has been recoded according to the equivalent location of each loci
on the orresponding human chromosome. (A) Genamge penetrance plots of CALL and
hALL. HSA 1-22 are plotted across theaxis, and the frequency of copy number gain (blue,
above midline) or loss (red, below midline) within a defined chromosomal region are
represented on the-gxis. The horizontal lines above and below the midline indicate 10%,
which was the threshold applied to select regions of imbalance in the dog to compare with
humans. (BE) Selected chromosomes with region€dfA shared across speciesefuency

of gains (blue) along the chromosome is indicated on the right of each chromosome, while
frequency of losses (red)irsdicated on the left. The scale ranges fro&006 to better

visualize low frequency changes. The muastable sharedegion isthe gain of 21q (E)
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Figure 9.Comparison of recurrent genon@iNAs in canire (CAML) and human AML

(hAML). The canine data has been recoded according to the equivalent location of each loci
on the correponding human chromosome. (B¢nomewide penetrance plots of cCAML and
hAML. HSA 1-22 are plotted across theaxis, and the frequency of copy number gain (blue,
above midline) or loss (red, below midline) within a defined chromosomal region are
represented on theakis. The horizontdines above and below the midline indicate 10%,
which was the threshold applied to select regions of imbalance in the dog to compare with
humans. (BD) Selected chromosomes with region<C®fA shaed across species.

Frequency ofjains plue) along the aglomosome is indicated on the right of each
chromosome, whil&requency of losses (red)irsdicated on the left. The scale ranges from
0-50% to better visualize low frequency changes.
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Figure10. Comparison of recurrent genon@®As in canine (8-CLL) and humar-CLL
(hB-CLL). The canine data has been recoded according to the equivalent location of each
loci on the corresponding human chromosome. (A) Genwide penetrance plots oBe

CLL and BB-CLL. HSA1-22 are plotted acroské xaxis, and the frequency of copy number
gain (blue, above midline) or loss (red, below midline) within a defined chromosomal region
are represented on theayis. The horizontal lines above and below the midline indicate
10%, which was the thresholdm@ied to select regions of imbalance in the dog to compare
with humans. (BC) Selected chromosomes with region<COfA shared across species.
Frequency of gains (blue) along the chromosome is indicated on the right of each
chromosome, whilérequency of losses (red)irsdicated on the left. The scale ranges from
0-50% to better visualize low frequency changes. (D) Highlighted region of 13§24.3
including bothRBlandDLEU2/mirl5a/mirl6a. The minimally deleted region in humans is
shared with 12% afanine patients and includes theEU2/mir15a/mirl6a complex.
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CHAPTER 3: Evolutionarily conserved sequence mutions in canine acute leukemia

Abstract

Canine acute leukemia is a devastating diagnosis in veterinary medicine due to the
fulminant couse of disease and presumed grave prognosis. In huidansfication of
numerous genetic mutatiohasbeen instrumental in improving classification, prognostic
stratification, anddentifying therapeuti¢dargetsn leukemia. Little is known about the
molecular heterogeneity of canine leukemia, but it is anticipated that similar discoveries in
the dog can be used to advance classification, prognostication, and treatment options in
veterinary medicine. Wdocumentedhe mutational status ®§OTCH1 TP53 and NPM1
for the first time in 48 cases of canine acute leukemia, in addition to sequBIiAE)
KRAS FLT3, andKIT, which were previously found to be mutated in canine acute leukemia.
Overall, 66.7% (32/48) cases of canine leukemia had at least onéomutatiuding 79%
(19/24) of ALLs, and 54% (13/24) of AML&IRASMutations were the most common
(39.6% of cases), followed by internal tandem duplications identifiedl T8 (18.8%, all in
ALLs). Additionally, insertion and deletion mutationsNNOTCHZ1and point mutations in
TP53were identifiedand found to be synonymous with those previously identified in
humans. These findings provide further insight into the potential pathogenesis of canine
leukemia and indicate a shared pathogenesis across spetiggiadreased support for the

use of the dog as an appropriate model for human leukemias.
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Introduction

Acute leukemia in humans is a clinically and biologically heterogeneous disease
arising from neoplastic transformation of blood cell progenigraresult ofacquired
genetic alterationthat lead to abnormalities in proliferation, differentiation, and apoptosis.
Severaimechanism#cluding recombinations (translocations and inversions), gene
mutations, and copy number changes all known to be inicately involved in this process
(Look and Ferrando 20Q6ldentification of recurrent gene mutations in acute leukemia,
especially acute myeloid leukemia (AML), has bewraluable in improving diagnostic
classification, prognostic risk stratification, and identifying new therapeutic targets,
particularlyin patients with normal cytogenetics. For instance, identification of mutations in
NPM1 (nucleophosmin 1) anELT3 (fms-related tyrosine kinase 3) in AML have been
determined to be clinically relevant enough to create independent subclassifications based on
the presence of those mutations. In addition, both of these molecularly defined
subclassifications have well charatzed prognoses witNPM1mutated cases associated
with a highly favorable prognosis, and patients WitiT 3 mutations having a more adverse
outcome. As a result, numerous FLT3 tyrosine kinase inhibitors are being tested in clinical
trials to improve treaent strategies in these patief@sholl, Fricke et al. 20Q%tirewalt
and Meshinchi 2010

Presence of genetic mutations has also been increasingly studied in acute
lymphoblastic leukemia (ALL). Despite the overall favorable treatment outcome, improving
risk stratification of Bcell ALL by identifying patientsvith a high probability of relapse at

the time of diagnosis could change the therapeutic strategy in those cases and further improve
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outcomegZhang, Mullighan et al. 2031T-cell ALL is less common than-BLL but is

more aggressive and associated with a poorer outcome. Prognostic factors have been
challenging to identify in JALL, as the classic prognostindicators such as age and tumor
burden are not predictive of outcodOTCH1(notch 1) mutations have since been
identified in >50% of TALL and found to be independently associated with a shorter
survival (Zhu, Zhao et al. 20Q0@&nd a promising therapeutic targeaganin and Ferrando
2011).

Currently, acute leukemia in dogs is a devastating diagnosis due to the fulminant
course of the disease and lack of efficacious therapeutic oftiensau and Moore 1999
Williams, Avery et al. 2008 The disease is characterized, similarly to humans, by neoplastic
transformation of early hematopoietic precursors leadiraperrant proliferation and
decreased apoptosis resulting in the accumulation of poorly differentiated blast cells. Canine
acute leukemia is considered rare; however, the true incidence is unknown. It has been
speculated that it goes undiagnosed and wmteg due to the rapid and fatal course of
disease and nespecific clinical signgWeiss and Wardrop 20)1Acute leukemia in dogs
can often be further divided into ALL and AML using flow cytometry or
immunocytochemistry; however, challenges with differentiating these subtypes in veterinary
medicine still remain. Accurate classificatiohhmman leukemias requires integration of
clinical findings, morphological characteristics, immunophenotype, and presence of genetic
aberrations, which directly influences prognosis and selection of successful treatment

strategies.
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Mutations inFLT3, KIT, NRAS(neuroblastoma RAS viral {ias) oncogene
homolog, KRAS(Kirsten rat sarcoma viral oncogene homaoljpgndHRAS(Harvey rat
sarcoma viral oncogene homolog) have been assessed previously in 36 cases of acute
leukemia, in which 61% were found to caint at least one mutatiq/sher, Radford et al.
2009. FLT3 mutations were further assessed in a group of seven primary ALLs and a canine
B-cell leukemia cell line confirming that constitutively activatddl'3, as a result of internal
tandem duplication (ITD) mutation, leadsitareased phosphorylation of downstream
mediatorgSuter, Small et al. 20}1In this study we aimetd identify mutations ilNPM1,
NOTCH21, andTP53(tumor protein 53) in canine acute leukemia for the first time and add to
previous studies by evaluating mutation& i3, KIT, NRAS andKRASIn an additional 48
cases of canine leukemia doing so, we aaght tofurtheridentify markers of acute
leukemias in dogs, gain further insight into the pathogenesis of canine leukemia, and support

the use of the dog as an appropriate large animal model for human leukemia.

Materials and Methods

Sample recruitmentrad immunophenotyping

Blood collected into EDTA from fortgight cases of canine acute leukemia,
including 24 ALLs and 24 AMLs, was acquired and immunophenotyped as part of the
dataset in chapter 2 (p0). To serve as contrqglblood from 24 clinically halthy dogs (12
females and 12 males of various breeds) was collected into EDTA tubes [note: all control
dogs were included in the common reference samples used for analysis in chapter 2].

Genomic DNA was isolated from all 72 blood samples using the QRBlgex & Cell

130



Culture DNA Mini Kit (Qiagen, Valencia, CA and manuf acDNAqualityds pr ot

and quantitywas assessed using spectrophotometry to confirm 260/280 >1.8 and gel

electrophoresis to confirm it was of high molecular weight.

PCRPrimers

Genomic sequences were downloaded from the UCSC dog genome browser
(CanFam3.1) for the following gendd-T3 (NM_00102081}, KIT (NM_00100318},
NRAS(NM_00128706% KRAS(NM_00126151P, NPM1(NM_00125217), NOTCH1
(XM_005625433, andTP53(NM_00100321p. PCR primers were designed to amplify
DNA sequences of interest includifrg T3 exons 14, 15, and 28T exons 8, 10, 11 and 17,
NRASexons 1 and KRASexons 1 and 2\PM1exon 11,NOTCH1exons 26, 27, and 34,
andTP53exons 7 and 8. All primers were dasggl for intronic sequences to ensure good
quality sequencing data was obtained for the full length of the coding exon(s). Exons of
interest were based on identification of mutations reported previously in human and/or canine
leukemia(Weng, Ferrando et al. 2008uzuki, Kiyoi et al. 2005Haferlach Dicker et al.
2008 Paulsson, Horvat et al. 2008sher, Radford et al. 200&iantin,Aresu et al. 2013 In
instances where two adjacent exons of interest were separated by a shorFlaI®exons
14/15,KIT exons 10/11, an@iP53exons 7/8), one primer set was designed in the flanking
introns so that the forward primer was upstrednthe first exon and the reverse primer was
downstream of the second exon (Table 1). All primers were synthesized by Integrated DNA

Technologies (Coralville, IA).
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Polymerase chain reaction and sequence analysis

Polymerase chain reaction (PCR) was perfarmg&ng KAPA HIFI HotStart
ReadyMi x (Kapa Biosystems, Boston, MA) and n
25pl reaction included 12.5ul ReadyMix, 300nM each of forward and reverse primers, and
50ng of genomic DNA. Each batch of PCR also included a nvegatter control. Thermal
cycling conditions were an initial denaturation at®@%or 5 minutes; followed by 30 cycles
of 98°C for 20 seconds, 6@7°C for 15 seconds, and T2 for 15 seconds; with a final
extension at 7Z for 5 minutes. Annealing tempeuna¢ of each primer set was optimized
using control DNA prior to experimental testing (Table 1). Due to the high salt concentration
of the proprietary PCR master mix, optimal annealing temperatures are higher than with
other PCR buffers or mixes as per thanufacturer. All PCR reactions were column purified
using the GeneJET PCR purification kit (Thermo Scientific, Waltham, MA) and assessed via
gel electrophoresis. In the event two bands were present, individual bands were excised and
purified using the Miilute Gel Extraction Kit (Qiagen, Valencia, CA) to be sequenced
separately.

Purified amplicons were sequenced by conventional Sanger sequencing using the
PCR primers at the Genomic Sciences Laboratory at North Carolina State University.
Sequencing was plermed in one direction using the forward primer with identified
mutations being confirmed in both directions. Electropherograms were visualized using
FinchTV v 1.4 (Geospiza, Seattle, WA), and mutations were detected using Mutation
Surveyor v 4.0.9 (Soféenetics, State College, PA) and CLC sequence viewer v.7.0

(CLCBio, Boston, MA).
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Results

NOTCH1 mutations

Assessment of mutations NOTCHZ1has not been reported previously in the dog.
Exons 26, 27 (HD domain), and 34 (PEST domain) were all amplifiexperiently via
PCR and sequenced in all 48 leukemia cases and 24 controls. A silent heterozygous or
homozygous mutation was identified in exon 26 codon 1668 (C/T ifthageposition) in
nine (37.5%) ALLs, seven (29.2%) AMLs, and seven (29.2%) contigh is likely a
previously unidentifieagingle nucleotide polymorphisn$NP. No other mutations were
identified in any dogs with leukemia or controls in exons 26 or 2VTCH1

In exon 34, two silent mutations were identified. The first was ardenated SNP
(rs24549517; NCBI dbSNP Canine build 139) at codon 2452 observed in eight (33.3%)
ALLs, seven (29.2%) AMLs, and six (25%) controls. The second silent mutation occurred in
codon 2458 (G/A in the'8base position) in one ALL, two AMLs, and onentm|. Three
cases of canine ALL also contained insertions or deletions in exon 34 including the
following: 7482.7483ns CTGG(L13), 7454.74595nsTCCTGGTTTTCTGQEL16), and
7453.7454 del G@E.18). When the presumed resulting protein sequence was trarfstated
the DNA sequences, it was found that all three of these mutations result in a shift in the

reading frame leading to a premature stop codon (Figure 1).

