
ABSTRACT 

ROODE, SARAH CULVER. Molecular Characterization of Canine Leukemiað

Comparative Value and Clinical Applications. (Under the direction of Dr. Matthew Breen). 

Leukemia is associated with significant morbidity and mortality and is the cause of 

more cancer-related deaths in humans than any other hematologic neoplasm. There are four 

main subtypes (ALL, AML, CLL, and CML) with over 40 specific subtypes of leukemia, and 

the pathogenesis of most subtypes is still unclear. Neoplastic transformation is known to be 

associated with genomic alterations, and understanding the molecular pathogenesis of 

leukemia relies on analysis of these specific alterations including copy number aberrations 

(CNAs), gene mutations, and chromosomal rearrangements. Furthermore, classification and 

risk stratification have been significantly improved with the addition of genetic data. 

Leukemia in the domestic dog is a spontaneous disease and shares a similar histological 

appearance and biological behavior to the human counterpart, thus providing a unique 

opportunity to use a comparative approach to advance the understanding of leukemogenesis 

in both human and veterinary medicine. In this dissertation, I hypothesized that 1) major 

subtypes of canine leukemia are associated with subtype-specific genetic aberrations that can 

be used clinically to aid in diagnosis and disease monitoring; 2) conserved genetic 

aberrations exist between canine leukemia and human leukemia of the same subtype; and 3) 

canine lymphoid tumor cell lines are valid in vitro models of canine lymphoid tumors. 

Assessment of 123 cases of canine leukemia by oligonucleotide array comparative genomic 

hybridization (oaCGH), including 28 ALLs, 24 AMLs, 25 B-CLLs, and 46 T-CLLs, 

identified CNAs that could be used to differentiate acute subtypes (ALL vs. AML) and 

chronic subtypes (B-CLL v T-CLL) with up to 83.3% and 95.8% precision, respectively, 



based on the copy number status at 1-3 genomic regions. In addition, oaCGH datasets for 

canine and human leukemia were compared to reveal evolutionarily conserved copy number 

changes across species, including the shared gain of HSA 21q in ALL and ~25Mb of shared 

gain of HSA 12 and loss of 13q14 in BCLL.  A subset of 48 acute leukemias comprised of 24 

ALLs and 24 AMLs were further assessed for mutations in seven leukemia related genes 

including NOTCH1, TP53, NPM1, NRAS, KRAS, FLT3, and KIT. Overall, 66.7% (32/48) of 

canine acute leukemia had at least one mutation, including 79% (19/24) of ALLs, and 54% 

(13/24) of AMLs. NRAS mutations were the most common (39.6% of cases), followed by 

internal tandem duplications identified in FLT3 (18.8%, all in ALLs). Additionally, insertion/ 

deletion mutations in NOTCH1 and point mutations in TP53 were documented for the first 

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

vitro cell line models that can be used for future study of pathogenesis and therapeutics in 

veterinary hematological malignancies, genomic and transcriptional profiling were combined 

with other cytogenetic methodologies to characterize the molecular and biological traits of 

five canine lymphoid cell lines and compare them to primary canine round cell tumors. 

Importantly, based on the integrated analysis, two of the five cell lines were reclassified 

compared to presumed tumor of origin.  Once two were reclassified, all of the cell lines were 

found to recapitulate primary round cell tumors confirming them as appropriate in vitro 

models for use in veterinary and comparative research. Lastly, the utility of cytogenetics in 

canine leukemia as a diagnostic and clinical monitoring method was demonstrated in three 

clinical case reports, two of which used cytogenetics to monitor treatment response. Overall, 

these findings provide further insight into the potential pathogenesis 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 humans in the United States, and when 

divided into cancer type based on organ affected, leukemia ranks within the top ten culprits 

of human cancer-related deaths annually (Siegel, Ma et al. 2014). Leukemia is the most 

common type of cancer in children and adolescents, and it is associated with significant 

morbidity and mortality in all age groups with survival rates lower than other types of 

hematopoietic neoplasia. Pathogenesis for the majority of subtypes is still unclear, and, 

despite research efforts, therapies have remained largely unchanged in the past few decades 

(Leukemia and Lymphoma Society 2014). 

 Leukemias are broadly 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 non-lymphoid 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 in nature and progress slowly. They arise from 

neoplastic transformation of late hematopoietic progenitor cells (Figure 1), which results in 

proliferation and accumulation of differentiated cells. In contrast, acute leukemias generally 

have a much more fulminant course because they arise from neoplastic transformation of 

early progenitor cells, which ultimately arrests normal cell lineage differentiation. Neoplastic 

transformation occurs when regulatory mechanisms of blood cell progenitors are disrupted as 

a result of acquired genomic alterations that lead to abnormalities in proliferation, 

differentiation, and apoptosis. The molecular understanding of leukemia relies on analysis of 
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these specific chromosomal alterations including recombinations (translocations and 

inversions), gene mutations, and copy number changes. (Morris and Dobson 2001; Look and 

Ferrando 2006; Gallegos-Arreola, Borjas-Guti®rrez et al. 2013). 

 The importance of nonrandom cytogenetic aberrations in human cancers, specifically 

leukemia, was first identified more than half a century ago with the discovery of the 

Philadelphia chromosome in chronic myeloid leukemia (CML). This discovery was the first 

time a karotypic abnormality could be directly linked to the pathogenesis of disease (Nowell 

and Hungerford 1961). Since then, the genetic aberrations in all human leukemias have been 

extensively studied using conventional cytogenetics, fluorescence in situ hybridization 

(FISH), array comparative genomic hybridization (aCGH), Sanger sequencing, and whole 

genome sequencing. Diagnosis, classification, and prognosis are all reliant on the genetic 

changes present within the tumor, and it has been stated that leukemias have benefitted more 

from genetic analysis than the majority of other tumor types (Levine 2013).  

 Spontaneously occurring canine tumors have the potential to make excellent models 

for studying the corresponding human cancer. 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 sets 

them apart from most genetically modified rodent models. In addition, analysis of the dog 

genome has demonstrated that it is more homologous in sequence to humans compared to 

other model systems. (Lindblad-Toh, Wade et al. 2005; Breen and Modiano 2008; Paoloni 

and Khanna 2008; Breen 2009). 
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 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 for the non-specific clinical signs and laboratory findings associated with the 

disease. In addition, extensive information regarding prognosis and appropriate therapeutics 

is lacking; and the clinical subtype is often not well defined adding further confusion to the 

heterogeneity of the clinical course and outcome of leukemia 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 combat this disease in both human and veterinary 

medicine (Dobson, Villiers et al. 2006; Usher, Radford et al. 2009; Withrow, Vail et al. 

2013). 

 

Classification and pathobiology of human leukemia 

Classification strategies in human leukemia 

 Before any disease can be diagnosed, treated, or studied, it is imperative 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 medicine. The first true worldwide consensus 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 based on numerous published studies and 

the experience of over 100 clinicians, pathologists, and scientists. The WHO classification 
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expands upon the ñRevised European-American Classification of Lymphoid Neoplasmsò 

(REAL), the ñFrench-American-Britishò (FAB) classification of acute myeloid leukemia, and 

the guidelines from the Polycythemia Vera Study Group for chronic myeloproliferative 

diseases, all of which were based largely on morphological and cytochemical characteristics 

of the tumors. The WHO classification was the first time genetic information was included in 

the classification algorithm. Due to constantly emerging research findings, the classification 

system was designed to be flexible, and it was understood that revisions would be necessary. 

The most recent revision 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. 2002; Swerdlow, Campo et al. 2008; Vardiman, Thiele et al. 2009). 

 Current classification requires the use of clinical signs, morphological characteristics, 

immunophenotyping, cytogenetics, and molecular testing (Swerdlow, Campo et al. 2008). 

Morphology is always important and requires the assessment of 200 leukocytes on blood 

smears, and 500 leukocytes in bone marrow samples. In suspected cases of acute leukemia, 

blast cell count is an important parameter and should always be assessed morphologically 

(McManus 2008; Döhner, Estey et al. 2010).  While cytochemistry was important in previous 

classification schemes, it is used with decreasing frequency due to the increased use of flow 

cytometry for immunophenotyping. Immunophenotyping is a critical part of disease 

definition and is used routinely in diagnosis of human hematopoietic tumors to determine the 

lineage of malignant cell populations and differentiate benign and malignant processes. Many 

subtypes have a characteristic immunophenotype, whereas for other subtypes 

immunophenotype may be a negligible part of the diagnosis. Immunophenotyping is most 
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frequently performed using multiparameter flow cytometry. The drawback that remains is the 

lack of consensus on clear cutoff points for positive markers. For most markers, presence 

on/in 20% of leukemic cells is used, but for other markers a lower cutoff is sometimes 

applied (Döhner, Estey et al. 2010). Conventional cytogenetics are also a routine component 

in diagnostic evaluation in which a minimum of 20 metaphases from blood or bone marrow 

are examined. In the event conventional cytogenetics fail, either by yielding inconclusive 

results or the sample not containing enough metaphases, fluorescence in situ hybridization 

(FISH) can be used to detect gene rearrangements and copy number changes in interphase 

nuclei. Molecular genetics are also a critical part of classification of certain subtypes and 

include reverse transcriptase polymerase chain reaction (RT-PCR) for gene fusions and gene 

sequencing to detect diagnostic and prognostic mutations. In some entities a particular 

genetic aberration defines that subtype, while in others associated genetic changes remain 

unknown (Swerdlow, Campo et al. 2008; Döhner, Estey et al. 2010). Based on the number of 

features involved in classification it is easy to identify the flexibility in which the current 

system was developed. Additionally, it also recognizes the same disease can present different 

clinically and that a continuum exists between subtypes.  

 All leukemia subtypes currently included in the WHO classification of tumors of the 

hematopoietic and lymphoid tissues are listed in Table 1. Subsequent sections will outline the 

four main subtypes of human leukemia, which include >85% of cases (Cook and Pardee 

2013), as follows: acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), 

chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia (CML). Prevalence and 

incidence of these four subtypes are represented in Figure 2. 
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Acute lymphoblastic leukemia 

 ALL is a clonal disorder resulting from genetic mutation and transformation of the 

lymphoid progenitor cells in the bone marrow or thymus. Incidence in humans varies with 

age and subtype. From ages 0-14 years, the incidence is 3-4/100,000; while in adolescents 

Ó15 years and adults the incidence decreases to 1/100,000. Peak incidence in childhood 

occurs between the ages of 2 and 5 years. ALL is the most common type of cancer in 

children in the United States accounting for ~34% of pediatric tumors. The overall incidence 

in children is slightly higher in boys, however, T-ALL shows an overall four-fold greater 

incidence in boys, while girls predominate in cases less than one year of age A number of 

genetic syndromes have been associated with an increased risk of developing ALL including 

Down syndrome, Bloom syndrome, neurofibromatosis, and ataxia-telangiectasia, but these 

account for only a small number of cases. Increased risk has also been associated with 

exposure to ionizing radiation, pesticides, and solvents in utero (Chessells 2001; Onciu 

2009). 

 Pathogenesis of ALL is primarily attributed to aberrant expression of proto-

oncogenes, chromosomal translocations, and/or hyperdiploidy. Each of these genetic 

alterations can contribute to leukemic transformation of hematopoietic stem cells by 

changing the cellular functions and altering regulatory processes resulting in unlimited self-

renewal and proliferation, blocking of differentiation, and evasion of apoptosis. Currently the 

goal of ALL research is to understand the biological impact associated with each recurring 

genetic aberration (Pui, Relling et al. 2004; Pui, Robison et al. 2008). Clinical features 

associated with ALL are a result of tissue infiltration by malignant lymphoblasts 
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(lymphadenopathy, hepatomegaly, splenomegaly) and progressive bone marrow failure 

which can lead to increased risk of infection and spontaneous bleeding/bruising. Infiltration 

of the central nervous system is also common in ALL and can lead to signs of increased 

intracranial pressure and neurological abnormalities (Chessells 2001). 

 Overall, the prognosis of children with ALL is quite good, with 85% of children alive 

five years following diagnosis. Unfortunately, only 25% of adults diagnosed with ALL have 

a survival time Ó5 years. Numerous studies have aimed to identify prognostic factors to 

predict successful treatment. Future cancer development associated with the treatment of 

ALL is a concern, especially in children, stressing the need to avoid more intensive 

treatments if less aggressive conventional treatments will still result in a cure. It has been 

determined that age is a significant prognostic indicator. Ages 2-10 have the best prognosis; 

infants under 1 year of age have a poor prognosis; and patients over 10 years of age have a 

progressively worse prognosis with increasing age. Female patients and patients presenting 

with a lower leukocyte count also have better overall prognosis. More recently, genetic 

changes have been determined to be important markers of prognosis and the focus of 

numerous current research aims (Chessells 2001; Pui, Robison et al. 2008). 

 Chromosomal abnormalities are found in 60-75% of ALL cases using conventional 

cytogenetics and have been determined to describe biologically and clinically distinct 

subtypes of ALL. These changes can be divided into three main groups including 

chromosomal translocations, ploidy subgroups, and miscellaneous abnormalities (Table 2). 

Translocations are present in 40-50% of both pediatric and adult cases, though the particular 

translocations differ between age groups. TEL-AML1 (a.k.a.ETV6-RUNX1) is the most 
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prevalent translocation in pediatric ALL, present in 25% of cases, and is associated with 

excellent overall survival and low rates of relapse. BCR-ABL1 is the most common 

translocation in adult patients with ALL, also present in 25% of cases, and is associated with 

the worst prognosis among all subtypes of ALL. Hyperdiploidy and hypodiploidy, 

characterized by a gain or loss of non-random chromosomes, respectively, are considered 

separate entities, as well, and have variable prognoses based on the chromosome number. 

Hyperdiploidy is present in 25-35% of children with ALL and carries a favorable prognosis. 

Hypodiploidy is less common, present in 5% of cases overall, and has an intermediate to 

poor prognosis that worsens as the chromosome number decreases to near-haploidy. While 

the mechanism and pathogenesis associated with ploidy changes is unknown, the 

chromosomes involved are not random with eight chromosomes (X, 4, 6, 10, 14, 17, 18, 21) 

accounting for the vast majority of changes (Chessells 2001; Mrózek, Harper et al. 2009; 

Moorman 2012). 

 While large chromosomal aberrations detected using conventional cytogenetics are 

characteristic of ALL, it has been shown that these changes alone fail to induce leukemia 

indicating that cooperating lesions are required for transformation. Genetic lesions driving 

tumorigenesis can occur at a submicroscopic level thereby escaping standard cytogenetic 

analysis. Identifying these changes requires the use of newer technologies that allow for 

detection of aberrations across the genome with increased resolution. In a study in which 242 

pediatric cases of ALL were assessed via single nucleotide polymorphism (SNP) array 

(average resolution of 5kb), a mean of 6.46 copy number aberrations (CNAs) was identified 

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



 

9 

between ALL subtypes with unsurprisingly more gains in cases with hyperdiploidy compared 

to increased losses in all other subtypes. Gene candidates were evaluated in regions of CNA, 

and genes regulating B-lymphocyte development and differentiation were aberrant in 40% of 

B-ALL cases. PAX5, which is essential for B-lineage commitment and maintenance, was the 

most frequent aberration with 29.7% of cases displaying a change, 98% of which were a loss 

(Mullighan, Goorha et al. 2007). The same year a smaller study evaluating 40 cases of 

pediatric ALL with varying cytogenetic findings, observed similar findings including the 

identification of a mean of 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, again, were associated with B-lymphocyte development 

(Kuiper, Schoenmakers et al. 2007).  

 Interestingly, despite cytogenetic differences identified between pediatric and adult 

cases of ALL, similarities were identified by high resolution analyses. A median of six 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% of cases containing a 

deletion in CDKN2A, PAX5, IKZF1, ETV6, RB1, and/or EBF1, which were all genes 

highlighted in previous studies assessing pediatric ALL. These findings suggest that pediatric 

and adult ALL may be more similar at the genomic level than previously thought based on 

cytogenetic analysis alone (Paulsson, Cazier et al. 2008).  

 Treatment of ALL consists of two goals: 1) achieve and 2) maintain remission. In 

order to achieve remission, drugs such as vincristine, L-aspariginase, anthracyclines, and 

prednisone are combined. In addition, patients need supportive care including broad-
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spectrum antibiotics and blood transfusions. More recently, use of growth factors such as 

granulocyte colony-stimulating factor has greatly improved the success of ALL therapy 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. 

From that point, 6-8 more months of intensive therapy are completed, followed by ~2 years 

of low intensity therapy (Chessells 2001; Onciu 2009). 

Acute myeloid leukemia 

  AML is a heterogeneous group of clonal neoplasms arising from hematopoietic 

progenitor cells. Age independent incidence is 3-4/100,000 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 for 15-20% of acute leukemia cases in children and with the highest frequency in 

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 radiation, and protracted exposure 

to benzene. However, these exposures only account for a small proportion of cases, and the 

majority of cases occur ñde novoò without a known factor (Bueso-Ramos 2010; Lichtman 

2010). 

 Similarly to ALL, AML is thought to arise due to malignant transformation of a 

progenitor cell in the bone marrow as a result of acquired DNA alterations involving proto-

oncogenes (Estey and Döhner 2006). These alterations limit both the ability of cells to 

differentiate normally and respond to regulators of proliferation, which leads to an 

accumulation of immature blast cells. Not only is the differentiation of the leukemic blasts 
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impaired, but the AML blasts also inhibit normal myeloid 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 blast cells from the bone marrow due to 

the expanding leukemic blast cell population; however, it is now thought that the inhibition is 

mediated, at least in part, by various chemokines produced by the AML blast cells. Cells that 

are produced also likely have decreased functionality. This inhibition results in deficiency of 

any or all lines of myeloid cells, which is largely responsible for the clinical signs such as 

fatigue, bruising, and infections. Neoplastic blast cells can also infiltrate organs, but it is 

uncommon to result in organ dysfunction until the load is severe. Without treatment, 

leukemic cells accumulate and functional cells decrease leading to severe infection or 

spontaneous hemorrhage eventually leading to death (Estey and Döhner 2006; Bueso-Ramos 

2010; Lichtman 2010). 

 Overall the prognosis of AML is the poorest of all leukemia subtypes with 42% of 

leukemia related deaths attributed to AML (Döhner, Estey et al. 2010). Increasing age, high 

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. Karyotype has been determined to 

be the strongest prognostic factor for response to induction therapy and survival and 

differentiates patients into three risk groups including favorable, intermediate, and adverse 

(Döhner, Estey et al. 2010). 

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

conventional cytogenetic approach. These karyotypic changes have been associated with 
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prognosis and responsiveness 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), 

and del(5q), among others. The intermediate group is the most heterogeneous with variable 

disease outcomes and includes cases with a normal karyotype (~ 40-50% of AML cases) and 

trisomy 8, among others. Unlike ALL, differences in chromosomal abnormalities between 

children and adults are minor (Table 3) (Raimondi, Chang et al. 1999; Shipley and Butera 

2009; Döhner, Estey et al. 2010; Bhatnagar and Garzon 2014). 

As described, cytogenetic alterations are important prognostic factors, but are not 

helpful in the 40-50% of cases with a normal karyotype. Overcoming the limitations of 

conventional cytogenetics by performing more in depth assessment of CNAs using aCGH 

may explain some of the heterogeneity in patients with normal karyotypes and better 

characterize intermediate and poor risk prognostic categories. One study assessed 86 cases of 

adult AML using an array with ~35kb resolution for detection of CNAs. A mean of 2.34 

CNAs were identified per genome, with a total of 201 CNAs ranging in size from 35kb to 

250Mb identified, of which 76% contained a known cancer-associated gene.  While 24% of 

cases with normal karyotypes contained CNAs at this resolution, no CNAs were identified in 

43 of 86 (50%) cases (Walter, Payton et al. 2009).  

A more recent study assessed 48 cases with both conventional cytogenetics and a 

custom designed gene-centric microarray. Using these methods, CNAs were identified in 

100% of cases with an average of 5.7 CNAs, of which submicroscopic losses were the most 

common. Patients with 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. 
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Genomic data was correlated with survival and two regions were found to be prognostic. 

Poorer overall survival was associated with a deletion of 17p11.2-q11.1, which contains 

TP53. A deletion at 5q33.3 is significantly associated with achieving complete remission. 

Candidate genes at 5q33.3 include EBF1, a transcription factor important for differentiation 

of B-cells, and RNF145, normally expressed in T-cells 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 molecular diagnostics and risk 

stratification of AML patients (Mehrotra, Luthra et al. 2014). 

 Discovery of recurrent gene mutations and 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 incorporated into classification. 

Approximately one-third of patients have activating mutations in receptor tyrosine kinase 

gene FLT3 as a result from either internal tandem duplication or point mutation. These 

mutations are related to an adverse disease outcome and have been a focus of targeted 

therapies currently in clinical trials. NPM1, a gene with molecular chaperoning and tumor 

suppressor functions, is mutated in approximately 30% of patients; however this mutation is 

associated with a highly favorable prognosis. Also associated with a favorable outcome, 

mutations in CEBPA, 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 including KIT, RUNX1, RAS, ASXL1, 

IDH1/IDH2, TET2, and DNMT3A, but the clinical impact of these genes has yet to be fully 

determined (Renneville, Roumier et al. 2008; Bhatnagar and Garzon 2014).  
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 Recent studies have focused on identifying and further understanding the role that 

various mutations play in the pathogenesis of AML. Patel et al. performed a mutational 

analysis of 18 genes (TET2, ASXL1, DNMT3A, CEBPA, PHF6, WT1, TP53, EZH2, RUNX1, 

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

identified at least one mutation in 97.3% of patients. Impacts of mutations on prognosis were 

evaluated, and genetic predictors of outcome were identified that improved risk stratification. 

When mutational and cytogenetic analyses 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 included (Patel, Gönen et al. 2012). More 

recently the Cancer Genome Atlas Network evaluated genomes of 200 adult cases of AML 

using whole genome or whole exome sequencing. This approach identified that AML 

genomes contain an average of 13 mutations of which only five are recurrently mutated in 

AML , and several mutations occur in mutual exclusivity of others (Cancer Genome Atlas 

Research Network 2013). The true impact of these studies is still unknown but brings to light 

the complex interplay of genetic events that contribute to the pathogenesis 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 phases: 1) produce complete remission and 2) prolong complete 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 patients with adverse karyotypes do not respond 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 of care in over 40 years, but numerous clinical trials for new drugs and 

targeted therapies including FLT3 inhibitors, p-glycoprotein inhibitors, and hypomethylating 

agents are ongoing (Estey and Döhner 2006; Levine 2013). 

Chronic lymphocytic leukemia 

 In humans, CLL is defined by 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 accounting for 30% of all cases with an overall 

incidence of 3-5/100,000. Adults over the age of 60 are most commonly affected with the 

median age at diagnosis being 70 years of age, and males are more commonly affected (2:1). 

CLL has significant clinical heterogeneity, and most patients are diagnosed initially on 

routine blood work with minimal clinical signs (Dearden 2007; Dighiero and Hamblin 2008). 

 CLL is considered an accumulative disorder of clonal B lymphocytes resulting from 

defects in apoptosis and proliferation(Workman and Vernau 2003). Most cells are in G0 

phase of the cell cycle, with only a small percentage of cells actively proliferating. 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 rise. Anti-apoptotic 

signals are likely a result of upregulation of an anti-apoptotic protein, BCL-2. The tumor 

microenvironment (e.g. in bone marrow) is also thought to contribute to the accumulation 

and survival of cells based on the finding that  leukemic cells undergo apoptosis quickly after 

in vitro culture, a process that can be prevented by adding a number of cytokines to the 

culture media. It has also been determined that normal activated T cells are intermingled with 
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leukemic cells in tissues involved in CLL further supporting a role for the tumor 

microenvironment (Workman and Vernau 2003; Dighiero and Hamblin 2008). 

 The B-cell receptor (BCR) is also linked to the pathogenesis of CLL. It has been 

found that 50-70% of CLL cases have somatic mutations in the immunoglobulin heavy chain 

variable region genes (IGHV) which play a role in BCR signaling. When activated, BCR 

signaling triggers a cascade of signaling events resulting in proliferation and differentiation. 

The IGHV can undergo mutation in non-neoplastic lymphocytes when exposed to antigens, 

which allows for development of more specific antigen-antibody binding.  Presence of 

mutated IGHV in CLL is associated with favorable outcome compared to cases with 

unmutated IGHV which display significantly shorter time to treatment, poorer response to 

therapy, and overall inferior survival (Dighiero and Hamblin 2008; Gunnarsson and 

Rosenquist 2011). Currently, it is thought that 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 restricted set of antigens, whereas cells with 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 disease (Burger 

and Chiorazzi 2013). 

 While most cases are diagnosed prior to the development of clinical signs, as the 

disease progresses, clinical signs become evident. Lymphadenopathy, hepatomegaly, and 

splenomegaly are all common. Advanced disease is often associated with anemia and 

thrombocytopenia due to bone marrow failure. Pneumonia is the cause of death in 30% of 

patients as a result of neutropenia and the associated inability to fight infection. CLL can also 
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undergo transformation to high-grade large cell lymphoma, known as Richterôs syndrome, in 

5% of patients (Dearden 2007). 

CLL has a protracted disease course so prognosis is generally good, especially when 

compared with other leukemia types. One-third of patients never need treatment and can 

expect survival time upwards of 20 years (Dighiero and Hamblin 2008). One-third have an 

initial indolent phase followed by disease progression with survival times ranging 10-15 

years. The remaining one-third have a more aggressive disease course and require treatment 

immediately following onset with overall survival of 3-5 years. While a staging system in 

CLL exists, it does a poor job at differentiating what patients will develop progressive 

disease. Lymphocyte doubling time and bone marrow involvement are considered prognostic 

factors, but both can be variable (Dighiero and Hamblin 2008; Rodríguez-Vicente, Díaz et al. 

2013). This has led researchers to look to genetic markers to improve risk stratification in 

CLL patients. 

 Conventional cytogenetics of metaphase preparations has identified numerous 

chromosomal aberrations in CLL, but only in ~50% of cases. When FISH is used to assess 

interphase nuclei, the percentage of cases with detectable aberrations increases to >80%. The 

false negative rate of analysis using conventional cytogenetics is associated with the low 

number of cells proliferating compared to the number of cells in G0. In addition, proliferating 

cells are rarely found in the blood; therefore, bone marrow samples are required for 

conventional cytogenetic analysis (Dearden 2007; Rodríguez-Vicente, Díaz et al. 2013).   

Recurrent CNAs in 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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(Dearden 2007; Hoehn, Medeiros et al. 2010; Gunnarsson and Rosenquist 2011). Deletion of 

17p and 11q are associated with more advanced disease than the others, and patients with 17p 

deletions have the shortest median treatment-free interval (9 months). In comparison, patients 

with deletion of 13q have a good prognosis with >92 months of treatment-free survival 

(Dohner, Stilgenbauer et al. 2000). Translocations are rare in CLL, but have been identified 

involving immunoglobulin genes. When they are present, they have a negative impact on 

treatment response and survival (Rodríguez-Vicente, Díaz et al. 2013). 

Complex karyotypes containing >3 chromosomal abnormities are present in 20% of 

cases and are also associated with aggressive disease and short survival times. In a study that 

assessed 48 cases using a microarray with ~5kb resolution, increased complexity of genomic 

changes, indicated by either the number of aberrations or the total size of aberrations, was 

associated with progression free survival and predicted a poor treatment response. Patients 

with a loss of TP53 (located in 17p) also had more complex changes, and, therefore, poorer 

prognosis, as previously identified (Kay, Eckel-Passow et al. 2010). 

 Molecular changes have also been assessed in CLL using whole-genome sequencing 

in four cases. Numerous mutations with the potential to impact gene function were identified 

and subsequently analyzed in 363 additional cases. Somatic mutations were identified in 

several genes previously unassociated with CLL including the NOTCH1 signaling pathways 

and defects in splicing machinery (Puente, Pinyol et al. 2011). A number of other genes have 

been found to be mutated in CLL, including TP53 and ATM. TP53 mutation has been found 

in 4-12% of patients with untreated CLL and confers a poor prognosis and short overall 
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survival. Clinical relevance of other mutations has yet to be determined (Rodríguez-Vicente, 

Díaz et al. 2013). 

 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 agent, is the standard therapy for CLL, and 45-86% of 

patients respond. It exhibits low toxicity and is an oral formulation making it the preferred 

treatment. It only evokes a complete remission in <10% of patients, however, raising 

questions as to whether the goal of treatment of CLL should be complete remission. Purine 

analogs, including fludaradine, have been found to exhibit higher remission rates (up to 40%) 

but no difference in overall survival. Monoclonal antibodies, including rituximab and 

alemtuzumab, are newer therapeutics that result in high response rates (>85%) and increased 

complete remissions over standard therapy. In addition, alemtuzumab is one of the only 

therapies with activity against cases with TP53 mutation or deletion (Dearden 2007; Hallek 

and Pflug 2010). In 2013, a new tyrosine kinase inhibitor targeting brutonôs tyrosine kinase, 

an essential component of BCR signaling, was found to have an overall response rate of 71% 

in 85 patients with relapse or refractory CLL. The response was independent of risk factors 

and genomics, and progression free survival at 26 months was maintained in 75% of patients 

who responded (Byrd, Furman et al. 2013). This further indicates that treatment strategies for 

remission in both low and high risk patients are continuously evolving. 

