
Comparative and molecular approaches to improve identification, 

classification, and therapeutic approaches to cancer 

A DISSERTATION  
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL 

 OF THE UNIVERSITY OF MINNESOTA 
BY 

 
 
 

Aric M Frantz 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 
 
 

Advisors: Jaime F. Modiano, Timothy D. O’Brien 
January 2013 

 

 

         

 



Copyright, 2012, by Aric M. Frantz, All Rights Reserved. 

 



 

 i 

ACKNOWLEDGMENTS 

 
 

 

I would first like to thank the people who are most directly responsible for 
making this PhD project and thesis happen, Jaime Modiano and Timothy 
O’Brien. I thank both of them for their willingness to devote tremendous time to 
the training and education of new veterinary scientists.  I thank Jaime for his 
seemingly endless energy, conviction, and brilliance.  Without his tireless 
devotion to all of his professional efforts, and to this project in particular, any 
number of alternate endings may have become realities for me.  I thank Tim for 
continual input in the project, willingness to share his immeasurable skill, and 
providing exceptionally level-headed and dependable input.  

I consider myself truly fortunate to have had Dan Kaufman and David 
Largaespada as committee members.  I had tremendous respect for them and 
their research long before I began this project, and adding them as committee 
members was highly motivating.  Their guidance was excellent; my research was 
simply better for their input. 
 To my parents: My path to this end may well have begun with my father 
reading aloud from Hawking’s A Brief History of Time when I was young and then 
championing the value of a skeptical and rational worldview; Demonstrating that 
hard work and exceptional dedication will pay dividends was contributed by my 
mother.  Beyond them, the path here is littered with distractions and I thank each 
of those distractions for helping make me the person I am today. 
 Finally, and easily most importantly, I thank my wife, Jody.  All of this work 
occurred in a space that would simply not have existed without her unwavering 
support.  The years we have spent together have been transformative, and an 
impossibly large amount of my growth both personally and professionally is owed 
to her. It used to be said that ‘behind every great man there is a great woman.’ 
But that I am not great and that in almost no metaphorical arena does she stand 
‘behind me,’ this would apply nicely.   

 

 
 
 
 
 
 
  



 

 ii 

DEDICATION 
 
 
 
 

To my Wife Jody and My Children, Meghan, Adelyn and Isabel 
 
 

  



 

 iii 

ABSTRACT 

A major area of contemporary research in cancer is focused on improving tumor 

classification into clinically relevant subgroups of disease. To achieve this, it is 

important to understand the molecular events that driver tumor heterogeneity 

both at the cellular level and at the tissue level. I initially tested the hypothesis 

that canine lymphoma is composed of a group of molecularly distinct entities with 

prognostic significance.  The results show that canine lymphoma can be stratified 

into molecular subgroups that have prognostic value and can assist to guide 

therapy.  Next, I tested the hypothesis that canine hemangiosarcoma (HSA) is 

organized hierarchically with a cancer stem cell (CSC)-like population of cells at 

the apex. The data show that variable numbers of CSC-like cells are invariably 

present in HSA. These CSC-like cells retain the capacity to differentiate into 

vascular, inflammatory, or adipogenic tissue, suggesting that their multipotency is 

a contributing factor to the observed heterogeneity in this disease. Finally, I 

tested the hypothesis that CSCs, or CSC-like cells from three histologically 

distinct types of canine cancer (HSA, osteosarcoma, and glioblastoma) share 

molecular and functional properties. Using a system that allowed me to eliminate 

tumor-specific culture conditions, I showed that despite extensive heterogeneity 

in CSC-like cells from these tumors, they all showed reduced activity of pathways 

associated with proliferation and development. In summary, my results confirm 

that cellular heterogeneity exists both within and among tumors. A better 

understanding of the mechanisms that drive this will improve patient stratification 

and guide efforts to develop rational, more effective therapies. 
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CHAPTER 1 

Introduction 

 

Classification of tumors according to their cellular origin is the foundation of 

cancer pathology. We now recognize that the natural history of tumors is not only 

influenced by the ontogeny of the malignant cells, but also by their topography 

and their interaction with the tumor environment. This has provided a strong 

rationale to refine the pathological classification of tumors as a means to better 

inform prognosis and help to guide therapy. 

 

For much of history, tumor classification focused on the morphological 

appearance of tumors. Gross, and then microscopic differences enhanced by 

stains and labeling of specific protein markers, were used to derive the 

fundamental classification schemes that are still in use today (Baron, 2012; Eifert 

& Powers, 2012; Mehta et al., 2010). The advent of molecular techniques 

provided further insights. The contemporary state-of-practice in human breast 

cancer and non-Hodgkin lymphoma illustrates the prognostic value of these 

classifications.  