TP53 mutations
TP53mutations have also not been previousiyortedn a cohort of canine
leukemia Exons 7 and 8 were @mplified in each case and control and sequenced. Overall,

a total of four mutations were identified in five dogs, including four ALLs, and one AML, all
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in exon 7 (Figure). Two different mutations occurring at codon 61were founatliding
Arg261His in an ALL and Arg261Ser in two ALLs. In addition, mutations at codon 270

(Arg270His) and codon 290 (Gly290 Arg) were identified in an ALL and AML, respectively.

NPM1 mutations
This is the first imeNPM1was evaluated in the dog. Extfh (Synonymous with
human exon 12) was amplified and sequenced in all cases. No mutations of any kind were

identified in any leukemic or control dogs in this cohort.

FLT3 mutations

PCR of exons 14 and 15 BE T3 identified internal tandem duplications %24
ALLs (37.5%) and no AMLs. In all cases, the wilgpe allele was identified and found to be
identical to the genome assembly sequence. The size of insertion ranged-8@rbdde
pairs (bp), with a median of 30bp (Figure 3A). The predicted amincsadgigence of all
samples maintains the reading frame, with insertions of two cases duplicating amino acid
sequences verbatim (L10, L13), six including duplicated sequence with additional non
duplicated sequence (L1, L3, L7, L11, L14, L16), and one insediidive amino acids not
found in the wildtype sequen€e20)(Figure 3B). The remaining sequence for ITD positive
cases (apart from the insertion) aligned with the wildtype sequence with no evidence of point
mutations. No sequencing data from ITD negatiases or controls revealed any point
mutations or additional inserts too small for gel electrophoresis detection.

No mutations were identified in any AMLs, ALLSs, or control samples in exon 20 of

FLT3.

134



KIT mutations
No missense mutations or insertionsrevdetected in PCR amplicons of exons 8, 10,
or 11 ofKIT in any acute leukemia or control dogs. A heterozygous or homozygous silent
A/G mutation was noted in exon 8 at codon 425 in 17/24 (70.8%) AMLs, 20/24 (83.3%)
ALLs, and 20/24 (83.3%) controls. Tmsicleotide change is consistent with SNP
rs22299980 (NCBI dbSNP Canine build 139).
A heterozygous mutation in exon 17KifT was identified in two AMLs, both of
which resulted in an A/T change and an amino acid switch at codon 815 from aspartic acid to
valine (Asp815Val) (Figure 4). No additional mutations were identified in the other leukemia

or control samples.

NRAS mutations

NRASmutations were the most prevalent in this cohort of canine acute leukemias,
present in 39.6% of cases. Four diffdremssense mutations were identified in exon 1
codons 12 and 13 (Figure 5A). Gly12Asp mutations occurred in three ALLs and two AMLs,
one of which was a homozygous mutation. Two other mutations in codon 12 were also found
including Gly12Ala in an ALL and GtL.2Ser in an AML. Additionally, five cases, including
two ALLsand three AMIs, contained a Gly13Asp mutation.

Missense mutations in exon 2RASwere less common, but still occurred in eight
patients, all in codon 61 (Figure 5B). GIn61Arg was identiiredne ALL and two AMLSs,
including a homozygous mutation in one of the AMLs. GIn61His was also identified in three

cases of ALL with two different point mutations resulting in the same amino acid change
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(A/C or A/T at the third base). Two AMLs also haGm61Lys mutation. All other cases

and controls aligned with the wildtype published sequence.

KRAS mutations

Two KRASmissense mutations were identified, one each in exons 1 and 2. A
homozygous G to A nucleotide change in exon 1 occurred at codon &2 aase of ALL
leading to an amino acid change from glycine to aspartic acid (Glyl12Asp; Figure 5C). One
case of AML also contained a heterozygous GIn61His mutation exon in exon 2 (Figure 5D).

No additional mutations were identified in any other leukemigoatrol samples.

Concurrent Mutations

Several dogs with leukemia had mutations in more than one gene. The mutation status
of each case is listed in Table 2. Six cases of ALL had two mutations, four of which had a
mutation in addition té-LT3ITD. One cas®f ALL had three mutations includirfeL T3
ITD, NRASexon 1, andNOTCHZ1exon 34. Only two cases of AML contained more than one

mutation, both of which had a mutationNifiRASexon 1 and one additional mutation.

Discussion

We have demonstrated that canand human acute leukemias share numerous
genetic mutations, including novel mutations identifietNTCH1andTP53 in addition to
mutations identified ifFLT3, KIT, NRAS andKRAS some of which have been previously
documentedUsher, Radforet al. 2009Suter, Small et al. 20)10verall, 66.7% (32/48)

canineacuteleukemia had at least one mutation, including 79% (19/24) of ALLs, and 54%
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(13/24) of AMLs. Mutation status in humangedevant in classification, prognostic
stratification, and use of targeted therapeutics in leukemia, which provides promise that
similar associations can be made in veterinary medicine with further study. Furthermore,
these findings indicate a shared pagheesis across species and further support the use of the
dog as a model for human leukemias.

NOTCHL1 is a transmembrane receptor involved in signaling that contcsd Tate
decisions and regulates normatdll developmentand expression of activatdédDTCHL1 in
mice was previously found to result in development-@el leukemiaZhu, Zhao et al.

2006. In humans, at lesh oneNOTCH1mutation is identified in 56% of-ALL, most
frequently in the HD domain and the PEST don{sifeng, Ferrando et al. 20p4oint
mutations, insertiongnd deletions haveldleen identified and result insaibstitution or
shift in reading frame leading to a premature stop codon. Truncated proteins display
increased activation and prolonged Hd# (Lee, Kumano et al. 2005

This is the first time, to our knowledge, tiNO®TCH1mutations have been
documented in the dog. We found insertion or deletion mutations in the PEST domain in
three cases of canine ALL, all of which resulted in a shift in the reading frame and a
premature stop codon. Functionally, PEBilitationsn human cases have been found to
result in a ~Zold increase in NOTCHL1 activiffiWeng, Ferrando et al. 2004n humans,
NOTCH1mutationshave been linked to poorer relagsee and overall survival and also
speculated to be a rational therapeutic tafgleti, Zhao et al. 2006 NOTCH1mutations in
humans have not been reported wod¥l ALL, which could indicate that the three ALLs with

NOTCH1mutations in this cohort are-dell. Unfortunately, since #ell or T-cell phenotype
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could not be confirmed based the immunophenotyping, this possible association should be
further investigated in a cohort of confirmeet@ll ALL in dogs. InterestinglyNOTCH1
PEST mutations have also been recently identified-@@lBchronic lymphocytic leukemia
(B-CLL) in humans,m which it was found to be associated with trisomy 12 and a more
aggressive disease cou(Balatti, Bottoni et al. 2012 Given that some regions of the dog
genome that are evolutionarily conserved with human.&2dog chromosomes 10 and 27)
alsodemonstrated increase in copy number in ~30% of cani@elB (see Chapter 2 for
details) further investigation of the role 8fOTCH1mutations in canine chronic leukemias
are warranted.

TP53 is a welknown tumor suppressor protein that responds to siveellular
stresses to regulate expression of target genes involved in cell cycle arrest, apoptosis,
senescence, DNA repair, or changes in metabolism. Mutations are common in numerous
human cancers and most commonly result in loss of fun@itlofier and Vousden 2033
We evaluated P53mutations in a cohort of canine leukemias for the first time and identified
mutations in four cases of ALL and one case of AML. In humaRS53mutations are
identified in 2.1% of all AML patients, but when analyses are restricted only to cases with a
complex karyotype, the frequency P53 mutations increases significantly to-88% of
caseqHaferlach, Dicker et al. 200&ucker, Schlenk et al. 201.2n B-cell ALL, TP53
mutations occur infrequently with only 2% of cases containing a mut@@raux, Joveaux
et al. 1992 Frequeny is slightly higher is Tcell ALL cases, with 5% of patients containing
mutation at diagnosis. This frequency increases significantly to ~24% in relapsed patients

(Diccianni, Yu et al. 1994Kawamura, Ohnishi et.a1999. In all subtypes of acute leukemia
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in humansTP53mutations are associated with significantly lower complete remission rates
and poorer overall survivéDiccianni, Yu et al. 1994Ricker, Sclénk et al. 201Q It has
been recently identified in AML that presenceléfb3mutations has been found to be the
strongest adverse prognostic fagtdolkert, Kohimann et al. 2034

In the five cases found to conta@i?53mutations, four different mutations were
identified. Arg261His, identified in an ALL, is synonymous with human Arg273His that has
been previously found in AML. The human caerparts to the other canine mutations have
not been previously specifically linked to leukemia, but have been identified in other human
tumor typegqPetitjean, Mathe «il. 2007. Due to the prevalence ®P53mutations in
numerous cancer typeEP53mutations have been previously evaluated in several other
tumors in dogs including lymphom@/eldhoen, Stewart et al. 1998nammary tumors
(Muto, Wakui et al. 2000 osteosarcoméirpensteijn, Kik et al. 2008 soft tissue sarcomas
(Nasir, Rutteman et al. 20pJand brain tumoréYork, Higgins et al. 2012 Mutations have
been identified in 11% of benign and 20% of malignant mammary tujbees Lim et al.
2004 and approximately 40% of canine osteosarcofapensteijn, Kik et al. 2008 In
both instancesTP53mutationhas been significantly associated with shortened survival
times. Arg261His muattion, identified in a case of canine ALL in this study, has also been
found to occur frequently in canine soft tissue sarcomas (29PRB®3mutations)Nasir,
Rutteman et al. 200Jand canine osteosarcori€irpensteijn, Kik et al. 2008 An identical
Gly290Arg mutation detected in a case of AML in this study has also been documeated in

canine meningioméyork, Higginset al. 2012.
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We also evaluated canine leukemias for mutatiodHM1, which has not been
previously reported. NPM1 is a molecular chaperone that facilitates protein transfer through
the nuclear membrane. MutationNPM1results in the cytoplasmic diexation of the
protein prohibiting its normal activityNPM1mutation is the most frequent molecular
abnormality in human AML present in ~35% of cases and is associated with a favorable
prognosiqFalini, Mecucci et al. 20055uzuki, Kiyoi et al. 2005Verhaak, Goudswaard et al.
2005. No mutatios inNPM1were identified in any of the canine acute leukemia cases in
the present study, likely indicating that canine AML does not share this particular molecular
subtype with humans, or at least not at the high frequency identified in humans.

FLT3 fundions as a tyrosine kinase that initiates signal transduction pathways critical
for numerous cellular processes including proliferation, differentiation, cell survival, and
metabolism. When mutated, most commonly by internal tandem duplication in the
juxtamembrane domain, ligarddependent activation of the receptor occurs. Mutations in
humans are present in-B5% of AMLs and 13% of ALLs (Stirewalt and Meshinchi 20)0
however, n dogs FLT3 mutations have only beedentified in ALL (Usher, Radford et al.