 As previously described, CLL in humans in defined as an accumulation of mature B-

lymphocytes, and questions of whether a true T-cell counterpart exists in humans remain. If 

so, it is considered a very rare entity. T-cell chronic lymphoproliferative diseases account for 
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<5% of all lymphoproliferative disorders and include Sezary syndrome/mycosis fungoides, 

large granular lymphocyte leukemia, adult T-cell leukemia/lymphoma, and T-cell 

prolymphocytic leukemia. T-cell CLL has been described in the past, but is not uniformly 

recognized. Hoyer et al published 25 cases of T-CLL collected over the course of 15 years 

from three institutions and described a small mature lymphocyte morphology that is different 

from morphological characteristics from the subtypes mentioned above. These cases were 

diagnosed based on immunophenotyping and clonal rearrangement in the T-cell receptor 

genes and not immunoglobulin genes. They study found a median survival of ~13 months 

and identified that the majority of cases were refractory to chlorambucil. Cytogenetic 

abnormalities involving 7p15, 8q, 14q11, and 14q32 were identified (Hoyer, Ross et al. 

1995). More recently there were concerns that mature T-cell leukemias, while rare, could not 

be adequately classified under the WHO classification scheme (Kussick, Wood et al. 2002). 

It has also been noted that large overlaps occur between the classifications of mature T-cell 

tumors and very few molecular distinctions exist further complicating classification of these 

rare tumors  (Herling, Khoury et al. 2004). 

Chronic myeloid leukemia 

 CML is a clonal myeloproliferative disease, which results from the BCR-ABL1 

translocation in a hematopoietic stem cell. The incidence of CML is 1-1.5/100,000 of the 

adult population and represents 15% of all adult leukemias. The median age of onset is 55 

years, and there is an increased prevalence in males compared to females. The only known 

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 cases have an unknown cause (Faderl, Talpaz et al. 

1999; Mughal and Goldman 2013).  

 CML is a triphasic disease composed of a chronic, accelerated, and blast/acute phase. 

The chronic phase lasts ~5-10 years while there is a gradual accumulation of mature myeloid 

cells in the bone marrow, peripheral blood, and spleen. The accelerated phase, marked by an 

increase in the proportion of blast cells (10-19%) and overall disease burden, generally lasts 

for 4-6 months. The blast phase lasts only 1-2 months and is evident by a blast cell count of 

>20% in the bone marrow and a rapid expansion of blast cells in the blood and tissues. 

Similar to CLL, patients are often diagnosed before clinical signs are apparent on routine 

blood work. If clinical signs are present, they include splenomegaly, leukocytosis, lethargy, 

fatigue, and shortness of breath, among others (Calabretta and Perrotti 2004; Mughal and 

Goldman 2013). 

 The discovery of the BCR-ABL1 translocation, known as the Philadelphia (Ph) 

chromosome, was the first time a karyotypic abnormality was directly linked to the 

pathogenesis of disease (Nowell and Hungerford 1961). Since that discovery over half a 

century ago, CML likely has the most advanced understanding of the molecular basis of any 

neoplasia. The Ph chromosome is formed as a result of a reciprocal translocation between 

chromosomes 9 and 22 [t(9;22)(q34;q11)] resulting in a BCR-ABL1 fusion gene on derivative 

chromosome 22. ABL is a non-receptor tyrosine kinase, therefore the resulting oncoprotein 

from the gene fusion displays constitutive kinase activity that provides growth advantage to 

the cell by initiating cell proliferation and survival signaling. The RAS, PI-3K/Akt, and 

STAT5 pathways are all constitutively activated as a result of BCR-ABL. While progression 
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to blast phase is not well understood, it is thought that increased BCR-ABL1 expression 

promotes secondary molecular and chromosomal changes (Faderl, Talpaz et al. 1999; 

Calabretta and Perrotti 2004; Hehlmann, Hochhaus et al. 2007). 

     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 non-random chromosomal abnormalities, several 

studies have aimed to identify better markers of progression and prognosis (Table 5) (Mughal 

and Goldman 2013). Two initial studies assessed the complexity of the CML genome at all 

three phases of development. In one study, CNAs were assessed in 55 patients (25 chronic 

phase, 4 accelerated phase, and 26 blast phase) at a 1Mb resolution. It was identified that 

patients in accelerated/blast phase had significantly more CNAs than patients in chronic 

phase (Hosoya, Sanada et al. 2006). Another study evaluating 54 patients at the same 

genome-wide resolution also identified that genomic imbalances increased with disease 

progression (Brazma, Grace et al. 2007). More recently, efforts were made to identify a 

predictive genetic marker for response and outcome associated with necessary dose 

escalation in imatinib, a tyrosine kinase inhibitor that targets BCR-ABL. Forty-four patients 

were evaluated for CNAs at a 100kb resolution across the genome. All patients were in 

chronic phase, but had not responded as expected to standard doses of imatinib. It was found 

that a gain in GSIT1 is associated with a poor response to imatinib (Koh, Kim et al. 2010). 

GSIT1 has been previously associated with carcinogenesis, and, more recently, gain of GSIT1 

has also been associated with poor response to imatinib in gastrointestinal stromal tumors 

(Lee, Kang et al. 2013). While low sample sizes and array resolutions call more advanced 
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analysis before these concepts can be applied clinically, results are promising for improved 

risk stratification. 

 Other molecular abnormalities have also been associated with disease progression. 

TP53 is mutated in 25-30% of patients with CML, and it has been found that mice injected 

with p53 deficient BCR-ABL+ cells develop a more aggressive form of CML than mice 

injected with BCR-ABL+ cells containing wildtype p53. Loss of p53 also made cells 

significantly less susceptible to apoptosis. INK4A/ARF is homozygously deleted in ~50% of 

patients with a lymphoblastic phenotype of blast phase. Mutations in RB1 have also been 

identified in CML patients in accelerated or blast phase (Calabretta and Perrotti 2004). 

 Historically, CML was treated using combination therapies of various 

chemotherapeutics including vincristine, prednisone, doxorubicin, cyclophosphamide, 

hydroxyurea, etc. In the early 1990s, Ŭ-interferon immune therapy became the first line of 

defense against CML. Since then, the development of tyrosine kinase inhibitors has 

revolutionized the treatment and prognosis of CML. Imatinib received FDA approval in 

2001. Five year follow-up of patients in chronic phase indicated hematological remission rate 

of 98% and progression free survival in 84% of patients. Resistance to imatinib occurs in 

~30% of patients in chronic phase and a much higher percentage in accelerated phase. 

Resistance is associated with increased expression of BCR-ABL1 or the acquisition of point 

mutations in the ABL1 kinase domain. Second generation tyrosine kinase inhibitors have 

since been developed which are more potent than imatinib and some of which are efficacious 

in patients resistant to imatinib (Hehlmann, Hochhaus et al. 2007; Mughal and Goldman 

2013). 
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Comparative biology and value of dogs as a model in cancer research 

Animal models of leukemia 

 The vast majority of animal models used in the study of leukemia have been, 

unsurprisingly, rodent based with an occasional study using zebrafish or fruit flies to 

investigate specific genetic changes (Cook and Pardee 2013). These models have been 

indispensable for the study of leukemia, specifically understanding the biology and 

biochemistry of pathways; however, there are limitations to the application of findings in 

these models. They do not adequately represent important features of tumor biology 

including long latency periods, genomic instability, and the heterogeneity of tumor cells and 

the surrounding microenvironment.  In addition, the tumors are induced and have genetic 

mutation in only one or a few genes. This makes it impossible to evaluate the complex 

biology of gene networks and interactions that are known to contribute to disease 

pathogenesis in humans (Paoloni and Khanna 2008; Gordon, Paoloni et al. 2009; Rowell, 

McCarthy et al. 2011; Cook and Pardee 2013). To give a specific example, there are almost 

no animal models of CLL. As previously discussed, CLL cells are largely inert in vivo 

making recapitulating the disease in a model challenging. There is one transgenic mouse 

model that develops a B-cell lymphoproliferative disease which represents a particularly 

aggressive phenotype of CLL; however, no models exist for the indolent form that occurs 

more frequently in humans (Dighiero and Hamblin 2008). 

The dog as a model organism 

 The list of qualities that makes dogs an excellent model in biomedical research is an 

extensive one. Dogs have similarities to human anatomy and physiology especially involving 
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the cardiovascular, urogenital, nervous, and musculoskeletal systems. It has also been 

identified that the catalog of common disease syndromes shared between dogs and humans is 

larger than any other laboratory or domestic species (Ostrander and Wayne 2005). Dogs 

share the environment with humans including similar exposures to air 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. Several biomarkers were identified in dogs living near contaminated sites including an 

increased frequency of micronuclei and decreased CD4+/CD8+ T-cell ratio, both of which 

were also identified in humans in the same locations supporting the sentinel role dogs can 

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 

ancestor (Boyko 2011). 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 model (Paoloni and Khanna 2008). Dog 

breeds developed as a result of intensive artificial selection, which led to unintentional 

selection of deleterious genes. As a result, many dog breeds show an increased prevalence for 

specific diseases including cancer, blindness, heart disease, cataracts, epilepsy, atopy, 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 

have osteosarcoma, Scottish terriers have transitional cell carcinoma, and the list continues. 

Most breeds have existed for less than two centuries, but the level of diversity of dogs is 
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about twice of that found in humans. From a genetic research perspective, this makes the dog 

an ideal model for identifying genetic changes since they are likely more penetrant within the 

population (Olson 2007; Paoloni and Khanna 2007; Boyko 2011).  

Dogs are also easily accessible and maintain a prominent status in our culture. There 

are currently >83 million dogs as pets in the United States (American Pet Products 

Association 2014), and 54% of them are considered a ñfamily memberò by their owners. As a 

result, >$55 billion is spent annually on their care (American Pet Products Association 2014) 

and they are cared for until old age allowing them to serve as models of diseases that occur in 

old age and/or develop over a lifespan. In addition, owners are often willing, and even eager, 

to participate in research studies to benefit not only their own pet, but other pets, as well 

(Rowell, McCarthy et al. 2011). 

Dogs are valuable models throughout biomedical science; however, there are some 

additional attributes that emphasize their role in comparative and translational 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 intra-tumoral heterogeneity and metastasis to distance sights. Similar tumor 

types in dogs and human have shared histology and respond similarly to therapy. Compared 

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 years as required in humans (Khanna, Lindblad-Toh et al. 2006; 

Paoloni and Khanna 2008). 
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Applications of the dog model in biomedical science and cancer research 

 The dog has already played an essential role in biomedical science. Genetic mapping 

of narcolepsy, copper toxicosis, and icthyosis have all been evaluated in the dog and 

contributed to understanding of similar human conditions (Boyko 2011). Novel candidate 

genes for arrhythmogenic right ventricular cardiomyopathy have also been identified in the 

dog and translated to humans (Meurs, Mauceli et al. 2010). A gene associated with hereditary 

multifocal cystadenocarcinoma and nodular dermatofibrosis in German Shepherds was 

localized in the dog and found to be mutated. The gene was mapped to humans and assessed 

in patients with Birt-Hogg-Dube syndrome (the human equivalent), and a synonymous 

mutation was identified (Lingaas, Comstock et al. 2003; Ostrander 2012).  Dogs have also 

been used as important models in numerous other diseases including ALS, hemophilia A, 

SCID, and muscular dystrophy, among others (Parker, Shearin et al. 2010). 

 Cancer research is the area of biomedical science in which the dog model has 

received the most attention and application. Over one million pet dogs are diagnosed and 

managed with cancer annually with prevalence increasing from year to year. Cancer is the 

most common cause of death, with one in four dogs over the age of 2 years, and one in two 

over the age of 10 years dying from cancer (Withrow, Vail et al. 2013). Numerous studies in 

dogs have shed some light on cancer biology, pathogenesis, and drug development which has 

had positive impacts in both veterinary and human medicine (Paoloni and Khanna 2007; 

Paoloni and Khanna 2008). 

 Several recent 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 identified that BRCA1 

and BRCA2, two well characterized genes in human breast cancer, are also significantly 

associated with canine mammary tumors (Rivera, Melin et al. 2009). Human and dog 

mammary tumors have also been compared on a genome-wide expression level using 

microarrays. A significant overlap of genes and pathways dysregulated in mammary tumors 

across both species was observed indicating highly comparable cancer signaling networks are 

shared across species (Uva, Aurisicchio et al. 2009). More recently, five cases were whole-

genome sequenced and 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, tumor-specific DNA was found in the plasma a year after the mammary tumors were 

surgically removed, suggesting metastasis, which was subsequently found in the lung. 

Chromosomal instability was similar to that previously identified in humans, and the 

techniques applied highlighted the possibilities and value of identification of tumor 

biomarkers in both dogs and humans (Beck, Hennecke et al. 2013). 

 Similar comparisons between dogs and humans have been performed for 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, cases clustered by subtype, not species, again indicating tumor biology is shared 

across species (Tang, Le et al. 2010). Osteosarcoma has also been extensively compared 

between dogs and humans. Comparison of genome-wide CNAs across the two species show 

shared genomic complexity and identified candidate genes for further exploration (Angstadt, 

Thayanithy et al. 2012). Similarities have also been identified in global expression analysis 
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of osteosarcoma, and, again, cases clustered based on biological characteristics as opposed to 

species further supporting similar interspecies pathogenesis (Paoloni, Davis et al. 2009). 

 Hematopoietic tumors, most notably lymphoma, are likely the most studied tumors in 

the dog for their comparative value (Reviewed in (Marconato, Gelain et al. 2013; Ito, Frantz 

et al. 2014)). Global assessment of copy number change revealed high levels of molecular 

diversity in canine lymphoma, similar to humans, and regions of evolutionarily conserved 

CNA were noted (Thomas, Seiser et al. 2011). More recently, the importance of the 

activation of the NF-KB pathway in the pathogenesis of diffuse large B-cell lymphoma was 

identified in two independent studies assessing dog and human tumors (Mudaliar, Haggart et 

al. 2013; Richards, Motsinger-Reif et al. 2013). It has also been shown that several subtypes 

of canine lymphoma can be divided into three molecular subgroups with prognostic 

significance (Frantz, Sarver et al. 2013). 

 Dogs also provide advantages as a therapeutic model in drug development to serve as 

an intermediary between conventional pre-clinical studies and human clinical trials. Clinical 

trials in humans are constrained 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 regulations with the discretion being left to the owner, which allows for 

investigational therapies to be offered before 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 models do not 

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 liposomal muramyl 

tripeptide phosphatidylethanolamine (L-MTP-PE) was first evaluated in canine osteosarcoma 

with favorable results. It led to Phase III studies in children, which showed similar results to 

the dog studies (Gordon, Paoloni et al. 2009). Targeted anti-cancer 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 tumors. In addition, they 

have been used for a number of other tumor types and led to an increased understanding of 

the role of tyrosine kinases in veterinary tumors, which can translate back into human 

medicine (London 2009). In the future, it is speculated that cancer therapeutics will be 

defined based on the molecular tumor biology as opposed to tumor histology. This concept is 

known as personalized medicine, for which dogs have already been determined to be a 

relevant and important clinical model (Paoloni, Webb et al. 2014). 

 

Diagnosis, classification, and pathology of canine leukemia 

 Apart from numerous individual case studies (e.g (Modiano 1998; Reimann, 

Bartnitzke et al. 1998; Adams, Mellanby et al. 2004; Ledieu, Palazzi et al. 2005; Hiraoka, 

Hisasue et 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 described, molecular 

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 approach would 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 categories to the WHO Classification of Tumors of 

Hematopoietic and Lymphoid Tissues, there are some distinct differences. Recurrent genetic 

abnormalities are not currently associated with the veterinary version, and some 

characteristics from more historical classification schemes have increased carryover (e.g. 

using an alphanumeric code for subclassification of AML derived from the FAB system). 

There are a few important features, as well, that favor it over previous classification schemes. 

The WHO system attempts to define complete disease entities as opposed to solely different 

histological diagnoses. It also recognizes that diseases can present different clinically, and 

that the distinction of different classifications may be challenging as individual cases fall 

within a continuum of the same disease.  Unfortunately, it is not 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 for diagnosis, risk 

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. Table 6 lists the current list of classifications of leukemia in veterinary 

medicine and their human counterparts (Valli, Jacobs et al. 2002; McManus 2008; Weiss and 

Wardrop 2011). 
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 While considered rare, the true incidence of canine leukemia is unknown. An 

incidence was published in 1983 of 30.5/100,000 (Schneider 1983); however, lymphomas 

were not separated from true leukemias, so this number is likely exaggerated. A more recent 

retrospective analysis of bone marrow disorders identified 126 cases of neoplasia in 717 

patients analyzed over an 8-year timeline. The neoplasms identified included, acute 

leukemias (n=46), chronic leukemias (n=7), stage 5 lymphoma (n=28), multiple myeloma 

(n=25) malignant histiocytosis (n=11), metastatic mast cell tumor (n=3), sarcoma (n=5), and 

carcinoma (n=1)(Weiss 2006). There are a couple key shortcomings of these findings that are 

important to keep in mind. Cases were recruited from only one specialty hospital which may 

impact the distribution. In addition, this study only included cases in which the bone marrow 

was assessed. While the textbook diagnosis of leukemia requires a bone marrow assessment, 

in reality, cases are often diagnosed based on blood samples alone, making the numbers in 

this study considerably lower than expected if all leukemia cases were included.  It is also 

hypothesized that leukemia in dogs is underdiagnosed and underreported due to the fulminant 

course and non-specific clinical signs, making identification of incidence, prevalence, and 

distribution of the disease more challenging (Weiss and Wardrop 2011). 

 There are a few studies that have assessed the epidemiology of canine leukemia using 

flow cytometry to better describe the most frequent phenotypes observed. In 1999, 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 were a T-cell phenotype. Of the acute leukemias 

that were evaluated, 55% (21/38) were found to be of myeloid origin, 16% (6/38) B-cell 

origin, 18% (7/38) T-cell origin, and 11% (4/38) undifferentiated. Acute leukemia cases had 
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an average age of 7.4 years (Vernau and Moore 1999). More recently another assessment was 

done in the United Kingdom to assess the epidemiological features of dogs with leukemias 

confirmed by flow cytometry analysis and compare them between subtypes. Of 64 cases of 

confirmed leukemia, 39% (25/64) were ALL, 27% (17/64) were CLL, and 34% (22/64) were 

AML. When ALL is divided by phenotype 15/25 were B-cell origin, 6/25 were T-cell origin, 

1/25 was biphenotypic, and 3/25 were undifferentiated. In CLLs, the majority were of T-cell 

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 years, respectively. 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 confirmed leukemia cases 

with the most frequent being mixed breed dogs, golden retrievers, and German shepherds. 

Golden retrievers were found to be significantly overrepresented in ALL (Adam, Villiers et 

al. 2009). The same year, a study in Italy assessed 145 cases of leukemia and identified 35% 

(51/145) ALLs, 23% (33/145) AMLs, and 42% (61/145) CLLs. B-cell ALL (47/51) was 

more common than T-cell ALL (4/51), while in CLL a T-cell phenotype was more common 

(54/61) (Tasca, Carli et al. 2009). Discrepancies across these studies are possible due to 

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 of human leukemia. Dogs often present with vague clinical signs including 

anorexia, lethargy, and weight loss. Physical exam findings may reveal other signs such as 

hepatosplenomegaly, fever, pallor, and petechiation. While dogs with chronic leukemias may 
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be asymptomatic at presentation, acute leukemias often have severe clinical signs (Dobson, 

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/µl but can vary from normal to >100,000/µl. For diagnosis, 

persistent lymphocytosis is required, and mild neutropenia, anemia, and thrombocytopenia 

are not uncommon. In ALL, bone marrow failure is common resulting in anemia, 

neutropenia, and/or thrombocytopenia, which are more severe than if identified in CLL. 

Findings in AML are similar to ALL; however, often the cytopenias are more severe because 

the myeloid leukemia prevents other myeloid cells from proliferating and differentiating, as 

previously discussed. CML involves proliferation of the myeloid series resulting in a high 

white blood cell count (>100,000/µl) characterized by a left-shifted neutrophilia. 

Eosinophilia and basophilia are also possible characteristics. Unfortunately, there are 

currently no hematological, morphological, cytochemical, or immunophenotyping methods 

that are useful in the identification of CML, as there are no characteristics that differentiate 

the neoplastic process from an inflammatory or immune-mediated process. Therefore it is a 

diagnosis of exclusion and will not be further discussed in upcoming sections regarding the 

methods of classifying leukemias (Dobson, Villiers et al. 2006; Withrow, Vail et al. 2013). 

It has been stated that microscopy remains the most valuable and available diagnostic 

tool for leukemias (Dean 2003), which is reiterated in the importance of cell morphology in 

the classification of canine leukemias. Morphological assessment should include a 200 cell 

differential white blood cell count and 500 cell differential of a bone marrow aspirate. Bone 

marrow biopsy is also recommended to assess overall architecture.  In both T-cell and B-cell 
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CLL, the lymphocytes are small and mature with round nuclei and narrow rim of cytoplasm, 

and small pink cytoplasmic granules are possible in T-CLL. In ALL, lymphoid cells are 

usually moderate in size with a heterogeneous appearance. Irregularly shaped and indented 

nuclei are common, and large lymphoblasts make up >20-30% of nucleated cells. AML is 

characterized by >20-30% myeloblasts with large nuclei and prominent nucleoli. 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 granules or vacuoles (Weiss and Wardrop 2011; Withrow, Vail et al. 2013). 

Canine leukemic cells have even been assessed by electron microscopy in an attempt to 

identify differences in ultra-structural morphology. Overall, canine leukemic cells were 

usually indistinguishable from normal cells at this level and definitive identification of blast 

cells was difficult to impossible (Grindem 1985). Other studies have also noted that there is 

poor correlation between morphologic appearance and immunophenotype of canine 

leukemias (Vernau and Moore 1999), and determined that 33-50% of acute leukemias 

diagnosed as ALL by morphology are reclassified as AML when immunophenotyped (Adam, 

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 used for classification of hematopoietic neoplasms 

including cytochemistry, flow cytometry, and PCR for antigen receptor rearrangement 

(PARR). Cytochemistry most commonly uses stains that interact with specific chemical 

functional groups, though antigens to particular 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 interpret if only one stain is used. Cytochemical staining is best applied to 

diagnosis of non-lymphoid leukemias, as none of the common cytochemical stains label 

lymphoid cells. Undifferentiated cells also have weak or absent staining because they do not 

yet contain necessary cellular constituents to react with stains. Currently used stains, cellular 

moiety labeled, and positive staining of normal cells are included in Table 7 (Dean 2003; 

Weiss and Wardrop 2011). Recently it was identified 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 showing strong expression in >50% of blast cells. No cases of lymphoma or 

CLL showed positive staining. In the 13 ALLs evaluated, four showed weak staining. Overall 

it was determined that cytochemical staining for alkaline phosphatase may help differentiate 

acute leukemias (Stokol, Schaefer et al. 2013). 

Immunophenotyping methods use monoclonal antibodies to proteins located on the 

cell surface or in the cytoplasm. These can be used in immunocytochemistry; however, it is 

becoming 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 

immunocytochemistry. As with cytochemistry, it is important to assess a panel of markers 

and interpret all the findings in light of one another, as some antigens can be lost during 

neoplastic transformation. In addition, it is unknown at precisely which stage of 

differentiation and maturation canine leukocytes express each of the markers. Flow 

cytometry immunophenotyping has been used successfully to differentiate AML from ALL, 

ALL from CLL, and lymphoid leukemias from primary lymphomas. Table 8 presents the 
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commonly used markers available for use in veterinary medicine (Dean 2003; Tarrant 2005; 

Blackwood 2008; Wilkerson 2012). 

Additional physical information about the cell population is also gleaned from flow 

cytometry through evaluation of forward scatter (cell size) and side scatter (cell granularity). 

The use of side scatter 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 in heterogeneous cell populations, highly dependent on sample 

quality, and of no real advantage over morphological assessment (Tarrant 2005). DNA ploidy 

and the fraction of cells in the S-phase 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. The S-phase fraction was found to be 

significantly higher in acute leukemias compared to chronic leukemias, but no significant 

differences were identified between individual subtypes (Riondato, Poggi et al. 2010). 

PARR can be used to differentiate lymphoid neoplasms and confirm a population is 

clonal indicating the population is derived from a single parental clone and therefore 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 significant length and sequence 

heterogeneity and a diverse population of lymphocytes with near limitless antigen specificity. 

PCR of these regions should then result in a smear on gel electrophoresis due to the diversity 

in sequence length. If one band is identified on gel electrophoresis it represents a population 

of cells with the same length of rearrangement likely derived from one parental clone (I.e. 
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neoplastic). This methodology has been used in both human and veterinary medicine. In 

veterinary medicine, it is most frequently used to confirm neoplasia, and to aid in 

differentiation of B- vs. T-cell lymphoma. PARR can be applied similarly to lymphoid 

leukemias, but cannot be used for differentiation of myeloid and lymphoid origin, as it has 

been demonstrated that ~30% of AMLs have receptor rearrangements (Burnett, 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 ~8% (Avery 2009). Recently, a novel clonality 

assay was designed and tested to better evaluate T-cell populations. Using genomic DNA 

sequencing of the TCRɔ locus, a large number of previous unknown genes were identified 

and incorporated into a multiplex assay to detect all rearranged genes. The multiplex assay 

was found to have an improved detection rate of 100% compared to 17% based on previous 

methods (Keller and Moore 2012).  

Accurate classification of canine leukemia is important for assessing prognosis and 

choosing appropriate treatment strategies. It is well known that chronic leukemias have much 

better prognosis that acute, and lymphoid leukemias are more responsive to treatment, which 

also results in a better prognosis compared to myeloid leukemias. Prognostic markers have 

been identified in canine lymphoproliferative diseases characterized by lymphocytosis. Flow 

cytometric assessment yielded four main phenotypes: CD8+ T-cell, CD21+ B-cell, CD4-

CD8-CD5+ T-cell (aberrant phenotype), and CD34+ (progenitor cells). While there was no 

significant difference in survival time associated with B- vs. T-cell neoplasia, prognostic 

indicators in each subtype were identified. In T-cell lymphocytosis, lymphocytosis 

>30,000/µl had significantly shorter median survival time (MST; 131 days) than those 
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presenting with <30,000/µl (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 diagnosis (Williams, Avery et al. 2008). In another study in which 

there was sufficient clinical information to rule out stage V lymphoma, immunophenotype of 

CLL was found to be significantly associated with survival with MSTs of 930 days in T-CLL 

compared to only 430 days in B-CLL. Anemia in T-CLL was also identified as a negative 

prognostic indicator (Comazzi, Gelain et al. 2011). Less is known about the prognosis of 

myeloid leukemias. In 16 dogs with AML, median and mean survival following diagnosis 

was 7 days and 20 days, respectively, with a range of 2-138 days; however, these numbers 

are skewed because of client elected euthanasia due to clinical signs and presumed poor 

prognosis (Juopperi, Bienzle et al. 2011). There is evidence that not all canine AML is 

rapidly fatal. A dog with acute megakaryoblastic leukemia achieved complete remission and 

was maintained for 24 months on a chemotherapy regimen of vincristine, daunorubicin, 

cytosine arabinoside, and prednisolone (Wil lmann, Muellauer et al. 2009). CML is so rare 

that little is known about the clinical course and prognosis, especially since it likely evades 

detection during chronic phase. Chemotherapy seems to control dogs with CML in chronic 

phase, but once progression occurs, prognosis is very poor (Juopperi, Bienzle et al. 2011; 

Withrow, Vail et al. 2013).  

 Since leukemia is rare in dogs, standard and efficacious treatment regimens 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 disappointing. AML 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 been noted in dogs. Treatment 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 60,000/µl, the dog 

becomes anemic and/or thrombocytopenic, or 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 cases show 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, better understanding of prognosis, and potentially more 

advanced and directed therapeutic approaches (Juopperi, Bienzle et al. 2011; Withrow, 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 numbers of the remaining four were 54, 81, 83/85, and 156. Extra 

metacentric chromosomes were identified in five of the dogs, and double minute 

chromosomes were found in three dogs. Together these data strongly suggest that cytogenetic 

changes are commonly found in canine leukemia (Grindem and Buoen 1986). In 1993, 
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cytogenetic analysis was completed on two dogs with ALL, one of which contained an extra 

metacentric chromosome formed from apparent robertsonian translocation of two copies of 

chromosome 1 (Nolte, Werner et al. 1993).  

With the sequencing of the dog genome, advances in technology made it possible to 

assess cytogenetics in a more detailed fashion. Use of FISH led to the discovery of the BCR-

ABL1 translocation in five cases of CML (Figure 3) (Breen and Modiano 2008) and chronic 

monocytic leukemia (Cruz, Milner et al. 2011); and RB1 deletion, commonly found in human 

CLL, was identified in 6/8 cases of canine CLL. Canine leukemias have also been assessed 

for mutations in KIT, RAS, and FLT3 genes and found to harbor mutations synonymous with 

those previously identified in humans (Usher, Radford et al. 2009; Suter, Small et al. 2011; 

Giantin, Aresu et al. 2013). Further characterization of these cytogenetic and molecular 

aberrations is critical to better understanding canine leukemia pathogenesis and improving 

current methods of diagnosis and prognosis. 