 

To date, stratification of tumor types has largely been done considering tumors 

as tissues, even though the existence of cellular heterogeneity within tumors was 

recognized by the earliest tumor pathologists.  The demonstration that a subset 

of cells with tumor-initiating potential, called “cancer stem cells (CSC)” was 
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present in acute leukemias provided impetus to study how these cells might 

improve (or confound) the clinical applications of tumor classification (Dick, 

2008). Specifically, we now recognize the importance that different types of cells 

within a tumor might have with regard to the rate of tumor progression, response 

to conventional therapy, or the use of targeted therapies aimed at eradicating the 

disease (Barabe, Kennedy, Hope, & Dick, 2007; Clarke et al., 2006; Visvader & 

Lindeman, 2008b).  My doctoral thesis combined elements of both whole-tumor 

molecular profiling and cellular component analysis for stratification and 

subclassification of neoplastic diseases. I focused my studies on canine tumors, 

partly because this is the species that I would be most likely to encounter in 

veterinary practice. However, the comparative value of these tumors and the 

potential to extend our findings to homologous diseases of humans also were 

important considerations.  

 

Canine lymphoma 

Hematopoietic tumors are among the most frequent cancers diagnosed in the 

dog, accounting for about one quarter of all cancers reported in this 

species(Jacobs, 2002).  Approximately 80% of hematopoietic cancers in the dog 

are lymphomas, a term that describes any malignant tumor arising form the 

lymphatic system (Hansen & Khanna, 2004; Teske, 1994). Lymphomas can 

remain localized to specific organs, but are more commonly seen as 

disseminated disease encompassing multiple organs or regions in the lymphatic 

system.  Despite the variety in the clinical presentation of lymphomas, these 
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tumors are still often treated as a singular disease in veterinary medicine (V. E. 

Valli et al., 2011). There is limited evidence in the veterinary literature suggesting 

that treatments tailored to specific subtypes of lymphoma might lead to better 

outcomes, but this conclusion is considerably strengthened when canine 

lymphomas are compared to human non-Hodgkin lymphomas (NHL)(Monti et al., 

2005; L. M.  Staudt, Wright, Dave, & Tan, 2011; Wright et al., 2003b).   

 

Canine lymphomas arise spontaneously, and the histological appearance of the 

tumors is similar to that seen in human (NHL) (Marconato, Gelain, & Comazzi, 

2012).  The etiology of canine lymphomas is not well understood, although 

heritable factors appear to contribute significantly to lifetime risk(Modiano et al., 

2005). There are sporadic reports of viruses associated with canine lymphomas; 

however, viruses are likely to play a small role, if at all, in the etiology of canine 

lymphoma.  

 

Human NHLs and canine lymphomas can arise from B cells or from T cells.  

More than 90% of human NHLs originate from B cells, whereas in dogs, B-cell 

tumors account for only 65-70% of lymphoma diagnoses(Good & Gascoyne, 

2008). Interestingly, there is a breed-associated bias in canine lymphoma, with 

small Asian and Northern breeds showing significant or exclusive predilection for 

T cell lymphomas and certain European breeds showing significant or exclusive 

predilection for B cell lymphomas(Modiano et al., 2005). This provides unique 

opportunities to uncover heritable factors that influence lymphoma risk and 
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progression, as well as to model specific molecular subtypes of human NHL in a 

more homogeneous genetic background.   

 

The most contemporary World Health Organization (WHO) classification of 

human NHL includes more than 30 subtypes, each of which takes into 

consideration anatomic distribution, morphological features, immunophenotype, 

genetic abnormalities, and clinical presentation of the disease(V. E. Valli et al., 

2011). Several groups have worked to further refine this classification over the 

past ~12 years by using genome-wide gene expression profiling. The first studies 

that used gene expression profiling of human diffuse large B-cell lymphoma on a 

large scale to define a new subclassification were published in 2000 by Staudt 

and colleagues(Alizadeh, Eisen, Davis, Ma, Lossos, Rosenwald, Boldrick, Sabet, 

Tran, Yu, Powell, Yang, Marti, Moore, Hudson, Lu, Lewis, Tibshirani, Sherlock, 

Chan, Greiner, Weisenburger, Armitage, Warnke, Levy, et al., 2000).  Since then, 

some 70 subtypes have been proposed, and treatment modalities specifically 

targeted to some of the molecularly distinct subgroups are undergoing clinical 

trials.  

 

In contrast to the state of the art for human NHL, molecular investigation of 

canine lymphoma has been limited.  The WHO classification has been modified 

to accommodate canine lymphomas, but prior to publication of the work 

described herein, there were no peer-reviewed reports to document molecular 

subclassification of canine lymphomas, and the GEO repository had only a few 
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entries, none of which was powered with sufficient samples to achieve 

meaningful stratification(Starkey & Murphy, 2010b). 

 

Here, we used genome-wide gene expression profiling on an Affymetrix 

microarray platform to achieve molecular stratification of canine lymphoma.  