2009 Suter, Small et al. 20}1In this study, 37.5% (9/24f ALLs included an ITD or an
insertion in the juxtamembrane (JM) domain (exon 14)ctvihiad similar characteristics to
ITDs documented in human AML. In humans, the size of ITDs ranges fret8Qtap with a
median of 48bp, and 46% of insertions include additional material that is not part of the
wildtype duplicated sequence. In human AMLhds been determined that 96.1% of ITDs
include duplication of at least one residue in the tyrosine rich motif from-¥53D, which

is thought to constitutively activate STAT5 signaling as two tyrosines in this regions are

140



possible docking sites for STATKayser, Schlenk et al. 20p9nterestingly, 7/9 canine
cases in this study also involved dgpgtion or insertion in the same tyrosineh amino acid
stretch, further supporting a pathogenic cause and effect for duplications in this region.
Presence dFLT3 mutations in AML in humans has significant clinical implications, such as
a poorer prognas, rapid progression, and resistance to chemotherapy. It has also been
suggested that the length of the ITD may have prognostic significance as patients with larger
insertions have a significantly higher relapse (St@ewalt and Radich 2003

FLT3 mutations in human ALL are much less common, and therefore less well
characterized. They occur in ~1% of pediatricddl ALLs, most commonly in cases with
hyperdploidy (>50 chromosome@)\rmstrong, Mabon et al. 20QRaulsson, Horvat et al.
2008, and ~3% oboth pediatric and adult-Gell ALL (Paietta, Ferrando et al. 2004an
Vlierberghe, Palomero et al. 201@Vhile prognoss in these cases is thought to be poor,
associatios with FLT3 mutations in human ALL are largely undetermined due to the low
incidence of the mutatiofArmstrong, Mabon et al. 2004

No mutations were identified in exon 20RifT3 (tyrosine kinase domajnTKD) in
this dataset, and only 1/36 previously assessed canine acute leukemias contained a mutation
in the TKD, indicating the incidence of mutations in this region in dogs with leukemia is low.
In human AML, mutations in the TKD are mulgss frequent than mutations in the JM
domain(Stirewalt and Meshinchi 20),Chowever, in ALLS, point mutations in the TK
domain have been found to be more comi@mstrong, Mabon et al. 20Q#aulsson,

Horvat et al. 2008
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KIT is a receptor tyrosine kinase in the same family as FLT3 that initiates signal
transdwtion and is associated with the pathogenesis of numerous neoplastic diseases
including AML, mastocytosis, gastrointestinal stromal tumors, small cell lung cancer, and
prostate cancer. We identified mutations in exon 17 (TK domain) in two cases of AML
(8.3%) resulting in an amino acid change from aspartic acid to valine at codon 815.
Mutations in exon 17 were previously identified in 4 cases of AML, two of which had
identical mutations to those detected in this stidsher, Radford et al. 20D9A subsequent
study of 11 canine ate leukemias failed to identify any mutatiq@antin, Aresu et al.

2013.

KIT is mutated in 3L5% of human patients with AM most commonly with a
missense mutation in the TK domain, which has been related to higher rate of relapse and
poorer surviva[Stirewalt and Meshinchi 2010An equivalent mutation to dog Asp815Val
has been reported occur in humans (Asp816Val) with acute myeloid leukemia and/or
systemic mastocytosis. In a large study of 1940 patients with AML, 33 (1.7%) were positive
for mutations at codon 816, most of which resulted in an amino acid change from aspartic
acid to \aline (21/33; 64%). These mutations were found to be associated with AMLs with
t(8;21)/AML1-ETOand conferred a poor prognosis in mutated céSesnittger, Kohl et al.
2006. The mutation, Asp816Val, has alseen specifically identified in patients in AML
with concomitant mastocytosfblagata, Worobec et al. 199=itschePolanz, Fritz et al.

2010, and identical amino acid substitutions in mast cell lines have been confirmed to result
in ligand independent autophosphorylation of the KIT receiagata, Worobec et al.

1995. It is unknown whether the two dogs wKHT mutations in this studigad any
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associated evidence of mast cell disease; howrweould be worthwhile to investigate in
future studies. Additionally, cells positive for KiAsp816Val have also been screened using
several tyrosine kinase inhibitors, and, while fully resistarsiome (imatinib, SU5614),
PKC412 was found to inhibit both KIWT and KIT-Asp816Val with similar efficiency in

the nanomolar range, indicating this mutation is a viable target for therapg@dcsttger,

Kohl et al. 2009. It has since been documented that treatment with dasatinib in a case of
AML and mastocytosis with Asp816Val resulted in a long term (>18 months) hematologic
and molecular remissidfustun, Corless et al. 20p9nterestingly, an equivalent mutation
has also been identified in mouse, rat, and humai andsbasophil cell lines, further
supporting the evolutionary conservation of the mutation across speareton, Galli et al.
1999.

KIT mutations in exons 8, 10, or 11 were not identified in any cases of the study
cohort. An exon 11 point miation was previously identified in a case of canine AML
(Usher, Radford et al. 20R9The most common mutation in AML in exon 11 (JM domain) is
an internal tandem duplication or deleti@tirewalt and Meshinchi 201.0Comparable
mutationsare frequently identified in canine mast cell tumors aresignificantly associated
with reduced diseadeee and overall survivdLondon, Géli et al. 1999 Webster,
YuzbasiyarGurkan et al. 2006 Discovery of this mutation has led to the successful addition
of tyrosine kinase inhibitors to mast cell tumor chemotherapy in vetenmaajcine
(London 2009London, Malpas et al. 2009

RASgenes encode a family of membreaassociated proteins that regulate signal

transduction pathways involved in normal cell growth aralignant transformation.
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Mutationsin RASgeneshave been ideified in numerous human cancehgiweverthe
frequency of mutation varies significantly, with the most mutations occurring in tumors of
the pancreas, lung (nemallcell), colon, and thyrai. KRASmutations are the most
frequent across tumor types (85%) followed\igASmutations (~15%j§Downward 200R
RASmutations occur in approximately 20% of ALL and 30% of AML patients, WRAS
mutatiors more than twice as commonkiRASmutationsg(Bowen, Frew et al. 2005
Significant prognostic association wigASmutations has not been reported, but patients
with RASmutations trend towards better survival in most subgroigditionally, RAShas
been identified as a potential therapeutic target in treatment of human acuteiteuke
(Bowen, Frew et al.@D5 Bacher, Haferlach et al. 2006

Mutations inRASgenes were the most common atigns identified in this study
with 44% of all canine acute leukemia cases containingRASand/or aKRASmutation.
Incidence was equally distributed across the subtypBa\&mutations were detected in
11/24 (46%) ALLs and 10/24 (42%) AMLBEIRASmutations were also found much more
frequently tharKRASmutations (19/2190%NRASmutation3. A previous study oRAS
mutations in canine acute leukemia also identified mutations in 44% (16/36) ofdakes,
Radford et al. 2009

AHot s pR&ASmMautations occur at codons 12, 13, and 61 and result in
constitutive activation and signal transduct{@ownward 2003 Mutations in codon 12 are
the most frequently reportdRiASmutations in human patients, and glycine to aspartic acid is
the most common amino acid change as a result of mutation in both codons 12 and 13 of

exon 1(Ahuja, Foti et al. 199@acher, Haferlach et al. 2008 en of 12NRASand 1/1
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KRASmutations in exon 1 in this study resulted in an identical amino acid change. In exon 2,
the most common amino acid changes at codon 61 is glutamiysne or glutamine to
arginine(Bowen, Frew et al. 20Q5both of which werédentified as recurrent mutations in
the dog in this study. We also found a novel mutation in exorKR&Sin one case of
AML. KRASexon 2 mutations were not previously reported in canine leukemia, most likely
due to the low incidence of the mutatiordeamaller sample size of the associated study
(Usher, Radford et al. 20pRASmutations are less frequently found in other canine cancers
and have only been documented occasionally in lymphoma, melanoma, asmhaiboell
lung cancer in dog@/Vatzinger, Mayr et al. 200Mayr, Winkler et al. 2002Richter,
Escobar etla2009.

The mutations described above have been further characteriz®wdin mice andn
vitro in human cell lines and have been confirmed to have functional impacts in
leukemogenesis. ExpressionNiRAS with Gly12Asp in mice was demonstrated tduce
an aggressive myeloproliferative neoplasm and modulating dosage had effects on myeloid
progenitor growth, signal transduction, and sensitivity to MEK inhibition. Additionally,
human leukemia cell lines witiRASmutations showed a highly significantcrease in
NRASexpressior{Xu, Haigis et al. 2013 MutantKRAS with Gly12Asp has also been
shown to initiate juvend myelomonocytic leukemia andcEll ALL in mice (Zhang, Wang
et al. 2009. These findings further support the role RAS plays in the conserved pathogenesis
of leukemia.

In conclusion, we showed that dogs and humans with comparable leukemia types

share nummus genetic mutations, including several that were identified for the first time in
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this study. Most mutations occur in a small frequency of cases, making comparisons between
subtypes and with other clinical characteristics challenging in studies shthisle size.

Further study of mutations in a larger cohort would be beneficial. Additionally, mutations in
ALL, especiallyNOTCH1andTP53should be further assessed in a cohort of ALLs that have
confirmation of B cell or T cell phenotype to make more amteucomparisons with findings

in humans. Most of the comparable mutations identified in the dog have been evaluated
functionally in numerous human, mice, and cell line studies, and it is expected that the
molecular biology is conserved across speciessd fiadings indicate identified mutations

likely have a pathogenic role in canine leukemogenesis, though further assessment in canine
cell lines or primary cases would be confirmatory. Overall, this study provides further
evidence that mutations in canileeikemia may be important in diagnosis, prognosis, and

potential therapeutics in the future as veterinary oncology continues to progress.
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Table 1. PCR pmers used to investig@mutations in canine leukemia witksulting product
size and optimized annealing temperature us€CR with KAPA HIFI HotStart Ready
Mix.

PRIMER ANNEALING PRODUCT
NAME PRIMER SEQUENCE TEMP. (°C) SIZE (bp)
NOTCH1 26F | 5-~CCTGCATCCATCTGTCCAG3! - -
NOTCH1 26R | 5-TGTGGGACCCTCTGTCTATF3'

NOTCH1 27F | 5-GGTGGTTCTGTACAGTTATG3' 64 355
NOTCH1 27R | 5-CCCAGGTAGACTTTCCTTAG3!'

NOTCH1 34F | 5-CTATCCCACATGATGAGCTACG3' - 676
NOTCH1 34R | 5-CAGGGCTTGGGAAAGGAAGS'

TP53 7/8F 5-CTGTGGCTTCTCAATAGTG3! 64 s81
TP53 7/8R 5-TTCTTCCCTCATCTGATCG3'

NPM1 11F 5-TGAACTGTACAAAGAGCTG -3' 64 £o3
NPM1 1R | 5-GAGAAACACAACTGAGAGG-3'

FLT3 14/15F | 5-CCATTTCCCATTTCTGAGG3' 64 £46
FLT3 14/15R | 5-=CGACTTGGTTGACCCTAAG3!

FLT3 20F 5-TCACCTGGAATTCCTACTGAAG3' 64 320
FLT3 20R 5-TGTACTACAGCGGTTGTGGAG3'

KIT 8-F 5-CCCTTTGAATATGTTCCCTCAGS' 64 317
KIT 8-R 5-CCTATCTGAAGTTCAACTACCG3'

KIT 10/11-F 5-TCTCAACTTCCACAGTAGTC-3' 64 639
KIT 10/11-R | 5-GAACAAAGGAAGCTAATGGG-3'

KIT 17-F 5-CCAAGGTACTGGATTTGTG3' 64 351
KIT 17-R 5-GCATGGTATCTCAAAGGTAG3'

NRAS 1F 5-GTATGCAGCCGATACATTTG3! 64 406
NRAS IR 5-CTCTTCTCCACAAACATGG3'

NRAS 2F 5-TGGAAAGAACTCAGCTAGG-3' 64 356
NRAS 2R 5-CCCACAAAGCTTCAGAATAC-3'

KRAS 1-F 5-TACTCATCTGTGGTCAACTG3' 64 476
KRAS 1-F 5-GTGTTGATAGAGTGGGTTATAGS'