 

Dissertation outline 

In this dissertation, I hypothesize that 1) major subtypes of canine leukemia are 

associated with subtype-specific genetic aberrations that can be used clinically to aid in 

diagnosis and disease monitoring; 2) conserved genetic aberrations exist between canine 

leukemia and human leukemia of the same subtype; and 3) canine lymphoid tumor cell lines 

are valid in vitro models of canine lymphoid tumors. Subsequent chapters focus on 

enhancing the understanding 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 leukemia was used to evaluate the genomic 

landscape of the disease and investigate the utility of CNAs for subtype differentiation in 

veterinary medicine. The overall level of instability observed genome-wide was limited with 

predominantly lowly penetrant CNAs; however, predictive modeling identified regions to 

classify 69.5-95.8% of canine leukemia cases accurately depending on the regions used. 

Furthermore, when CNAs in canine leukemia were directly compared with those previously 

identified in their human counterparts, numerous regions of shared CNA were found to be 

evolutionarily conserved between dogs and humans and contain genes previously found to be 

important in the pathogenesis of leukemia. This study was followed by an evaluation of the 

mutational status of seven genes 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 novel mutations identified in the dog were 

found to be previously documented in humans further indicating a shared pathogenesis across 

species. Additionally, genomic and transcriptional profiling were combined with other 

cytogenetic methodologies to define molecular and biological traits of five canine lymphoid 

cell lines and compare them to primary canine tumors, which confirmed them as appropriate 

in vitro models for use in veterinary and comparative research. Lastly, the utility of 

cytogenetics in canine leukemia was demonstrated in three clinical case reports, two of which 

used cytogenetics to monitor treatment response. In summary, this body of work makes a 

large contribution to the catalogue of genetic findings in canine leukemia including both 
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CNAs and point mutations in leukemia-related-genes and takes a critical first step in 

determining the clinical and comparative utility of these changes.  

  



 

44 

References 

 

Adam, F., E. Villiers, et al. (2009). "Clinical pathological and epidemiological assessment of 

morphologically and immunologically confirmed canine leukaemia." Veterinary and 

Comparative Oncology 7(3): 181-195. 

Adams, J., R. Mellanby, et al. (2004). "Acute B cell lymphoblastic leukaemia in a 12ȤweekȤ
old greyhound." Journal of small animal practice 45(11): 553-557. 

American Pet Products Association. (2014). "American Pet Products Association 2013-2014 

National Pet Owners Survey."   Retrieved July 1, 2014, from 

http://www.americanpetproducts.org/press_industrytrends.asp. 

Angstadt, A. Y., V. Thayanithy, et al. (2012). "A genome-wide approach to comparative 

oncology: high-resolution oligonucleotide aCGH of canine and human osteosarcoma 

pinpoints shared microaberrations." Cancer genetics 205(11): 572-587. 

Avery, A. (2009). "Molecular Diagnostics of Hematologic Malignancies." Topics in 

Companion Animal Medicine 24(3): 144-150. 

Backer, L. C., C. B. Grindem, et al. (2001). "Pet dogs as sentinels for environmental 

contamination." Science of the Total Environment 274(1): 161-169. 

Beck, J., S. Hennecke, et al. (2013). "Genome Aberrations in Canine Mammary Carcinomas 

and Their Detection in Cell-Free Plasma DNA." PLoS ONE 8(9): e75485. 

Bhatnagar, B. and R. Garzon (2014). "The Use of Molecular Genetics to Refine Prognosis in 

Acute Myeloid Leukemia." Current Hematologic Malignancy Reports: 1-10. 

Blackwood, L. (2008). Canine Leukaemia: Are We Any Further Forward? World Small 

Animal Veterinary Association World Congress, Dublin, Ireland. 

Boyko, A. R. (2011). "The domestic dog: man's best friend in the genomic era." Genome 

Biology 12(2): 216. 

Brazma, D., C. Grace, et al. (2007). "Genomic profile of chronic myelogenous leukemia: 

Imbalances associated with disease progression." Genes, Chromosomes and Cancer 

46(11): 1039-1050. 

http://www.americanpetproducts.org/press_industrytrends.asp


 

45 

Breen, M. (2009). "Update on Genomics in Veterinary Oncology." Topics in Companion 

Animal Medicine 24(3): 113-121. 

Breen, M. and J. F. Modiano (2008). "Evolutionarily conserved cytogenetic changes in 

hematological malignancies of dogs and humans ï man and his best friend share more 

than companionship." Chromosome Research 16(1): 145-154. 

Bueso-Ramos, C. (2010). Acute Myeloid Leukemia. Neoplastic Hematopathology. D. Jones, 

Humana Press: 145-163. 

Burger, J. A. and N. Chiorazzi (2013). "B cell receptor signaling in chronic lymphocytic 

leukemia." Trends in immunology 34(12): 592-601. 

Burnett, R., W. Vernau, et al. (2003). "Diagnosis of canine lymphoid neoplasia using clonal 

rearrangements of antigen receptor genes." Veterinary Pathology 40(1): 32-41. 

Byrd, J. C., R. R. Furman, et al. (2013). "Targeting BTK with ibrutinib in relapsed chronic 

lymphocytic leukemia." New England Journal of Medicine 369(1): 32-42. 

Calabretta, B. and D. Perrotti (2004). "The biology of CML blast crisis." Blood 103(11): 

4010-4022. 

Cancer Genome Atlas Research Network (2013). "Genomic and epigenomic landscapes of 

adult de novo acute myeloid leukemia." New England Journal of Medicine 368(22): 

2059-2074. 

Chessells, J. M. (2001). Acute Lymphoblastic Leukaemia. Encyclopedia of Life Sciences, 

John Wiley & Sons, Ltd. 

Comazzi, S., M. E. Gelain, et al. (2011). "Immunophenotype Predicts Survival Time in Dogs 

with Chronic Lymphocytic Leukemia." Journal of Veterinary Internal Medicine 

21(1): 100-106. 

Cook, G. J. and T. S. Pardee (2013). "Animal models of leukemia: any closer to the real 

thing?" Cancer and Metastasis Reviews 32(1-2): 63-76. 

Cruz, C., R. Milner, et al. (2011). "BCR-ABL translocation in a dog with chronic monocytic 

leukemia." Veterinary Clinical Pathology 40(1): 40-47. 

Dean, G. (2003). Update on Diagnosis of Leukemias. ACVIM Forum, Charlotte, NC. 



 

46 

Dearden, C. (2007). Chronic Lymphocytic Leukaemia. Encyclopedia of Life Sciences, John 

Wiley & Sons, Ltd. 

Dighiero, G. and T. Hamblin (2008). "Chronic lymphocytic leukaemia." The Lancet 

371(9617): 1017-1029. 

Dobson, J., E. Villiers, et al. (2006). "Diagnosis and management of leukaemia in dogs and 

cats." In Practice 28: 22-31. 

Döhner, H., E. H. Estey, et al. (2010). "Diagnosis and management of acute myeloid 

leukemia in adults: recommendations from an international expert panel, on behalf of 

the European LeukemiaNet." Blood 115(3): 453-474. 

Dohner, H., S. Stilgenbauer, et al. (2000). "Genomic aberrations and survival in chronic 

lymphocytic leukemia." New England Journal of Medicine 343(26): 1910. 

Estey, E. and H. Döhner (2006). "Acute myeloid leukaemia." The Lancet 368(9550): 1894-

1907. 

Faderl, S., M. Talpaz, et al. (1999). "The biology of chronic myeloid leukemia." New 

England Journal of Medicine 341(3): 164. 

Frantz, A., A. Sarver, et al. (2013). "Molecular profiling reveals prognostically significant 

subtypes of canine lymphoma." Veterinary Pathology 50(4): 693-703. 

Gallegos-Arreola, M., C. Borjas-Guti®rrez, et al. (2013). Pathophysiology of Acute 

Lymphoblastic Leukemia. Clinical Epidemiology of Acute Lymphoblastic Leukemia 

- From the Molecules to the Clinic. J. M. Mejia-Arangure, InTech. 

Giantin, M., L. Aresu, et al. (2013). "Evaluation of tyrosine-kinase receptor c-KIT (c-KIT) 

mutations, mRNA and protein expression in canine leukemia: Might c-KIT represent 

a therapeutic target?" Veterinary Immunology and Immunopathology 152(3): 325-

332. 

Gordon, I., M. Paoloni, et al. (2009). "The Comparative Oncology Trials Consortium: Using 

Spontaneously Occurring Cancers in Dogs to Inform the Cancer Drug Development 

Pathway." PLoS Medicine 6(10): e1000161. 

Grindem, C. (1985). "Ultrastructural morphology of leukemic cells from 14 dogs." 

Veterinary Pathology 22(5): 456-462. 



 

47 

Grindem, C. B. and L. Buoen (1986). "Cytogenetic analysis of leukaemic cells in the dog. A 

report of 10 cases and a review of the literature." Journal of comparative pathology 

96(6): 623-635. 

Gunnarsson, R. and R. Rosenquist (2011). "New insights into the pathobiology of chronic 

lymphocytic leukemia." Journal of Hematopathology: 1-15. 

Hallek, M. and N. Pflug (2010). "Chronic lymphocytic leukemia." Annals of Oncology 

21(suppl 7): vii154-vii164. 

Hehlmann, R., A. Hochhaus, et al. (2007). "Chronic myeloid leukaemia." The Lancet 

370(9584): 342-350. 

Herling, M., J. D. Khoury, et al. (2004). "A systematic approach to diagnosis of mature T-

cell leukemias reveals heterogeneity among WHO categories." Blood 104(2): 328-

335. 

Hiraoka, H., M. Hisasue, et al. (2007). "A dog with myelodysplastic syndrome: chronic 

myelomonocytic leukemia." The Journal of veterinary medical science / the Japanese 

Society of Veterinary Science 69(6): 665-668. 

Hoehn, D., L. J. Medeiros, et al. (2010). "Molecular Pathology of Chronic Lymphocytic 

Leukemia." 255-291. 

Hosoya, N., M. Sanada, et al. (2006). "Genomewide screening of DNA copy number changes 

in chronic myelogenous leukemia with the use of high-resolution array-based 

comparative genomic hybridization." Genes, Chromosomes and Cancer 45(5): 482-

494. 

Hoyer, J., C. Ross, et al. (1995). "True T-cell chronic lymphocytic leukemia: a morphologic 

and immunophenotypic study of 25 cases." Blood 86(3): 1163-1169. 

Ito, D., A. M. Frantz, et al. (2014). "Canine lymphoma as a comparative model for human 

non-Hodgkin lymphoma: recent progress and applications." Veterinary Immunology 

and Immunopathology 159: 192-201. 

Juopperi, T., D. Bienzle, et al. (2011). "Prognostic Markers for Myeloid Neoplasms." 

Veterinary Pathology 48(1): 182. 



 

48 

Kay, N. E., J. E. Eckel-Passow, et al. (2010). "Progressive but previously untreated CLL 

patients with greater array CGH complexity exhibit a less durable response to 

chemoimmunotherapy." Cancer Genetics and Cytogenetics 203(2): 161-168. 

Keller, S. M. and P. F. Moore (2012). "A novel clonality assay for the assessment of canine T 

cell proliferations." Veterinary Immunology and Immunopathology 145(1): 410-419. 

Khanna, C., K. Lindblad-Toh, et al. (2006). "The dog as a cancer model." Nature 

biotechnology 24(9): 1065. 

Koh, Y., D. Y. Kim, et al. (2010). "GSTT1 copy number gain is a poor predictive marker for 

escalated-dose imatinib treatment in chronic myeloid leukemia: genetic predictive 

marker found using array comparative genomic hybridization." Cancer Genetics and 

Cytogenetics 203(2): 215-221. 

Kuiper, R., E. Schoenmakers, et al. (2007). "High-resolution genomic profiling of childhood 

ALL reveals novel recurrent genetic lesions affecting pathways involved in 

lymphocyte differentiation and cell cycle progression." Leukemia 21(6): 1258-1266. 

Kussick, S., B. Wood, et al. (2002). "Mature T cell leukemias which cannot be adequately 

classified under the new WHO classification of lymphoid neoplasms." Leukemia 

16(12): 2457. 

Ledieu, D., X. Palazzi, et al. (2005). "Acute megakaryoblastic leukemia with 

erythrophagocytosis and thrombosis in a dog." Veterinary Clinical Pathology 34(1): 

52-56. 

Lee, E. J., G. Kang, et al. (2013). "GSTT1 Copy Number Gain and ZNF Overexpression Are 

Predictors of Poor Response to Imatinib in Gastrointestinal Stromal Tumors." PLoS 

ONE 8(10): e77219. 

Leukemia and Lymphoma Society. (2014). "Facts."   Retrieved April 21, 2014, from 

www.lls.org. 

Levine, R. L. (2013). "Molecular pathogenesis of AML: Translating insights to the clinic." 

Best Practice & Research Clinical Haematology 26(3): 245-248. 

Lichtman, M. A. (2010). Acute myelogenous leukaemia. Encyclopedia of Life Sciences, 

John Wiley & Sons, Ltd. 

http://www.lls.org/


 

49 

Lindblad-Toh, K., C. M. Wade, et al. (2005). "Genome sequence, comparative analysis and 

haplotype structure of the domestic dog." Nature 438(7069): 803-819. 

Lingaas, F., K. E. Comstock, et al. (2003). "A mutation in the canine BHD gene is associated 

with hereditary multifocal renal cystadenocarcinoma and nodular dermatofibrosis in 

the German Shepherd dog." Human Molecular Genetics 12(23): 3043-3053. 

London, C. A. (2009). "Tyrosine kinase inhibitors in veterinary medicine." Topics in 

Companion Animal Medicine 24(3): 106-112. 

Look, A. T. and A. A. Ferrando (2006). Leukemias and Lymphomas: Genetics. Encyclopedia 

of Life Sciences, John Wiley & Sons, Ltd. 

Marconato, L., M. E. Gelain, et al. (2013). "The dog as a possible animal model for human 

nonȤHodgkin lymphoma: a review." Hematological oncology 31(1): 1-9. 

McManus, P. M. (2008). "Classification of myeloid neoplasms: a comparative review." 

Veterinary Clinical Pathology 34(3): 189-212. 

Mehrotra, M., R. Luthra, et al. (2014). "Identification of Clinically Important Chromosomal 

Aberrations in Acute Myeloid Leukemia by Array-Based Comparative Genomic 

Hybridization." Leukemia & Lymphoma(0): 1-24. 

Meurs, K. M., E. Mauceli, et al. (2010). "Genome-wide association identifies a deletion in 

the 3ǋ untranslated region of striatin in a canine model of arrhythmogenic right 

ventricular cardiomyopathy." Human genetics 128(3): 315-324. 

Modiano, J. (1998). "The use of cytochemistry, immunophenotyping, flow cytometry, and in 

vitro differentiation to determine the ontogeny of a canine monoblastic leukemia." 

Veterinary Clinical Pathology 27(2): 40-49. 

Moorman, A. V. (2012). "The clinical relevance of chromosomal and genomic abnormalities 

in B-cell precursor acute lymphoblastic leukaemia." Blood Reviews 26(3): 123-135. 

Morris, J. and J. Dobson (2001). Haematopoietic System. Small Animal Oncology. Oxford, 

Blackwell Science Ltd: 228-251. 

Mrózek, K., D. Harper, et al. (2009). "Cytogenetics and molecular genetics of acute 

lymphoblastic leukemia." Hematology/Oncology Clinics of North America 23(5): 

991. 



 

50 

Mudaliar, M. A., R. D. Haggart, et al. (2013). "Comparative Gene Expression Profiling 

Identifies Common Molecular Signatures of NF-əB Activation in Canine and Human 

Diffuse Large B Cell Lymphoma (DLBCL)." PLoS ONE 8(9): e72591. 

Mughal, T. I. and J. M. Goldman (2013). Chronic Myeloid Leukaemia. Encyclopedia of Life 

Sciences, John Wiley & Sons, Ltd. 

Mullighan, C. G., S. Goorha, et al. (2007). "Genome-wide analysis of genetic alterations in 

acute lymphoblastic leukaemia." Nature 446(7137): 758-764. 

Nolte, M., M. Werner, et al. (1993). "Different cytogenetic findings in two clinically similar 

leukaemic dogs." Journal of comparative pathology 108(4): 337-342. 

Nowell, P. and D. Hungerford (1961). "Chromosome studies in human leukemia. II. Chronic 

granulocytic leukemia." Journal of the National Cancer Institute 27: 1013. 

Olson, P. N. (2007). "Using the canine genome to cure cancer and other diseases." 

Theriogenology 68(3): 378-381. 

Onciu, M. (2009). "Acute Lymphoblastic Leukemia." Hematology/Oncology Clinics of 

North America 23(4): 655-674. 

Ostrander, E. A. (2012). "Both ends of the leashðThe human links to good dogs with bad 

genes." New England Journal of Medicine 367(7): 636-646. 

Ostrander, E. A. and R. K. Wayne (2005). "The canine genome." Genome Research 15(12): 

1706-1716. 

Paoloni, M., S. Davis, et al. (2009). "Canine tumor cross-species genomics uncovers targets 

linked to osteosarcoma progression." BMC Genomics 10(1): 625. 

Paoloni, M. and C. Khanna (2007). "Comparative oncology today." Veterinary Clinics of 

North America: Small Animal Practice 37(6): 1023-1032. 

Paoloni, M. and C. Khanna (2008). "Translation of new cancer treatments from pet dogs to 

humans." Nature Reviews Cancer 8(2): 147-156. 

Paoloni, M., C. Webb, et al. (2014). "Prospective Molecular Profiling of Canine Cancers 

Provides a Clinically Relevant Comparative Model for Evaluating Personalized 

Medicine (PMed) Trials." PLoS ONE 9(3): e90028. 



 

51 

Parker, H. G., A. L. Shearin, et al. (2010). "Manôs best friend becomes biologyôs best in 

show: genome analyses in the domestic dog." Annual review of genetics 44: 309. 

Patel, J. P., M. Gönen, et al. (2012). "Prognostic relevance of integrated genetic profiling in 

acute myeloid leukemia." New England Journal of Medicine 366(12): 1079-1089. 

Paulsson, K., J. B. Cazier, et al. (2008). "Microdeletions are a general feature of adult and 

adolescent acute lymphoblastic leukemia: Unexpected similarities with pediatric 

disease." Proceedings of the National Academy of Sciences 105(18): 6708-6713. 

Puente, X. S., M. Pinyol, et al. (2011). "Whole-genome sequencing identifies recurrent 

mutations in chronic lymphocytic leukaemia." Nature 475(7354): 101-105. 

Pui, C.-H., M. V. Relling, et al. (2004). "Acute lymphoblastic leukemia." New England 

Journal of Medicine 350(15): 1535-1548. 

Pui, C.-H., L. L. Robison, et al. (2008). "Acute lymphoblastic leukaemia." The Lancet 

371(9617): 1030-1043. 

Raimondi, S., M. Chang, et al. (1999). "Chromosomal abnormalities in 478 children with 

acute myeloid leukemia: clinical characteristics and treatment outcome in a 

cooperative pediatric oncology group study---POG 8821." Blood 94(11): 3707. 

Reimann, N., S. Bartnitzke, et al. (1998). "Trisomy 1 in a canine acute leukemia indicating 

the pathogenetic importance of polysomy 1 in leukemias of the dog." Cancer Genetics 

and Cytogenetics 101(1): 49-52. 

Renneville, A., C. Roumier, et al. (2008). "Cooperating gene mutations in acute myeloid 

leukemia: a review of the literature." Leukemia 22(5): 915-931. 

Richards, K. L., A. A. Motsinger-Reif, et al. (2013). "Gene Profiling of Canine B-Cell 

Lymphoma Reveals Germinal Center and Postgerminal Center Subtypes with 

Different Survival Times, Modeling Human DLBCL." Cancer research 73(16): 5029-

5039. 

Riondato, F., A. Poggi, et al. (2010). Flow Cytometric DNA Ploidy and S-Phase Fraction in 

Canine Leukaemias ECVIM-CA Congress, Toulouse, France. 

Rivera, P., M. Melin, et al. (2009). "Mammary tumor development in dogs is associated with 

BRCA1 and BRCA2." Cancer research 69(22): 8770-8774. 



 

52 

Rodríguez-Vicente, A. E., M. G. Díaz, et al. (2013). "Chronic lymphocytic leukemia: a 

clinical and molecular heterogenous disease." Cancer genetics 206(3): 49-62. 

Rowell, J. L., D. O. McCarthy, et al. (2011). "Dog models of naturally occurring cancer." 

Trends in molecular medicine 17(7): 380-388. 

Schneider, R. (1983). "Comparison of age-and sex-specific incidence rate patterns of the 

leukemia complex in the cat and the dog." Journal of the National Cancer Institute 

70(5): 971-977. 

Shipley, J. L. and J. N. Butera (2009). "Acute myelogenous leukemia." Experimental 

Hematology 37(6): 649-658. 

Siegel, R., J. Ma, et al. (2014). "Cancer statistics, 2014." CA: a cancer journal for clinicians 

64(1): 9-29. 

Stokol, T., D. M. Schaefer, et al. (2013). Alkaline phosphatase is a sensitive marker for 

canine acute myelomonocytic and monocytic leukemia. American Society for 

Veterinary Clinical Pathology 48th Annual Meeting, Montreal, Canada. 

Suter, S., G. Small, et al. (2011). "FLT3 mutations in canine acute lymphocytic leukemia." 

BMC Cancer 11(1): 38. 

Swerdlow, S., E. Campo, et al. (2008). WHO classification of tumours of haematopoietic and 

lymphoid tissues, France: IARC Press, 2008. 

Tang, J., S. Le, et al. (2010). "Copy number abnormalities in sporadic canine colorectal 

cancers." Genome Research 20(3): 341-350. 

Tarrant, J. M. (2005). "The role of flow cytometry in companion animal diagnostic 

medicine." The Veterinary Journal 170(3): 278-288. 

Tasca, S., E. Carli, et al. (2009). "Hematologic abnormalities and flow cytometric 

immunophenotyping results in dogs with hematopoietic neoplasia: 210 cases (2002-

2006)." Veterinary Clinical Pathology 38(1): 2-12. 

Thomas, R., E. L. Seiser, et al. (2011). "Refining tumor-associated aneuploidy through 

'genomic recoding' of recurrent DNA copy number aberrations in 150 canine non-

Hodgkin's lymphomas." Leukemia and Lymphoma 52(7): 1321-1335. 



 

53 

Usher, S., A. Radford, et al. (2009). "RAS, FLT3, and C-KIT mutations in 

immunophenotyped canine leukemias." Experimental Hematology 37(1): 65-77. 

Uva, P., L. Aurisicchio, et al. (2009). "Comparative expression pathway analysis of human 

and canine mammary tumors." BMC Genomics 10(1): 135. 

Valli, V. E., R. M. Jacobs, et al. (2002). Histological classification of hematopoietic tumors 

of domestic animals. Washington, D.C., Armed Forces Institute of Pathology, in 

cooperation with the American Registry of Pathology and the World Health 

Organization Collaborating Center for Worldwide Reference on Comparative 

Oncology. 

Vardiman, J. W., N. L. Harris, et al. (2002). "The World Health Organization (WHO) 

classification of the myeloid neoplasms." Blood 100(7): 2292-2302. 

Vardiman, J. W., J. Thiele, et al. (2009). "The 2008 revision of the World Health 

Organization (WHO) classification of myeloid neoplasms and acute leukemia: 

rationale and important changes." Blood 114(5): 937-951. 

Vernau, W. and P. Moore (1999). "An immunophenotypic study of canine leukemias and 

preliminary assessment of clonality by polymerase chain reaction." Veterinary 

Immunology and Immunopathology 69(2-4): 145-164. 

Walter, M. J., J. E. Payton, et al. (2009). "Acquired copy number alterations in adult acute 

myeloid leukemia genomes." Proceedings of the National Academy of Sciences 

106(31): 12950-12955. 

Weiss, D. J. (2006). "A retrospective study of the incidence and the classification of bone 

marrow disorders in the dog at a veterinary teaching hospital (1996ï2004)." Journal 

of Veterinary Internal Medicine 20(4): 955-961. 

Weiss, D. J. and K. J. Wardrop (2011). Schalm's veterinary hematology, John Wiley & Sons. 

Wilkerson, M. J. (2012). "Principles and applications of flow cytometry and cell sorting in 

companion animal medicine." Veterinary Clinics of North America: Small Animal 

Practice 42(1): 53-71. 

Williams, M., A. Avery, et al. (2008). "Canine lymphoproliferative disease characterized by 

lymphocytosis: immunophenotypic markers of prognosis." Journal of Veterinary 

Internal Medicine 22(3): 596-601. 



 

54 

Willmann, M., L. Muellauer, et al. (2009). "Chemotherapy in canine acute megakaryoblastic 

leukemia: a case report and review of the literature." In vivo 23(6): 911-918. 

Withrow, S. J., D. M. Vail, et al. (2013). Withrow & MacEwen's Small Animal Clinical 

Oncology. St. Louis, MI, Elsevier Saunders. 

Workman, H. C. and W. Vernau (2003). "Chronic lymphocytic leukemia in dogs and cats: 

the veterinary perspective." Veterinary Clinics of North America: Small Animal 

Practice 33(6): 1379-1399. 

 

 



 

55 

Table 1. Accepted WHO classifications of leukemia in humans (Swerdlow, Campo et al 

2008). 

WHO Classification of Leukemia 

Myeloproliferative Neoplasms 

       Chronic myelogenous leukemia, BCR-ABL1 positive 

       Chronic neutrophilic leukemia 

       Chronic eosinophilic leukemia 

       Mast Cell leukemia 

       Myeloproliferative neoplasm, unclassifiable  

Myelodysplastic/myeloproliferative neoplasms 

       Chronic myelomonocytic Leukemia 

       Atypical chronic myeloid leukemia, BCR-ABL1 

       Juvenile myelomonocytic leukemia 

       Myelodysplastic/myeloproliferative neoplasm, unclassifiable 

Acute myeloid leukemia and related precursor neoplasms 

       AML with recurrent genetic abnormalities 

              AML with t(8;21)(q22;q22); RUNX1-RUNX1T1 

              AML with inv(16) or t(16;16)(p13.1q22); CBFB-MYH11  

              Acute Promyelocytic leukemia with t (15;17)(q22;q12); PML-RARA 

              AML with t(9;11)(q22;q12); MLLT3-MLL 

              AML with t(6;9)(p22;q23); DEK-NUP214 

              AML with inv(3) or t(3,3)(q21;q26.2); RPN1-EVI1 

              AML with t(1;22)(p13;q13); RBM15-MKL1 

              AML with mutated NPM1 

              AML with mutated CEBPA 

       AML with myelodysplasia-related 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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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;q11.2); BCR-ABL1 

              Mixed phenotype acute leukemia with t(v;11q23); MLL rearranged 

              Mixed phenotype acute leukemia B/myeloid, NOS 

              Mixed phenotype acute leukemia T/myeloid, NOS 

              Mixed phenotype acute leukemia, NOS - rare types 

Precursor Lymphoid Neoplasms 

       B lymphoblastic leukemia, NOS 

       B lymphoblastic leukemia with recurrent genetic abnormalities 

              B lymphoblastic leukemia with t(v;11q23); MLL rearranged 

              B lymphoblastic leukemia with t(12;21)(p13;q22); TEL-AML1 

              B lymphoblastic leukemia with hyperdiploidy 

              B lymphoblastic leukemia with hypodiploidy 

              B lymphoblastic leukemia with t(5;14)(q31;q32); IL3-IGH 

              B lymphoblastic leukemia with t(1;19)(q23;p13.3); E2A-PBX1 

       T lymphoblastic leukemia 

Mature B-cell Neoplasm 

       Chronic lymphocytic leukemia 

       B-cell prolymphocytic leukemia 

       Hairy cell leukemia 

       Splenic B-cell leukemia, unclassifiable 

Mature T- and NK-cell neoplasms 

       T-cell prolymphocytic leukemia 

       T-cell large granular lymphocytic leukemia 

       Aggressive NK cell leukemia 

       Adult T-cell leukemia 

  

Table 1. (continued) 
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Table 2. Cytogenetic changes in ALL with associated frequency and prognosis in children 

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

Chromosome Aberration 

Frequency in 

children 

Prognosis in 

Children  

Frequency in 

adults 

Prognosis in 

adults 

Hyperdiploidy 23-30% Favorable 7-8% 

Favorable to 

intermediate 

Hypodiploidy 6% 

Intermediate; 

adverse if <40 

chromosomes 7-8% Adverse 

t(12;21)(p13;q22);  

TEL-AML1 22-26% Favorable 0-4% 

Not 

determined 

t(9:22)(q34;q11.2)  

BCR-ABL1 1-3% Adverse 11-29% Adverse 

t(4;11)(q21;q23);  

MLL-AFF1 

1-2%; 55% of 

infants Adverse 4-9% Adverse 

t(1;19)(q23;p13.3);  

E2A-PBX1 1-6% 

Favorable to 

intermediate 1-3% 

Intermediate to 

adverse 

t(10;14)(q24;q11);  

TCRA/D-TLX1 Rare Not determined 0.6-3% 

Favorable to 

intermediate 

del (6q) 6-9% Not prognostic 3-7% Intermediate 

Abnormal 9p 7-11% Adverse 5-15% 

Favorable to 

intermediate 

Abnormal 12p 3-9% Not prognostic 4-5% Favorable   

Normal karyotype 31-42% Usually favorable 15-34% 

Favorable to 

intermediate 
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Table 3. Cytogenetic changes in AML with associated frequency and prognosis in children 

and adults (Raimondi, Chang et al. 1999; Estey and Döhner 2006; Shipley and Butera 2009; 

Döhner, Estey et al. 2010). 