Interestingly, we were also able to observe the contribution of small 

subpopulations of cells in whole-tumor signatures, underscoring the notion that 

the effects of distinct cellular components can be distinguished a whole tumor 

specimens.  

 

Cancer Stem Cells 

Morphological heterogeneity has long been recognized as a hallmark of tumors. 

Genomic instability and clonal evolution became the favored models to explain 

such heterogeneity once cancer was determined to have a genetic basis. 

However, many experiments dating even as far back as the 19th century showed 

that cells within tumors also exhibited functional heterogeneity(Furth J, 1937): it 

was established that not all cells were equally capable of “implanting” or 

phenocopying a tumor when introduced into different sites within the same 

individual or, with the advent of immunocompromised hosts, when implanted as 

tumor xenografts(Bruce & Van Der Gaag, 1963; Geissler et al., 2012; Hamburger 

& Salmon, 1977; Hewitt, 1958).  Two major models or tumor organization have 

been developed to explain these observations.  The first, often referred to as the 

stochastic model, predicts that tumors are biologically homogeneous.  
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Morphologic and phenotypic heterogeneity may be observed, but a key tenet of 

this model is that the changes are not permanent.  According to the stochastic 

model, cells adapt to their environment and adaptive changes are non-

permanent.  All the cells are equally capable to acquire a range of biological 

behaviors, including chemoresistance and metastasis.  Differences in behavior 

can be attributed to stochastic influence of their environment, and they do not 

reflect intrinsic changes in the core properties of the cells.  The competing model, 

often referred to as the hierarchical organization model, holds that cells retain or 

acquire the capacity to undergo self-renewal. In this model, cells within the tumor 

are not equivalent.  Cells at the apex of the hierarchy (also known as cancer 

stem cells (CSC), or tumor-initiating cells (TIC)) are uniquely responsible for the 

heterogeneity of the tumor.  In this model, the CSCs undergo asymmetric division 

to create a copy of themselves, as well as a daughter that does not retain the 

“stem” capacity for self-renewal.  Both the stochastic and the hierarchical models 

allow for this functional cell heterogeneity, but in the stochastic model, any cell in 

the tumor can function as a tumor-initiating cell, given the right circumstances, 

whereas in the hierarchical model, only a subset of cells retains “stem cell-like” 

properties(Dick, 2008). Resolving which of these two models is correct, or if both 

occur, and resolving when each applies, has important clinical implications.  In 

tumors that are organized hierarchically, it may be necessary to targeting cells at 

the apex of the hierarchy to achieve long-term responses, and indeed, extensive 

effort to define the biology of CSCs followed the seminal papers by John Dick 
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and colleagues describing the phenotype and function of CSCs in acute 

leukemias.   

 

Dick et al(Barabe et al., 2007) found that 0.01-1% of cells within acute myeloid 

leukemia (AML) behaved as CSCs.  Perhaps because they were rare in 

leukemia, the assumption was that they also would be infrequent in solid tumors.  

This was one of the first major controversies in the field, as cells with CSC 

potential were shown to be relatively frequent in some tumor types (for example, 

melanoma(Quintana et al., 2008).  This finding may not have been surprising, 

considering that a change in the frequency of asymmetric division would readily 

accomplish this end, and clonal evolution is as relevant to hierarchically as 

stochastically organized tumors, allowing for CSC to mutate and become a 

dominant clone when the mutation is advantageous to survival in the same way it 

would be advantageous to any clone within a stochastic tumor.  

 

It is also important to dispel the notion that the CSC is synonymous with the cell 

of origin.  In other words, it is immaterial if the cell that receives oncogenic ‘hits’ is 

a stem cell or not.  The demonstration of inducible pluripotent stem cells being 

created by alteration in the expression of as few as four genes within a terminally 

differentiated cells makes clear that acquisition of stem cell properties is likely no 

more difficult than mutation of highly biologically “protected” normal stem cells en 

route to malignant transformation(Meissner, Wernig, & Jaenisch, 2007; 

Takahashi & Yamanaka, 2006; Visvader & Lindeman, 2008b; Yu et al., 2007).  
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Ultimately, all cancer cells must acquire some properties of stem cells (see 

Hannahan and Weinberg) before being truly malignant, and therefore 

differentiation of clones exhibiting stem properties in a stochastic tumor from true 

CSC requires considerable effort in many cases. 

 

As discussed, the conclusive demonstration of CSC requires prospective 

identification of a subpopulation of cells that exclusively retain the ability to 

maintain and phenocopy the disease.  Prospective identification has been a 

consistent difficulty, especially in solid tumors.  Most cancers where there is 

strong evidence for hierarchical organization (brain, colon, breast) required 

laborious sorting efforts, and iterative isolation of fractions of tumor cells that 

were at only retrospectively identifiable after they recapitulated the parental 

tumor in xenograft models(Klonisch et al., 2008; Singh et al., 2003; Vermeulen et 

al., 2008; Weissman, 2005)breast(Ponti et al., 2005). Interestingly, despite 

biologically similar roles in these tumors, the “markers” that have been adopted 

to identify the CSC in each of these tumors are not consistent among the 

different tumor types.  The resulting inability to prospectively identify CSC despite 

their proposed biological similarities was one of the driving questions behind my 

thesis research. 