KRAS 2-F 5-TGGCCATTTGTATGTCACG3' 64 E5g
KRAS 2R 5-CAAGCCAAGGTTTCAATTCG3'
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Table 2.Mutations identified in each case of canine acute leukedmby. thegenes and
exons (exjn which mutations were identified were includddD = internal tandem
duplication; PM=point mutation; INS= insertipPEL = deletion; and-| indicates wildtype

sequence
case | sUBTYPE | "OT | 07 | oits | extr | ot | exz | oxt | ex2
L1 ALL - - ITD - - - - -
L2 ALL - - - - - PM - -
L3 ALL - - ITD - - - - -
L4 ALL - - - - - - - -
LS ALL - - - - - PM - -
L6 ALL - - - - - - - -
L7 ALL - - ITD - PM - - -
L8 ALL - - - - PM - - -
L9 ALL - - - - - - - -
L10 ALL - - ITD - PM - - -
L11 ALL - PM ITD - - - - -
L12 ALL - - - - PM - - -
L13 ALL INS - ITD - PM - - -
L14 ALL - - ITD - - - - -
L15 ALL - - ITD - - PM - -
L16 ALL INS - ITD - - - - -
L17 ALL - PM - - - - PM -
L18 ALL DEL - - - - - - -
L19 ALL - - - - - - - -
L20 ALL - - ITD - - - - -
L21 ALL - - - - - - - -
L22 ALL - - - - - PM - -
L23 ALL - PM - - - - - -
L24 ALL - PM - - PM - - -
M1 AML - - - - - - - -
M2 AML - - - - - - - -
M3 AML - - - - - - - -
M4 AML - - - - - - - -
M5 AML - - - - - - - -
M6 AML - - - - PM PM - -
M7 AML - - - - - - - -
M8 AML - - - PM - - - -
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Table2. (continued

case | suBTYPE | "0 | G | exta | ex17 | ext | exs | ol | ex2
M9 AML - - - ] ) _ ; -
M10 | AML - - - - PM : - -
M1l |  AML - - - - - - - -
M12 | AML - - - - - - : PM
M13 | AML - - - ] ) oM - -
M14 | AML - - - ) PM - : -
M15 | AML - PM - ) PM - - -
M16 | AML - - - . PM - - -
M17 | AML - - - PM : - - -
M18 | AML - - - ] } oM - -
M19 |  AML - - - ] : ; - -
M20 | AML - - - ) ; - - -
M21 | AML - - - - - - - -
M22 | AML - - - - - - - -
M23 | AML - - - ] ) oM - -
M24 | AML - - - ) PM - : -
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2480 2499 2519 25|39

| | |
Exon 34 PQPHEGYESSAASGHUGRSEEGGEPSQABUQPEGASGHANHTHEPQBSQABPTABPAABAP
L13 PQPHBEGNSSAASGHUEGPKEPGRRAEPGRCAANGCOWPGGAHMPATGAPGPAHGTACCTG
L18 PQPHEGEEGRORPRGPKEPGRRAEPGRCAANGCQWPGGAHNMPATGQPGPAHGTACCTGPG
L16 PQPHEGPGEEG *
25]59 25|79 25|99
Exon 34 AMTTAQEETPPSQHSHSSSPABNTPSHQEQUPERPERTPSPESPBQWSSSSPHSHESBWS
L13 PGHBHRPNPBPABTAQEEEEPCGQHPQPPAAGSRAPBPHPNP *
L18s HBHRPMPBPABTAQEEEBEPCGQHPQPPAAGSRAPHEPHPNP *

L16
2619

|
Exon 34 EGHISSPPTSTASHNAHNPETEK *
L13
L18
L16

Figure 1. NOTCH1 insertions and dédets in ALL result in a shift in the reading frame
leading to a premature stop codon(*). Wildtype protein sequence for exon 34 is compared
with the aberrant protein sequences following insertion or deletion mutations in cases L13
(7482.7483 ins CTGG), L1§453.7454 del GG), and L16 (7454.7455
iNSTCCTGGTTTTCTGG).
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TP53 - Exon 7

CGCGTTI|[CACGTT|IIYGCGTT
wildtype Arg261His Arg261Ser
A fl
A A “ f\ fl\ Iﬁl
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GGG AGT|IRGG AGT
wildtype Gly290Arg
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|‘ | ]I‘ |‘ \ J H IJ ||
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Figure 2.Mutations inTP53exon 7 were identified in 5 cases of canine acute leukemia (4
ALL, 1 AML) in codons 261 (top), 270 (middle), and 290 (bottom). Arg261His mutation
resulted from homzygous G >A change in 1 ALL, and Arg261Ser mutation occurred in 2
ALLs. One mutation was identified in LAML at codon 270 resulting is Arg270His mutation.
The only case of ALL with @P53mutation had a heterozygous mutation in codon 290
resulting in Gly29Arg mutation(IUPAC nucleotide code: Y= T/C, R= G/A)
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ho ITD
A ladder L1 L3 L7 L10 L11 (13 L14 16 L20 ALL Ctl Water Ladder
700bp

600bp

517bp I
500bp

569 588 608

| [ , |
B Exon14 QERMESCQEQVECNTGSEBNENENNDERENENDERWEREPRENEER

L1 UTGSEBNENEH
L3 IBEREMENBH
L7 BERWEEQBSsP
L10 EVMEYDLKWE
L11 GPSAPBHEP
L13 QUTGSEBNEN -
L14 EPRENMENBERWEREPRENEERGKTRVEPM
L16 VolTcsEBNENENNBERENE
L20 cTEPH

Figure 3.FLT3ITDs identified in canine ALL. (A) Agarose gel electrophoresis of PCR using
primers flanking exons 14 and 15 of caniiel 3. Nine cases of ALL (L1, L3, L7, L10, L11,

L13, L14, L16,and L20) all show an additional band, presumed to be an internal tandem
duplication, above the wildtype product which is verified in both an ALL without an ITD and
a clinically healthy control dog (Ctrl). -g DNA ladder was used for size estimation. (B)
Amino acid sequences of FLT3 ITD mutations compared to wildtype sequence of exon 14.
Inserted amino acids in each case are aligned such that they are inserted directly after the
preceding amino acid (i.e. L1 ITD is inserted following Q580). Seven d theertions

include amino acids that are not part of the wildtype sequence, with one of them lacking any
duplicated amino acids (L20). The line above the wildtype sequence spanning from amino
acids 591to 599 indicates the tyrosmeh amino acid regiopreviously highlighted for its

high prevalence in duplicated sequences as an unfavorable prognostic factor in human AML
(Kayser, Schlenk et al. 2009)
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KIT- Exon 17

A G AG ACATC
wildtype

il

A G AGWCATC

\l Asp815Val

‘ f

Figure 4 KIT mutation identified in exon 17 of two AMLSs. In both cases, a heterozygous
A>T mutationwas identified, resulting in an amino acid chesfrom aspartic acid to valine
(IUPAC nucleotidecode: W=A/T)
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NRAS - Exon 1
AGGTGGTGRTGGTGATGGT G S TGGT|[RGTGGT|[6GGTGRT
wildtype Gly12Asp Gly12Asp Gly12Ala Gly12Ser
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NRAS - Exon 2
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KRAS - Exon 1 KRAS - Exon 2
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Figure5. Rasmutations were identified in 21/48 (44%) casesaifine acutéeukemia. Nine
different mutations were identified compareduiddtype sequence. In each panel the
mutated codon is underlined, and resulting amino acid change is annotated.(A) Mutations in
codons 12 and 13 of exon 1MRASwere most common with Gly12Asp mutations

identified in 5 cases (3 ALL, 2 AML), one of whietas a homozygous mutation. Other
mutations in codon 12 included Glyl12Ala (1 ALL) and Gly12Ser (1 AML). Codon 13 was
mutated in 5 cases (2 ALL, 3 AML), all resulting in Gly13Asp. (B) Codon 61 of exon 2 was
also frequently mutated with GIn61Arg mutationshree cases (1 ALL, 2 AML), one of
which was a homozygous mutation. Three ALLs also had a GIn61His mutations resulting
from two different poinmutations A>C and A>T). GIn61Lys was also identified in 2

AMLs. (C) Homozygous mutation in codon 12KiRASexon 1 in 1 ALL resulting in

Gly12Asp. (D) GIn61His mutation in exon 2 KRASIn 1 AML (IUPAC nucleotide code:
R=G/A S= G/C, M= A/C, W= A/T)
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CHAPTER 4: Molecular Characterization of five canine lymphoid tumor cell lines

Abstract

Leukemia/lymphora (LL) cell lines have been critical in the investigation of the
pathogenesis and therapy of hematological malignancies. WintanLL cell lines have
generally been found to recapitulate the primary tumors from which they were derived,
appropriate charaerization including cytogenetic and transcriptional assessment is crucial
for interpreting the clinical impact af vitro results. In the following study, five canine LL
cell lines CLBL-1, Ema, Tk1 (Nody1), UL-1, and 3132were characterized using
extensive immunophenotyping, karyotypic analysis, oligonucleotide array comparative
genomic hybridization (caCGH), and gene expression profiling. GemadeDNA copy
number data from the cell line@gerealso directly compared with 299 primary canine round
cdl tumors to determine whether the cell lines represent primary tumors, and, if so, what
subtype each most closely resembled. Based on integrated analyses] @laBlclassified
as Bcell lymphoma, Ema and FL as Fcell lymphoma, and Uil as Fcell acue
lymphoblastic leukemia. 3132, originally classified as-eeB lymphoma, was reclassified as
a histiocytic sarcoma based on characteristic cytogenomic propértasnbination, these
data provide an extensive resource of molecular data for approgletéan ofin vitro

models for future studies of canine hematological malignancies.

Introduction
Hematological diseases in humans are widely heterogeneous including numerous

molecular subtypes with wide ranging prognoses and therapeutic responsesn@sisage
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well understood for some subtypes, while the molecular changes leading to other subtypes
remain unknowr{Swerdlow, Campo et al. 20P8A similar level of molecular heterogeneity
likely exists in the >1000 leukemia/lymphoma (LL) cell lines that have been described to
date(MacLeod, Nagel et al. 2008

LL cell lines have been and continue to be used to model and investigate different
aspects of LL pathogenesis and are powerful tools for investigation effgection,
dissection of signal transduction pathways, and the analysis of drug effects. It is almost
obligatory in thedevelopmenbf new anticancer drugs to demonstrate the ability to inhibit
growth of cultured human tumor linesvitro (Drexler, Matsuo et al. 2000Use of cell lines
in researclprovidesnumerous advantagascluding ease dfiandling and manipulabn,
high homogeneity, prosion ofa continuous source of sample material, and acdktysib
the scientific communityFerreira, Adega et al. 20LXell lines are known to differ from
both neoplastic andonmal tissues, and it is generally assumedtti@tacquirdaccumulate
additional aberrationis vitro resulting inthembecomingmore genetically complex than the
tumors from whichthey werederived. However, there is still limited knowledge regarding
conservation of critical transcriptional pathways upon establishment and passaging of
individual cell lines. Several studies haa@mparechuman primary tumors to LL cell lines
and determined that LL cell lines genetically recapitulate their tumors of oNgirly 100%
of human LL cell lines carry genetic alterations, &adyotypic changes have been found to
be stable and maintain the major feas of the original cellsver extended passage
(MacLeod, Nagel et al. 2008In addition, @gnomewide comparison of 17 leukemia cell

lines with116clinical specimens showed that kegnscriptionakignatures were retaingd
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and cell lines and primary cases of the same sulttjotustered. Transcripti@h signatures
were also maintained over time and in differenblatories furthersupportinghe utility of
cell lines as faithful and powerful model systefRsicker, Sandegt al. 200§. Anotherstudy
showed that 4@cuteleukemia cell lines of various molecular subtypesegregated with
11 primaryacuteleukemiaswith the same molecular subtypesgenomewide expression
clustering analysis, again indicating that celek of diverse origin maintain a conserved
gene expression pattern correlating with specific clinical subtedersson, Edén et al.
2005.

While it is reassuring that cell lines have been found to generally recapitulate the
tumors they are intended to model, appropriate characterization of cell lines phieir tese
is still crucial and adds greater valieetheir use as vitro models. Characterization allows
for adetailed study of genetic events and pathways associated with oncogedesis help
unveil the molecular pattesmssociated with resistanoesensitivity to anticancer drugs
pharmacogeomic studiegFerreira, Adega et al. 201L.30f the >1000 human LL cell lines
described;-40% have been characterized in sufficient detaidbmurateclassification
Characterization minimally requires that a comprehensivef s@inounophenotyping and
cytogenetic data have been publisiidexler, Matsuo et al. 2000However, advances in
the genomics field in the last decade have allowed for medepth assessment of
cytogenetic and transcriptional characteristics of cell lihascan provide further insight
into biological processes including chromosomal translocstisignaling pathways,
mutational analysis, gene dysregulation, and RNAI gene sile(lgiagLeod, Nagel et al.