Chromosome Aberration 

Frequency in 

children 

Frequency in 

adults Prognosis  

Normal karyotype 24% 44% Intermediate 

t(8;21)(q22;q22); RUNX1-RUNX1T1 12% 6% Favorable 

inv(16)(p13q22)/t(16;16); CBFB-MYH11  6% 5% Favorable 

t(15;17)(q22;q12-21); PML-RARA 9% 10% Favorable 

t(9;11)(p22;q23); MLLT3-MLL 7% not determined Intermediate 

t(11q23;V)/inv/del(11q23); MLL rearranged 9% 4% Adverse 

t(6;9)(p23;q24); DEK-NUP214 <1% 2% Adverse 

-7/del(7q) 5% 7% 

Intermediate to 

adverse 

-5/del(5q) 1% 4% 

Intermediate to 

adverse 

Hyperdiploid 16% not determined  not determined 

+8 overall 9% 7% Intermediate 

+21 overall 5% 2% Intermediate 
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Table 4. Cytogenetic changes in CLL with associated frequency and prognosis (Dearden 

2007; Hoehn, Medeiros et al. 2010; Gunnarsson and Rosenquist 2011; Rodríguez-Vicente, 

Díaz et al. 2013). 

Chromosome 

Aberration  Frequency Prognosis  

del (13q14) 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 

 

 

 

Table 5. Cytogenetic changes in CML in blast phase and associated frequency (Calabretta 

and Perrotti 2004). 

Chromosome 

Aberration  Frequency 

Double BCR-ABL1 38% 

Trisomy 8 38% 

i(17q) 20% 

Trisomy 19 13% 

t(3;21)(q26;q22) 2% 

t(7;11)(p15;p15) <1% 
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Table 6. Comparison of WHO classifications of leukemia in humans and domestic animals. 

Human classifications without corresponding animal classification were omitted from the list 

(see table 1 for complete list). Classifications identified only in animals are identified only 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/ undifferentiated leukemia (M0) 

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 leukemia Acute monoblastic leukemia (M5A) 

  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-cell-like lymphoma/leukemia 
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Table 7. Cytochemical stains used in diagnosis of non-lymphoid 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, monocytes 

(weak) 

Chloroacetate Esterase 

(CAE) 
  Neutrophils, Basophils, Mast Cells 

Leukocyte Alkaline 

Phosphatase (LAP) 

  Neutrophils (species dependent), 

eosinophils, basophils  

Non-Specific Esterase 

(NAE, NBE) 

Ŭ-naphthyl butyrate esterase 

(NBE), Ŭ-naphthylacetate 

esterase (NAE) 

Monocytes, lymphocytes, 

megakaryocytes, +/- plasma cells, 

granulocytes 

Acid Phosphatase (ACP) Acid phosphatase 

Neutrophils, eosinophils, basophiles, 

monocytes, megakaryocytes, 

platelets, erythroid precursors 

ɓ Glucuronidase (BG) ɓ glucuronidase Lymphocytes, monocytes 

Periodic Acid-Schiff 

(PAS) 
Carbohydrates 

Lymphocytes, platelets, 

megakaryocytes, (weak in 

monocytes, eosinophils, and 

basophils) 

Toluidine blue Acid mucopolysaccharides Mast cells 

 

  



 

62 

Table 8. Markers used in immunophenotyping of canine leukemia (Blackwood 2008; 

Wilkerson 2012). 

Antigen Cellular Specificity  

CD3, CD5 All T cells 

CD4 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 

CD21 B cells 

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 cascade. Abbreviations as follows: hematopoietic stem cell (HSC), 

hematopoietic progenitor cell (HPC), common myeloid progenitor (CMP), common 

lymphoid progenitor (CLP), colony forming unit granulocyte erythrocyte monocyte 

megakaryocyte (CFU-GEMM), and colony forming unit granulocyte monocyte (CFU-GM). 

(Adapted from http://daley.med.harvard.edu/assets/Willy/hematopoiesis.jpg) 
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Figure 2. Approximate prevalence and estimated incidence of leukemia in humans. 

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

according to the Surveillance, Epidemiology, and End Results program of the National 

Cancer Institute (left). Estimated incidence in 2014 for types of leukemia in adults and 

children from the American Cancer Society (Adapted 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 9q34 and HSA 22q11 on canine 

chromosomes 9 and 26. Orange and green spots indicate the location of canine ABL and 

BCR. The horizontal blue line on each ideogram identiýes the location of the breakpoints 

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 and interphase nuclei in normal canine leukocytes using canine 

BAC clones representing canine ABL and BCR on CFA 9 (orange) and CFA 26 (green), 

respectively. Inset shows enlarged, single metaphase chromosomes for CFA 9 and 26 

correctly oriented. (d) Hybridization of the same two BAC probes to metaphase 

chromosomes and interphase nuclei of a canine CML. Heterozygous co-localization of 

these two BAC clones to the derivative chromosome 26 is evident in the metaphase 

preparation and co-localization of one green and one yellow spot is also evident in the 

two interphase nuclei. Inset shows the derivative CFA 26 enlarged and correctly oriented 

(Adapted from Breen and Modiano 2008). 
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CHAPTER 2: Genome-wide assessment of recurrent genomic imbalances in canine 

leukemia identifies evolutionarily conserved copy number changes and 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 understanding 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 ALLs, 24 AMLs, 25 

B-CLLs, and 46 T-CLLs, were assessed for genome wide DNA copy number aberrations for 

the first time using high-resolution 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 potential 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 subtypes (B-CLL v T-CLL) was performed and 

shown to differentiate cases with up to 83.3% and 95.8% precision, respectively, based on 

the copy number status at 1-3 genomic regions. In addition, CGH datasets for canine and 

human leukemia were compared to reveal evolutionarily conserved copy number changes 

across species, including the shared gain of HSA 21q in ALL and ~25Mb of shared gain of 

HSA 12 and loss of HSA 13q14 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 classification 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 non-lymphoid 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 leukemias generally have 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 non-specific clinical signs (Juopperi, Bienzle et al. 2011; Weiss and Wardrop 2011; 

Withrow, Vail et al. 2013). 

 Historically, cytological evaluation of blood and bone marrow was considered the 

primary method for diagnosis of leukemia. However, it has been well-documented in both 

human and veterinary medicine that morphologic classification has limitations, and there is 

poor correlation between morphologic appearance and immunophenotype of leukemia 

(Vernau and Moore 1999; Adam, Villiers et al. 2009). Cytochemical staining has improved 

diagnostic methods but cannot be used for definitive classification of lymphoid leukemias 

and can be difficult to interpret in samples 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 medicine (Avery 2009). 
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Despite the advancements in diagnostics in veterinary medicine, clinical questions still 

remain that are challenging to answer. Accurate diagnosis of 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 for use in veterinary medicine 

(Wilkerson 2012). Better subclassification and stratification of patients within a subtype is 

also important, and, again, challenging to accomplish using the current methods. For 

instance, prognosis of B-cell lymphoproliferative diseases, including B-cell chronic 

lymphocytic leukemia (CLL), is highly varied. One study evaluating 17 cases of canine B-

CLL identified survival times ranging from ~20 days to >800 days (median=480 days) which 

was not related to differences in treatment methods (Comazzi, Gelain et al. 2011). 

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 apoptosis. The 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 2006; Gallegos-Arreola, Borjas-Guti®rrez et al. 2013; Levine 

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 (CML) (Nowell and 

Hungerford 1961). This discovery was the first time a karyotypic abnormality could be 

linked directly to the pathogenesis of disease. Characteristic 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 morphology or immunophenotyping alone and have been 

incorporated into classification of leukemias based on the World Health Organization scheme 

(Swerdlow, Campo et al. 2008). Research is ongoing to better classify human leukemias 

based on genetic changes, but overcoming the limitations related to the vast heterogeneity in 

leukemias among a background of extensive natural variation in  human populations has 

proven to be challenging (Levine 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 induced and include 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 addition, there are some subtypes of leukemia in 

which suitable models have been challenging to develop. Appropriate rodent models of 

human B-CLL, especially those that accurately portray the indolent form, are limited 

(Dighiero and Hamblin 2008; Bertilaccio, Scielzo et al. 2013). Dogs are a relevant large 

animal model that provide a unique opportunity to evaluate spontaneously occurring 

leukemia with similar morphology and clinical characteristics as humans. Evaluation of 

recurrent genetic changes using cross-species comparison between dogs and humans has 

identified orthologous regions of importance in brain tumors (Thomas, Duke et al. 2009), 

colorectal cancer (Tang, Le et al. 2010), non-Hodgkin lymphoma (Thomas, Seiser et al. 
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2011), osteosarcoma(Angstadt, Thayanithy et al. 2012), urothelial carcinoma (Shapiro et al 

2014, in preparation), and melanoma (Poorman et al 2014, in preparation) each of which has 

led to the identification of regions of the genome 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 humans. BCR-ABL1 

translocations have been documented in canine CML (Breen and Modiano 2008), chronic 

monocytic leukemia (CMoL) (Cruz, Milner et al. 2011; Pérez, Culver et al. 2013), chronic 

myelomonocytic leukemia (CMML) (Culver, Ito et al. 2013), and AML (Figueiredo, Culver 

et al. 2012). Deletion of RB1, one of the most prevalent CNAs in human CLL, has also been 

identified in a subset of canine B-CLLs (Breen and Modiano 2008). Canine leukemias have 

also been assessed for mutations in KIT, RAS, and FLT3 genes and found to harbor mutations 

synonymous with those previously identified in humans (Usher, Radford et al. 2009; Suter, 

Small et al. 2011). Despite evidence of shared clinical characteristics and genetic changes in 

humans and dogs, genome-wide 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, provide potential 

therapeutic targets, and can be used to differentiate subtypes. In addition, we compared 

genome-wide changes in canine leukemias with previously published human leukemia 

datasets to identify shared regions of CNA between canine and human leukemia, further 

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 client-owned dogs with a confirmed diagnosis of leukemia were 

collected from 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 described (Williams, Avery et al. 2008).  

The criteria for diagnosis of B cell CLL were a B cell count of greater than 7000/µl, 

no significant 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 ñsmallò and ñmatureò and/or CLL. Cases that meet these criteria have been 

shown to exhibit an indolent clinical course consistent with a diagnosis of CLL (Williams, 

Avery et al. 2008). B cell count was determined by multiplying the WBC by the percentage 

of cells in the blood that expressed CD21 but did not express CD5.  

 T cell CLL cases were diagnosed based on the presence of a lymphocytosis (greater 

than 5000 lymphocytes/µl) comprising an expansion of T cells (CD3+) with no significant 

increase in other lymphocyte subsets, small cell size determined by flow cytometry, and a 

cytologic description of ñsmallò and ñmatureò and/or CLL. A large subset of cases (35/46) 

met the diagnostic requirements of T zone lymphoma/leukemia (TZL), an indolent 

lymphoma that in most cases features circulating neoplastic lymphocytes resulting in a 

lymphocytosis (FloodȤKnapik, Durham et al. 2013; Seelig, Avery et al. 2014).Inclusion 
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criteria for T zone lymphoma cases were: lymphocytosis (greater than 5000 lymphocytes/µl) 

with greater than 25% of the lymphocytes being T cells that do not express the pan-leukocyte 

antigen CD45. These criteria have been shown to be diagnostic for T zone lymphoma 

(Seelig, Avery et al. 2014). 

 All  cases of acute leukemia were identified on the basis of greater than 1000 CD34+ 

cells/µl in circulation. In addition, two cases with only138 and 686 CD34+ cells/µl in 

circulation were included as they had monocyte counts greater than 6000/µl and these 

monocytes did not express class II MHC. These features have been anecdotally associated 

with definitively diagnosed AML in the past. Cases with an expansion of CD14+ cells and 

class II MHC negative were designated AML, whereas cases with CD5 expression were 

designated as ALL. 

The final cohort comprised 123 leukemia samples: 28 ALLs, 24 AMLs, 25 B-CLLs, 

and 46 T-CLLs, of which with 26 were CD4-CD8- and 20 were CD8+. As previously 

indicated, 35/46 T-CLLs met the criteria for classification of T zone lymphoma, including 20 

CD4-CD8- and 15 CD8+. Canine CML was not included due to the limited number of cases 

and the challenges of accurate diagnosis. Signalment of each case is included in 

Supplementary Table 1 (Appendix 1). 

Blood samples from a representative case of each 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 was processed as whole blood while the other aliquot was 

submitted to the NCSU CVM Flow Cytometry and Cell Sorting Laboratory to sort neoplastic 
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cells from whole blood samples using fluorescent activated cell sorting (Cytomation MoFlo, 

Dako). Neoplastic cells were sorted based on expression of CD34 in ALL and AML, CD21 

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

Identification of CNAs using oligonucleotide array comparative genomic hybridization 

(oaCGH) 

oaCGH was performed using a 180,000 feature CGH microarray (Agilent 

Technologies Santa Clara, CA) as previously described (Thomas, Seiser et al. 2011; Thomas, 

Borst et al. 2014). The array contains repeat-masked 60mer oligonucleotides spaced 

approximately every 13kb across the dog genome (canFam version 2.0, (Lindblad-Toh, 

Wade et al. 2005). DNA was isolated from peripheral blood samples collected into EDTA for 

each of the 123 leukemias cases and the samples of flow-sorted neoplastic cells using the 

Qiagen Blood & Cell Culture DNA Mini Kit (Qiagen, Valencia, CA).  Equimolar pools of 

blood-derived genomic DNA from 25 clinically healthy male and female dogs were used as 

common reference samples and were sex-matched to each patient. Tumor and reference 

DNA (500ng) was labeled with Cyanine 3-dUTP and Cyanine 5-dUTP, respectively, using 

the Agilent Enzymatic Labeling Kit. Probe hybridization, array washing and scanning was 

performed as described elsewhere (Thomas, Seiser et al. 2011). 

Image data were processed using Feature Extraction v10.10 software (Agilent 

Technologies, Santa 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 non-uniform hybridization or signal saturation, and copy number 

calls were made using Biodiscoveryôs FASST2 segmentation algorithm. Copy number calls 
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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  of +/- 0.1, respectively, resulting in 

copy number status at a genome-wide resolution of ~26 kb. 

In cases in which DNA was isolated from both whole blood and flow-sorted 

neoplastic cells, probes in regions of called CNA were compared between the two sample 

types based on a Mann-Whitney test controlled for multiple testing using a Bonferroni 

correction to identify chromosomal regions with significant differences (family-wise error 

rate p Җ 0.01) in aberration status between the sample types. oaCGH 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 dogs (Nicholas, Baker et al. 2011). Cases 

were then separated by leukemia subtype to determine regions of recurrent CNA present in 

Ó20% of cases in each subtype. The GISTIC algorithm was used to identify regions across 

the genome in each leukemia subtype with a statistically high frequency of aberration over 

the background (Q-bound Җ 0.05 and G-score Ó 1.0) indicating these regions are more likely 

to contain a functional mutation associated with driving cancer pathogenesis (Beroukhim, 

Getz et al. 2007). CNAs that differ significantly in frequency between immunophenotypes 

were evaluated based on a two-tailed Fisherôs Exact test controlled for multiple testing using 

a Bonferroni correction (family-wise error rate p Җ 0.01) 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/gene). Genes previously associated with cancer were based on 

those reported in the Cancer Gene Census (http://cancer.sanger.ac.uk/cosmic/census)(Futreal, 

http://www.ncbi.nlm.nih.gov/gene
http://cancer.sanger.ac.uk/cosmic/census
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Coin et al. 2004), Network of Cancer genes 4.0 (http://ncg.kcl.ac.uk/), and somatic copy-

number alterations across human cancers (Beroukhim, Mermel et al. 2010). In addition, 

statistical significance of subtype characteristics including number of CNAs and percent of 

the genome gained, lost, or changed was determined using a Kruskal-Wallis test followed by 

Mann-Whitney U for post-hoc 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 2013). The signals (rProcessedSignal and gProcessedSignal) were normalized 

using the following equations: 

Eq 1. 

 ὥ  ÌÏÇ
ὶὖὶέὧὩίίὩὨὛὭὫὲὥὰ

ὫὖὶέὧὩίίὩὨὛὭὫὲὥὰ
 

Eq 2. 

 ὖὶέὧὩίίὩὨὙὥὸὭέὥ άέὨὩὥ ȾὓὃὈὥ 

 

Where, Processed ratio is the centered and normalized ratio of the Agilent processed 

fluorescent signals. Segmentation was performed across all chromosomes using circular 

binary segmentation (Olshen, Venkatraman et al. 2004). Data were further dichotomized as 

gain (1), no change (0), or loss (-1), based on segments that were +/- 3 MAD (mean absolute 

deviation) from the median of each patients response across all chromosomes. Hierarchical 

clustering was performed using segmented data using Euclidean distance and Wardôs 

method.  Additionally, available tumor subtype was annotated on the heatmap. 

 Predictive modeling was performed by first systemically defining regions for the 

purposes of feature reduction. These regions were based on an estimate of variance around 

each marker and calculated by the following equation: 

http://ncg.kcl.ac.uk/
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Ὓ  ÌÎρ  ὢ ὢ  

Regions were selected based on Si<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 Gini coefficient of 0 and rerunning the model until the óout of bagô error rate 

(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: 

Fluorescence in situ hybridization (FISH) of canine leukemia cases was performed as 

previously described (Breen, Hitte et al. 2004; Thomas, Borst et al. 2014) to verify copy 

number data obtained by oaCGH. FISH analysis was performed using panels of 

cytogenetically validated clones (Thomas, Duke et al. 2008) from the CHORI-82 dog 

bacterial artificial chromosome (BAC) library (www.chori.org). Panels of four or five 

differentially labeled BAC FISH probes were assembled to span the length of selected 

chromosomal regions involved in recurrent tumor-associated DNA copy number imbalance. 

For identifying full chromosome aneuploidy, BAC probes were spaced at uniform intervals 

along the length of the entire chromosome. For subchromosomal CNAs, 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 number. The following clones 

were used for each panel are identified in Table 1. 

http://www.chori.org/
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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 dUTP (Abbott Molecular, Des Plaines, IL), diethylaminomethylacoumarin-

5-dUTP (Perkin Elmer, Waltham, MA), or Cyanine5-dUTP (GE Healthcare, Fairfield, CT). 

Labeled probes were pooled into sets of four or five probes as required and precipitated with 

sonicated dog 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 techniques of colcimid arrest, 

hypotonic treatment and methanol-glacial acetic acid fixation, prior to being dropped onto 

glass slides. FISH analysis was performed as described elsewhere (Breen, Hitte et al. 2004) . 

The copy number status of each probe was scored in at least 50 cells for all leukemia cases 

and controls. 

Comparison of canine and human leukemia through the use of genomic recoding 

 To allow direct comparison of oaCGH data from canine leukemias with published 

human leukemias, the genome coordinates of all oligonucleotides on the canine array were 

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, GRCh37/hg19).  

With recoded coordinates, the signal intensity data for each array were reprocessed to output 

each canine oaCGH profile with óvirtualô human chromosome locations. Human data sets 

were downloaded from the Gene Expression Omnibus (GEO; 
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http://www.ncbi.nlm.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 T-cell and 30 B-cell which were assessed using Affymetrix 250k Nsp SNP 

arrays (GSE7255)(Kuiper, Schoenmakers et al. 2007);   canine AML was compared to 111 

cases of pediatric AML assessed using Affymetrix 250K Sty arrays (GSE15731)(Radtke, 

Mullighan et al. 2009); and canine B-CLL was compared to 369 cases of human B-CLL 

evaluated using Affymetrix 250k Nsp SNP arrays (GSE28030) (Gunnarsson, Mansouri et al. 

2011). Regions of recurrent CNA shared between dogs and humans of the same leukemia 

classification were identified by directly comparing regions of called aberration across 

species. CNAs recurrent in >10% of the canine cases were compiled with copy number 

changes recurrent >3% of 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 

to ensure regions were aberrant in Ó2 cases. Due to the previously documented heterogeneity 

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 recurrently identified 

in both species.  

 

Results 

Assessment of sample type on detection of CNAs 

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 by 
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fluorescent activated cell sorting. Both DNA samples were evaluated using oaCGH and the 

called CNAs were compared between unsorted and sorted samples to assess whether the 

heterogeneous cell population in whole blood impacted aberration detection. Examples of 

oaCGH output for two cases are presented in Figure 1. Case A is an ALL with a WBC count 

of ~111,000 cells/µl and shows obvious aberrations present in both populations of cells. Case 

B is a T-CLL with a WBC of ~14,500 cells/µl and shows minimal aberrations 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. 

Genome wide overview of CNA in 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 number status (Figure 2). DNA CNAs were detected in 

each of the 123 cases evaluated with a median number of aberrations of 75 (range 25-526). 

The approximate size distribution of CNAs was assessed by determining the number of 

aberrations that occur in each of the following size ranges: <250 kilobases (kb), 250-500 kb, 

500 kb-1 Megabase (Mb), 1-5Mb, and >5Mb identified (Table 2). Approximately 50% of 

imbalances were smaller than 250kb. Gains and losses occurred with approximately the same 

frequency, and no significant differences 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 of CNA (Figure 3). Overall, an average of 6.0% (range 0.3-34.0%) of the genome 

was impacted by regions of CNA in canine leukemia, with 3.6% (range 0.1-26.3%) gained 

and 2.4% (range 0.2-12.8%) lost. When subtypes were compared ALL was found to have 

significantly greater percent of the genome changed and percent of the genome lost (p<0.05).  

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

CNAs in subtypes of canine leukemia 

The four subtypes of canine leukemia evaluated in this study were separated and 

further assessed for specific regions of CNA 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 (Appendix 1), respectively. In 

addition, regions determined to be significant based on the GISTIC (Genomic Identification 

of Significant Targets in Cancer) algorithm were also identified (Table 4) (Beroukhim, Getz 

et al. 2007). GISTIC identifies regions in which the frequency and magnitude of genomic 

gain and loss are significantly increased relative to the genome-wide 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. 

Among the canine ALLs, the most extensive region of recurrent CNA includes gain 

of the entire length of chromosome 31 (CFA 31) in 25% of cases; with the most distal 

portion of the chromosome being gained in 43%. Whole chromosome gains of CFA 3, 12, 
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13, 19, and 36 were also evident, in addition to loss of CFA X, but none were aberrant in 

>20% of cases. The most penetrant changes not in regions of CNV were losses of small 

regions at CFA 8q11.2-q12 (89%) and CFA 16q12 (72%) containing the TCRA/D(T cell 

receptor alpha and delta chains) and TCRB (T cell receptor beta chain) genes, respectively, 

both of which were also found to be significant when the GISTIC algorithm was applied (G-

score >1, Q-bound<0.05; Table 4). A copy number 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 (3,518,963-6,156,289Mb) includes mir15a, mir16-1, and RB1 

(retinoblastoma1), which are well-known for their roles in cell proliferation and 

tumorigenesis.  

 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 included CFA 34q12-q13 

containing TERT (telomerase reverse transcriptase) in 46% of cases, and CFA 28q18 

containing VENTX  (VENT homeobox) gained in 42% of patients. Both of these regions 

were also identified as significant CNAs based on the GISTIC algorithm (Table 4). The three 

regions with the greatest G-scores included losses of TCRA/D, TCRB  and TCRG (T cell 

receptor gamma chain), which was surprising since these cases are of myeloid origin. The 

region with the next highest G-score includes the loss of NF1 (neurofibromin1; CFA 9q24: 

44,812,997-44,848,495), which is biologically relevant in myeloid tumors. 

Both phenotypes of CLL have fewer recurrent CNAs than the acute leukemias. 

Recurrent gains in B-CLL include gain of the entire length of CFA 10 in 28% of cases 

including a peak containing WNT7B (wingless-related MMTV integration site 7B; CFA 
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10q21) gained in 44%. Small regions containing TERT (36%) and NR4A1 (nuclear receptor 

subfamily 4; CFA 27q11; 28%) are also recurrently gained in B-CLL. The most penetrant 

regions of imbalance include the IGH (immunoglobulin heavy chain; CFA 8 q33.3), IGK 

(immunoglobulin kappa chain; CFA 17q16), and IGL (immunoglobulin lambda chain; CFA 

26q24) 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 losses of IGK and 

IGH and gains of WNT7B and NR4A1 (Table 4).   

 The cohort of T-CLLs comprised 20 CD8+ and 26 CD4-CD8- cases, of which a large 

subset were specifically classified as TZL. CNAs were compared between the two 

phenotypes (CD8+ vs CD4-CD8-), as well as TZL and non-TZL cases, using Fisherôs exact 

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 CD4-CD8- phenotypes of both TZL and non-TZL cases were combined together as one 

cohort for further analysis. The most frequent losses in T-CLL were identified in the TCRA/D 

and TCRB regions in 98% and 85% of cases, respectively. The most frequent gains in regions 

without a CNV were peaks at CFA5q32 containing TNFRSF18 and TNFRSF4 (members of 

the tumor necrosis factor superfamily) gained in 39% of cases and CFA 13q12.1 containing 

CSMD3 (CUB and Sushi multiple domains 3) gained in 29%, both of which were identified 

to be significant based on the GISTIC 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 oaCGH analysis in cases in which fresh heparinized 

blood was available for cellular preparations. Trisomy of CFA 7 was validated in 3 cases of 

AML in 72-84% of cells (Figure 4A). Gain CFA 10 was assessed in 2 cases of B-CLL, and 

three copies were identified in 66-72% of cells (Figure 4B). Gain of 13 was also assessed in 1 

case of ALL, and 2 cases of T-CLL (Figure 4C). Three copies of CFA 13 were identified in 

60-80% of cells, with 4 copies of varying individual probes present occasionally (0-3% of 

cells). Loss of RB1, identified via oaCGH in ALL and B-CLL, was also validated in one case 

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

Differentiation of subtypes in canine leukemia based on CNAs 

 Hierarchical clustering was performed on the cohort of 123 cases using segmented 

values scaled across each probe (Figure 5). Leukemia subtypes were found to largely cluster 

with cases of the same subtype. Chronic leukemias clustered in larger groups of 8-10 cases 

with the same phenotype, whereas the acute leukemias formed smaller groups of 2-6 cases of 

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 of lower amplitude with 

zero to few larger regions of imbalance (CNAs >1Mb).  

 Subtype specific CNAs were further assessed using predictive modeling targeted to 

differentiate subtypes of acute leukemia (AML from ALL) and chronic leukemia (B-CLL 

from T-CLL), which cannot be differentiated based on morphological assessment alone.  

Acute leukemia model 1 was optimized using two regions: CFA 8:5.72-5.88 Mb and CFA 

27:28.72-28.91 Mb (Figure 6A). These regions classified 82.7% of cases correctly with an 
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overall precision of 83.3% (88% for ALL and 77.8% for AML). The region on CFA 8 is part 

of the TCRA locus, therefore a subsequent model was generated excluding all TCR and IG 

genes, as deletions in these regions are suspected to be due to receptor rearrangement, a 

normal process that occurs in all lymphocytes. Acute leukemia model 2 utilizes three regions: 

CFA 2:26.05-26.07 Mb, CFA 19:23.04-23.33 Mb, and CFA 31:32.41-38.18 Mb (Figure 6B). 

This model accurately classifies 69.2% of cases with an overall precision of 69.5% (67.9% 

for ALL and 70.8% for AML). Gene candidates within all model regions were identified. 

The region of CFA 2 includes only PHYH (phytanoyl-CoA 2-hydroxylase), and the region of 

CFA 31 contains numerous genes including RUNX1 (runt-related transcription factor 1), 

ERG (v-ets avian erythroblastosis virus E26 oncogene), and ETS2 (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 CFA 27 in model 1 and CFA 19 in model 2. 

 The first model generated for differentiation of chronic leukemias (B-CLL and T-

CLL) required only CFA 8:5.76-5.88 Mb to classify 95.8% of cases correctly (Figure 7A). 

As previously mentioned, this region includes the TCRA locus, therefore a second model was 

generated that excluded the regions of TCR and IG genes. The second model utilizes three 

regions to classify 87.3% of cases correctly with an overall precision of 85.8% (78.6% for B-

CLL and 93.0% for T-CLL; Figure 7B) including the following: CFA 7:45.30-46.57 Mb, 

CFA 10:31.27-37.13, and CFA 14:5.28-5.80. Several cancer associated genes are present 

within these regions including MUC1 (mucin 1), PBXIP1 (pre-B-cell leukemia homeobox 

interacting protein 1) and CKS1B (CDC28 protein kinase regulatory subunit 1B) on CFA 7 
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and PRDM4 (PR domain containing 4), CRY1 (cryptochrome 1), and NUAK1 (NUAK 

family, SNF1-like kinase, 1) on CFA 10.   