 

Hemangiosarcoma and Cancer Stem Cells 

The search for a lymphoma CSC is ongoing, but our group had shown that in 

canine hemangiosarcoma (HSA), there was a subset of cells that retained 
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expression of proteins that are associated with bone marrow derived stem or 

progenitor cells(Tamburini et al., 2010a). As is true for lymphoma, there is breed 

predilection for canine HSA, indicating that heritable traits almost certainly 

contribute to risk and progression for this disease(Tamburini et al., 2009b).  

Additionally it is a common cancer, accounting for as much as 5% of all cancer 

seen in dogs(V.E.  Valli, Jacobs, Parodi, Vernau, & Moore, 2002). The human 

correlate of canine HSA is called angiosarcoma, which is an infrequent, albeit 

terminal disease(Young, Brown, Reed, Hughes, & Woll, 2010).  There are no 

clinically relevant subclasifications for canine HSA or for human angiosarcoma. 

Anatomic location (visceral or cutaneous) is prognostic, but other there are no 

pathologic features that can predict behavior or guide therapy (Clifford, Mackin, & 

Henry, 2000).  

 

Visceral canine HSA is highly refractory to chemotherapy and survival after 

diagnosis is usually measured in weeks (although in ~10% of cases surgery and 

chemotherapy induce durable responses)(Fosmire et al., 2004b).  

 

Both tumors are presumed to originate from endothelial cells; however, mounting 

evidence suggests that a bone marrow derived progenitor may be the cell of 

origin for canine HSA(Lamerato-Kozicki, Helm, Jubala, Cutter, & Modiano, 

2006b). This lent credence to investigate the possibility that HSA was organized 

hierarchically.  Further, hemangiosarcoma CSC had not been reported.  
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Here, we document the existence of CSC-like cells in canine HSA, including their 

phenotypic, functional, and molecular properties within canine 

hemangiosarcoma. 

 

Molecular Signatures and Functional Properties of Cancer Stem Cells 

Unlike HSA, there is evidence to support the existence of CSCs in human and 

canine osteosarcoma (OS)(Gibbs et al., 2005; Levings et al., 2009; Wilson et al., 

2008b), and in human and canine glioblastoma (GBM)(Lee et al., 2006; Singh et 

al., 2003; Stoica et al., 2009).  Osteosarcoma has been extensively studied by 

our group, and investigation of GBM CSC is ongoing in the lab of Dr. Ohlfest.  

This provided a fertile ground to extend the work described for HSA above.  

Specifically, despite a common function (tumor initiation), shared molecular 

features have not been reported among CSCs from different tumor types. Normal 

stem cells achieve their function through a range of molecular features and 

regulation of canonical pathways.  However, investigation of these canonical 

pathways and molecular switches has not been consistently rewarding in CSC.  

Though some ‘markers’ of more ‘primitive’ or ‘early’ differentiation states in 

normal stem cells have been found to be retained in CSCs, this is not a 

consistent finding, and it has not provided the capacity for prospective 

identification of CSCs in new tumors.  Further, it is evident that for some solid 

tumors, marker expression is not consistent among individual tumors of the same 

histology. It is possible that CSC achieve their “stem” functions through multiple 

different molecular pathways that result in a functionally equivalent phenotype.  
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For example, coding mutations may produce similar functional endpoints as 

epigenetic regulation, even though these are quite distinct molecular 

mechanisms.  To the best of our knowledge, genome-wide assessment of CSC 

from distinct tumors has not been done previously, and the possibility that shared 

molecular properties of these cells might provide an important framework for 

future classification of these diseases has not escaped our attention. 
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CHAPTER 2 

Chapter Description 

An abridged version of this manuscript is published.  PMID: 23125145.  This 

version was reviewed and supported by the authors, but was abridged for 

publication in Veterinary Pathology.  This chapter describes the molecular 

profiling of canine lymphoma.  
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Abstract 

We performed genome-wide gene expression analysis of 35 samples 

representing six common histologic subtypes of canine lymphoma, and 

bioinformatics analyses to define their molecular characteristics. Three major 

groups were defined based on gene expression profiles: (1) low-grade T-cell 

lymphoma, comprised entirely by T-zone lymphoma (TZL); (2) high-grade T-cell 

lymphoma, consisting of lymphoblastic T-cell lymphoma (LBT) and peripheral T-

cell lymphoma not otherwise specified (PTCL); and (3) B-cell lymphoma, 

consisting of marginal B-cell lymphoma (MZL), diffuse large B-cell lymphoma 

(DLBCL), and Burkitt lymphoma (BL). Interspecies comparative analyses of gene 

expression profiles showed that MZL and DLBCL in both dogs and humans might 

represent a continuum of disease with similar drivers, while canine DLBCLs 

alone might not conform to the activated B-cell lymphoma or germinal center B-

cell lymphoma subtypes reported for human DLBCL. The classification of these 

diverse tumors into three subgroups was prognostically significant, as the groups 

were directly correlated with event-free survival. Finally, we developed a 

benchtop diagnostic test based on expression of four genes that can robustly 

classify canine lymphomas into one of these three subgroups, enabling a direct 

clinical application for our results.  