2008. It has been suggested recently that the gap between cell line modelsvaary pri
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tumors can be further narrowed by making genomically informed choices of the appropriate
cell line model for the tumor type of interest. For instance, several rarely used ovarian cancer
cell lines were found to more closely resemble primary tumoilgsahan the commonly
used cell lines, further supporting the importance of cell line characteriZBooncke,
Sinha et al. 2013

The same approach of characterization should also apply to veterinary cell lines.
Spontaneously occurring lymphaigialignanciesn dogs share the same histopathological
and clinical features arglolutionarily coserved chromosome aberrations and mutations
indicating shared pathogeneaisoss specig8reen and Modiano 200&uter, Small et al.
201 Thomas, Seiser et al. 201The importance of the characterization of canine LL cell
lines was stressed at the first meeting of the European canine lymphomangsanp 2013
indicating they are indispensable for the study of basic oncological questions and preclinical
drug testing in veterinary medicif€omazzi, Guscetti et al. 20L3 here are only a small
number of established canine LL cell lines, several of which have already been clzadcte
at the genomic leveéKisseberth, Nadella et al. 20038eiser, Thomas et al. 201 Five
addtional canine lymphoid cell line§LBL-1, Ema, U1, TL-1 (Nody1), and 3132have
been used previousiy in vitro studiegKojima, Fujino et al. 201;,2Arico, Giantin et al.
2013 Fujiwara, Kawasaki et al. 201Bludaliar, Haggart et al. 281 Shiomitsu, Xia et al.
2013 Tomiyasu, GoteKoshino et al. 2013 ujiwara-Igarashi, GoteKoshino et al. 2014
Tomiyasu, GoteKoshino et al. 2014Tomiyasu, GoteKoshino et al. 2014 These cell lines

hawe varying levels of previous characterization, none of which have useetaptim
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genomic and transcriptomic approg¢tolmes, Duffus et al. 198®Rutgen, Hammer et al.
201Q Umeki, Ema et al. 2032

We present a comprehensive genomic characterization of five canine LL cell lines
starting with arextended panel of immunophenotyping. High resolution oligonucleotide
array comparative genomic hybridization (0aCGH) was performed to assess geiteme
copy number status, amaulticolor fluorescencen situ hybridization (FISH) analysis was
used to furtlr identify copy number imbalances and structural changes in karyotype
architecture. Transcription status of each cell line was investigated usinddnglty array
based gene expression profiling (GEP) and quantitative reverse transcriptase polymerase
chain reaction (QRIPCR). Additionally, genome wide copy number daite@ach cell line
werecompared wittdata fromprimary canine round cell tumors to further confirm their
classification and relevance imsvitro models of neoplasia for canine and compeeat

medicine.

Materials and Methods

Canine LL cell lines

Five previously established canine LL cell lines with varying levels of initial
characterization were included in this study, as follows: ClIRRutgen, Hammer et al.
2010, Ema, TL:1 (Nody1), UL-1 (Umeki, Ema et al. 20)2and 313ZStrandstrom and
RimailaParnanen 197%Holmes, Duffus et al. 1989All cell lines were maintainedt 37°C
and5% CQ in RPMI-1640 culture medium (Mediatech, Hendon, VA) supplemented with

10% fetal bovine serum (FBS, Mediatech), 2mM Glutamax (Life Technologies, Grand
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Island, NY), and 100g/ml Primocin (Invivogen, San Diego, CA) and tested negative using
the PCR Mycoplasma test kit (Applichem, Cheshire, CT). Immunophenotyping of each line
was completedsing flow cytometnat the University of California Davis College of

Veterinary Medicinaising a panel of monoclonal antibodies reactive with canine égtdo
antigens including CD1a, CD1c, CD3, CD4, CD5, €p8D&, CD11a, CD11b, CD11c,
CD11d, CD14, CD18, CD34, CD45, CD45RA, CD49a, CD54, CD80, CD8&, MHC-II,

and Thyl (CD90). Flow cytometry was completed as previously described using a standard
FACSCalibur flow cytometefBecton Dickinson, Franklin LakeblJ) operated by

CELLQuest softwar¢Vernau and Moore 1999Polymerase chaireaction for antigen

receptor rearrangement (PARR) was also completed as previously de¢Bribaett,

Vernau et al. 20Q3rhalheim, Williams et al. 20330 assess clonality anpossible lineage
Briefly, cell line DNA was subjected to PCR using primers that am[giff CDR3
(immunoglobulin heay chain complementarity determining regionT RGCDR3 (T-cell
receptor gamma chain complementarity determining region 3), and a control region. PCR
products were separated using capillary gel electrophoresis (QIAxcel Electrophoresis
System, Qiagen, Valera, CA). A clonal sample was determined if one or more discrete
bands were seen on the gel, and a polyclonal sample was determined if no bands or multiple

bands were seen.

Isolation of cell line DNA and RNA and generation of metaphase preparations
Aliquots of 1x10cells were removed from the same culture flasthe samerme
point for isolation of DNA and RNAndpreparation ofnetaphase chromosome preparations

to ensure consistency in downstream analyS&B\ was isolated using the sy Blood
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andTisue kit (Qiagen, Valencia, CA) and manuf a
of DNA were evaluated using spectrophotomé2§0/280>1.8and gel electrophoresis.

RNA was isolated using the RNeasy Plus Mini
and assessed using the 2100 Bioanalyzer RNA 6000 Nano Kit (Agilent Technologies, Santa
Clara, CA) to confirm an RNA integrity number (RIN) >9.0. Metaphase chromosome

preparations were prepared from each cell line as previously des(Biteeth, Hitte et al.

20049 using conventional techniques of dahd arrest(final concentration of 50ng/ml for 1

hour), hypotonic treatment, and methaigtdcial acetic acid fixation prior to being dropped

onto glass slides.

Identification of copy number aberrations (CNAS) ussagGH

0aCGH was completed as previgudescribed using a 180,000 feature canine
oligonucleotide array (Agilentdchnologies) with repeahasked 60mer oligonucleotides
spaced ~13kb across the gengfileomas, Borst et al. 2014An equimolar pool of DNA
from 25 clinically halthy female dogs was used as a common reference for all cell lines.
Cell line and reference DNA was labeled withianine 3dUTP and Cyanine-8UTP,
respectively, using the Agilent Enzymatic Labeling Kit, and probe hybridization, array
washing, and scanmgrwas performed as described elsewl{&®mmas, Borst et al. 2014

Scan data were processed using Feature Extraction v.10.10 software (Agilent
Technologies) and imported into Nexus Copy Number v7.5 (Biodiscovery, Hawthorne, CA).
Rawdata were evaluated to identify and exclude probes displayingmiésrm
hybridization or signal saturation, and copy

FASST?2 segmentation algorithm. Copy number calls were based on a minimum of three
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consecutivgrobes per segment, antkanl og2 cel | l'ine:reference
used to deyne gain and | oss, respectivel y.
using the UCSC canine genome brow$anFam?2 assembliitp://genome.ucsc.edwhd

the NCBI gene databasetip://www.ncbi.nlm.nih.gov/gerjeGenes previously associated

with cancer were based on those reported in the Cancer Gene Census

(http://cancer.sangerc.uk/cosmic/censygFutreal, Coin et al. 2004

Further statistical analyses usithg Feature Extraction data were performed using R
(R Core Team 2023The signals (rProcessedSignal and gProcessedSignal) were naimalize
using the following equations:
Eq 1. _ _
1Vl €wWQi § QAQYQQE wa

A —
@ SO0 G0l 1 QOYQQE G

Eq 2.
01 € Qi i QY (ot @D 70 & O

Where,Processedatio is the centered and normalized ratio of the Agilent processed
fluorescent signals.€gmentation was performed across all chromosomes using circular
binary segmentatio(Olshen, Venkatraman et al. 2004Data were further dichotomized as
gain (1), no change (0), or losg), based on segments that were3HIAD (mean absolute
deviation)from the median of eacha mp | e 0 sacrose al phoomasemedierarchical
clusterng of thefive cell lines was performed using dichotomous desiag Euclidean

di st ance and Aldanallg sierancleidalltlostering of the cell lines with 299
canine primary round cell tumors including 123 leukemias (Roode et al, in prepara6

lymphomas (Thomas et al, in preparation), and 70 histiocytic malignancies (Kennedy et al, in
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preparation) was performed using segmented

method. Tumor type and subtype were both annotated on the heatmap.

FISH analysis

FISH of all cells lines was performed as previously descriBegen, Hitte et al.
20049 to evaluate structural changasd verify 0aCGH copy number data using panels of
clones from the CHOR82 dog bacterial artificial chromosome (BAC) library

(www.chori.org). Initially, two clones (326K03 and 330E21), previously determined to

hybridize to the centromeric regions of canine autosdmesmas, Duke et al. 2008vere
fluorescently labeled and hybridized to metaphase preparations of each cell line. Centromeric
signals were used to properly orient the chromosomes, aid in corgimodalchromosome

count, and identify barmed chromosomes.

Twenty additional BAC clones were selected to contain known oncogenes and tumor
suppressor genes that met two of the three following criteria: (1) located in a region of CNA
in at least onefdhe five cells lines, (2) displayed differential expression between cell lines
based on the GEP, and (3) have been associated with human and/or canine lymphoid
malignancies in prior studid€ki, Lahti et al. 1996Zhao, Mourah et al. 20Q%ujiwara,
Yamashita et al. 2008lagel, Venturini et al. 200Z ostello, Sanchez et al. 2Q&bdelali,

Asnafi et al. 201;1Suter, Small et al. 201Thomas, Seiser et al. 20an Delft, Horsley et
al. 2011 Kapushesky, Adamusiak et al. 2012 Zhang et al. 201,2Simon, Chagraoui et al.
2012 Wall and Campbell 2093TheBAC clones selected represented the following genes
BCL11B, IGH, VEGFA, CC8, FOXO3A, CDKN2A, MYC, KIT, CDK6, EZH2, MYCBP2,

FLT3, PTEN, HEY1, E2F5, NFKB2, ERG, MLLT2, CD&3JDEK (Tablel). The 20 clones
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were divided into four panels of five for multicolor FISH, and each panel was hybridized to
metaphase spreads of each cell line and healthy dog controls. Copy number status of each

probe was scored in at least 50 cells of each cell idenarmal controls.

GEP analysis

Total RNA from each cell line was used to perform GEP as described elsewhere
(Seiser, Thomas et al. 2Q1Richards, MotsingeReif et al. 201Busing the GeneChip
Canine Genome 2.0 array (Affymetrix, Santa Clara, CA) which is comprised of 182006
familiaris MRNA transcripts and over 20,000 a@dundant predictedeges. Additionally,
total RNA was isolated as described from smaoplastic lymph nodes harvested from six
clinically healthy dogs and subsequently used for GEP.

Microarrays were processed by the Lineberger Functional Genomic Core Facility at
the Univerdiy of North Carolina Chapel Hill. Total RNA (1ug) was processed for microarray
hybridization usinghe MessageAmp{Biotin Enhanced Kit (Ambion, Lif§ echnologies,
Grand Island, NY) and hybridization was performed according to Affymetrix technical
protocds.

GEP analysis was performed using GeneSpring GX v12 (Agilent Technologies).
Expression array data were normalized using theRM2A procedurgWu, Irizarry et al.

2004 and signals were media@ntered across all arrayata were filtered to remove probe
set with limited variation gandard deviation 2) across all arrays, and fold change analysis
was performed for each cell line using the averaged expression data from the normal lymph
node controls as baseline. Additionally, unsupervised hierarchicalrohgséamalysis was

performed across all cell lines and controls using the filtered probe set
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Functional analysis was performed by evaluating for enrichment in genes that were
up- or downregulated in each cell line by 5#6ld compared to normal lymph nodentrols.
Enrichment analysis in Gene Ontology (GO) biological processes and Kyoto Encyclopedia of
Genes and Genome (KEGG) Pathways was completed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) v Jennis Jr, Shenan et al. 2003

Huang, Sherman et al. 2008

gRT-PCR analysis

Total RNA from each cell line and two normal lymph node controls was also used to
perform qRFPCR to validate GEP as previously delsed(Seiser, Thomas et al. 2011n
short, total RNA (1ug) was used to generate cDNA using SuperScript VILO cDNA synthesis
kit (Life Technologiesand manuf acturer s recommended pro
prepared using KAPA SYBR FAST ABI Prism 2x gPCR Master Mix (Kapa Biosystems,
Wilmington, MA) in 1Qul reactions with 200nM forward and reverse primers and 20ng
cDNA. gRT-PCR was performed using Applied Biosystems OneStepPlusTiRealPCR
system (Life Techrlogies) and a cycling protocol wiim initial denaturation at 96 for 3
minutes; followed by 40 cycles of 95 for 3 seconds, 62 for 20 seconds, and T2 for 15
seconds; with a final extension at’@Xor 5 minutes, followed by a melt curve analysi. A
assays were performed in triplicate.