Evolutionarily conserved regions of CNA identified in leukemia in dogs and humans 

 To directly compare synonymous copy number changes shared between dogs and 

humans with the same subtypes of leukemia, the dog data was recoded as ñhumanò and 

datasets of human ALL, AML, and B-CLL were downloaded from GEO. A representative 

and comparative dataset of T-CLL was not available due to the rarity of these phenotypes in 

humans.  Overall, CNAs in dogs visually appear to be more penetrant and cover a greater 

proportion of the genome compared to humans in all subtypes (Figures 8-10). 

 Cases of canine ALL (n=28) were compared to 37 cases of human pediatric ALL 

including 30 cases of B-cell ALL and 7 cases of T-cell ALL (GSE7255; (Kuiper, 

Schoenmakers et al. 2007). Shared regions of CNA consisted 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 ALL, CNAs (including both gains and losses) present in 

>3% of cases encompass ~898 Mb, of which 31% are shared by CNAs in the same direction 

in canine ALL. Human chromosome 21q (HSA 21q21.1-22.3) is highly recurrently gained in 

both species. HSA 4, 6, and 17 also have a high proportion (32-47%) of the chromosome 

included in regions of shared copy number gain (Figure 8B-E).  

 Canine AML was compared with 111 cases of human pediatric AML (GSE15731; 

(Radtke, Mullighan et al. 2009). The 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 shared CNA (11 gains, 2 losses) comprised 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 7, 

8, and 22 (Figure 9B-D). The largest region of shared gain includes ~10.5 Mb of HSA 

8q24.13-24.22, which includes the oncogenes MYC (v-myc avian myelocytomatosis viral 

oncogene) and PVT1 (Pvt1 oncogene). 

 Canine B-CLL was compared with a human dataset consisting of 369 cases of B-CLL 

(GSE28030; (Gunnarsson, Mansouri et al. 2011). Similar to the human AML dataset, the B-

CLL data set appears to have limited genome copy number instability with only a few 

chromosomes impacted by regions of recurrent CNA which total ~255 Mb (Figure 10A). 

Comparison of canine B-CLLs results in the identification of 17 regions of shared CNA 

totaling ~31 Mb (12% of human aberrations). Shared CNAs range in size from 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 of shared CNA 

being a gain of HSA 12q13.2-21.2 (Figure 10C), which comprises numerous cancer related 

genes including CDK2 (cyclin-dependent kinase 2), IKZF4 (IKAROS family zinc finger 4), 

ERBB3 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 3), STAT6 (signal 

transducer and activator of transcription 6), CDK4 (cyclin-dependent kinase 4), and MDM2 

(MDM2 oncogene, E3 ubiquitin protein ligase), among others. HSA 13q14.2-14.3 contains 

the shared region of loss with the greatest penetrance in human cases (55.6%), which 

contains the biologically relevant mir15a and mir16-1 (Figure 10D). 

 



 

87 

Discussion 

 It has been previously suggested that cytogenetic and molecular evaluation in canine 

leukemia may lead to improved diagnosis, better understanding of prognosis, and potentially 

more advanced and directed therapeutic approaches in veterinary medicine (Juopperi, 

Bienzle et al. 2011; Withrow, Vail et al. 2013). In this study, we performed the first large 

scale genome-wide analysis and comparative assessment of DNA CNAs in four broad 

subtypes of canine leukemia including ALL, AML, B-CLL, and T-CLL. This serves as a 

critical first step in identifying recurrent genetic aberrations that differentiate subtypes of 

leukemia in veterinary medicine and contributes to better understanding of disease 

pathogenesis in both dogs and humans. 

 Whole blood was used for DNA isolation and oaCGH analysis for all cases in this 

study due to the ease of sample collection. After oaCGH analysis of a subset of cases used as 

preliminary data, numerous cases lacked any visibly obvious aberrations (>~1-2 Mb) leading 

to concern that the sensitivity of aberration detection may be compromised by cellular 

heterogeneity in whole blood. oaCGH data were therefore obtained using DNA isolated from 

both whole blood and neoplastic cells that had been flow-sorted to >98% purity. No 

difference in aberration detection was identified between sample types, indicating that the 

use of whole blood derived 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 CNAs can be detected in cell populations containing 10% of abnormal cells 

(Krijgsman, Israeli et al. 2013). It is expected 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 humans (Mullighan, Goorha et al. 2007; Radtke, Mullighan et al. 

2009; Gunnarsson, Mansouri et al. 2011; Levine 2013). 

 Physically extensive regions of recurrent chromosomal imbalance were limited in 

number in all subtypes. ALLs contained a gain of CFA 31 in 25% of cases, with the 

frequency of the most distal portion of the chromosome increasing to 43%. Gain of CFA 31 

is recurrent in numerous other canine cancers with similar frequencies including B-cell 

lymphoma (Thomas, Seiser et al. 2011), hemangiosarcoma (Thomas, Borst et al. 2014), 

osteosarcoma (Angstadt, Thayanithy et al. 2012), and glioma (Thomas, Duke et al. 2009). A 

gain of CFA 7 was identified 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% of T-cell 

lymphomas (Thomas, Seiser et al. 2011) and ~10% of histiocytic sarcomas (Hedan, Thomas 

et al. 2011), gliomas (Thomas, Duke et al. 2009), and osteosarcomas (Angstadt, Thayanithy 

et al. 2012) including a gain of this chromosome. Gain of CFA 7 was also previously 

identified in a case of CMML (Culver, Ito 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 CFA 10 was present in 28% of B-CLL cases, this aberration was uncommon in 

numerous other canine tumor types assessed previously; reported in  <5% of cases of 

lymphoma (Thomas, Seiser et al. 2011), osteosarcoma (Angstadt, Thayanithy et al. 2012) and 

glioma (Thomas, Duke et al. 2009), and ~10% of histiocytic sarcomas (Hedan, Thomas et al. 

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 apparent (Thomas, Seiser et 

al. 2011). The genomic profile of B-CLL and B-cell lymphoma (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 CFA 13 (~25%) and CFA 31 (~20%) while B-

CLL has lower frequency gains (~10%) of these chromosomes, thus not meeting our 

threshold of recurrence. B-CLL, on the other hand, recurrently gains CFA 10, which is 

gained with lower frequency (~5%) in B-LSA. Low frequency gains of CFA 2 and the 

telomeric end of CFA 1, and low frequency losses of CFA 14 are also shared, suggesting an 

association between these regions and B cell neoplasms in dogs. When T-CLL was compared 

with T-cell lymphoma (T-LSA), T-CLL was found to have overall less genomic imbalance 

with few aberrations shared with a similar frequency, perhaps related to the indolent nature 

of T-CLL. T-LSA has recurrent gain of CFA 13 (~35%) and nearly recurrent loss of CFA 16 

(~18%), which are both found in T-CLL at lower frequencies (CFA 13 ~18%; CFA 16 

~10%). Gain of CFA 3 is also identified at a low frequency in both diseases. 

 The most penetrant losses in our dataset include deletions in the TCR loci in up to 

98% of T-CLL and the IG loci in 96% of B-CLL, both of which are mirrored in T-LSA and 

B-LSA, respectively (Thomas, Seiser et al. 2011). The 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 receptor specificities. Losses of the TCR loci are also identified in up 

to 89% of canine ALLs. In addition, there is evidence of copy number loss at both IGH and 
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IGL loci in ALLs; however, these 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. 2011), and are also lost in non-hematological 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 to be 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 are B-cell in origin 

(Adam, Villiers et al. 2009; Tasca, Carli et al. 2009). Loss of TCR and not IGK in our cases 

may indicate the ALLs are primarily T-cell phenotype. In humans, however, IG and TCR 

rearrangements cannot be reliably used as specific markers for B and T cell lineage, 

especially in ALL. In human B-ALL, >95% of cases rearrange IGH, while 60% of cases 

rearrange IGK. A high rate of lineage infidelity in B-ALLs has been identified with TCRD  

and TCRB  rearrangements found in 89% and 35% of cases, respectively (SzczepaŒski, 

Pongers-Willemse et al. 1999). In our subset of canine ALLs, losses involving the TCRA/D 

and TCRB loci were present in 89% and 72% of cases, respectively. The TCRD gene is 

encompassed within the larger TCRA gene, and again, because annotation of these regions in 

the dog genome is lacking, it is not possible to properly differentiate these region in the 

genome-wide data. Human cases of T-ALL display less lineage infidelity with >95% of cases 

rearranging the TCR loci and only 20% of cases rearranging IGH (SzczepaŒski, Pongers-

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 activity of 

the recombinase system on accessible gene loci. Interestingly, approximately 30% of canine 



 

91 

AMLs in our dataset also have deletions in the TCR loci. This is not an uncommon finding in 

humans with about a third of human AMLs exhibiting rearrangements in IGH or TCR loci 

(Kyoda, Nakamura et al. 1997). Likewise, canine AMLs have previously been documented to 

have IGH rearrangements in a third of cases evaluated (Burnett, Vernau et al. 2003). It 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 

rearrangements in TCR and IG 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. 1997; SzczepaŒski, Pongers-Willemse et al. 1999; 

Schmetzer, Braun et al. 2000; Logan, Vashi et al. 2014). 

 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 like other cases of the same subtype at a 

genome wide level of copy number imbalance. Therefore, it was expected that predictive 

diagnostic models could be developed based on regions of CNA to differentiate AML versus 

ALL, and B-CLL versus T-CLL, as both of these distinctions are nearly impossible based on 

morphological assessment and 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 the loss of TCRA/D 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 of T-lymphocytes, both normal and neoplastic, 

would be expected, 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 models using 

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 and TCR loci. The second model for 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, CFA 31 gained in ALLs, which contains several genes associated with leukemogenesis 

including RUNX1, ERG, and ETS2 and is a conserved CNA shared with humans. (Strefford 

2006) (Baldus 2004; Baldus, Burmeister et al. 2006; Marcucci, Maharry et al. 2007).  

Chronic leukemia model 2 also includes the use of three regions, two of which contain 

several cancer related genes. The region on CFA 7 is gained in B-CLLs and includes CKS1B 

which is associated with pathogenesis and prognosis in multiple myeloma, another 

hematopoietic neoplasia of B-cell origin (Fonseca, Van Wier et al. 2006). A region on CFA 

10, also found to be gained in B-CLLs, includes CRY1 which is upregulated in high-risk B-

CLL patients (Eisele, Prinz et al. 2009) and NUAK1, previously implicated in the 

pathogenesis of multiple myeloma (Suzuki, Iida 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 genome-wide copy number imbalance 

in dog and humans share similar characteristics. In our cohort of canine cases, CNAs were 

skewed towards small intervals with 85% of aberrations <1Mb in size. Similar distribution 

had been documented in human studies. For instance, in a study assessing 242 pediatric 
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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 gene (Mullighan, Goorha et al. 2007). 

Studies in CLL have yielded similar findings, with a large proportion of aberrations <1 Mb 

(Kay, Eckel-Passow et al. 2010; Gunnarsson, Mansouri et al. 2011). Overall, in human 

studies, losses have also been found to be more common than gains in every subtype (Kuiper, 

Schoenmakers et al. 2007; Mullighan, Goorha et al. 2007; Kay, Eckel-Passow et al. 2010; 

Gunnarsson, Mansouri et al. 2011). In a study of AML, it was noted that while the frequency 

of losses was greater, entire chromosomes were gained more frequently than lost (Parkin, 

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 numerous CNAs in ~20-30% of 

cases, there were very few CNAs that 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 abnormalities recurrent among 

patients are more likely to be associated with pathogenesis compared to non-recurrent events. 

Using cross species comparison heightens this hypothesis to include events that are not only 

recurrent among human cases, but are evolutionarily conserved in other species with similar 

histological characteristics and disease progression. In order to directly compare and easily 

identify regions of shared CNA across species, the dog data was recoded and arranged to 

appear as though it was human, and then compared with previously published human data 

sets downloaded from GEO. 

 Comparison of ALL in dogs and humans revealed that about a third of the aberrant 

regions were shared across species with CNAs in the same direction, including gain of HSA 
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21q (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 including RUNX1, 

ERG, and ETS2. RUNX1 is a transcription factor and complex regulator of hematopoiesis 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 

RUNX1 activity leading to increased proliferation and impaired differentiation. 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, 

RUNX1 needs to be tightly regulated (Friedman 2009; Lam and Zhang 2012). ERG and ETS2 

are transcription factors in the same family that also help to regulate hematopoiesis. ERG is 

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 survival (Marcucci, Maharry et al. 2007). In T-

ALL increased expression of ERG has also been related to inferior overall and relapse free 

survival (Baldus, Burmeister et al. 2006).  ETS2 is known to be critical for numerous cellular 

processes including proliferation, differentiation, and apoptosis. Overexpression of ETS2 has 

been previously identified in acute leukemia 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 humans is the lack 

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 genomic complexity 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 leukemia-associated genes which has made 

differentiating initiating and cooperating mutations challenging (Welch, Ley et al. 2012; 

Cancer Genome Atlas Research Network 2013). We did identify a ~20Mb region of shared 

copy gain between dogs and humans on HSA 8 (CFA 13), which includes both the MYC and 

PVT1 oncogenes that are frequently co-amplified in numerous tumor types (Carramusa, 

Contino et al. 2007). Comparison of the dog data to other human AML datasets in the 

literature identified other shared CNAs that were not evident in the AML dataset used for 

comparison in this study.  A focal deletion of NF1 was previously identified in 7% of human 

AMLs and 42% of cases with adverse risk (Suela, Álvarez et al. 2007), which is especially 

interesting given NF1 was identified in the region of CNA with the highest G-score (apart 

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

 The comparison of B-CLL between dogs and humans revealed the highly penetrant 

regions in human cases are shared in the dog. In most of these instances, the 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 loss is present in only 12% of dogs, the region 

of copy number loss in dogs is in close alignment with the minimally deleted region in 

humans and includes the miR15-a/miR16-1 loci thought to play a role in the pathogenesis of 

CLL. RB1 was historically thought to be 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. 

RB1 has previously been identified to be deleted in canine leukemia (Breen and Modiano 

2008), and was also lost in 8% of B-CLLs in this cohort. DLEU2 (deleted in lymphocytic 

leukemia 2) is the non-coding gene that hosts both miR15-A and miR16-1, which are known 

to play a critical role in controlling the expansion of mature B-cells through downregulation 

of genes controlling cell cycle entry. It has been found that downregulation of DLEU2 

accelerated proliferation of both human and mouse B-cells by modulating expression of 

genes controlling cell-cycle progression (Klein, Lia et al. 2010).  

 The next most recurrent CNA in human CLL is trisomy HSA 12 which is partially 

orthologous to the aberrant regions we detected on CFA 27 and CFA 10. HSA 12 is ~133Mb 

in length, of which ~25.3 Mb is shared in the dog, which narrows the region of shared 

aberration by 80%. There are numerous cancer and leukemia related genes within the shared 

25Mb region including CDK2, CDK4, IKZF4, STAT6, MDM2, and several others. CDK2 and 

CDK4 have both been found to be upregulated in B-CLL and have been targeted with CDK 

inhibitors in clinical trials with favorable results (Korz, Pscherer et al. 2002; Tong, Chen et 

al. 2010; Flynn, Andritsos et al. 2013; Godbersen, Agarwal et al. 2013). IKZF4 is a member 

of the Ikaros transcription factor family. This particular family member remains poorly 

understood; however, the role of numerous Ikaros transcription factors have been previously 

implicated in hematological malignancies 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 malignancies (John and Ward 2011). 

STAT6 is involved in signal transduction and has been linked to transformation and increased 
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cell proliferation in hematopoietic malignancies (Bruns and Kaplan 2006). In addition, an 

increase in STAT6 protein expression has been identified in patients with CLL with a HSA 

12 trisomy (Winkler, Schneider et al. 2005). Increased expression of MDM2, an inhibitor of 

p53, has been associated with poor outcome in CLL and is considered a possible therapeutic 

target in humans (Gryshchenko, Hofbauer et al. 2008). 

 Another region of interest shared between dogs and humans is the gain of the short 

arm of HSA 2. While only present in 2-3% of patients in this dataset, it has been identified to 

be highly recurrent in cases of untreated human patients with progressive disease (Chapiro, 

Leporrier et al. 2010). 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 pathogenesis. ZAP70 (zeta-chain TCR associated protein kinase 70kDa) expression is 

a well-known marker of poor prognosis in CLL and was recently found to activate NF-kB 

signaling leading to increased proliferation and cell survival (Pede, Rombout et al. 2013). 

REL, a member of the NF-kB 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 in other B-cell lymphoproliferative disease including diffuse large B-

cell lymphoma, mantle cell lymphoma, and Hodgkin disease, in which copy number 

amplification was associated with increased nuclear staining (Barth, Martin-Subero et al. 

2003). Also within the shared region of gain is MEIS1 (meis homeobox 1) which has been 

found to be overexpressed in ALL (Rozovskaia, Feinstein et al. 2001; Argiropoulos, Yung et 
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al. 2007) and associated with progression of myeloid leukemia through differentiation arrest, 

self-renewal, and cell cycle activity (Wong, 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 evaluated. Suitable samples 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 stabilization agent prior to being stored (e.g. 

PAXgene Blood RNA Kit, Qiagen) to prohibit in vitro changes to the transcriptome (Debey-

Pascher, Hofmann et al. 2011). Archiving of RNA-stabilized blood samples would allow for 

future expression analysis using either a targeted approach with quantitative reverse-

transcriptase polymerase chain reaction (qRT-PCR) to evaluate specific candidate genes 

suggested here or a genome-wide approach using a microarray which would allow for 

merging of the genome-wide copy number and expression data. Either method would lead to 

discovery of genes with copy number 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 subtypes 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 genome-wide 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 disease based on the 

distribution of CNAs and low frequency of the majority of recurrent aberrations. Recurrent 

and significant regions of CNA were identified in each subtype of canine leukemia, many of 

which contain known cancer related genes. Furthermore, identified regions of diagnostic 

relevance will be further assessed in validation cohorts in future studies. Given the 

heterogeneity of the disease, further assessment of recurrent and diagnostic CNAs in a larger 

cohort would also likely be beneficial. These data make 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 both veterinary and human medicine. 
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Table 1. BAC Clones from CHORI-82 dog library used for FISH analysis. Start positions in 

base pairs (bp) according to CanFam2 genome assembly. 

CHROMOSOME  BAC CLONE START POSITION  

(bp) 

7 362-E04 3,172,261 

7 182-C02 23,023,900 

7 326-O12 42,632,862 

7 334-P01 63,349,778 

7 122-I21 83,666,897 

10 315-E20 3,069,928 

10 122-C08 23,364,116 

10 335-A24 33,187,242 

10 328-L11 53,000,461 

10 330-P10 72,197,474 

13 199-F19 4,523,780 

13 335-M01 28,175,151 

13 191-A04 33,742,078 

13 098-B16 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 

22 313-O12 23,402,077 

22 126-H23 32,615,961 

 

 

 

Table 2. Median number of aberrations and size distribution by subtype. Percentage of total 

aberrations by subtype is included in parentheses. Figures that are statistically significant 

compared to other subtypes are bolded. (*p<0.05). 

SUBTYPE 

CNAs <250kb CNAs 250-500kb CNAs 500kb-1Mb CNAs 1Mb-5Mb CNAs >5Mb 

GAIN  LOSS GAIN  LOSS GAIN  LOSS GAIN  LOSS GAIN  LOSS 

ALL  
15 

(21%) 

22 

(29%) 

8 

(10%) 

12 

(12%) 

4.5 

(6%) 

5 

(7%) 

1.5 

(4%) 

3 

(6%) 

1 

(2%) 
1.5* 
(2%) 

AML  
23 

(26%) 

20.5 

(27%) 

14.5 

(14%) 

5.5 

(8%) 

5.5 

(7%) 

3 

(6%) 

3 

(4%) 

2 

(4%) 

1 

(1%) 

0 

(1%) 

B-CLL 
19 

(23%) 

20 

(31%) 

7 

(9%) 

7 

(13%) 

3 

(6%) 

5 

(8%) 

1 

(2%) 

3 

(6%) 

1 

(1%) 

0 

(0%) 

T-CLL 
15.5 

(26%) 

17.5 

(29%) 

6 

(10%) 

4 

(10%) 

4.5 

(6%) 

4 

(7%) 

2 

(4%) 

2 

(4%) 

0 

(2%) 

0 

(1%) 
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Table 3. 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 6.5kb-2.0Mb 

Median size 238kb 236kb 177kb 207kb 

CNAs <1Mb 
194 (84%) 174 (95%) 123 (92%) 76 (93%) 

81 gains, 113 losses 131 gains, 43 losses 73 gains, 50 losses 50 gains, 26 losses 

>50% CNV overlap 
48 (21%) 49 (26%) 53 (40%) 39 (48%) 

23 gains, 25 losses 20 gains, 29 losses 21 gains, 32 losses 18 gains, 21 losses 
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Table 4. Regions of CNA found to be significant based on GISTIC method. This method 

calculates a  G-score based on the frequency of the occurrence and the amplitude of the copy 

number change and assesses the statistical significance of the CNAs by comparing  the 

observed statistic to the overall pattern of aberrations seen across the genome. 

REGION TYPE Q-BOUND G-SCORE 
POSSIBLE GENES OF 

INTEREST 

ALL  

chr8:5,840,390-5,855,628 CN Loss 2.66E-09 95.66 TCRA/D 

chr18:14,658,113-14,695,371 CN Loss 3.07E-09 60.34 TCRG 

chr16:9,742,112-9,773,985 CN Loss 3.07E-09 47.98 TCRB 

chrX:335,102-372,566 CN Loss 0.008 8.42 SHOX, P2RY8 

chr25:14,521,863-14,541,114 CN Loss 0.009 6.67 
 

chr23:23,787,810-23,842,143 CN Loss 0.009 6.24 GMPS, MLF1, WWTR1 

chr31:39,607,108-39,643,583 CN Gain 0.000 5.61 U2AF1 

chr24:35,827,268-35,867,695 CN Loss 0.018 5.35 
 

chr22:4,362,788-4,763,828 CN Loss 0.033 4.88 mir15a, mir16-1, RB1 

chr30:10,124,393-10,193,135 CN Gain 0.005 3.58 
 

chr12:5,201,187-5,270,234 CN Gain 0.005 3.52 
 

chr4:88,497,012-88,577,070 CN Gain 0.007 3.40 
 

chr36:28,098,542-28,205,027 CN Gain 0.032 2.94 CHN1, HOXD11, NFE2L2 

chr34:14,295,435-14,353,106 CN Gain 0.045 2.83 TERT 

AML  

chr8:5,831,955-5,855,628 CN Loss 5.83E-12 32.21 TCRA/D 

chr16:9,757,557-9,773,985 CN Loss 5.83E-12 19.52 TCRB 

chr18:14,658,113-14,695,371 CN Loss 1.67E-09 14.34 TCRG 

chr9:44,812,997-44,848,495 CN Loss 0.003 6.81 NF1 

chr7:44,749,802-44,795,768 CN Gain 0.010 4.32 
 

chr22:43,165,130-46,184,489 CN Gain 0.037 3.32 GPC5, GPC6 

chrX:0-143,538 CN Gain 0.037 3.17 P2RY8 

chr34:14,628,233-14,770,478 CN Gain 0.038 2.51 TERT 

chr13:32,025,851-32,130,741 CN Gain 0.039 2.48 NDRG1 

chr12:5,201,187-5,270,234 CN Gain 0.039 2.43 
 

chr8:5,708,626-5,716,561 CN Gain 0.040 2.41 TCRA/D 

chr18:55,899,795-55,990,657 CN Gain 0.041 2.36 MACROD1 

chr19:26,734,081-26,839,883 CN Gain 0.042 2.31 
 

chr28:43,662,958-43,804,472 CN Gain 0.049 2.16 VENTX 
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REGION TYPE Q-BOUND G-

SCORE 

POSSIBLE GENES OF 

INTEREST 

B-CLL  

chr17:40,839,926-40,866,023 CN Loss 1.03E-13 37.59 IGLk 

chr8:75,979,006-75,995,859 CN Loss 7.34E-11 16.67 IGH 

chr15:23,192,685-23,592,383 CN Loss 4.27E-09 15.07 ANKS1B, FBXW7 

chr14:13,623,800-13,644,630 CN Loss 5.77E-04 7.53  

chr10:23,187,573-23,285,357 CN Gain 9.40E-07 4.12 WNT7B 

chr11:43,831,738-43,899,685 CN Gain 1.61E-05 3.08  

chr22:63,871,822-63,897,768 CN Gain 6.14E-05 2.85  

chr13:32,025,851-32,130,741 CN Gain 6.90E-05 2.84  

chr7:44,776,063-44,814,712 CN Gain 0.002 2.19  

chr20:43,525,566-43,550,311 CN Gain 0.004 2.09  

chr4:39,042,223-39,194,034 CN Gain 0.007 1.98 GRK6 

chr4:74,476,236-74,630,614 CN Gain 0.024 1.76  

chr25:53,370,311-53,416,492 CN Gain 0.030 1.72  

chr28:43,108,563-43,165,201 CN Gain 0.030 1.72  

chr27:5,862,415-5,966,868 CN Gain 0.034 1.69 NR4A1 

chr9:51,949,660-51,974,590 CN Gain 0.045 1.64 NOTCH1, ABL1, TRAF2, 

BRD3, LHX3, NUP214, 

RALGDS, TSC1 

T-CLL  

chr8:5,840,390-5,855,628 CN Loss 5.79E-09 76.31 TCRA/D 

chr16:9,757,557-9,797,164 CN Loss 5.79E-09 36.91 TCRB 

chr18:14,658,113-14,695,371 CN Loss 5.79E-09 26.85 TCRG 

chr12:5,201,187-5,270,234 CN Gain 7.79E-07 6.73  

chr15:23,243,390-23,592,383 CN Loss 0.031 6.42 NDRG2 

chrX:0-143,538 CN Gain 0.001 4.56 P2RY8 

chr31:38,171,278-38,193,697 CN Gain 0.001 4.52  

chr10:23,205,610-23,285,357 CN Gain 0.012 3.73 WNT7B 

chr13:15,429,593-15,683,373 CN Gain 0.014 3.68 CSMD3, RRM2B, EXT1 

chr4:74,476,236-74,630,614 CN Gain 0.022 3.49  

chr5:59,367,552-59,481,691 CN Gain 0.023 3.45 TNFRSF18, TNFRSF4 

chr18:49,342,016-49,392,277 CN Gain 0.025 3.37 CARS 

chr12:61,445,762-61,508,748 CN Gain 0.025 3.28 PTP4A1, FUT9 

chr34:14,717,935-14,781,691 CN Gain 0.025 3.20  

chr7:44,811,573-44,814,712 CN Gain 0.025 2.87  

chr5:3,728,755-3,768,118 CN Gain 0.030 2.63  

chr30:10,124,393-10,193,135 CN Gain 0.032 2.58  

Table 4. (continued) 
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Table 5. Shared regions of CNA in dogs and humans with ALL. Regions were identified by 

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

>3% of human cases. For each region, the copy number event (CN gain vs. loss), 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 frequency of CNA was not stable 

across the entire region. 