 

Key words: Canine, lymphoma subclassification, gene expression profiling, 

prognostication 
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Introduction 

Canine lymphoma is a heterogeneous group of diseases that share malignant 

transformation of lymphocytes as a common property. Several systems have 

been proposed to classify these diseases over the past four decades {see (Valli 

VE, 2002) for review}, including the modified WHO classification system, which 

was initially proposed in 2002 (V.E.  Valli et al., 2002), but has not yet been 

universally adopted. The lack of documented prognostic significance has raised 

doubts about cost: benefit and risk: benefit ratios of the diagnostic procedures 

needed to assign a sample to its category in this classification. Further, current 

therapeutic regimens are not tailored for lymphoma subtypes, highlighting both 

opportunities for improvement and additional reasons for the observed resistance 

to the expense and effort of classification.  

 

The most contemporary WHO classification system for B- and T-cell lymphomas 

includes approximately 30 subtypes (V. E. Valli et al., 2011). The system 

combines morphology, topography, immunophenotype, and clinical progression 

to define these disease entities. In our experience, six subtypes are commonly 

observed, including diffuse large B-cell lymphoma (DLBCL), marginal-zone 

lymphoma (MZL), Burkitt and Burkitt-like lymphoma (BL), lymphoblastic T-cell 

lymphoma (LBT), T-zone lymphoma (TZL) and peripheral T cell-lymphoma - not 

otherwise specified (PTCL) (Fosmire et al., 2007; Modiano, Breen, Valli, 

Wojcieszyn, & Cutter, 2007; V. E. Valli et al., 2011). Other recent studies support 

the frequency with which these tumor types are observed (Ponce et al., 2010; V. 
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E. Valli et al., 2011). However, a molecular foundation for the classification of 

these tumors remains to be established. 

 

In human non-Hodgkin lymphomas (NHL), gene expression profiling has 

generated considerable insight into transcriptional differences between and 

within subtypes of this disease (Abramson & Shipp, 2005; Lenz, Wright, Emre, et 

al., 2008; Piccaluga et al., 2011; L. M. Staudt & Dave, 2005). For example, 

human DLBCL is subdivided into activated B-cell (ABC) lymphoma, germinal 

center-like B-cell lymphoma (GCB), and peripheral mediastinal B-cell lymphoma 

(PMBL), each corresponding to a distinct anatomical entity (Alizadeh, Eisen, 

Davis, Ma, Lossos, Rosenwald, Boldrick, Sabet, Tran, Yu, Powell, Yang, Marti, 

Moore, Hudson, Lu, Lewis, Tibshirani, Sherlock, Chan, Greiner, Weisenburger, 

Armitage, Warnke, Staudt, et al., 2000; L. M. Staudt & Dave, 2005). The 

biological behavior and response to therapy in these human DLBCL subtypes 

also are reportedly different (Gutierrez-Garcia et al., 2011; Rosenwald et al., 

2002; Shipp et al., 2002), indicating that molecular phenotyping can be 

prognostically significant. To date, molecular studies of gene expression in 

canine lymphoma are limited (Starkey & Murphy, 2010a; Tamburini et al., 

2010b), and none has been large enough to address questions about the 

molecular basis of these diseases. Specifically, molecular evidence for the utility 

of the modified WHO classification in delineating biologically distinct disease 

entities has not been published. Here, we performed genome-wide gene 

expression analysis in tumor samples from 35 dogs with lymphoma in order to 
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provide insights into the molecular underpinnings of different subtypes of this 

disease. 

 

Materials and Methods 

Samples. Samples from dogs with naturally occurring lymphoma (N=80) were 

collected from veterinary practices across the United States between 1999 and 

2010 as described (Breen & Modiano, 2008; Fosmire et al., 2007; Ito et al., 2011; 

Ito et al., 2012; Jubala et al., 2005; Thomas et al., 2011). Animal care and 

experimentation were carried out in accordance with all applicable institutional, 

local, and national guidelines; dogs were under the care of licensed veterinarians 

and participation did not influence decisions of care. Sample collection protocols 

were approved and reviewed by the institutional review board of the University of 

Colorado and the institutional animal care and use committee of the University of 

Minnesota. Tumors from 35 dogs yielded high quality RNA and passed quality 

control for gene expression profiling on microarrays. Samples were handled in 

separate batches by two individuals and consequently analyzed as independent 

cohorts of 29 samples (cohort-1) and six samples (cohort 2). Tumors were 

classified according to the modified WHO criteria based on morphology and 

immunophenotype (V. E. Valli et al., 2011). The sample population was 

purposefully biased to Golden Retrievers, although the dogs whose tumors we 

analyzed reflect the demographic distribution of lymphoma subtypes in the 

canine population as a whole (V. E. Valli et al., 2011). Table 2-1 shows the 

demographic characteristics, treatment, and breed distribution for the dogs. 