Primers were designed using NCBI PrirBfAST as previously describg&eiser,
Thomas et al. 20)Xor MYC, KIT, FLT3, PTENandRPL32(Table 2). Reaction efficiencies

for each primer set were confirmed to range frorl08% using serial dilutions of pooled
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control lymph node cDNA as the template. Relative quantification using the comparative Ct
method DDCy) was performed as described previously using normal lymph amthee

baseline for comparisonRPL32was used as the reference gene based on its stable
expression across all samples in GEP analysis and previous identification as a suitable gRT

PCR reference gene for canine lymphoid neopl@saiand Breen 201)2

Results

Immunophenotyping

Flow cytometry datarepresented in Table 3. All cell lines expred€D45 and
CD45RA, and 4/5 expregsl CD18 which verify leukocytic origin. CLB11 displayed
positive staining for CD1a, CD1c, CD11a, CD11b,%2DCD80, CD86, and MH
without staining for CD3, CD4, CD5, CD8, and Fhyndicating a mature 8ell origin,
which is further supported by a monoclonal product resulting from PCR analysisl Githe
gene Ema was positive foThy-1, a T-cell marker. TL1 cells were negative for most
antigens however weak expression of MHCII was observed, which may indicateed T
phenotype as MHCII is expected to have high intensity on B cellam@tigen presenting
cells with much weaker expression observed onlE ¢®rtolani 201). TL-1 and Ema both
were found to have rearrangementT QRS gene (oligoclonal for Ti1), further supporting a
mature Fcell phenotype for both cell linedlL-1 expressg most antigens including CD34,
which indicatesan immature precursor phenotype. Positive expression for CD3, CD4, CD5,
CD8U, CD8h, CD11d, and Thyl all support a Tcell phemtype. UL-1 is also positive for

CD14, which is normally a marker for myeloid cells; howeeapression is also

171



demonstrated in B and T cell precursors but not mature(€atislani 201}, further
supportinganimmature phenotype. Additionally, PCR BERG indicated a monoclonal
product further supporting-gell phenotype3132 is most likely of dendritc/Hiscytic origin
based on the positive expression of CDl1a and CD#Hich is characteristic of histiocytic
diseasegMoore 2014 anda combination not found in other cell lines of lymphoid origin
this or previous studig¥isseberth, Nadella et al. 2003eiser, Thomas et al. 2011
Additionally, strong intensity foMHC-II further supports dendritic cell origin. However, a
T-cell origin cannot beompletelyruled out based on expression of CD4, CPénd a

monoclonal product resulting from PCRTECRG.

Karyotype architecture

Chromosome enumeration and centromecalizationvia FISH of metaphase
chromosomes was used to assesgjtbsskaryotypic architecturef each cell line. The
normal dogkaryotype includes 38 pairs of acrocentric autosomksge submetacentric X
chromosome andsmall metacentric Y chromosoni@@reen 2008 Enumeration of
chromasomes from 30 metaphase spreads of each celhliineated varying levels of
aneuploidy (Figure 1). CLBl1, Ema and 3132 were all hypodiploid, while TL.and UL:-1

contained normal modal chromosome counts (Table 4).

Genome wide copy number imbalance
0aCGH analysis revealed varying levels of genomic imbalance in each of the cell
lines with detected CNAs rangjnn size from 19.5Mb to entire chromosomEgj(re 2).

Large differences in the number of aberratidfigifre 3A) and the percent of the genome
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impacted by regions of imbalandédure 3B were also notedCLBL-1, TL-1, and UL:1
have a similar and evengtiiibution of the number of aberrant gains and |lgssksereas Ema
was skewed towards an increase in the number of logssd<3132vas skewed towards
regions of copy number gaiwhen the cumulative size of CNAs and the percent of the
genome impacted bynbalancevereassessed, Ema and-Ilwereminimally changed
which is reiterated from the oaCGH profiles in which both cell linedédss visually
obvious CNAs. CLBE1 and Ul-1 hal similar total percent of the genome chandad
CLBL-1 had a greag¢r percant of the genome with imbalances of legglUL-1 had a greater
percent of the genome gaine&d132 hd the greategbercent of the genome changeldich
was expectediven the number of aberrations detected and the extensive genomic
complexity visualized inhe 0aCGH profileCancerassociated genes in regions of imbalance
were identified and are detailed in Supplementary Tabhgppéndix2). Cell lines were
clustered to determine their relatedness to each other based on geigencepy number
assessment{gure 4). 313branchedaway from the other fouandEma and TEL, the two

mature Fcell neoplasms based on immunophenotypiveyethe most closely related.

FISH analysis

FISH analysis was completed for 20 genes relevant to lymphoid neoplasia to verify
0aCGH data, enumerate tlewel of imbalance at each logusnd investigate any structural
aberrations associated with the selected genes of infEhes20 genes were divided into
four panels of five for multicolor FISH analysiach of the four FISH peels is identified in

Figure 4 with control chromosomes from clinically healthy dogs indicating the appropriate
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localization of each BAC clone. A representative metaphase spread with CNAs or structural
changes in one of the cell lines is also includeck&mh panel

Structural changes were identified in each cell I@eBL-1 contains a derivative 13
chromosome that apges to include two copies @fanis familiaris13 (CFA 13)joined by
the centromere resulting in the fornegiof a metacentric chromoson@@gure 4B), in
addition toa grosslynormal copy of CFAL3 based on the location of the 2 probes on CFA
13. A similar abnormality occurred in UL with chromosome 25, as is evidenced by 2
copies ofFLT3 forming ametacentric chromosome in addition to @anogentric chromosome
with FLT3 placement in the expected location on CFAFigure 4G. Both Ema andCLBL-
1 contained a derivative metacentric chromosome resulting from the apparent fusion of CFA
28 and CFA35 (Figure4D). Ema contained additional copiesCFA 28 and CFA35, while
CLBL-1 containecanotherCFA 28 and a heterozygous loss of C8& Numerous structural
aberrations occurred in 3132, and appeared to be random from cell to cell. Further detail of
these structural changes was difficult to aisgergiven the heterogeneitpservedn the
metaphase spreads.

A summary of the frequency of CNA at each of tBar/estigated loci is presented
in Figure 5.Ema and TE1 showed grossly normal copy number changes, as was seen in the
0aCGH however bothwere found to have a homozygous deletio@DKN2A Ema also
hada heterozygous loss MLLT2in 100% of cells and a heterozygous los&lbT3in 15%
of cellswhichwasdetected via oaCGH. Additionally, TL hadthreecopies ofE2F5and
HEY1, bothlocatedon CFA 30, in 100% of cell$JL-1 and CLBIL-1 showedcopy number

changes imineand 10 of the locévaluatedrespectively. CLBLEL exhibiedheterozygous
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losses of£CNC, FOXO3A, CDK6, MYCBP2, PTEN, CD&8BdDEK, and a copy number of
three forMYCandKIT (both located on CFA 13)h the majority of cells (>87%). Uil had
moregenegaired, with three copies d8CL11B, IGH, VEGFA, CCNC, FOXO3A, FLT3
andNFKB2in the vast majority (>93%) of cells. Additionally, 50% of cells gaian extra
copy of CDK®6. FISH analysis of 3132 showed copy number changes at 19/20 loci, many of
which werestrikingly heterogeneousYC, KIT, andCD83each have proportions of cells
with normal copy number and gains of 3, 4, and >4 copesses oERGandEZH2were
identifiedin al or nearly all3132cells,with proportiors (10-23%) of cells displang

homozygous deletion.

Gene expression analysis

GEP data were filtered to remove probe sets with limited variation (standard
deviation <2) across tifeve cell lines andsix nonne@lastic lymph nodes resulting in 1153
probe sets used for subsequent analyses. Unsupervised clustering resulted in immediate
branching of 3132 frorthe other 1Gamples. The remaining samples were then separated
into two discrete groups including the fawell lines, and theix control lymph mdes(Figure
7). Normal lymph nodesnsurprisinglydisplay greater transcription conservation across
biological replicategompared with the cell liness indicated by theshorterconnecting
branchesThe cell linedisplaying the greatest transcriptional similavitgreEma and TEL,
the two mature cell lines, as reiterated from the oaC@GldsteringanalysisUL-1, most
likely an immature Icell phenotype, iglsomore similar to Ema and FL than CLBL:1, a

B-cell line.
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Fold change analysis was also completed by comparing each cell line with the mean
expression of the neneoplastic lymph node&old changes of known cancer related genes
and the transcripts with the 50 largest absolute fold changes (up or dasachicell line are
listed inSupplementarylables 2 and BAppendix 2) respectively, as genes that may have
functional relevance. Additionally, genes with a fold change >5 were further assessed in
functional geneannotation enrichment analysiBue to limted functional annotation of
canine genes, official gene symbols were used for enrichment analysis based on human gene
annotations. Up to the top ten enriched GO biological presassl KEGG pathways are
listed in supplementarjables 4 and 5, respectlyeAll five cell lines have upregulation of
genes associated with the GO biological processes of cell proliferation and division, and
three of five have upregulation of genes involved in metabolic processes (e.g. sterol
biosynthetic process, glucose maeaikd process, cholesterol metabolic process). All five cell
lines also have downregulation of genes involved in immune response and leukocyte
activation. When the KEGG pathways were assessed, it was identified that four of the cell
lines have upregulatioof metabolic and biosynthesis pathways (e.g. steroid biosynthesis,
pyruvate metabolism) as similarly identified in the GO term analysisl Was also found to
have upregulation of genes in both the ERBB andSJBXT signaling pathways; while
genes involvd in the MAPK signaling pathways and the N@ike and Toltlike receptor
signaling pathways were upregulated in 3132. All cell lines had downregulation of cell
adhesion molecules.

gRT-PCR was performed to verify GEP findings and analyze the netdip

between copy number change and expression change in four well known cancer associated
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genes includingiYC, KIT, FLT3 andPTEN(Figure 8).Homozygous loss d?PTENwas
observedn CLBL-1 and 3132, which both show the greatest decreas€BENexpresmon.
Three copies oFLT3were presenin UL-1, andthis gene waspregulated 17 foldahd was
the only cell line to show an upregulatioRdld changes iMYCandKIT are more variable
acress the cell lineand have minimal correlation with copy numbeages observed.
CLBL-1 and Emaadslight downregulabn of MYC, while the other three sh@dmodest
upregulationKIT waslargely downregulated in CLBIL, Ema, and 3132 (two of which had
copy number gainsand upregulated-®ld in TL-1 in which the locwas copy humber

neutral

Genomewide CNA comparison with primary tumors

Cell lines are often criticized for not representing primary tumors. Until the past few
years, there has been limited data for direct comparison of cell lines to primary tumors in
veterinary medicineWe compared the five cell lines with genome wide copy number data
generated in our lab from 299 primary round cell tunvaclustering analysi® determine
whether the cell lines represented primary tumors, and, if so,subgtpeeat mostclosely
resembld (Figure 9) All cell lines were found to cluster within the primary tumors,
indicating they are more closely related to primary tumors than other cell3ih&3
segregated within a large cluster composed of primarily histiomaignancies. CLBLEL
branches from a cluster of maturec8ll neoplasms consisting primarily otdl|
lymphomas with a smaller subset otBIl chronic lymphocytic leukemias. TLand Ema

both clustered in a somewhat heterogeneous grouping comprisdg chiefcell
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lymphomasand boththesecell lines were most closely related to &dll lymphomaUL-1

grouped in a cluster composed of acute leukemias, most of which were lymphoid in origin.

Discussion

We have characterized five canine LL cell linesi\gsa genomavide molecular
approach including aCGH and GEP analysis. Previous application of these cell lines as
scientific models has been based on the presumed tumor of origin and varying levels of
immunophenotyping and characterization at the time tabishment. The data presented
here, combined with previously published genomic cell line characterizé8Serser,
Thomas et al. 20)1provide the opportunity to select cell lines ifowvitro studies baston
the presence or absence of particular biological characteristics of interest. Overall we found
that CLBL-1 represents a matured®ll lymphoma as previously describ@iitgen, Hammer
et al. 2010, and Ema and ™1 both represent-tell lymphomas as previously described
(Umeki, Ema et al. 20)2Based on our analyses, both-Wlland 3132 should be reclassified
with UL-1 as Fcell acutdymphoblastic leukemia instead of ac&ll lymphoma, and 3132 as
histiocytic sarcoma opposed to ecBll lymphoma.