REGION EVENT GENES %CFA  %HSA 

chr4:0-40808181 CN Gain 373 10.7-32.1 5.4-8.1 

chr4:42737448-48758236 CN Gain 36 10.7 5.4 

chr4:52705778-57350182 CN Gain 51 10.7 8.1 

chr4:57902428-69090118 CN Gain 35 10.7 5.4 

chr4:70508745-75509386 CN Gain 66 10.7 5.4 

chr4:125181414-137896400 CN Gain 29 10.7-14.3 5.4 

chr4:138480250-144386271 CN Gain 46 10.7 5.4 

chr4:176408007-176438939 CN Gain 0 10.7 5.4 

chr6:33465230-58606668 CN Gain 463 14.3-25 10.8-18.9 

chr6:62030184-116569012 CN Gain 301 10.7-14.3 10.8-18.9 

chr6:116610289-116772460 CN Gain 6 10.7 13.5 

chr6:131762561-132090022 CN Gain 7 14.3 13.5 

chr6:170098570-170899992 CN Gain 9 10.7 18.9 

chr8:2322767-2584646 CN Gain 2 14.3 5.4 

chr8:105134780-114850252 CN Gain 31 14.3-21.4 5.4 

chr8:130351815-146274826 CN Gain 203 10.7-21.5 6.4 

chr10:59314303-59617647 CN Gain 0 14.3 10.8 

chr10:72666836-73507410 CN Gain 14 10.7-17.9 8.1 

chr10:79090794-79205310 CN Gain 18 10.7 10.8 

chr10:80710844-81032317 CN Gain 6 10.7 10.8 

chr10:87670367-88165280 CN Gain 3 14.3 8.1 

chr10:102697227-103099243 CN Gain 19 14.3 8.1 

chr10:132245206-135374737 CN Gain 61 10.7-25 10.8-13.5 

chr12:57258104-57505598 CN Gain 1 10.7 5.4 

chr12:57830287-58182553 CN Gain 0 10.7 5.4 

chr12:124713830-124993169 CN Gain 0 10.7-14.3 5.4 

chr12:132244494-132349534 CN Gain 240 10.7-14.3 8.1 

chr14:22560773-23136959 CN Gain 38 10.7-25 18.9 

chr14:23816700-24074056 CN Gain 19 10.7-14.3 18.9 

chr14:24705893-24785839 CN Gain 0 10.7 18.9 

chr14:47332973-47504393 CN Gain 2 10.7 18.9 

chr14:65109629-65445614 CN Gain 1 10.7 18.9 

chr14:90872317-91136900 CN Gain 4 10.7-21.4 18.9 
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REGION EVENT GENES %CFA  %HSA 

chr14:92825420-93172970 CN Gain 4 10.7-14.3 18.9 

chr14:94224070-94469738 CN Gain 1 10.7 18.9 

chr14:96255262-96743200 CN Gain 1 10.7-14.3 18.9 

chr14:100557733-100602893 CN Gain 51 10.7 18.9 

chr14:100995099-102084743 CN Gain 24 10.7-14.3 18.9 

chr14:104545025-106368585 CN Gain 47 14.3-25 18.9 

chr17:893305-1689654 CN Gain 23 10.7 10.8 

chr17:3479041-3921471 CN Gain 17 10.7 10.8 

chr17:4302991-5906748 CN Gain 71 10.7-21.4 10.8 

chr17:6248077-7240906 CN Gain 59 14.3 10.8 

chr17:7599533-9203701 CN Gain 63 10.7 10.8 

chr17:9565674-9862989 CN Gain 6 10.7 10.8 

chr17:17641786-18811050 CN Gain 60 10.7-14.3 10.8 

chr17:21139867-22200000 CN Gain 12 10.7 10.8 

chr17:26499041-26965653 CN Gain 10 10.7 10.8 

chr17:27166416-27578356 CN Gain 10 10.7-21.4 10.8 

chr17:31278761-33001308 CN Gain 54 10.7 10.8 

chr17:36158035-36939647 CN Gain 60 10.7 13.5 

chr17:37752756-38773756 CN Gain 59 10.7 13.5 

chr17:39554125-40378206 CN Gain 32 17.9 13.5 

chr17:40870462-40988878 CN Gain 10 10.7 13.5 

chr17:42223257-42470413 CN Gain 5 14.3 13.5 

chr17:42928824-43374676 CN Gain 15 14.3 13.5 

chr17:47272921-49041673 CN Gain 2 10.7-17.9 13.5-16.2 

chr17:50808108-50931107 CN Gain 1 10.7 10.8 

chr17:54761936-54859092 CN Gain 2 10.7 10.8 

chr17:56369290-56605365 CN Gain 2 10.7 10.8 

chr17:58901038-59384791 CN Gain 30 17.9 10.8 

chr17:64798700-65030975 CN Gain 4 10.7 10.8 

chr17:68300260-69694759 CN Gain 16 10.7-21.4 10.8 

chr17:70449968-73124404 CN Gain 116 14.3 10.8 

chr17:73305502-73769964 CN Gain 23 14.3 10.8 

chr17:73802522-78774742 CN Gain 158 10.7-17.9 10.8 

chr18:45631191-46400522 CN Gain 10 10.7 8.1 

chr18:63333099-63559964 CN Gain 2 10.7 8.1 

chr21:15502244-46944323 CN Gain 415 28.5-42.3 48.7-54.1 

 

  

Table 5. (continued) 
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REGION EVENT GENES %CFA  %HSA 

chr7:141867270-142201754 CN Loss 58 10.7-39.3 8.1-24.3 

chr9:34577863-34830509 CN Loss 17 10.7-17.9 8.1 

chr12:6862453-7051767 CN Loss 20 10.7-17.9 5.4 

chr12:7821715-8117622 CN Loss 7 10.7 5.4 

chr13:44963157-52697610 CN Loss 150 10.7-25 5.4-8.1 

chr13:53144979-54228654 CN Loss 14 10.7 5.4 

chr15:40154498-40220895 CN Loss 2 14.3 5.4 

chr15:41043681-41367545 CN Loss 7 10.7 5.4 

chr15:41877339-42012268 CN Loss 10 10.7 5.4 

chr16:68270329-68284720 CN Loss 3 10.7 5.4 

 

 

 

Table 6. Shared regions of CNA in dogs and humans with AML. Regions were identified by 

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

>3% of human cases. For each region, the copy number event (CN gain vs. loss), 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 frequency of CNA was not stable 

across the entire region. 

REGION EVENT GENES %CFA  %HSA 

chr8:21547456-21655111 CN Gain 2 16.7 9 

chr8:116040103-117844613 CN Gain 3 12.5 8.1 

chr8:124497133-135051522 CN Gain 90 12.5-29.7 9 

chr8:138899424-146274826 CN Gain 161 12.5-33.3 9 

chr22:23427945-24626889 CN Gain 21 16.7-20.8 4.5 

chr22:25531985-27229646 CN Gain 13 12.5-45.8 4.5 

chr22:36485325-38620029 CN Gain 71 12.5-29.2 4.5 

chr22:39589642-39938004 CN Gain 8 12.5 4.5 

chr22:45095854-45705902 CN Gain 9 12.5 4.5 

chr22:46293832-46564959 CN Gain 4 12.5-29.7 4.5 

chr22:47644746-49691432 CN Gain 62 12.5-29.7 4.5 

chr7:31048668-31111222 CN Loss 1 12.5 3.6 

chr7:142096427-142500376 CN Loss 30 16.7 3.6 

 

  

Table 5. (continued) 
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Table 7. Shared regions of CNA in dogs and humans with B-CLL. Regions were identified 

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

>3% of human cases. For each region, the copy number event (CN gain vs. loss), 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 frequency of CNA was not stable 

across the entire region. 

REGION EVENT GENES %CFA  %HSA 

chr2:2616165-3277852 CN Gain 2 12 3.3 

chr2:48677234-49646318 CN Gain 6 32 3.3 

chr2:50228923-50542410 CN Gain 1 32 4.1-6.2 

chr2:59063470-59133970 CN Gain 1 32 3.3 

chr12:51703793-51757474 CN Gain 3 16 10.3 

chr12:52407106-53088084 CN Gain 28 12.0-28.0 10.3 

chr12:54137224-54171034 CN Gain 0 16 10.6 

chr12:55707456-75899163 CN Gain 224 28 10.6 

chr12:104513194-108338177 CN Gain 28 32 10.3 

chr12:113353780-113838353 CN Gain 13 20 10.3 

chr20:60753126-61458399 CN Gain 28 16 5.2 

chr4:102089560-102173433 CN Loss 1 16 4.1 

chr11:85681437-85826673 CN Loss 2 12 4.9 

chr11:95914097-96100080 CN Loss 3 12 5.7 

chr13:41138923-41774659 CN Loss 14 16 6.5 

chr13:50622019-50902051 CN Loss 8 12 55.6 

chr17:4767715-6511647 CN Loss 48 16 3.25 
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Figure 1. Genome-wide oaCGH profiles comparing DNA isolated from peripheral blood to 

DNA isolated from flow-sorted neoplastic cells in cases of canine leukemia.  Blood samples 

for representative cases of canine ALL (A) and canine T-CLL (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.  oaCGH profiles of whole blood (i), flow-sorted 

neoplastic 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 chromosomes (1-38,X) on the x-axis and 

log2 tumor:reference ratio on the y-axis with gains visible above the midline, and losses 

below the midline. The case of ALL (A) has a gain of CFA 31 and loss of the proximal half 

of CFA 22 and CFA X which is equally evident in profiles of both sample types (A,i-iii). The 

case of T-CLL has few CNAs evident in either sample type (B, i-ii) and the profiles are 

indistinguishable when overlaid (B, iii). 
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Figure 2. Penetrance plots of genome-wide CNAs in four subtypes of canine (c) leukemia 

including ALL (A), AML (B), B-CLL (C), and T-CLL (D). CFA1-38 and X are plotted 

across the x-axis, and the percentage of cases that demonstrated either copy number gain 

(blue, above midline) or loss (red, below midline) within a defined chromosomal region are 

represented on the y-axis. The horizontal lines above and below the midline indicate the 20% 

threshold for definition of a recurrent CNA. 
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Figure 3. Genomic imbalances in each subtype expressed as percent genome changed and the 

total number of megabases (Mb) within regions of copy number change. The symbol (#) 

denotes p<0.05 for total percent genome changed compared to all other subtypes; and the 

symbol (*) denotes p<0.05 for percent genome loss or gain compared to other subtypes. 
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Figure 4. FISH verifies recurrent CNAs identified via oaCGH. Each panel (A-D) includes a 

representative interphase nuclei harvested from whole blood from a dog with leukemia. The 

inset shows a control dog chromosome with correct 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 10 in B-CLL. (C) Trisomy of chromosome 13 in T-CLL. (D) 

Loss of region containing RB1 in 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 were scaled and clustered using 

Euclidian distance and Wardôs method. Columns represent individual patients and rows 

represent individual markers along the genome. Blue indicates a region of gain and red 

indicates a region of loss. Subtype metadata is annotated for each column. 
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aƻŘŜƭ Ім aƻŘŜƭ Ін 

Figure 6. Diagnostic predictor 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 includes  a TCR locus as part of the 

model, whereas model #2 was generated after excluding TCR and IG loci from  modeling. 

Above each box the number of cases following that branch and the percentage based on the 

total number of cases (n=52) is indicated. Inside each box includes the number of AMLs and 

ALLs following that branch and the percentage of each subtype based on the total number of 

cases following that branch. A classification of primarily AML is designated by yellow boxes, 

and a classification of primarily ALL is designated by red boxes. 
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Figure 7. Diagnostic predictor models for differentiation of B-CLL and T-CLL based on copy 

number status of regions defined using a random forest ensemble classification model 

followed by a decision tree classification model. Model #1 includes a TCR locus as part of the 

model, whereas model #2 was generated after excluding TCR and IG loci from modeling. 

Above each box the number of cases following that branch and the percentage based on the 

total number of cases (n=71) is indicated. Inside each box includes the number of B-CLLs and 

T-CLLs following that branch and the percentage of each subtype based on the total number 

of cases following that branch. A classification of primarily B-CLL is designated by blue 

boxes, and a classification of primarily T-CLL is designated by green boxes. 
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Figure 8. Comparison of recurrent genomic CNAs in canine (cALL) and human ALL 

(hALL).  The canine data has been recoded according to the equivalent location of each loci 

on the corresponding human chromosome. (A)  Genome-wide penetrance plots of cALL and 

hALL. HSA 1-22 are plotted across the x-axis, and the frequency of copy number gain (blue, 

above midline) or loss (red, below midline) within a defined chromosomal region are 

represented on the y-axis. 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. (B-E) Selected chromosomes with regions of CNA shared across species. Frequency 

of gains  (blue)  along the chromosome is indicated on the right of each chromosome, while 

frequency of losses (red) is indicated on the left. The scale ranges from 0-50% to better 

visualize low frequency changes. The most notable shared region is the gain of 21q (E) 
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Figure 9. Comparison of recurrent genomic CNAs in canine (cAML) and human AML 

(hAML). The canine data has been recoded according to the equivalent location of each loci 

on the corresponding human chromosome. (A) Genome-wide penetrance plots of cAML and 

hAML. HSA 1-22 are plotted across the x-axis, and the frequency of copy number gain (blue, 

above midline) or loss (red, below midline) within a defined chromosomal region are 

represented on the y-axis. 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. (B-D) Selected chromosomes with regions of CNA shared across species. 

Frequency of gains (blue)  along the chromosome is indicated on the right of each 

chromosome, while frequency of losses (red) is indicated on the left. The scale ranges from 

0-50% to better visualize low frequency changes.  
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Figure 10. Comparison of recurrent genomic CNAs in canine (cB-CLL) and human B-CLL 

(hB-CLL).  The canine data has been recoded according to the equivalent location of each 

loci on the corresponding human chromosome. (A)  Genome-wide penetrance plots of cB-

CLL and hB-CLL. HSA 1-22 are plotted across the x-axis, and the frequency of copy number 

gain (blue, above midline) or loss (red, below midline) within a defined chromosomal region 

are represented on the y-axis. 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. (B,C) Selected chromosomes with regions of CNA shared across species. 

Frequency of  gains  (blue)  along the chromosome is indicated on the right of each 

chromosome, while frequency of losses (red) is indicated on the left. The scale ranges from 

0-50% to better visualize low frequency changes. (D) Highlighted region of HSA 13q14.3 

including both RB1 and DLEU2/mir15a/mir16-a. The minimally deleted region in humans is 

shared with 12% of canine patients and includes the DLEU2/mir15a/mir16-a complex. 
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CHAPTER 3: Evolutionarily conserved sequence mutations in canine acute leukemia 

Abstract 

      Canine acute leukemia is a devastating diagnosis in veterinary medicine due to the 

fulminant course of disease and presumed grave prognosis. In humans, identification of 

numerous genetic mutations has been instrumental in improving classification, prognostic 

stratification, and identifying therapeutic targets in 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. We documented the mutational status of NOTCH1, TP53, and NPM1 

for the first time in 48 cases of canine acute leukemia, in addition to sequencing NRAS, 

KRAS, FLT3, and KIT, which were previously found to be mutated in canine acute leukemia. 

Overall, 66.7% (32/48) cases of canine leukemia had at least one mutation, including 79% 

(19/24) of ALLs, and 54% (13/24) of AMLs. NRAS mutations were the most common 

(39.6% of cases), followed by internal tandem duplications identified in FLT3 (18.8%, all in 

ALLs). Additionally, insertion and deletion mutations in NOTCH1 and point mutations in 

TP53 were identified and 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 species adding increased 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 progenitors as a result of acquired 

genetic alterations that lead to abnormalities in proliferation, differentiation, and apoptosis. 

Several mechanisms including recombinations (translocations and inversions), gene 

mutations, and copy number changes are all known to be intricately involved in this process 

(Look and Ferrando 2006). Identification of recurrent gene mutations in acute leukemia, 

especially acute myeloid leukemia (AML), has been invaluable in improving diagnostic 

classification, prognostic risk stratification, and identifying new therapeutic targets, 

particularly in patients with normal cytogenetics. For instance, identification of mutations in 

NPM1 (nucleophosmin 1) and FLT3 (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 characterized prognoses with NPM1 mutated cases associated 

with a highly favorable prognosis, and patients with FLT3 mutations having a more adverse 

outcome. As a result, numerous FLT3 tyrosine kinase inhibitors are being tested in clinical 

trials to improve treatment strategies in these patients (Scholl, Fricke et al. 2009; Stirewalt 

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 B-cell ALL by identifying patients with 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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outcomes (Zhang, Mullighan et al. 2011). T-cell ALL is less common than B-ALL but is 

more aggressive and associated with a poorer outcome. Prognostic factors have been 

challenging to identify in T-ALL, as the classic prognostic indicators such as age and tumor 

burden are not predictive of outcome. NOTCH1 (notch 1) mutations have since been 

identified in >50% of T-ALL and found to be independently associated with a shorter 

survival (Zhu, Zhao et al. 2006) and a promising therapeutic target (Paganin 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 options (Vernau and Moore 1999; 

Williams, Avery et al. 2008). The disease is characterized, similarly to humans, by neoplastic 

transformation of early hematopoietic precursors leading to aberrant 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 unreported due to the rapid and fatal course of 

disease and non-specific clinical signs (Weiss and Wardrop 2011). Acute 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 classification of human 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 in FLT3, KIT, NRAS (neuroblastoma RAS viral (v-ras) oncogene 

homolog), KRAS (Kirsten rat sarcoma viral oncogene homolog ), and HRAS (Harvey rat 

sarcoma viral oncogene homolog) have been assessed previously in 36 cases of acute 

leukemia, in which 61% were found to contain at least one mutation (Usher, 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 activated FLT3, as a result of internal 

tandem duplication (ITD) mutation, leads to increased phosphorylation of downstream 

mediators (Suter, Small et al. 2011). In this study we aimed to identify mutations in NPM1, 

NOTCH1, and TP53 (tumor protein 53) in canine acute leukemia for the first time and add to 

previous studies by evaluating mutations in FLT3, KIT, NRAS, and KRAS in an additional 48 

cases of canine leukemia. In doing so, we sought to further identify 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 recruitment and immunophenotyping 

 Blood collected into EDTA from forty-eight cases of canine acute leukemia, 

including 24 ALLs and 24 AMLs, was acquired and immunophenotyped as part of the 

dataset in chapter 2 (p. 70). To serve as controls, blood from 24 clinically healthy 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 Qiagen Blood & Cell 



 

131 

Culture DNA Mini Kit (Qiagen, Valencia, CA) and manufacturerôs protocol. DNA quality 

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

electrophoresis to confirm it was of high molecular weight.  

PCR Primers 

 Genomic sequences were downloaded from the UCSC dog genome browser 

(CanFam3.1) for the following genes: FLT3 (NM_001020811), KIT (NM_001003181), 

NRAS (NM_001287065), KRAS (NM_001261512), NPM1 (NM_001252171), NOTCH1 

(XM_005625433), and TP53 (NM_001003210). PCR primers were designed to amplify 

DNA sequences of interest including FLT3 exons 14, 15, and 20, KIT exons 8, 10, 11 and 17, 

NRAS exons 1 and 2, KRAS exons 1 and 2, NPM1 exon 11,  NOTCH1 exons 26, 27, and 34, 

and TP53 exons 7 and 8. All primers were designed 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. 2004; Suzuki, Kiyoi et al. 2005; Haferlach, Dicker et al. 

2008; Paulsson, Horvat et al. 2008; Usher, Radford et al. 2009; Giantin, Aresu et al. 2013). In 

instances where two adjacent exons of interest were separated by a short intron (FLT3 exons 

14/15, KIT exons 10/11, and TP53 exons 7/8), one primer set was designed in the flanking 

introns so that the forward primer was upstream of the 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 performed using KAPA HIFI HotStart 

ReadyMix (Kapa Biosystems, Boston, MA) and manufacturerôs recommendations.  Each 

25µl reaction included 12.5µl ReadyMix, 300nM each of forward and reverse primers, and 

50ng of genomic DNA. Each batch of PCR also included a negative water control. Thermal 

cycling conditions were an initial denaturation at 95°C for 5 minutes; followed by 30 cycles 

of 98°C for 20 seconds, 64-67°C for 15 seconds, and 72°C for 15 seconds; with a final 

extension at 72°C for 5 minutes. Annealing temperature 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 the manufacturer. 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 MinElute 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 performed 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 (Soft Genetics, State College, PA) and CLC sequence viewer v.7.0 

(CLCBio, Boston, MA).  
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Results 

NOTCH1 mutations 

 Assessment of mutations in NOTCH1 has not been reported previously in the dog. 

Exons 26, 27 (HD domain), and 34 (PEST domain) were all amplified independently 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 in the 3
rd
 base position) in 

nine (37.5%) ALLs, seven (29.2%) AMLs, and seven (29.2%) controls, which is likely a 

previously unidentified single nucleotide polymorphism (SNP). No other mutations were 

identified in any dogs with leukemia or controls in exons 26 or 27 of NOTCH1.  

 In exon 34, two silent mutations were identified. The first was a documented 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 3
rd
 base position) in one ALL, two AMLs, and one control. Three 

cases of canine ALL also contained insertions or deletions in exon 34 including the 

following: 7482.7483 ins CTGG (L13), 7454.7455 insTCCTGGTTTTCTGG (L16), and 

7453.7454 del GG (L18). When the presumed resulting protein sequence was translated from 

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 

TP53 mutations have also not been previously reported in a cohort of canine 

leukemia. Exons 7 and 8 were co-amplified 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 2). Two different mutations occurring at codon 61were found including 

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 time NPM1 was evaluated in the dog. Exon 11 (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 of FLT3 identified internal tandem duplications in 9/24 

ALLs (37.5%) and no AMLs. In all cases, the wild-type allele was identified and found to be 

identical to the genome assembly sequence. The size of insertion ranged from 15-87 base 

pairs (bp), with a median of 30bp (Figure 3A). The predicted amino acid sequence 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 insertion of five amino acids not 

found in the wildtype sequence (L20)(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 negative cases or controls revealed any point 

mutations or additional inserts too small for gel electrophoresis detection.  

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

FLT3. 
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KIT mutations 

 No missense mutations or insertions were detected in PCR amplicons of exons 8, 10, 

or 11 of KIT 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. This nucleotide change is consistent with SNP 

rs22299980 (NCBI dbSNP Canine build 139).   

 A heterozygous mutation in exon 17 of KIT 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 

      NRAS mutations were the most prevalent in this cohort of canine acute leukemias, 

present in 39.6% of cases. Four different missense 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 Gly12Ser in an AML. Additionally, five cases, including 

two ALLs and three AMLs, contained a Gly13Asp mutation. 

 Missense mutations in exon 2 of NRAS were less common, but still occurred in eight 

patients, all in codon 61 (Figure 5B). Gln61Arg was identified in one ALL and two AMLs, 

including a homozygous mutation in one of the AMLs. Gln61His 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 had a Gln61Lys mutation. All other cases 

and controls aligned with the wildtype published sequence.  

KRAS mutations 

 Two KRAS missense mutations were identified, one each in exons 1 and 2. A 

homozygous G to A nucleotide change in exon 1 occurred at codon 12 in one case of ALL 

leading to an amino acid change from glycine to aspartic acid (Gly12Asp; Figure 5C). One 

case of AML also contained a heterozygous Gln61His mutation exon in exon 2 (Figure 5D). 

No additional mutations were identified in any other leukemia or control 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 to FLT3 ITD. One case of ALL had three mutations including FLT3 

ITD, NRAS exon 1, and NOTCH1 exon 34. Only two cases of AML contained more than one 

mutation, both of which had a mutation in NRAS exon 1 and one additional mutation.  

 

Discussion 

  We have demonstrated that canine and human acute leukemias share numerous 

genetic mutations, including novel mutations identified in NOTCH1 and TP53, in addition to 

mutations identified in FLT3, KIT, NRAS, and KRAS, some of which have been previously 

documented (Usher, Radford et al. 2009; Suter, Small et al. 2011). Overall, 66.7% (32/48) 

canine acute leukemias had at least one mutation, including 79% (19/24) of ALLs, and 54% 
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(13/24) of AMLs. Mutation status in humans is relevant 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 pathogenesis across species and further support the use of the 

dog as a model for human leukemias. 

NOTCH1 is a transmembrane receptor involved in signaling that controls T-cell fate 

decisions and regulates normal T-cell development, and expression of activated NOTCH1 in 

mice was previously found to result in development of T-cell leukemia (Zhu, Zhao et al. 

2006). In humans, at least one NOTCH1 mutation is identified in 56% of T-ALL, most 

frequently in the HD domain and the PEST domain (Weng, Ferrando et al. 2004). Point 

mutations, insertions, and deletions have all been identified and result in a substitution or 

shift in reading frame leading to a premature stop codon. Truncated proteins display 

increased activation and prolonged half-life (Lee, Kumano et al. 2005).  

This is the first time, to our knowledge, that NOTCH1 mutations 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, PEST mutations in human cases have been found to 

result in a ~2-fold increase in NOTCH1 activity (Weng, Ferrando et al. 2004). In humans, 

NOTCH1 mutations have been linked to poorer relapse-free and overall survival and also 

speculated to be a rational therapeutic target (Zhu, Zhao et al. 2006). NOTCH1 mutations in 

humans have not been reported in B-cell ALL, which could indicate that the three ALLs with 

NOTCH1 mutations in this cohort are T-cell. Unfortunately, since B-cell or T-cell phenotype 
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could not be confirmed based on the immunophenotyping, this possible association should be 

further investigated in a cohort of confirmed T-cell ALL in dogs. Interestingly, NOTCH1 

PEST mutations have also been recently identified in B-cell chronic lymphocytic leukemia 

(B-CLL) in humans, in which it was found to be associated with trisomy 12 and a more 

aggressive disease course (Balatti, Bottoni et al. 2012). Given that some regions of the dog 

genome that are evolutionarily conserved with human 12 (i.e.  dog chromosomes 10 and 27) 

also demonstrated increase in copy number in ~30% of canine B-CLLs (see Chapter 2 for 

details) further investigation of the role of  NOTCH1 mutations in canine chronic leukemias 

are warranted. 

TP53 is a well-known tumor suppressor protein that responds to diverse cellular 

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 function (Muller and Vousden 2013). 

We evaluated TP53 mutations in a cohort of canine leukemias for the first time and identified 

mutations in four cases of ALL and one case of AML.  In humans, TP53 mutations are 

identified in 2.1% of all AML patients, but when analyses are restricted only to cases with a 

complex karyotype, the frequency of TP53 mutations increases significantly to 60-78% of 

cases (Haferlach, Dicker et al. 2008; Rücker, Schlenk et al. 2012). In B-cell ALL, TP53 

mutations occur infrequently with only 2% of cases containing a mutation (Fenaux, Jonveaux 

et al. 1992). Frequency is slightly higher is T-cell ALL cases, with 5% of patients containing 

mutation at diagnosis. This frequency increases significantly to ~24% in relapsed patients 

(Diccianni, Yu et al. 1994; Kawamura, Ohnishi et al. 1999). In all subtypes of acute leukemia 
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in humans, TP53 mutations are associated with significantly lower complete remission rates 

and poorer overall survival (Diccianni, Yu et al. 1994; Rücker, Schlenk et al. 2012). It has 

been recently identified in AML that presence of TP53 mutations has been found to be the 

strongest adverse prognostic factor (Volkert, Kohlmann et al. 2014). 

In the five cases found to contain TP53 mutations, four different mutations were 

identified. Arg261His, identified in an ALL, is synonymous with human Arg273His that has 

been previously found in AML. The human counterparts to the other canine mutations have 

not been previously specifically linked to leukemia, but have been identified in other human 

tumor types (Petitjean, Mathe et al. 2007). Due to the prevalence of TP53 mutations in 

numerous cancer types, TP53 mutations have been previously evaluated in several other 

tumors in dogs including lymphoma, (Veldhoen, Stewart et al. 1998), mammary tumors 

(Muto, Wakui et al. 2000), osteosarcoma (Kirpensteijn, Kik et al. 2008), soft tissue sarcomas 

(Nasir, Rutteman et al. 2001), and brain tumors (York, Higgins et al. 2012). Mutations have 

been identified in 11% of benign and 20% of malignant mammary tumors (Lee, Lim et al. 

2004) and approximately 40% of canine osteosarcomas (Kirpensteijn, Kik et al. 2008). In 

both instances, TP53 mutation has been significantly associated with shortened survival 

times.  Arg261His mutation, identified in a case of canine ALL in this study, has also been 

found to occur frequently in canine soft tissue sarcomas (29% of TP53 mutations) (Nasir, 

Rutteman et al. 2001) and canine osteosarcoma (Kirpensteijn, Kik et al. 2008). An identical 

Gly290Arg mutation detected in a case of AML in this study has also been documented in a 

canine meningioma (York, Higgins et al. 2012).  
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We also evaluated canine leukemias for mutations in NPM1, which has not been 

previously reported. NPM1 is a molecular chaperone that facilitates protein transfer through 

the nuclear membrane. Mutation in NPM1 results in the cytoplasmic dislocation of the 

protein prohibiting its normal activity.  NPM1 mutation is the most frequent molecular 

abnormality in human AML present in ~35% of cases and is associated with a favorable 

prognosis (Falini, Mecucci et al. 2005; Suzuki, Kiyoi et al. 2005; Verhaak, Goudswaard et al. 

2005). No mutations in NPM1 were 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 functions 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, ligand-independent activation of the receptor occurs. Mutations in 

humans are present in 15-35% of AMLs and 1-3% of ALLs (Stirewalt and Meshinchi 2010); 

however, in dogs, FLT3 mutations have only been identified in ALL (Usher, Radford et al. 

2009; Suter, Small et al. 2011). In this study, 37.5% (9/24) of ALLs included an ITD or an 

insertion in the juxtamembrane (JM) domain (exon 14), which had similar characteristics to 

ITDs documented in human AML. In humans, the size of ITDs ranges from 15-180bp with a 

median of 48bp, and 46% of insertions include additional material that is not part of the 

wildtype duplicated sequence. In human AML, it has been determined that 96.1% of ITDs 

include duplication of at least one residue in the tyrosine rich motif from Y591-Y599, which 

is thought to constitutively activate STAT5 signaling as two tyrosines in this regions are 
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possible docking sites for STAT5 (Kayser, Schlenk et al. 2009). Interestingly, 7/9 canine 

cases in this study also involved duplication or insertion in the same tyrosine-rich amino acid 

stretch, further supporting a pathogenic cause and effect for duplications in this region. 

Presence of FLT3 mutations in AML in humans has significant clinical implications, such as 

a poorer prognosis, 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 rate (Stirewalt and Radich 2003).  

FLT3 mutations in human ALL are much less common, and therefore less well 

characterized. They occur in ~1% of pediatric B-cell ALLs, most commonly in cases with 

hyperdiploidy (>50 chromosomes)(Armstrong, Mabon et al. 2004; Paulsson, Horvat et al. 

2008), and ~3% of both pediatric and adult T-cell ALL (Paietta, Ferrando et al. 2004; Van 

Vlierberghe, Palomero et al. 2010). While prognosis in these cases is thought to be poor, 

associations with FLT3 mutations in human ALL are largely undetermined due to the low 

incidence of the mutation (Armstrong, Mabon et al. 2004).  