 

 18 

Demographics of dogs profiled using microarray were not significantly different 

from dogs not included on array (p > 0.4). For survival data, treatment protocols 

were summarized into three groups: 1) none, 2) palliative (prednisone only), or 3) 

multi-agent CHOP-based chemotherapy. For group 3, all CHOP-based protocols 

were considered equivalent based on existing outcome data (Garrett, Thamm, 

Chun, Dudley, & Vail, 2002; Rassnick et al., 2007; Sorenmo et al., 2010). 

 

RNA isolation and array hybridization. Biopsy samples were processed to 

single cell suspensions as described previously 11. RNA was isolated from cells 

recovered from cryopreservation using the RNAeasy Mini Kit and QIAshredder 

(QIAGEN, Valencia, CA). RNA concentration was determined using NanoDrop 

ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE) 

and quality was measured using a 2100 Bioanalyzer (Agilent, Santa Clara, CA). 

All the samples included in the gene expression profiling experiment were 

suitable for microarray analysis based on RNA quality (RIN >7.0). Samples were 

hybridized to Affymetrix Canine_2.0 gene chips (Affymetrix, Santa Clara, CA) as 

described elsewhere (Tamburini et al., 2009a). RNA was isolated twice from one 

DLBCL sample and both isolates were arrayed separately to generate a technical 

replicate. The bioinformatics methods used for analysis can be found at the end 

of this chapter in the Supplementary Information. 

 

Quantitative real time reverse transcriptase PCR (qRT-PCR). Purified RNA 

was reverse transcribed to cDNA using the 1st Strand cDNA Synthesis Kit for 
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RT-PCR (Roche Applied Science, Indianapolis, IN). qRT-PCR was used to 

quantify the resulting cDNAs in an ABI7500 sequence detector with the Taqman 

PCR Master Mix Protocol (ABI, Foster City, CA). Each reaction was performed 

by denaturing cDNAs at 95°C for 10 min, followed by 40 PCR cycles of 

denaturation (95°C) for 15s, annealing (57°C) for 30 seconds, and extension 

(68°C) for 30 seconds per cycle. Primers were designed using Primer3 software 

(Rozen & Skaletsky, 2000). The primers used for molecular stratification of 

lymphoma subtypes were: GAPDH F: GCCAAGAGGGTCATCATCTC R: 

CTTTGGCTAGAGGTGCCAAG; CD28, F: GACCACCGTTAGCACAATGA R: 

CCGGAACTCCTTTGAGAAGA; ABCA5 F: TGGCCATTCATATCGTAGCA R: 

CGCAGCTACTTTGAGGGAAT; SMOC2 F: GCTGGAGACCCAACCTCA R: 

ATTGGTTTTGTTCTGCCGACT; CCDC3 F: TGTTTTCCAGCCTTTTCCAG R: 

GCTGCTTGTTACGCTTCTCC. Additional validation of microarray data was 

performed by plotting log-transformed array values against log-transformed 

values of fold change in expression from five dogs using qRT-PCR for genes that 

were not necessarily differentially expressed between disease subtypes. These 

included IKBKE F: CATCAAGCCTGGAAACATCA R: 

TTACCCCGAATGTCTTCTGC and IL17Ra F: TCCTTCATCCCCAAAAGATG R: 

TTGGTGTTCAGTTGCAGGAC. The relationship between array and qRT-PCR 

values for the transcripts of interest was analyzed using Pearson’s correlation 

(Scott et al., 2011). 

 

Immunophenotyping. Flow cytometry, immunohistochemistry (IHC), and PCR 
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for antigen receptor rearrangement (PARR) were used to phenotype tumors and 

to identify subpopulations in the tumors. Flow cytometry (Ito et al., 2011; Jubala 

et al., 2005), IHC (Jubala et al., 2005) and PARR methods (Ito et al., 2011) have 

been described previously. IHC was done by IHC Services (Smithville, TX), and 

confirmatory staining was done as needed at the Masonic Cancer Center Shared 

Pathology Resource core facility. PARR was done by the Immunopathology 

Laboratory of Colorado State University (Ft Collins, CO) and confirmatory 

analyses were done in the authors’ laboratory at the University of Minnesota as 

needed. 