CLBL-1 was originally established from a fine needle aspirate of a lymph node from
an 8 year old male Bernese mountain dog diagnosed tagke ¢ diffuse large Bell
lymphoma. Immunophenotyping in this study was conserved with the immunophenotype
published when the cell line was initially established. Previously positive expression of
CDl11la, CD79Ucy, CD45andrmBxprestidCD3 G#, CO5 C | |

CD8, CD11d, CD14, CD21, CD34, and CDd&éssified it as a 8ell lymphoma.
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Additionally, previous PCR diGH revealed a monoclonal rearrangement, which was also
conserved in this studfrutgen, Hammer et al. 20L@LBL-1 was the only cell line in this
dataset that had been previously karyoty(rigtgen, Willenbrock et al. 2012t was found

to be hypodiploid with a modal chromosome number e7 Z0which matches our findings.
There was only one biarmed chromosome mentioned, derivative chromosome 13, which we
also identified via FISH analysis. Since centromere visualization was not previously
completed, and a nestandard canine chromosome nomenclature was used, correlation of
further prevously identified chromosome aberrations with our findings via DAPI banding,
FISH, and oaCGHhvas notpossible. NumerouSNAsidentified in CLBL-1 via 0aCGH are
shared with primary canine-8ell lymphomasB-LSA). Gain of CFA 13 has been identified
in 25% d B-LSA. Loss of CFA14 and loss of the proximal region of CFA 3 have also been
found to occur in ~10% d-LSA (Thomas, Seiser et al. 201 Additionally, CLBL-1

clustered with primary mature-8ell lymphoid neoplasia when clustered with 29@nary
canine round cell tumors, further supporting the classificatid®LBL-1 as a Bcell

lymphoma.

Ema originated from pleural fluid from a 6 year old female English Springer Spaniel,
and TL-1 was established from ascitic fluid from a 8 year old r&liba Inu, both of which
were diagnosed with gastrointestinal lymphoma based on cytology of the abdominal lymph
node(Umeki, Ema et al. 20)2At the time of establishment, immunophenotyping identified
Ema was positive for CD3, CD45, CD45RA, and Jlhyn our assessment, Ema was also
positive (intermediate signal) for CD11a and CD18 and negative for CD3. Similarlly, TL

was initially positive for CD3, CD18, CD45, CD45RA, and MHC11; but our
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immunophenotyping indicated no expression of CD3 and CD18. Itfisulifto speculate on

the cause for the slight differences in immunophenotyping data. Different antibodies were
used for CD3 in the two studies which could impact the interpretation of that antigen. The
amount of antibody, call threshold of positive versggative, instrumentation, and other
reagents all could explain possible differences in interpretation of flow cytometry; however,
detailed methods for previous immunophenotyping were not publ{thadki, Ema et al.

2012. It is also possible that bigiacal loss or gain of antigens on the cell surface occurred
while in culture, as immunophenotyping has not been assessed over time. Both Ema and TL
1 previously containe@CRG rearrangement, which were maintained in our findings.

Overall, changes observedimmunophenotype do not impact overall interpretation of the
classification of both these cell lines as matweel lymphoid neoplasia.

Both Ema and T4l were found to have a copy number loss in the region containing
CDKN2Ain oaCGH analysis, whichag further confirmed to be a homozygous loss of the
gene loci in FISH analysi€DKN2Aloss occurs in >55% of-€ell ymphomasT-LSA) and
<2% of other subtypes of canine leukemia and lymph@rhamas, Seiser et al.
201)(Roode et al, in prepation). Ema was also found to have a loss of the proximal half of
CFA 22, which occurs in 20% aF+LSA, and TL-1 had a gain of CFA 29 previously
identified in 40% ofT-LSA (Thomas, Seiser et al. 20LEma and TEL were also the cell
lines mostclosely related in clustering analyses using both the oaCGH and GEP data, and
both segregated with primafyLSA when clustered with primary canine round cell tumors.

UL-1 was established from ascitic fluid from a 6 year old male Labrador retriever

diagrosed with renal lymphoma based on cytol@dyneki, Ema et al. 20)2Previous
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immunophenotyping wasositive forCD8U, CD18, CD45, CD45RANe detected additional
positive expression of CD3, CD4, CD5, CD14, CD21, CD34-Thgnd MHCII. All were
deteded d an intermediate level therefore, as discussed eadli&rences in methods and
data analysis could have resdin previous negative findirlgTCRG rearrangement was
also maintained from previous findinl$smeki, Ema et al. 2092UL-1 was previously
designated as a T cell ymphoma; however, based on expression of CD34, a surface
glycoprotein expressed on hematopoietic stem cells, we speculated it is more representative
of a T-cell ALL. CD34 expression is routinely used in the diagnosis of acute unenat
leukemias and is not expressedrnialignancie®f more mature cells (e.g. lymphoma,
myeloma, chronic lymphocytic leukemi@jernau ad Moore 1999Reggeti and Bienzle
2011]). Several regions of CNA are also shared with princanjineALLs including the loss
of the distal end of CFA 1 which occurs in 20% ALLs, gain of CFA 122&ahich occurs
in 15 and 10% of ALLs, respectively, and loss of CFA 35 which occurs in 15% of ALLs. Of
the CNAs identified in ULL morewere in common witlALLs than other subtypesIL-1
also segregatedith a group of ALLs when clusteredth primary ound cell tumors.
Together, these findingaipport the classification of UL as an ALL.

Based on the original clinical description and our integrated analyses, 3132 is most
representative of a disseminated histiocytic sarcoma (HS). HS cell lines ied liamd to
our knowledge, this is the first one to be characterized using genomic techniques in the
literature. 3132 was established from the ascitic fluid of a 3 year old male Belgian shepherd
originally described as atypical malignant lymphotdpon neropsy, multiple organs

including liver, lymph nodes, spleen, lung, kidney, and bone marrow were infiltrated with a
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highly pleomorphic cell population composed

plasma cells wh frequent mitotic figureand promient multinucleated giant cells
(Strandstrom and Rima#Barnanen 1979It was later cited as a-&ll lymphoma based on
a personal communication that the cells secreted low levels of immunoglobulin and had
detectable surface immunoglobulifiéolmes, Duffus et al. 1989and it has since been used
in the literature as a-Bell ymphomaMudaliar, Haggart et al. 20).3To our knowledge, no
further characterization has been performed.

The original description of the tumor from which the cell line wésated matches
the histopatholgical characteristics dfiS which includes a highly pleomorphic population,
with extreme variations inuclearcytoplasmratio, cell size, and nuclear size. Multinucleated
cells and mitotic figures are common, in addition to infiltration by small lymplegcyt
plasma cells, and neutroph{M/ithrow, Vail et al. 2013Moore 2014. Comparatively,
lymphoma usually has a much more homogenous appearance comprised of large or
intermediate lymphocytes. Mitotic figures may be increased but are not a defining
characteristi¢Withrow, Vail et al. 2013 Immunophenotyping was also supportive of
classification of HS asx@ression of CD1, CD11c, CD18, and MHCII is the characteristic
immunophenotypef canineHS. (Affolter and Moore 2002Moore 2014. Based strictly on
immunophenotyping, we could not completely rule out a T cell ymphoma with aberrant
expression of CD11c, however subsequent results further suppi@tédiditionally, CD4
and CD8 have been previously identified in histiocytic malignancies in dogs and humans
(Ortolani 2011 Moore 2014. PCR of TCRG was alsdound to result in a monoclonal

product indicating clonal rearrangement. While the antigen receptor genes are most
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commonly in germline configuration in histiocytic malignancies, rearrangeaféoth F

cell receptor andmmunoglobulin genes have beenypoesly identified in histiocytic
sarcoma in humar(glanson, Jaszcz et al.8% Swerdlow, Campo et al. 20p&lonal
rearrangements GfCRG have been previously identified in primary canine histiocytomas
however thisis thought to be related to the cytotoxiec&ll immune response to the tumor
(Moore 2013.

Karyotypic architecture and CNAs are also representative of primary canine
histiocytic sarcoma. Metaphase spreads from primary cases have been previously evaluated
and contained highlyariable chromosome numbers with a range éb32andan abundance
of aberrant barmed chromosomes which is comparable to karyotypic findings of 3132.
0aCGH was indicative of high genomic instability based on the number of CNAs identified,
the percentagef the genome involved in regions of CNA, and the observation that several
chromosomes include numerous of gains and losses across the chromosome, all of which
have been found in primary H8ledan, Thomas et al. 201 Beveral specific CNAs are also
shared with primary HS. Loss of CFA 16 occurs in-8696 of HS, and loss of CFA 31,
seen in <1.5% of leukemias and lymphomas, is found in ~60% ofd$S.of CFA 12, 14,
and 36 and gain of CFA 13 are also conserved with CNAs in primary canifieddan,
Thomas et al. 20)1Additionally, whenclustered with primary canine round cell tumors,
3132 segregated with a large group of histiocytic malignancies.

Histiocytic diseases arise from histiocytes, areatompassing term falendritic
cells and macrophages, whidifferentiate from CD34+ heatopoietic stem cellssgoart of

the myeloid lineageHistiocytic sarcomas arise frointerstitial dendritic cellsisually in a
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single tissue or organ, which crenspread into a dissemirt form that involves
numerous tissuedlost commonly, lesions andentified in he spleen, lung, and lymph node
and can also occur in the liver, stomach, pancreas, mediastinum, skin, skeletal muscle,
central nervous system, bone, bone mayr@agal cavityand eyesClinical signs vary and
are often nosspecificincludinglethargy, vomiting, and weight losSlinical course of
disseminated HS mpid and fatal if untreatedhere is limited information in the literature
regarding appropriate therapeutics for HS, further validating the clinical utility of
characterizaon of this cell line as a potential pharmacogenetic mpdghrow, Vail et al.
2013 Moore 2013.

One of the aims of this project was to compare these cell lines with data available for
primary cases afanineround cell neoplasia, specifically lymphoma, to detaewhether
they recapitulate primary tumors making them more relevant model systems. We did this
successfully using genonveide copy number data and found that they do robustly share
CNAs with primary tumors of the same subtype. We also attempted to mthpagenome
wide transcriptome data with previously published datasets of canine lymgRoenéz,
Sarver et al. 2033Vlooney, Bond et al. 2013/udaliar, Haggart et al. 201Richards,
MotsingerReif et al. 201Bthat were assessed on gane array platform and found that
following normalization across all arrays, the cases clustered strictly by manuscript. This
finding precluded any direct comparisons with these data, allowing us to only compare our
findings with previously published ietpretations. Unfortunately, most of the publications do
not provide individual gne data within the manuscriptin supplementary materials,

resulting in furthechallenges in comparing datasétariations between arrays based on
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manuscript are likely eesult of biological and technical variations in sample handing and
RNA isolation, labeling/hybridizing, laboratory environment and reagents, and other
unknown sources of bias which is a common constraint in microarray experifkents
Zakharkin et al. 201,0_eek, Scharpf et al. 2010Qazar, Meganck etla2012).