No mutations were identified in exon 20 of FLT3 (tyrosine kinase domain, TKD) 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 much less frequent than mutations in the JM 

domain (Stirewalt and Meshinchi 2010); however, in ALLs, point mutations in the TK 

domain have been found to be more common (Armstrong, Mabon et al. 2004; Paulsson, 

Horvat et al. 2008). 
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KIT is a receptor tyrosine kinase in the same family as FLT3 that initiates signal 

transduction 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 study (Usher, Radford et al. 2009). A subsequent 

study of 11 canine acute leukemias failed to identify any mutations (Giantin, Aresu et al. 

2013).  

KIT is mutated in 3-15% of human patients with AML, most commonly with a 

missense mutation in the TK domain, which has been related to higher rate of relapse and 

poorer survival (Stirewalt and Meshinchi 2010). An equivalent mutation to dog Asp815Val 

has been reported to 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 valine (21/33; 64%). These mutations were found to be associated with AMLs with 

t(8;2l)/AML1-ETO and conferred a poor prognosis in mutated cases (Schnittger, Kohl et al. 

2006). The mutation, Asp816Val, has also been specifically identified in patients in AML 

with concomitant mastocytosis (Nagata, Worobec et al. 1995; Fritsche-Polanz, 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 receptor (Nagata, Worobec et al. 

1995). It is unknown whether the two dogs with KIT mutations in this study had any 



 

143 

associated evidence of mast cell disease; however, it would be worthwhile to investigate in 

future studies. Additionally, cells positive for KIT-Asp816Val have also been screened using 

several tyrosine kinase inhibitors, and, while fully resistant to some (imatinib, SU5614), 

PKC412 was found to inhibit both KIT-WT and KIT-Asp816Val with similar efficiency in 

the nanomolar range, indicating this mutation is a viable target for therapeutics (Schnittger, 

Kohl et al. 2006). 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 remission (Ustun, Corless et al. 2009). Interestingly, an equivalent mutation 

has also been identified in mouse, rat, and human mast and basophil cell lines, further 

supporting the evolutionary conservation of the mutation across species (London, 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 mutation was previously identified in a case of canine AML 

(Usher, Radford et al. 2009). The most common mutation in AML in exon 11 (JM domain) is 

an internal tandem duplication or deletion (Stirewalt and Meshinchi 2010). Comparable 

mutations are frequently identified in canine mast cell tumors and are significantly associated 

with reduced disease-free and overall survival (London, Galli et al. 1999; Webster, 

Yuzbasiyan-Gurkan et al. 2006). Discovery of this mutation has led to the successful addition 

of tyrosine kinase inhibitors to mast cell tumor chemotherapy in veterinary medicine 

(London 2009; London, Malpas et al. 2009). 

RAS genes encode a family of membrane-associated proteins that regulate signal 

transduction pathways involved in normal cell growth and malignant transformation. 
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Mutations in RAS genes have been identified in numerous human cancers; however, the 

frequency of mutation varies significantly, with the most mutations occurring in tumors of 

the pancreas, lung (non-small-cell), colon, and thyroid. KRAS mutations are the most 

frequent across tumor types (85%) followed by NRAS mutations (~15%) (Downward 2003). 

RAS mutations occur in approximately 20% of ALL and 30% of AML patients, with NRAS 

mutations more than twice as common as KRAS mutations (Bowen, Frew et al. 2005). 

Significant prognostic association with RAS mutations has not been reported, but patients 

with RAS mutations trend towards better survival in most subgroups. Additionally, RAS has 

been identified as a potential therapeutic target in treatment of human acute leukemia 

(Bowen, Frew et al. 2005; Bacher, Haferlach et al. 2006). 

Mutations in RAS genes were the most common mutations identified in this study 

with 44% of all canine acute leukemia cases containing an NRAS and/or a KRAS mutation. 

Incidence was equally distributed across the subtypes as RAS mutations were detected in 

11/24 (46%) ALLs and 10/24 (42%) AMLs. NRAS mutations were also found much more 

frequently than KRAS mutations (19/21, 90% NRAS mutations).  A previous study of RAS 

mutations in canine acute leukemia also identified mutations in 44% (16/36) of cases (Usher, 

Radford et al. 2009).  

ñHot spotsò for RAS mutations occur at codons 12, 13, and 61 and result in 

constitutive activation and signal transduction (Downward 2003). Mutations in codon 12 are 

the most frequently reported RAS mutations 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. 1990; Bacher, Haferlach et al. 2006). Ten of 12 NRAS and 1/1 
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KRAS mutations 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 glutamine to lysine or glutamine to 

arginine (Bowen, Frew et al. 2005), both of which were identified as recurrent mutations in 

the dog in this study. We also found a novel mutation in exon 2 of KRAS in one case of 

AML. KRAS exon 2 mutations were not previously reported in canine leukemia, most likely 

due to the low incidence of the mutation and smaller sample size of the associated study 

(Usher, Radford et al. 2009). RAS mutations are less frequently found in other canine cancers 

and have only been documented occasionally in lymphoma, melanoma, and non-small cell 

lung cancer in dogs (Watzinger, Mayr et al. 2001; Mayr, Winkler et al. 2002; Richter, 

Escobar et al. 2005). 

The mutations described above have been further characterized in vivo in mice and in 

vitro in human cell lines and have been confirmed to have functional impacts in 

leukemogenesis. Expression of NRAS with Gly12Asp in mice was demonstrated to induce 

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 with NRAS mutations showed a highly significant increase in 

NRAS expression (Xu, Haigis et al. 2013). Mutant KRAS with Gly12Asp has also been 

shown to initiate juvenile myelomonocytic leukemia and T-cell 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 numerous 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 of this sample size. 

Further study of mutations in a larger cohort would be beneficial. Additionally, mutations in 

ALL, especially NOTCH1 and TP53 should be further assessed in a cohort of ALLs that have 

confirmation of B cell or T cell phenotype to make more accurate comparisons 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 species. These findings 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 canine leukemia 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 primers used to investigate mutations in canine leukemia with resulting product 

size and optimized annealing temperature used in PCR with KAPA HIFI HotStart Ready 

Mix . 

PRIMER 

NAME  PRIMER SEQUENCE 

ANNEALING 

TEMP. (°C)  

PRODUCT 

SIZE (bp) 

NOTCH1 26-F 5'-CCTGCATCCATCTGTCCAC-3' 
67 535 

NOTCH1 26-R 5'-TGTGGGACCCTCTGTCTATT-3' 

NOTCH1 27-F 5'-GGTGGTTCTGTACAGTTATG-3' 
64 355 

NOTCH1 27-R 5'-CCCAGGTAGACTTTCCTTAG-3' 

NOTCH1 34-F 5'-CTATCCCACATGATGAGCTACC-3' 
67 676 

NOTCH1 34-R 5'-CAGGGCTTGGGAAAGGAAG-3' 

TP53 7/8-F 5'-CTGTGGCTTCTCAATAGTC-3' 
64 681 

TP53 7/8-R 5'-TTCTTCCCTCATCTGATCC-3' 

NPM1  11-F 5'-TGAACTGTACAAAGAGCTG -3' 
64 593 

NPM1  11-R 5'-GAGAAACACAACTGAGAGG-3' 

FLT3 14/15-F 5'-CCATTTCCCATTTCTGAGG-3' 
64 546 

FLT3 14/15-R 5'-CGACTTGGTTGACCCTAAC-3' 

FLT3 20-F 5'-TCACCTGGAATTCCTACTGAAC-3' 
64 320 

FLT3 20-R 5'-TGTACTACAGCGGTTGTGGAC-3' 

KIT 8-F 5'-CCCTTTGAATATGTTCCCTCAG-3' 
64 317 

KIT 8-R 5'-CCTATCTGAAGTTCAACTACCC-3' 

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

KIT 10/11-R 5'-GAACAAAGGAAGCTAATGGG-3' 

KIT 17-F 5'-CCAAGGTACTGGATTTGTG-3' 
64 351 

KIT 17-R 5'-GCATGGTATCTCAAAGGTAG-3' 

NRAS 1-F 5'-GTATGCAGCCGATACATTTC-3' 
64 406 

NRAS 1-R 5'-CTCTTCTCCACAAACATGG-3' 

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

NRAS 2-R 5'-CCCACAAAGCTTCAGAATAC-3' 

KRAS 1-F 5'-TACTCATCTGTGGTCAACTG-3' 
64 476 

KRAS 1 -F 5'-GTGTTGATAGAGTGGGTTATAC-3' 

KRAS 2 -F 5'-TGGCCATTTGTATGTCACC-3' 
64 558 

KRAS 2-R 5'-CAAGCCAAGGTTTCAATTCC-3' 
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Table 2. Mutations identified in each case of canine acute leukemia. Only the genes and 

exons (ex) in which mutations were identified were included.  ITD = internal tandem 

duplication; PM=point mutation; INS= insertion; DEL = deletion; and (-) indicates wildtype 

sequence. 

CASE SUBTYPE 
NOTCH1 

ex.34 

TP53 

ex.7 

FLT3 

ex.14  

KIT  

ex.17 

NRAS 

ex.1 

NRAS 

ex.2 

KRAS 

ex.1 

KRAS 

ex.2 

L1 ALL  - - ITD - - - - - 

L2 ALL  - - - - - PM - - 

L3 ALL  - - ITD - - - - - 

L4 ALL  - - - - - - - - 

L5 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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CASE SUBTYPE 
NOTCH1 

ex.34 

TP53 

ex.7 

FLT3 

ex.14  

KIT  

ex.17 

NRAS 

ex.1 

NRAS 

ex.2 

KRAS 

ex.1 

KRAS 

ex.2 

M9 AML  - - - - - - - - 

M10 AML  - - - - PM - - - 

M11 AML  - - - - - - - - 

M12 AML  - - - - - - - PM 

M13 AML  - - - - - PM - - 

M14 AML  - - - - PM - - - 

M15 AML  - PM - - PM - - - 

M16 AML  - - - - PM - - - 

M17 AML  - - - PM - - - - 

M18 AML  - - - - - PM - - 

M19 AML  - - - - - - - - 

M20 AML  - - - - - - - - 

M21 AML  - - - - - - - - 

M22 AML  - - - - - - - - 

M23 AML  - - - - - PM - - 

M24 AML  - - - - PM - - - 

  

Table 2. (continued) 



 

155 

 

 
Figure 1. NOTCH1 insertions and deletions 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), L18 (7453.7454 del GG), and L16 (7454.7455 

insTCCTGGTTTTCTGG). 
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Figure 2. Mutations in TP53 exon 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 homozygous G >A change in 1 ALL, and Arg261Ser mutation occurred in 2 

ALLs. One mutation was identified in 1AML at codon 270 resulting is Arg270His mutation. 

The only case of ALL with a TP53 mutation had a heterozygous mutation in codon 290 

resulting in Gly290Arg mutation (IUPAC nucleotide code: Y= T/C, R= G/A). 
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Figure 3. FLT3 ITDs identified in canine ALL. (A) Agarose gel electrophoresis of PCR using 

primers flanking exons 14 and 15 of canine FLT3. 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).  2-log 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 of the 9 insertions 

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 tyrosine-rich amino acid region previously 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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Figure 4. KIT mutation identified in exon 17 of two AMLs. In both cases, a heterozygous 

A>T mutation was identified, resulting in an amino acid changes from aspartic acid to valine 

(IUPAC nucleotide code: W=A/T). 
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Figure 5. Ras mutations were identified in 21/48 (44%) cases of canine acute leukemia. Nine 

different mutations were identified compared to wildtype 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 1 of NRAS were most common with Gly12Asp mutations 

identified in 5 cases (3 ALL, 2 AML), one of which was a homozygous mutation. Other 

mutations in codon 12 included Gly12Ala (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 Gln61Arg mutations in three  cases (1 ALL, 2 AML), one of 

which was a homozygous mutation. Three ALLs also had a Gln61His mutations resulting 

from two different point mutations (A>C and A>T). Gln61Lys was also identified in 2 

AMLs. (C) Homozygous mutation in codon 12 of KRAS exon 1 in 1 ALL resulting in 

Gly12Asp. (D) Gln61His mutation in exon 2 of KRAS in 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/lymphoma (LL) cell lines have been critical in the investigation of the 

pathogenesis and therapy of hematological malignancies. While human LL cell lines have 

generally been found to recapitulate the primary tumors from which they were derived, 

appropriate characterization including cytogenetic and transcriptional assessment is crucial 

for interpreting the clinical impact of in vitro results. In the following study, five canine LL 

cell lines, CLBL-1, Ema, TL-1 (Nody-1), UL-1, and 3132, were characterized using 

extensive immunophenotyping, karyotypic analysis, oligonucleotide array comparative 

genomic hybridization (oaCGH), and gene expression profiling. Genome-wide DNA copy 

number data from the cell lines were also directly compared with 299 primary canine round 

cell tumors to determine whether the cell lines represent primary tumors, and, if so, what 

subtype each most closely resembled. Based on integrated analyses, CLBL-1 was classified 

as B-cell lymphoma, Ema and TL-1 as T-cell lymphoma, and UL-1 as T-cell acute 

lymphoblastic leukemia. 3132, originally classified as a B-cell lymphoma, was reclassified as 

a histiocytic sarcoma based on characteristic cytogenomic properties. In combination, these 

data provide an extensive resource of molecular data for appropriate selection of in 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 responses. Oncogenesis is 
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well understood for some subtypes, while the molecular changes leading to other subtypes 

remain unknown (Swerdlow, Campo et al. 2008). A 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 of gene function, 

dissection of signal transduction pathways, and the analysis of drug effects. It is almost 

obligatory in the development of new anticancer drugs to demonstrate the ability to inhibit 

growth of cultured human tumor lines in vitro (Drexler, Matsuo et al. 2000). Use of cell lines 

in research provides numerous advantages, including ease of handling and manipulation, 

high homogeneity, provision of a continuous source of sample material, and accessibility to 

the scientific community (Ferreira, Adega et al. 2013). Cell lines are known to differ from 

both neoplastic and normal tissues, and it is generally assumed that they acquire/accumulate 

additional aberrations in vitro resulting in them becoming more genetically complex than the 

tumors from which they were derived. However, there is still limited knowledge regarding 

conservation of critical transcriptional pathways upon establishment and passaging of 

individual cell lines. Several studies have compared human primary tumors to LL cell lines 

and determined that LL cell lines genetically recapitulate their tumors of origin. Nearly 100% 

of human LL cell lines carry genetic alterations, and karyotypic changes have been found to 

be stable and maintain the major features of the original cells over extended passage 

(MacLeod, Nagel et al. 2008). In addition, genome-wide comparison of 17 leukemia cell 

lines with 116 clinical specimens showed that key transcriptional signatures were retained, 



 

162 

and cell lines and primary cases of the same subtype co-clustered. Transcriptional signatures 

were also maintained over time and in different laboratories, further supporting the utility of 

cell lines as faithful and powerful model systems (Rücker, Sander et al. 2006). Another study 

showed that 40 acute leukemia cell lines of various molecular subtypes co-segregated with 

11 primary acute leukemias with the same molecular subtypes in genome-wide expression 

clustering analysis, again indicating that cell lines of diverse origin maintain a conserved 

gene expression pattern correlating with specific clinical subtypes (Andersson, 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 prior to their use 

is still crucial and adds greater value to their use as in vitro models. Characterization allows 

for a detailed study of genetic events and pathways associated with oncogenesis and can help 

unveil the molecular patterns associated with resistance or sensitivity to anticancer drugs in 

pharmacogenomic studies (Ferreira, Adega et al. 2013). Of the >1000 human LL cell lines 

described, ~40% have been characterized in sufficient detail for accurate classification. 

Characterization minimally requires that a comprehensive set of immunophenotyping and 

cytogenetic data have been published (Drexler, Matsuo et al. 2000). However, advances in 

the genomics field in the last decade have allowed for more in-depth assessment of 

cytogenetic and transcriptional characteristics of cell lines that can provide further insight 

into biological processes including chromosomal translocations, signaling pathways, 

mutational analysis, gene dysregulation, and RNAi gene silencing (MacLeod, Nagel et al. 

2008). It has been suggested recently that the gap between cell line models and primary 
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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 tumor profiles than the commonly 

used cell lines, further supporting the importance of cell line characterization (Domcke, 

Sinha et al. 2013). 

The same approach of characterization should also apply to veterinary cell lines. 

Spontaneously occurring lymphoid malignancies in dogs share the same histopathological 

and clinical features and evolutionarily conserved chromosome aberrations and mutations 

indicating shared pathogenesis across species (Breen and Modiano 2008; Suter, Small et al. 

2011; Thomas, Seiser et al. 2011). The importance of the characterization of canine LL cell 

lines was stressed at the first meeting of the European canine lymphoma group in June 2013 

indicating they are indispensable for the study of basic oncological questions and preclinical 

drug testing in veterinary medicine (Comazzi, Guscetti et al. 2013). There are only a small 

number of established canine LL cell lines, several of which have already been characterized 

at the genomic level (Kisseberth, Nadella et al. 2007; Seiser, Thomas et al. 2011). Five 

additional canine lymphoid cell lines, CLBL-1, Ema, UL-1, TL-1 (Nody-1), and 3132, have 

been used previously in in vitro studies (Kojima, Fujino et al. 2012; Aricò, Giantin et al. 

2013; Fujiwara, Kawasaki et al. 2013; Mudaliar, Haggart et al. 2013; Shiomitsu, Xia et al. 

2013; Tomiyasu, Goto-Koshino et al. 2013; Fujiwara-Igarashi, Goto-Koshino et al. 2014; 

Tomiyasu, Goto-Koshino et al. 2014; Tomiyasu, Goto-Koshino et al. 2014). These cell lines 

have varying levels of previous characterization, none of which have used an in-depth 
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genomic and transcriptomic approach (Holmes, Duffus et al. 1989; Rütgen, Hammer et al. 

2010; Umeki, Ema et al. 2012).  

 We present a comprehensive genomic characterization of five canine LL cell lines 

starting with an extended panel of immunophenotyping. High resolution oligonucleotide 

array comparative genomic hybridization (oaCGH) was performed to assess genome-wide 

copy number status, and multicolor fluorescence in situ hybridization (FISH) analysis was 

used to further identify copy number imbalances and structural changes in karyotype 

architecture. Transcription status of each cell line was investigated using high-density array 

based gene expression profiling (GEP) and quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR). Additionally, genome wide copy number data of each cell line 

were compared with data from primary canine round cell tumors to further confirm their 

classification and relevance as in vitro models of neoplasia for canine and comparative 

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: CLBL-1 (Rütgen, Hammer et al. 

2010), Ema, TL-1 (Nody-1), UL-1 (Umeki, Ema et al. 2012), and 3132 (Strandstrom and 

Rimaila-Parnanen 1979; Holmes, Duffus et al. 1989). All cell lines were maintained at 37°C 

and 5% CO2 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 100µg/ml Primocin (Invivogen, San Diego, CA) and tested negative using 

the PCR Mycoplasma test kit (Applichem, Cheshire, CT). Immunophenotyping of each line 

was completed using flow cytometry at the University of California ï Davis College of 

Veterinary Medicine using a panel of monoclonal antibodies reactive with canine leukocyte 

antigens including CD1a, CD1c, CD3, CD4, CD5, CD8Ŭ, CD8ɓ, CD11a, CD11b, CD11c, 

CD11d, CD14, CD18, CD34, CD45, CD45RA, CD49a, CD54, CD80, CD86, DM5, MHC-II, 

and Thy-1 (CD90). Flow cytometry was completed as previously described using a standard 

FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) operated by 

CELLQuest software (Vernau and Moore 1999). Polymerase chain reaction for antigen 

receptor rearrangement (PARR) was also completed as previously described (Burnett, 

Vernau et al. 2003; Thalheim, Williams et al. 2013) to assess clonality and  possible lineage. 

Briefly, cell line DNA was subjected to PCR using primers that amplify IGH CDR3 

(immunoglobulin heavy chain complementarity determining region 3) TCRG CDR3 (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, Valencia, 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 1x10
7
cells were removed from the same culture flask at the same time 

point for isolation of DNA and RNA and preparation of metaphase chromosome preparations 

to ensure consistency in downstream analyses. DNA was isolated using the DNeasy Blood 
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and Tissue kit (Qiagen, Valencia, CA) and manufacturerôs protocol, and quantity and quality 

of DNA were evaluated using spectrophotometry (260/280>1.8) and gel electrophoresis. 

RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) and manufacturerôs protocol, 

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 described (Breen, Hitte et al. 

2004) using conventional techniques of colcimid arrest (final concentration of 50ng/ml for 1 

hour), hypotonic treatment, and methanol-glacial acetic acid fixation prior to being dropped 

onto glass slides. 

Identification of copy number aberrations (CNAs) using oaCGH 

 oaCGH was completed as previously described using a 180,000 feature canine 

oligonucleotide array (Agilent Technologies) with repeat-masked 60mer oligonucleotides 

spaced ~13kb across the genome (Thomas, Borst et al. 2014). An equimolar pool of DNA 

from 25 clinically healthy female dogs was used as a common reference for all cell lines. 

Cell line and reference DNA was labeled with Cyanine 3-dUTP and Cyanine 5-dUTP, 

respectively, using the Agilent Enzymatic Labeling Kit, and probe hybridization, array 

washing, and scanning was performed as described elsewhere (Thomas, 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). 

Raw data were evaluated to identify and exclude probes displaying non-uniform 

hybridization or signal saturation, and copy number calls were made using Biodiscoveryôs 

FASST2 segmentation algorithm. Copy number calls were based on a minimum of three 



 

167 

consecutive probes per segment, and mean log2 cell line:reference thresholds of +/ī 0.2 were 

used to deýne gain and loss, respectively. Genes within the defined intervals were identified 

using the UCSC canine genome browser (CanFam2 assembly; http://genome.ucsc.edu/) and 

the NCBI gene database (http://www.ncbi.nlm.nih.gov/gene). Genes previously associated 

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

(http://cancer.sanger.ac.uk/cosmic/census) (Futreal, Coin et al. 2004). 

 Further statistical analyses using the Feature Extraction data were performed using R 

(R Core Team 2013). The signals (rProcessedSignal and gProcessedSignal) were normalized 

using the following equations: 

Eq 1. 

 ὥ  ÌÏÇ
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Eq 2. 
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Where, Processed ratio is the centered and normalized ratio of the Agilent processed 

fluorescent signals. Segmentation was performed across all chromosomes using circular 

binary segmentation (Olshen, Venkatraman et al. 2004). Data were further dichotomized as 

gain (1), no change (0), or loss (-1), based on segments that were +/- 3 MAD (mean absolute 

deviation) from the median of each sampleôs response across all chromosomes. Hierarchical 

clustering of the five cell lines was performed using dichotomous data using Euclidean 

distance and Wardôs method.  Additionally, hierarchical clustering of the cell lines with 299 

canine primary round cell tumors including 123 leukemias (Roode et al, in preparation), 106 

lymphomas (Thomas et al, in preparation), and 70 histiocytic malignancies (Kennedy et al, in 

http://www.ncbi.nlm.nih.gov/gene
http://cancer.sanger.ac.uk/cosmic/census
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preparation) was performed using segmented data using Euclidean distance and Wardôs 

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

FISH analysis 

 FISH of all cells lines was performed as previously described (Breen, Hitte et al. 

2004) to evaluate structural changes and verify oaCGH copy number data using panels of 

clones from the CHORI-82 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 autosomes (Thomas, Duke et al. 2008), were 

fluorescently labeled and hybridized to metaphase preparations of each cell line. Centromeric 

signals were used to properly orient the chromosomes, aid in confirming modal chromosome 

count, and identify bi-armed 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 one of the 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 studies (Li, Lahti et al. 1996; Zhao, Mourah et al. 2004; Fujiwara, 

Yamashita et al. 2008; Nagel, Venturini et al. 2009; Costello, Sanchez et al. 2010; Abdelali, 

Asnafi et al. 2011; Suter, Small et al. 2011; Thomas, Seiser et al. 2011; van Delft, Horsley et 

al. 2011; Kapushesky, Adamusiak et al. 2012; Li, Zhang et al. 2012; Simon, Chagraoui et al. 

2012; Wall and Campbell 2013). The BAC clones selected represented the following genes: 

BCL11B, IGH, VEGFA, CCNC, FOXO3A, CDKN2A, MYC, KIT, CDK6, EZH2, MYCBP2, 

FLT3, PTEN, HEY1, E2F5, NFKB2, ERG, MLLT2, CD83, and DEK (Table 1). The 20 clones 

http://www.chori.org/
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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 line and normal controls. 

GEP analysis 

 Total RNA from each cell line was used to perform GEP as described elsewhere 

(Seiser, Thomas et al. 2011; Richards, Motsinger-Reif et al. 2013) using the GeneChip 

Canine Genome 2.0 array (Affymetrix, Santa Clara, CA) which is comprised of 18,000 Canis 

familiaris mRNA transcripts and over 20,000 non-redundant predicted genes. Additionally, 

total RNA was isolated as described from non-neoplastic 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 University of North Carolina Chapel Hill. Total RNA (1µg) was processed for microarray 

hybridization using the MessageAmp II-Biotin Enhanced Kit (Ambion, Life Technologies, 

Grand Island, NY) and hybridization was performed according to Affymetrix technical 

protocols.  

 GEP analysis was performed using GeneSpring GX v12 (Agilent Technologies). 

Expression array data were normalized using the GC-RMA procedure (Wu, Irizarry et al. 

2004) and signals were median-centered across all arrays. Data were filtered to remove probe 

sets with limited variation (standard 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 hierarchical clustering analysis 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 down-regulated in each cell line by >5-fold compared to normal lymph node controls. 

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 6.7 (Dennis Jr, Sherman et al. 2003; 

Huang, Sherman et al. 2008). 

qRT-PCR analysis 

 Total RNA from each cell line and two normal lymph node controls was also used to 

perform qRT-PCR to validate GEP as previously described (Seiser, Thomas et al. 2011). In 

short, total RNA (1ug) was used to generate cDNA using SuperScript VILO cDNA synthesis 

kit (Life Technologies) and manufacturerôs recommended protocol. PCR reactions were 

prepared using KAPA SYBR FAST ABI Prism 2x qPCR Master Mix (Kapa Biosystems, 

Wilmington, MA) in 10µl reactions with 200nM forward and reverse primers and 20ng 

cDNA. qRT-PCR was performed using Applied Biosystems OneStepPlus Real-Time PCR 

system (Life Technologies) and a cycling protocol with an initial denaturation at 95°C for 3 

minutes; followed by 40 cycles of 95°C for 3 seconds, 62°C for 20 seconds, and 72°C for 15 

seconds; with a final extension at 72°C for 5 minutes, followed by a melt curve analysis. All 

assays were performed in triplicate.  

 Primers were designed using NCBI Primer-BLAST as previously described (Seiser, 

Thomas et al. 2011) for MYC, KIT, FLT3, PTEN, and RPL32 (Table 2). Reaction efficiencies 

for each primer set were confirmed to range from 90-105% using serial dilutions of pooled 
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control lymph node cDNA as the template. Relative quantification using the comparative Ct 

method (DDCT) was performed as described previously using normal lymph node as the 

baseline for comparisons. RPL32 was used as the reference gene based on its stable 

expression across all samples in GEP analysis and previous identification as a suitable qRT-

PCR reference gene for canine lymphoid neoplasia (Tsai and Breen 2012). 

 

Results 

Immunophenotyping 

Flow cytometry data are presented in Table 3. All cell lines expressed CD45 and 

CD45RA, and 4/5 expressed CD18 which verify leukocytic origin. CLBL-1 displayed 

positive staining for CD1a, CD1c, CD11a, CD11b, CD54, CD80, CD86, and MHC-II 

without staining for CD3, CD4, CD5, CD8, and Thy-1 indicating a mature B-cell origin, 

which is further supported by a monoclonal product resulting from PCR analysis of the IGH 

gene. Ema was positive for Thy-1, a T-cell marker. TL-1 cells were negative for most 

antigens, however weak expression of MHCII was observed, which may indicate a T-cell 

phenotype as MHCII is expected to have high intensity on B cells and antigen presenting 

cells, with much weaker expression observed on T cells (Ortolani 2011). TL-1 and Ema both 

were found to have rearrangement of TCRG gene (oligoclonal for TL-1), further supporting a 

mature T-cell phenotype for both cell lines. UL-1 expressed most antigens including CD34, 

which indicates an immature precursor phenotype. Positive expression for CD3, CD4, CD5, 

CD8Ŭ, CD8ɓ, CD11d, and Thy-1 all support a T-cell phenotype. UL-1 is also positive for 

CD14, which is normally a marker for myeloid cells; however, expression is also 
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demonstrated in B and T cell precursors but not mature cells (Ortolani 2011), further 

supporting an immature phenotype. Additionally, PCR of TCRG indicated a monoclonal 

product further supporting T-cell phenotype. 3132 is most likely of dendritc/histiocytic origin 

based on the positive expression of CD1a and CD11c, which is characteristic of histiocytic 

diseases (Moore 2014) and a combination not found in other cell lines of lymphoid origin in 

this or previous studies (Kisseberth, Nadella et al. 2007; Seiser, Thomas et al. 2011). 

Additionally, strong intensity for MHC-II further supports dendritic cell origin. However, a 

T-cell origin cannot be completely ruled out based on expression of CD4, CD8Ŭ, and a 

monoclonal product resulting from PCR of TCRG. 