 

Statistics. Descriptive statistics for variables of breed, gender, age at diagnosis, 

and treatment regimen were performed. Categorical data are expressed as 

percentages, while continuous data are expressed as means ± S.D., medians, 

and/or ranges. Fisher’s exact test was performed to compare data from 

lymphoma subtypes and from the dogs used for gene expression profiling and 

the rest of the dogs in the recruitment cohort. Event-free survival (EFS) was 

defined as the interval from diagnosis until recurrence (relapse). In most cases, 

dogs were euthanized at the time recurrence was diagnosed. Censoring was 

done for dogs that received rescue therapy (on the date that recurrence was 

detected), for dogs that were lost to follow-up (on the last contact date), and for 

dogs that died from other causes (on the date of death). Kaplan-Meier analysis 

was done using a tool from the Walter and Elisa Hall Institute Department of 

Bioinformatics (http://bioinf.wehi.edu.au/software/russell/logrank/). Statistical 
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significance was calculated using the log rank test and a p< 0.05 was considered 

significant. 

 

Diagnostic algorithm. Pairs of genes with potential diagnostic utility were 

chosen based on the following three criteria: 1) highly significant p-values 

between groups, 2) large and opposite fold-changes between groups, and 3) low 

intra-group variance within each of the groups that were to be separated. mRNA 

for 17 independent samples (not on the arrays) was quantified using qRT-PCR. 

The diagnostic algorithm consisted of applying the ratio of gene-1/gene-2 to 

define a separation between B-cell tumors and T-cell tumors, and for the T-cell 

tumors a second level of separation between high-grade and low-grade 

lymphomas. A patent application protecting intellectual property with regard to 

use of gene expression data and the resulting algorithms from this study as they 

apply to diagnosis, subclassification, and prognostication of lymphomas has 

been filed by the University of Minnesota Office for Technology 

Commercialization. 

 

Results 

Gene expression profiling stratifies canine lymphoma into three major subgroups. 

Recently, an international consensus was reached to subclassify canine 

lymphomas into multiple subtypes according to the modified WHO criteria (V. E. 

Valli et al., 2011). We sought to determine if these subtypes also could be 

distinguished at the molecular level. Initially, we profiled gene expression in 
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samples from cohort-1, which included four LBT, three PTCL, and six TZL, 

totaling 13 T-cell lymphomas, two Burkitt lymphomas (BL), eight DLBCL, and five 

MZL totaling 15 B-cell lymphomas, and one non-T, non-B-cell lymphoma 

(NTNBL). Figure 2-1a shows unsupervised PCA of expression data from these 

samples. Three groups (a, b, c) were discernible, separated along the three 

principal components. Group-a represented dogs with LBT and PTCL (N = 7). 

Group-b represented dogs with TZL (N = 6). Group-c represented dogs with B-

cell malignancies (N = 15). The NTNBL sample appeared to be most closely 

related to T-cell lymphomas, but did not segregate into any of the three groups 

(data not shown). The major differences in gene expression underlying this 

stratification were observable using unsupervised hierarchical clustering with a 

heat map showing 859 genes with variance >1 and with >8-fold difference in 

expression across three or more samples (Figure 2-1b).  

 

The possibility that breed was a significant driver for gene expression profiling 

was examined using supervised methods (Golden Retriever vs. non-Golden 

Retriever) and the False Discovery Rate. No genes showed statistically 

significant differential expression between these groups. 

 

The data show that LBT and PTCL comprised a single molecular group 

(henceforth called high-grade T-cell lymphoma or “T-high”), and TZL comprised a 

distinct molecular group (henceforth called low-grade T cell lymphoma or “T-

low”). Segregation among B-cell tumors was more subtle. It was challenging to 
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separate out BL and DLBCL samples (henceforth referred to as high-grade B-cell 

lymphoma or “B-high”), from MZL samples (henceforth referred to as low-grade 

B-cell lymphoma or “B-low”), although MZLs formed a subcluster in the PCA. 

Figure 2-2a recapitulates the heat map shown in Figure 2-1b, except that using 

a 2-group t-test (BH q ≤ .001), we found that 624 differentially expressed genes 

separated T-cell lymphomas from B-cell lymphomas. Figure 2-2b shows 389 

differentially expressed genes that separated the T-high group from the T-low 

group; this gene cluster also stratified samples of high-grade T cell lymphoma 

from all other lymphomas tested. Figure 2-2c shows 25 differentially expressed 

genes that could help to distinguish between the B-high and the B-low groups. 

These genes also served to separate the T-high from the T-low group, and 

included a subset of the gene cluster in Figure 2-2b, as illustrated by the Venn 

diagram in Figure 2-2d, which shows shared genes identified in each two-group 

analysis. 

 

We next examined the statistically significant genes from cohort-1 in a second 

independent cohort (cohort-2), which consisted of six samples including three 

TZL, one PTCL, and two DLBCL. The analysis for these samples is shown on the 

right inset for Figures 2-2a-c. The molecular signatures statistically 

characterized in cohort-1 were clearly observable in cohort-2.  