Dysregulation of several genes previously associated with cdifinse large Bcell
lymphomain the NK-kB signaling and Bcell receptor signaling pathways stéoenserved
expression in CLBLL including the followingKRAS, NRAS, PIK3R5, PLQGTGFBR2,
TNFAIP3, TRADD, BCL2A1, CAMK2D, NFATQRichards, MtsingerReif et al. 2013
BUB1B, PRKCD, CD83, CXCL13, CD36, IL8, IL2, CD40LG, LCK, LTBRITNFSF11
(Mudaliar, Haggart et al. 20).3Similaritieswerealso noted between CLBL and other
targeted gene expression studkeld. has been found to be below the limit of quantification
in 76% ofcanineB-LSAs and was decreased almost-4@ld based on qR'PCR in CLBL:-1
(Giantin, Aresu et al. 20)33ZAP7Q decreased 10 fold in CLBL1, has also been found to be
downregulated icanineB-cell lymphoidneoplasigMortarino, Gelain et al. 2009

Thereareless data in the literature regarding gene expression changes in other canine
hematopoietic malignancieIT has been found to have decreased expressiamineT-
LSA, and wa decreasethreefold in TL-1(Giantin, Aresu et al. 20)3Decreased expression
of SYKhas also been previously identifieddanineT cell malignancies andas
downregulated 124 fold in all three Tcell cell lines (Ema, TLL, and Ul:1) (Mortarino,
Gelain et al. 2000 Expression oMMP9andTIMP1 has been found to be significantly
upregulated irtanine Fcell lymphomas, which wassd found in both Ema and TL

(Arico, Giantin et al. 2013 Previous work in our lademongratedgenes associated with
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immune response functions to be downregulatedw$A. Several of these genes were also
found to be downregulated in one or more of theell cell lines includingPRKD, TLR2,
OAS2 andTNFSF13 Additional genes significantigownregulated in primary-LSA,
whichwere also downregulated in at least one ofTthezll cell lines include:CD40, MX1,
MX3, ID3, BHLHE41, TCF4andZNF331(Seiser 201R UL-1 was the only dkline to
upregulate~LT3, and increaseBLT3 expression has been previously identified in canine
ALLs (Suter, Small et al. 20}1Upregulation oWEGFAwas also found in i1 and has
been previously reported in canine A[Arico, Giantin et al. 2013 Upregulation ofGTSF1,
LUM, andPYPHand downregulation cELEC12AandCD9 have been associated with
primarycaninehistiocytic sarcomapreviously which werefound to be dysregulated in the
same direction in 3132 cell lin@oerkamp, van der Kooij et al. 201Boerkamp, van
Steenbeek et al. 204

Cross contamination of cell lines is a common isau@e scientific community with
~19% ofhumanLL cell lines being cross contaminatédrexler, Matsuo et al. 20Q0This
problem is @irther evidenced bheidentification of human cells in five recently
characterized canine-&ll lymphoma cell line§Zwingenberger, Vernau et al. 2013 heae
was no indicationn the presenstudythatthe cd lines were cross contaminatedo ell line
demonstrate all the markers displayed in any other cell i@ immunophenotyping.
Cytogenetic analysis of chromosomal architecture of each cell linerfigise characteristics
of chromosome number apdesence of biarmed chromosomes, alnds contammation
with another species is elimindten the basis that the centromeric probes used are dog

spedfic and no cells lacking centromere hybridization werseaslied. Additionallyno cell
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line displaydcopy nunber changes that were shared completely with another cell line via
0aCGH or FISH analyses.

We have demonstrated that these cell Ineespitulategprimary tumors in dogs
enhancing their value @sols for investigating tumor biology in canine hematopoietic
malignancies3132 was importantly reclassified as a cell line representative of a histiocytic
malignancy, and U1l is more representative ofCEll ALL as opposed to-€Eell lymphoma.
These data provedthe opportunity to select cell lines farvitro studies based on the
presence or absence of particular biological characteristics of interest, which is likely to
increase the clinical value of vitro studies using these cell lindaurther g@neratiorof
integrated molecular profilingf cell linesand comparison with primary tumors will allow
for further exploration into biology and clinical kit in veterinary medicine andontribute

to comparative and translational studies of hematoparignaicies in dogs and humans.
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Table 1.BAC clones from CHORB2 dog library selected to represent 20 canekted
genes for FISH analysi€hromosome locations based on the CanFam2 genome assembly

are noted.
GENE BAC CHROMOSOME | START (bp) STOP (bp)
CLONE

BCL11B 326-K01 8 70,661,395 70,752,579
IGH 027-N17 8 75,97,304 76,191,846
VEGFA 152105 12 15,212,673 15,228,610
CCNC 268-D08 12 60,739,913 60,764,849
FOXO3A 048105 12 68,583,078 68,701,688
CDKN2A 325C12 11 44,255,629 44,256,009
MYC 335M01 13 28,238,008 28,242,545
KIT 98-B16 13 50,017,518 50,212,194
CDK®6 181-D14 14 21,147,772 21,367,160
EZH2 300-P18 16 4,905,169 4,971,032
MYCBP2 216G13 22 33,561,172 33,820,510
FLT3 062D23 25 14,581,755 14,658,045
PTEN 521-G14 26 40,921,802 40,981,821
HEY1 484-E08 29 30,184,049 30,186,972
E2F5 157-A19 29 34,748851 34,758,529
NFKB2 001-D14 28 17,903,193 17,910,910
ERG 100F17 31 35,578,420 35,760,306
MLLT2 468E14 32 13,354,180 13,586,952
CD83 127-B24 35 16,354,899 16,533,175
DEK 517-A02 35 20,035,294 20,172,093
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Table 2.Primer sequences and associa@etla amplicons length used for gqRACR

analysis
PRIMER SEQUENCE AI'EAEP,\'I‘(';CTaN
MYC-F 5-TCGCCTATTTGGGAAGACAG3' 141
MYC-R 5-AAGCTGACGTTGAGAGGCAT3'
KIT-F 5-CGAAGATGTGTGAAGCAGGA?3' 126
KIT-R 5-GTGTCCGCTACCCTGGAATA3'
PTENF 5-ACTTTGAGTTCCCTCAGQCA-3' 141
PTENR 5-AGGTTTCCTCTGGTCCTGGT3'
FLT3-F 5-CAGAGGCAGTGTATGGAGCAS3' 129
FLT3-R 5-GGCAATTCAGGGAACTGTGT3'
RPL32F 5-ATGCCCAACATTGGTTATGG3' 180
RPL32R 5-CTCTTTCCACGATGGCTTTG3'
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Table 3.Phenotypic characteristics of canide cell lines based on flow cytometry analysis.
Strong expression (++), intermediate expression (+), or no expregsareach antigen is
indicated.

CELL LINE | CLBL-1 Ema TL-1 UL-1 3132
ANTIGEN
CD1la ++ - - + +
CD1c ++ - - + ++
CD3 - - - + -
CD4 - - - + +
CD5 - - - + -
CD8U - - - ++ ++
CD8b - - - + -
CDl11la + + - - +
CD11b + - - - ++
CDl11c - - - - ++
CD1i1d - - - + -
CD14 - - - + +
CD18 ++ ++ - ++ ++
CD21 - - - + -
CD34 - - - + -
CD45 ++ ++ ++ + ++
CD45RA ++ + + + +
CD49a ++ ++ - ++ ++
CD54 ++ - - + ++
CD80 + ++ ++ + ++
CD86 + - - + T+
DM5 - - - + -
MHC-II ++ - + + ++
TCRab - - - + -
TCRgd - - - + +
Thy-1 (CD90) - ++ - + -
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Table4. Chromosome enumeration of figanine LLcell lines based oavaluationof 30

metaphase spreads.

MODAL
CHL | piooy | cmouosowe | CHROMOSOME | SLaRED
CLBL-1 Hypodiploid 70 66-72 4-7 per cell
Ema Hypodiploid 73 70-76 5-7 per cell
TL-1 Normal 78 76-82 1 per cell
UL-1 Normal 78 76-80 1-3 per cell
3132 Hypodiploid 40 37-42 25-34 per cell
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Figure 2.0aCGH profiles of each of the fivanineLL cell lines. Each 0aCGH profile
includes the chromosoreé€1-38,X) on the xaxis and log2 cell line:reference ratio on the y
axis withcopy numbegainsand lossesndicated by the horizontal bars above and below the
midline, respectively
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Figure3. Genomic imbalances identified in the five canine LL taks. (A) Percentage of

CNAs detected as gain or loss via 0aCGH analysis, with the total number indicated on each
column. (B) Genomic imbalances in each cell line expressed as percent genome changed and
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Figure 4. Hierarchical clustering atanine LLcell lines based on genome wide copy number

status. Dechotomousdatwas cl ustered wusing Euclidian di st
Columns represent the individual cell lines and rows represent individual regions along the
genome. Blue indicates a region of gain and red indicates a region of loss.
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probe placement. For each gene panel, a representative metaphase spread showing copy
number or structural aberrations is included. Cell line and copy number of edehgpe
denoted in each panel.
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canine LLcell line. Each chart shows the distribution of copy number for each probe, based
on the analysis of 50 cells from eaw#ll line. Dataarestacked to represent the percentage

of cells displaying copy numbers 0O to >4 as indicated by the color key. To the right of each
chart, dichotomized oaCGH data as gain (+), lgssr(no change (0) is notated.
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Figure 7.Unsupevised hierarchical clustering of gene expression data frontéaael L
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Figure 8.gRT-PCR analysis of gene expression in foamineLL cell lines. Transcriptional

levels of FLT3, PTEN MYC, andKIT were assessed to verify microarray changesfarther
analyze the relati@hip between copy number change and expression clRRg82was

used as a reference gene to normalize expression levels between samples, and fold changes
were calculated relative to the average expression in twameoplastic lymp nodes.
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Figure 9.Hierarchical clustering atanine LLcell lines with 299 primary canine round cell

tumors including 123 leukemias, 106 lymphomas, and 70 histiocytic malignancies based on
genome wide copy number status. Data coadief segmented values that were scaled and
clustered using Euclidian distance and War d?o
and rows represent individual markers along the genome. Blue indicates a region of gain and

red indicates a region ab$s. Cancetypeand Subtype metadata is annotated for each
column.Abbreviationsare as follows: Acute myeloid leukemia (AML);CEll chronic

lymphocytic leukemia (ATLL), B-cell chronic lymphocytic leukemid¢(CLL), acute

lymphoblastic leukemia (ALL), EBell lymphoma B-LSA), T-cell ymphoma T-LSA), and

histiocytic malignancy (HM).
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Case Presentation

Abstract: An 8-year-old male neutered Labrador Retriever was referred to
the University of Wisconsin Veterinary Medical Teaching Hospital with a
presumptive diagnosis of leukemia. Hematologic abnormalities included
normal neutrophil count with a left shift, monocytosis, eosinophilia,
thrombocytopenia, and circulating immature mononuclear cells. Bone
marrow was effaced by immature hematopoietic cells of various morpho-
logic appearances. In addition, large multinucleated cells were observed
frequently. Flow cytometric analysis of nucleated cells in blood revealed
34% CD34" cells, consistent with acute leukemia. By immunocytochemi-
cal analysis of cells in blood and bone marrow, some mononuclear cells
expressed CD18, myeloperoxidase, and CD11b, indicating myeloid origin;
some, but not all, large multinucleated cells expressed CD117 and CD42b,
the latter supporting megakaryocytic lineage. The diagnosis was acute
myeloblastic leukemia without maturation (AML-M1). To identify genetic
aberrations associated with this malignancy, cells from formalin-fixed
paraffin-embedded bone marrow were analyzed cytogenetically by multi-
color fluorescence in situ hybridization (FISH). Co-localization of bacterial
artificial chromosome (BAC) containing BCR and ABL was evident in 32%
of cells. This confirmed the presence of the canine BCR-ABL translocation
or Raleigh chromosome. In people, the analogous translocation or Phila-
delphia chromosome is characteristic of chronic myelogenous leukemia
(CML) and is rarely reported in AML. BCR-ABL translocation also has been
identified in dogs with CML; however, to our knowledge this is the first
report of AML with a BCR-ABL translocation in a domestic animal.

nia (41.0 x 10° platelets/uL, RI 175-500 x 10°/uL).
A CBC performed 1 year earlier had revealed no

An 8-year-old male neutered Labrador Retriever was
referred to the University of Wisconsin Veterinary
Medical Teaching Hospital (UW-VMTH) with a pre-
sumptive diagnosis of leukemia. The dog initially was
presented to the referring veterinarian for lethargy,
anorexia, soft stool, and significant polydipsia for
2 days. The dog was febrile (105°F) and had a moder-
ate leukocytosis (49.5 x 10° leukocytes/yL, reference
interval [RI] 5.5-16.9 x 10*/uL) and thrombocytope-

Josely F. Figueiredo and Sarah Culver contributed equally to this
work.

hematologic abnormalities. The dog was started on a
regimen of sucralfate, prednisone, amoxicillin, cipro-
floxacin, and doxycycline. On presentation to the
UW-VMTH, the dog was bright, alert, and well
hydrated. Physical examination was unremarkable.
Initial diagnostic procedures included a CBC, serum
biochemical profile, thoracic radiographs, and abdom-
inal ultrasonographic examination.

The CBC (Advia 120; Siemens Healthcare Diag-
nostics, Tarrytown, NY, USA), including a manual
differential leukocyte count performed on a blood
smear stained with modified Wright-Giemsa stain

362 Vet Clin Pathol 4113 (2012) 362-368 ©2012 American Society for Veterinary Clinical Pathology
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Figure 1. Peripheral Blood from
dog with acite myeloblastic
leukemia.

Figure 2. Bone marrow aspirate
from a dog with acute
myeloblastic leukemia.

Table 1. Hematologic results
from a dog with acute
myeloblastic leukemia.
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