Karyotype architecture 

     Chromosome enumeration and centromere localization via FISH of metaphase 

chromosomes was used to assess the gross karyotypic architecture of each cell line. The 

normal dog karyotype includes 38 pairs of acrocentric autosomes, a large sub-metacentric X 

chromosome and a small metacentric Y chromosome (Breen 2008). Enumeration of 

chromosomes from 30 metaphase spreads of each cell line indicated varying levels of 

aneuploidy (Figure 1). CLBL-1, Ema, and 3132 were all hypodiploid, while TL-1 and UL-1 

contained normal modal chromosome counts (Table 4). 

Genome wide copy number imbalance 

      oaCGH analysis revealed varying levels of genomic imbalance in each of the cell 

lines with detected CNAs ranging in size from 19.5Mb to entire chromosomes (Figure 2). 

Large differences in the number of aberrations (Figure 3A) and the percent of the genome 
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impacted by regions of imbalance (Figure 3B) were also noted. CLBL-1, TL-1, and UL-1 

have a similar and even distribution of the number of aberrant gains and losses; whereas Ema 

was skewed towards an increase in the number of losses, and 3132 was skewed towards 

regions of copy number gain. When the cumulative size of CNAs and the percent of the 

genome impacted by imbalance were assessed, Ema and TL-1 were minimally changed 

which is reiterated from the oaCGH profiles in which both cell lines had less visually 

obvious CNAs. CLBL-1 and UL-1 had similar total percent of the genome changed, but 

CLBL-1 had a greater percent of the genome with imbalances of loss and UL-1 had a greater 

percent of the genome gained. 3132 had the greatest percent of the genome changed which 

was expected given the number of aberrations detected and the extensive genomic 

complexity visualized in the oaCGH profile. Cancer-associated genes in regions of imbalance 

were identified and are detailed in Supplementary Table 1 (Appendix 2). Cell lines were 

clustered to determine their relatedness to each other based on genome-wide copy number 

assessment (Figure 4). 3132 branched away from the other four, and Ema and TL-1, the two 

mature T-cell neoplasms based on immunophenotyping, were the most closely related. 

FISH analysis 

FISH analysis was completed for 20 genes relevant to lymphoid neoplasia to verify 

oaCGH data, enumerate the level of imbalance at each locus, and investigate any structural 

aberrations associated with the selected genes of interest. The 20 genes were divided into 

four panels of five for multicolor FISH analysis. Each of the four FISH panels 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 included for each panel. 

Structural changes were identified in each cell line. CLBL-1 contains a derivative 13 

chromosome that appears to include two copies of Canis familiaris 13 (CFA 13) joined by 

the centromere resulting in the formation of a metacentric chromosome (Figure 4B), in 

addition to a grossly normal copy of CFA 13 based on the location of the 2 probes on CFA 

13. A similar abnormality occurred in UL-1 with chromosome 25, as is evidenced by 2 

copies of FLT3 forming a metacentric chromosome in addition to an acrocentric chromosome 

with FLT3 placement in the expected location on CFA 25 (Figure 4C). Both Ema and CLBL-

1 contained a derivative metacentric chromosome resulting from the apparent fusion of CFA 

28 and CFA 35 (Figure 4D). Ema contained additional copies of CFA 28 and CFA 35, while 

CLBL-1 contained another CFA 28 and a heterozygous loss of CFA 35. Numerous structural 

aberrations occurred in 3132, and appeared to be random from cell to cell. Further detail of 

these structural changes was difficult to ascertain given the heterogeneity observed in the 

metaphase spreads. 

A summary of the frequency of CNA at each of the 20 investigated loci is presented 

in Figure 5. Ema and TL-1 showed grossly normal copy number changes, as was seen in the 

oaCGH; however, both were found to have a homozygous deletion of CDKN2A. Ema also 

had a heterozygous loss of MLLT2 in 100% of cells and a heterozygous loss of FLT3 in 15% 

of cells which was detected via oaCGH. Additionally, TL-1 had three copies of E2F5 and 

HEY1, both located on CFA 30, in 100% of cells. UL-1 and CLBL-1 showed copy number 

changes in nine and 10 of the loci evaluated, respectively. CLBL-1 exhibited heterozygous 
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losses of CCNC, FOXO3A, CDK6, MYCBP2, PTEN, CD83, and DEK, and a copy number of 

three for MYC and KIT (both located on CFA 13) in the majority of cells (>87%). UL-1 had 

more genes gained, with three copies of BCL11B, IGH, VEGFA, CCNC, FOXO3A, FLT3, 

and NFKB2 in the vast majority (>93%) of cells. Additionally, 50% of cells gained an extra 

copy of CDK6. FISH analysis of 3132 showed copy number changes at 19/20 loci, many of 

which were strikingly heterogeneous. MYC, KIT, and CD83 each have proportions of cells 

with normal copy number and gains of 3, 4, and >4 copies. Losses of ERG and EZH2 were 

identified in all or nearly all 3132 cells, with proportions (10-23%) of cells displaying 

homozygous deletion.   

Gene expression analysis 

GEP data were filtered to remove probe sets with limited variation (standard 

deviation <2) across the five cell lines and six non-neoplastic lymph nodes resulting in 1153 

probe sets used for subsequent analyses. Unsupervised clustering resulted in immediate 

branching of 3132 from the other 10 samples. The remaining samples were then separated 

into two discrete groups including the four cell lines, and the six control lymph nodes (Figure 

7). Normal lymph nodes unsurprisingly display greater transcription conservation across 

biological replicates compared with the cell lines as indicated by their shorter connecting 

branches. The cell lines displaying the greatest transcriptional similarity were Ema and TL-1, 

the two mature T-cell lines, as reiterated from the oaCGH clustering analysis. UL-1, most 

likely an immature T-cell phenotype, is also more similar to Ema and TL-1 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 non-neoplastic lymph nodes. Fold changes of known cancer related genes 

and the transcripts with the 50 largest absolute fold changes (up or down) in each cell line are 

listed in Supplementary Tables 2 and 3 (Appendix 2), respectively, as genes that may have 

functional relevance. Additionally, genes with a fold change >5 were further assessed in 

functional gene-annotation enrichment analysis. Due to limited 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 processes and KEGG pathways are 

listed in supplementary Tables 4 and 5, respectively. All 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 metabolic 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 upregulation of metabolic and biosynthesis pathways (e.g. steroid biosynthesis, 

pyruvate metabolism) as similarly identified in the GO term analysis. TL-1 was also found to 

have upregulation of genes in both the ERBB and Jak-STAT signaling pathways; while 

genes involved in the MAPK signaling pathways and the NOD-like and Toll-like receptor 

signaling pathways were upregulated in 3132. All cell lines had downregulation of cell 

adhesion molecules. 

        qRT-PCR was performed to verify GEP findings and analyze the relationship 

between copy number change and expression change in four well known cancer associated 
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genes including MYC, KIT, FLT3, and PTEN (Figure 8). Homozygous loss of PTEN was 

observed in CLBL-1 and 3132, which both show the greatest decreases in PTEN expression. 

Three copies of FLT3 were present in UL-1, and this gene was upregulated 17 fold (and was 

the only cell line to show an upregulation). Fold changes in MYC and KIT are more variable 

across the cell lines and have minimal correlation with copy number changes observed. 

CLBL-1 and Ema had slight downregulation of MYC, while the other three showed modest 

upregulation. KIT was largely downregulated in CLBL-1, Ema, and 3132 (two of which had 

copy number gains), and upregulated 8-fold in TL-1 in which the loci was copy number 

neutral. 

Genome-wide 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 medicine. We compared the five cell lines with genome wide copy number data 

generated in our lab from 299 primary round cell tumors via clustering analysis to determine 

whether the cell lines represented primary tumors, and, if so, what subtype each most closely 

resembled (Figure 9). All cell lines were found to cluster within the primary tumors, 

indicating they are more closely related to primary tumors than other cell lines. 3132 

segregated within a large cluster composed of primarily histiocytic malignancies. CLBL-1 

branches from a cluster of mature B-cell neoplasms consisting primarily of B-cell 

lymphomas with a smaller subset of B-cell chronic lymphocytic leukemias. TL-1 and Ema 

both clustered in a somewhat heterogeneous grouping comprised chiefly of T-cell 
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lymphomas, and both these cell lines were most closely related to a T-cell lymphoma. UL-1 

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

 

Discussion 

 We have characterized five canine LL cell lines using a genome-wide 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 of establishment. The data presented 

here, combined with previously published genomic cell line characterizations (Seiser, 

Thomas et al. 2011), provide the opportunity to select cell lines for in vitro studies based on 

the presence or absence of particular biological characteristics of interest. Overall we found 

that CLBL-1 represents a mature B-cell lymphoma as previously described (Rütgen, Hammer 

et al. 2010), and Ema and TL-1 both represent T-cell lymphomas as previously described 

(Umeki, Ema et al. 2012). Based on our analyses, both UL-1 and 3132 should be reclassified 

with UL-1 as T-cell acute lymphoblastic leukemia instead of a T-cell lymphoma, and 3132 as 

histiocytic sarcoma opposed to a B-cell 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 with stage 4 diffuse large B-cell 

lymphoma. Immunophenotyping in this study was conserved with the immunophenotype 

published when the cell line was initially established. Previously positive expression of 

CD11a, CD79Ŭcy, CD45, CD45RA, and MHCII and no expression of CD3, CD4, CD5, 

CD8, CD11d, CD14, CD21, CD34, and CD56 classified it as a B-cell lymphoma. 
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Additionally, previous PCR of IGH revealed a monoclonal rearrangement, which was also 

conserved in this study (Rütgen, Hammer et al. 2010). CLBL-1 was the only cell line in this 

dataset that had been previously karyotyped (Rütgen, Willenbrock et al. 2012). It was found 

to be hypodiploid with a modal chromosome number of 70-71, which 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 non-standard canine chromosome nomenclature was used, correlation of 

further previously identified chromosome aberrations with our findings via DAPI banding, 

FISH, and oaCGH was not possible. Numerous CNAs identified in CLBL-1 via oaCGH are 

shared with primary canine B-cell lymphomas (B-LSA). Gain of CFA 13 has been identified 

in 25% of B-LSA. Loss of CFA14 and loss of the proximal region of CFA 3 have also been 

found to occur in ~10% of B-LSA (Thomas, Seiser et al. 2011). Additionally, CLBL-1 

clustered with primary mature B-cell lymphoid neoplasia when clustered with 299 primary 

canine round cell tumors, further supporting the classification of CLBL-1 as a B-cell 

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 male Shiba Inu, both of which 

were diagnosed with gastrointestinal lymphoma based on cytology of the abdominal lymph 

node (Umeki, Ema et al. 2012). At the time of establishment, immunophenotyping identified 

Ema was positive for CD3, CD45, CD45RA, and Thy-1. In our assessment, Ema was also 

positive (intermediate signal) for CD11a and CD18 and negative for CD3. Similarly, TL-1 

was initially positive for CD3, CD18, CD45, CD45RA, and MHC11; but our 
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immunophenotyping indicated no expression of CD3 and CD18. It is difficult to 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 versus negative, instrumentation, and other 

reagents all could explain possible differences in interpretation of flow cytometry; however, 

detailed methods for previous immunophenotyping were not published (Umeki, Ema et al. 

2012). It is also possible that biological 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 contained TCRG rearrangement, which were maintained in our findings. 

Overall, changes observed in immunophenotype do not impact overall interpretation of the 

classification of both these cell lines as mature T-cell lymphoid neoplasia.  

 Both Ema and TL-1 were found to have a copy number loss in the region containing 

CDKN2A in oaCGH analysis, which was further confirmed to be a homozygous loss of the 

gene loci in FISH analysis. CDKN2A loss occurs in >55% of T-cell lymphomas (T-LSA) and 

<2% of other subtypes of canine leukemia and lymphoma (Thomas, Seiser et al. 

2011)(Roode et al, in preparation). Ema was also found to have a loss of the proximal half of 

CFA 22, which occurs in 20% of T-LSA, and TL-1 had a gain of CFA 29 previously 

identified in 40% of T-LSA (Thomas, Seiser et al. 2011). Ema and TL-1 were also the cell 

lines most closely related in clustering analyses using both the oaCGH and GEP data, and 

both segregated with primary T-LSA when clustered with primary canine round cell tumors. 

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

diagnosed with renal lymphoma based on cytology (Umeki, Ema et al. 2012). Previous 



 

181 

immunophenotyping was positive for CD8Ŭ, CD18, CD45, CD45RA. We detected additional 

positive expression of CD3, CD4, CD5, CD14, CD21, CD34, Thy-1, and MHC-II. All were 

detected at an intermediate level therefore, as discussed earlier, differences in methods and 

data analysis could have resulted in previous negative findings. TCRG rearrangement was 

also maintained from previous findings (Umeki, Ema et al. 2012). UL-1 was previously 

designated as a T cell lymphoma; 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 immature 

leukemias and is not expressed in malignancies of more mature cells (e.g. lymphoma, 

myeloma, chronic lymphocytic leukemia) (Vernau and Moore 1999; Reggeti and Bienzle 

2011). Several regions of CNA are also shared with primary canine ALLs including the loss 

of the distal end of CFA 1 which occurs in 20% ALLs, gain of CFA 12 and 25 which occurs 

in 15 and 10% of ALLs, respectively, and loss of CFA 35 which occurs in 15% of ALLs.  Of 

the CNAs identified in UL-1 more were in common with ALLs than other subtypes. UL-1 

also segregated with a group of ALLs when clustered with primary round cell tumors. 

Together, these findings support the classification of UL-1 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 are limited, and 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 lymphoma. Upon necropsy, 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 of óbizarreô histiocytes, lymphocytes, and 

plasma cells with frequent mitotic figures and prominent multinucleated giant cells 

(Strandstrom and Rimaila-Parnanen 1979). It was later cited as a B-cell lymphoma based on 

a personal communication that the cells secreted low levels of immunoglobulin and had 

detectable surface immunoglobulins (Holmes, Duffus et al. 1989), and it has since been used 

in the literature as a B-cell lymphoma (Mudaliar, Haggart et al. 2013). To our knowledge, no 

further characterization has been performed.  

The original description of the tumor from which the cell line was initiated matches 

the histopathological characteristics of HS which includes a highly pleomorphic population, 

with extreme variations in nuclear:cytoplasm ratio, cell size, and nuclear size. Multinucleated 

cells and mitotic figures are common, in addition to infiltration by small lymphocytes, 

plasma cells, and neutrophils (Withrow, Vail et al. 2013; Moore 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 

characteristic (Withrow, Vail et al. 2013). Immunophenotyping was also supportive of 

classification of HS as expression of CD1, CD11c, CD18, and MHCII is the characteristic 

immunophenotype of canine HS. (Affolter and Moore 2002; Moore 2014). Based strictly on 

immunophenotyping, we could not completely rule out a T cell lymphoma with aberrant 

expression of CD11c, however subsequent results further supported HS. Additionally, CD4 

and CD8 have been previously identified in histiocytic malignancies in dogs and humans 

(Ortolani 2011; Moore 2014). PCR of TCRG was also found 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, rearrangement of both T-

cell receptor and immunoglobulin genes have been previously identified in histiocytic 

sarcoma in humans (Hanson, Jaszcz et al. 1989; Swerdlow, Campo et al. 2008). Clonal 

rearrangements of TCRG have been previously identified in primary canine histiocytomas; 

however, this is thought to be related to the cytotoxic T-cell immune response to the tumor 

(Moore 2014). 

Karyotypic architecture and CNAs are also representative of primary canine 

histiocytic sarcoma. Metaphase spreads from primary cases have been previously evaluated 

and contained highly variable chromosome numbers with a range of 42-53 and an abundance 

of aberrant bi-armed chromosomes which is comparable to karyotypic findings of 3132. 

oaCGH was indicative of high genomic instability based on the number of CNAs identified, 

the percentage of 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 HS (Hedan, Thomas et al. 2011). Several specific CNAs are also 

shared with primary HS. Loss of CFA 16 occurs in >60-80% of HS, and loss of CFA 31, 

seen in <1.5% of leukemias and lymphomas, is found in ~60% of HS. Loss of CFA 12, 14, 

and 36 and gain of CFA 13 are also conserved with CNAs in primary canine HS (Hedan, 

Thomas et al. 2011). Additionally, when clustered with primary canine round cell tumors, 

3132 segregated with a large group of histiocytic malignancies.  

Histiocytic diseases arise from histiocytes, an all-encompassing term for dendritic 

cells and macrophages, which differentiate from CD34+ hematopoietic stem cells as part of 

the myeloid lineage. Histiocytic sarcomas arise from interstitial dendritic cells usually in a 
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single tissue or organ, which can then spread into a disseminated form that involves 

numerous tissues. Most commonly, lesions are identified in the spleen, lung, and lymph node 

and can also occur in the liver, stomach, pancreas, mediastinum, skin, skeletal muscle, 

central nervous system, bone, bone marrow, nasal cavity, and eyes. Clinical signs vary and 

are often non-specific including lethargy, vomiting, and weight loss. Clinical course of 

disseminated HS is rapid and fatal if untreated. There is limited information in the literature 

regarding appropriate therapeutics for HS, further validating the clinical utility of 

characterization of this cell line as a potential pharmacogenetic model (Withrow, Vail et al. 

2013; Moore 2014). 

One of the aims of this project was to compare these cell lines with data available for 

primary cases of canine round cell neoplasia, specifically lymphoma, to determine whether 

they recapitulate primary tumors making them more relevant model systems. We did this 

successfully using genome-wide copy number data and found that they do robustly share 

CNAs with primary tumors of the same subtype. We also attempted to compare the genome-

wide transcriptome data with previously published datasets of canine lymphoma (Frantz, 

Sarver et al. 2013; Mooney, Bond et al. 2013; Mudaliar, Haggart et al. 2013; Richards, 

Motsinger-Reif et al. 2013) that were assessed on the same 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 interpretations. Unfortunately, most of the publications do 

not provide individual gene data within the manuscript or in supplementary materials, 

resulting in further challenges in comparing datasets. Variations between arrays based on 
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manuscript are likely a result 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 experiments (Kim, 

Zakharkin et al. 2010; Leek, Scharpf et al. 2010; Lazar, Meganck et al. 2012). 

Dysregulation of several genes previously associated with canine diffuse large B-cell 

lymphoma in the NK-kB signaling and B-cell receptor signaling pathways shared conserved 

expression in CLBL-1 including the following: KRAS, NRAS, PIK3R5, PLCG2, TGFBR2, 

TNFAIP3, TRADD, BCL2A1, CAMK2D, NFATC2 (Richards, Motsinger-Reif et al. 2013), 

BUB1B, PRKCD, CD83, CXCL13, CD36, IL8, IL2, CD40LG, LCK, LTBR, and TNFSF11  

(Mudaliar, Haggart et al. 2013). Similarities were also noted between CLBL-1 and other 

targeted gene expression studies. KIT has been found to be below the limit of quantification 

in 76% of canine B-LSAs and was decreased almost 400-fold based on qRT-PCR in CLBL-1 

(Giantin, Aresu et al. 2013). ZAP70, decreased 10 fold in CLBL1, has also been found to be 

downregulated in canine B-cell lymphoid neoplasia (Mortarino, Gelain et al. 2009). 

There are less data in the literature regarding gene expression changes in other canine 

hematopoietic malignancies. KIT has been found to have decreased expression in canine T-

LSA, and was decreased three fold in TL-1(Giantin, Aresu et al. 2013). Decreased expression 

of SYK has also been previously identified in canine T cell malignancies and was 

downregulated 12-14 fold in all three T-cell cell lines (Ema, TL-1, and UL-1) (Mortarino, 

Gelain et al. 2009). Expression of MMP9 and TIMP1 has been found to be significantly 

upregulated in canine T-cell lymphomas, which was also found in both Ema and TL-1 

(Aricò, Giantin et al. 2013). Previous work in our lab demonstrated genes associated with 
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immune response functions to be downregulated in T-LSA. Several of these genes were also 

found to be downregulated in one or more of the T-cell cell lines including: PRKD, TLR2, 

OAS2, and TNFSF13. Additional genes significantly downregulated in primary T-LSA, 

which were also downregulated in at least one of the T-cell cell lines, include: CD40, MX1, 

MX3, ID3, BHLHE41, TCF4, and ZNF331 (Seiser 2012). UL-1 was the only cell line to 

upregulate FLT3, and increased FLT3 expression has been previously identified in canine 

ALLs (Suter, Small et al. 2011). Upregulation of VEGFA was also found in UL-1 and has 

been previously reported in canine ALL (Aricò, Giantin et al. 2013). Upregulation of GTSF1, 

LUM, and PYPH and downregulation of CLEC12A and CD9 have been associated with 

primary canine histiocytic sarcoma previously, which were found to be dysregulated in the 

same direction in 3132 cell line (Boerkamp, van der Kooij et al. 2013; Boerkamp, van 

Steenbeek et al. 2014). 

Cross contamination of cell lines is a common issue in the scientific community with 

~19% of human LL cell lines being cross contaminated (Drexler, Matsuo et al. 2000). This 

problem is further evidenced by the identification of human cells in five recently 

characterized canine B-cell lymphoma cell lines (Zwingenberger, Vernau et al. 2013). There 

was no indication in the present study that the cell lines were cross contaminated. No cell line 

demonstrated all the markers displayed in any other cell line via immunophenotyping. 

Cytogenetic analysis of chromosomal architecture of each cell line has unique characteristics 

of chromosome number and presence of biarmed chromosomes, and cross contamination 

with another species is eliminated on the basis that the centromeric probes used are dog-

specific and no cells lacking centromere hybridization were observed. Additionally, no cell 



 

187 

line displayed copy number changes that were shared completely with another cell line via 

oaCGH or FISH analyses. 

We have demonstrated that these cell lines recapitulate primary tumors in dogs, 

enhancing their value as tools for investigating tumor biology in canine hematopoietic 

malignancies. 3132 was importantly reclassified as a cell line representative of a histiocytic 

malignancy, and UL-1 is more representative of T-cell ALL as opposed to T-cell lymphoma. 

These data provide the opportunity to select cell lines for in vitro studies based on the 

presence or absence of particular biological characteristics of interest, which is likely to 

increase the clinical value of in vitro studies using these cell lines. Further generation of 

integrated molecular profiling of cell lines and comparison with primary tumors will allow 

for further exploration into biology and clinical utility in veterinary medicine and contribute 

to comparative and translational studies of hematopoietic malignancies in dogs and humans. 
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Table 1. BAC clones from CHORI-82 dog library selected to represent 20 cancer-related 

genes for FISH analysis. Chromosome locations based on the CanFam2 genome assembly 

are noted.  

GENE 
BAC 

CLONE 
CHROMOSOME  START (bp) STOP (bp) 

BCL11B 326-K01 8 70,661,395 70,752,579 

IGH 027-N17 8 75,997,304 76,191,846 

VEGFA 152-L05 12 15,212,673 15,228,610 

CCNC 268-D08 12 60,739,913 60,764,849 

FOXO3A 048-I05 12 68,583,078 68,701,688 

CDKN2A 325-C12 11 44,255,629 44,256,009 

MYC 335-M01 13 28,238,008 28,242,545 

KIT  98-B16 13 50,017,518 50,212,194 

CDK6 181-D14 14 21,147,772 21,367,160 

EZH2 300-P18 16 4,905,169 4,971,032 

MYCBP2 216-G13 22 33,561,172 33,820,510 

FLT3 062-D23 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 34,748,851 34,758,529 

NFKB2 001-D14 28 17,903,193 17,910,910 

ERG 100-F17 31 35,578,420 35,760,306 

MLLT2 468-E14 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 associated cDNA amplicons length used for qRT-PCR 

analysis. 

PRIMER  SEQUENCE 
AMPLICON 

LENGTH  

MYC-F 5'-TCGCCTATTTGGGAAGACAC-3' 
141 

MYC-R 5'-AAGCTGACGTTGAGAGGCAT-3' 

KIT-F 5'-CGAAGATGTGTGAAGCAGGA-3' 
126 

KIT-R 5'-GTGTCCGCTACCCTGGAATA-3' 

PTEN-F 5'-ACTTTGAGTTCCCTCAGCCA-3' 
141 

PTEN-R 5'-AGGTTTCCTCTGGTCCTGGT-3' 

FLT3-F 5'-CAGAGGCAGTGTATGGAGCA-3' 
129 

FLT3-R 5'-GGCAATTCAGGGAACTGTGT-3' 

RPL32-F 5'-ATGCCCAACATTGGTTATGG-3' 
180 

RPL32-R 5'-CTCTTTCCACGATGGCTTTG-3' 
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Table 3. Phenotypic characteristics of canine LL cell lines based on flow cytometry analysis. 

Strong expression (++), intermediate expression (+), or no expression (-) of each antigen is 

indicated.  

                  CELL LINE  

ANTIGEN  

CLBL -1 Ema TL -1 UL-1 3132 

CD1a ++ - - + + 

CD1c ++ - - + ++ 

CD3 - - - + - 

CD4 - - - + + 

CD5 - - - + - 

CD8Ŭ - - - ++ ++ 

CD8ɓ - - - + - 

CD11a + + - - + 

CD11b + - - - ++ 

CD11c - - - - ++ 

CD11d - - - + - 

CD14 - - - + + 

CD18 ++ ++ - ++ ++ 

CD21 - - - + - 

CD34 - - - + - 

CD45 ++ ++ ++ + ++ 

CD45RA ++ + + + + 

CD49a ++ ++ - ++ ++ 

CD54 ++ - - + ++ 

CD80 + ++ ++ + ++ 

CD86 + - - + ++ 

DM5 - - - + - 

MHC-II  ++ - + + ++ 

TCRab - - - + - 

TCRgd - - - + + 

Thy-1 (CD90) - ++ - + - 
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Table 4. Chromosome enumeration of five canine LL cell lines based on evaluation of 30 

metaphase spreads.  

CELL 

LINE  
PLOIDY  

MODAL 

CHROMOSOME 

NUMBER 

CHROMOSOME 

RANGE 

BI-ARMED 

CHROMOSOMES 

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 1. Karyotypic organization of each canine LL cell line. Centromeric regions were 

visualized through the use of two BAC clones, and used to orient the chromosomes. Images 

of DAPI stained metaphase spreads (left panel) were used to prepare rudimentary karyotypes  

(middle and right panels). Chromosomes were arranged by descending size of bi-armed 

chromosomes followed by single-armed chromosomes.  
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Figure 2. oaCGH profiles of each of the five canine LL cell lines. Each oaCGH profile 

includes the chromosomes (1-38,X) on the x-axis and log2 cell line:reference ratio on the y-

axis with copy number gains and losses indicated by the horizontal bars above and below the 

midline, respectively.  
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Figure 3. Genomic imbalances identified in the five canine LL cell lines. (A) Percentage of 

CNAs detected as gain or loss via oaCGH analysis, with the total number indicated on each 

column. (B) Genomic imbalances in each cell line expressed as percent genome changed and 

the total number of megabases (Mb) within regions of copy number change. Copy number 

changes on the X chromosome were omitted from these analysis as the reference was sex 

mismatched in 4/5 cell lines.  

 

 

 

Figure 4. Hierarchical clustering of canine LL cell lines based on genome wide copy number 

status.  Dichotomous data was clustered using Euclidian distance and Wardôs method. 

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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Figure 5. FISH analysis of 20 cancer-related genes in each canine LL cell line verifies and 

enumerates oaCGH findings and identifies structural aberrations. The 20 genes were divided 

into four panels of five genes each for multicolor FISH (A-D). In each panel, individual 

chromosomes from clinical healthy control dogs are included in the inset to show normal 

probe placement. For each gene panel, a representative metaphase spread showing copy 

number or structural aberrations is included. Cell line and copy number of each probe are 

denoted in each panel.   
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Figure 6. Summary of CNAs identified in FISH analysis of 20 cancer-related genes in each 

canine LL cell line. Each chart shows the distribution of copy number for each probe, based 

on the analysis of 50 cells from each cell line.  Data are stacked to represent the percentage 

of cells displaying copy numbers 0 to >4 as indicated by the color key.  To the right of each 

chart, dichotomized oaCGH data as gain (+), loss (-) or no change (0) is notated.  
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Figure 7. Unsupervised hierarchical clustering of gene expression data from five canine LL 

cell lines and six non-neoplastic control lymph nodes. Data were filtered to remove 

transcripts displaying limited variability (standard deviation <2)  resulting in 1153 probe sets 

used for clustering analysis using Euclidian distance and Wardôs method. 
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Figure 8. qRT-PCR analysis of gene expression in five canine LL cell lines. Transcriptional 
levels of FLT3, PTEN, MYC, and KIT were assessed to verify microarray changes and further 

analyze the relationship between copy number change and expression change. RPL32 was 

used as a reference gene to normalize expression levels between samples, and fold changes 

were calculated relative to the average expression in two non-neoplastic lymph nodes. 
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Figure 9. Hierarchical clustering of canine LL cell 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 consisted of segmented values that were scaled and 

clustered using Euclidian distance and Wardôs method. Columns represent individual patients 

and rows represent individual markers along the genome. Blue indicates a region of gain and 

red indicates a region of loss. Cancer type and Subtype metadata is annotated for each 

column. Abbreviations are as follows: Acute myeloid leukemia (AML), T-cell chronic 

lymphocytic leukemia (T-CLL), B-cell chronic lymphocytic leukemia (B-CLL), acute 

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

histiocytic malignancy (HM). 
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Figure 1. Peripheral Blood from a 

dog with acute 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. 

 










































































































































































