 

To more carefully assess the potential for heterogeneity of canine B-cell 

malignancies, we compared the molecular properties of DLBCLs and MZLs in 
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our sample set, and we extended this comparison to a sample set that included 

human DLBCLs and MZLs (Gomez-Abad et al., 2011) using an approach that we 

previously applied successfully to define gene expression signatures across 

different platforms and species (Scott et al., 2011). There is significant overlap in 

the morphological features of canine MZL and DLBCL (V. E. O. Valli, 2008), and 

these two tumor types were challenging to stratify according to their molecular 

signatures (Figure 2-2c). We saw comparable results in the human tumors: 

Figure 2-3a shows PCA for human DLBCLs (N=22) and nodal MZLs (N=13).  

 

However, as was true for the canine sample set, MZLs formed an identifiable, 

relatively homogeneous subgroup. Figure 2-3b shows hierarchical clustering of 

human samples using the 71 genes with highly statistically significant (p ≤10-6) 

differential expression between human MZL and DLBCL subtypes. To determine 

if this signature was retained in the canine samples, we name mapped 37 genes 

overexpressed in human MZL and 34 genes overexpressed in human DLBCL to 

their canine homologues, identifying 27 and 29 orthologous genes, respectively. 

To track the patterns of expression, we used a “gene vector-based” strategy. 

Each gene vector was assigned a yellow or blue tag within a toe-bar, where the 

color denoted its cluster assignment and the intensity reflected the relative 

variance in expression. The composite gene vectors (toe-bars) thus illustrate the 

relative conservation of the gene clusters between datasets. The corollary to the 

hypothesis that the molecular characteristics of DLBCL and MZL in humans and 
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dogs are conserved is that a comparable arrangement of gene vectors would be 

apparent in datasets from both species. 

 

Unsupervised hierarchical clustering of the dog cohort with the human gene 

vectors was consistent with the prediction of molecular homology, resulting in 

similar clustering for MZL and DLBCL to that observed in the human cohort 

(Figure 2-3c). The same analysis was used to examine stratification between 

canine MZL and DLBCL. Figure 2-3d shows PCA for canine DLBCL (N=9) and 

nodal MZL (N=5) samples, where the latter formed a subgroup that resembled 

the one seen in the human samples (compare with 1-3a). Figure 2-3e shows 

hierarchical clustering of the canine samples using 79 genes with statistically 

significant (p ≤10-3) differential expression between the canine MZL and DLBCL 

subtypes (as shown in Figure 2-2c). To determine if this signature was retained 

in the human dataset, we name mapped 62 genes overexpressed in canine MZL 

and 17 genes overexpressed in canine DLBCL to their human homologues, 55 

and 15 orthologous genes were identifiable in the human dataset, respectively. 

Unsupervised hierarchical clustering of the human cohort using these canine 

vectors was also was consistent with the prediction of molecular homology, 

resulting in similar clustering patterns for MZL and DLBCL to that observed in the 

canine cohort (Figure 2-3f). 

 

The absence of discernible DLBCL subgroups led us to consider the possibility 

that a group with only 9 samples was not large enough to achieve stratification. 
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We therefore assessed if the canine DLBCL samples would segregate according 

to the signatures defined for human ABC and GCB DLBCL subtypes. We used a 

large, open source dataset of human DLBCL for these analyses (Lenz, Wright, 

Emre, et al., 2008). Principal component analysis shows the relatedness of the 

expression profiles in human DLBCL with ABC and GBC subtypes labeled 

according to the annotation provided by Lenz et al (Lenz, Wright, Emre, et al., 

2008) (Supplementary Information, Figure 2-S1a). We selected genes that 

characterized these signatures by two independent methods for gene-vector-

based comparisons with canine DLBCL samples. For the first approach, we used 

genes from a patented approach to distinguish human ABC DLBCL from human 

GCB DLBCL. Thirty seven of 46 genes in this list could be name-mapped onto 

the human dataset, and predictably, supervising hierarchical clusters on this 

gene list preserved the ABC and GCB designations of human DLBCL samples 

(Figure 2-S1b), but it failed to define discrete canine DLBCL subtypes (Figure 2-

S1c). It was possible that this gene list was too narrow to achieve stratification; 

thus, we expanded the analysis to include 145 differentially expressed genes 

(based on a p-value of <10-14) and performed the same analysis described 

above, producing robust stratification of human ABC and GCB DLBCL samples, 

but no consistent stratification of canine DLBCL. Rather, the samples showed 

mixed patterns with concomitant overexpression of ABC- and GCB-associated 

genes and without consistent enrichment of any gene set.  
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Molecular drivers for stratification of canine lymphomas. Assessment of gene 

expression differences using IPA and the 624 genes shown in Figure 2-2a 

revealed segregation of T- and B-cell lymphoma according to predictable 

functions including activation, proliferation, and development of T and B cells, 

respectively (Supplementary Information, Tables 2-S1a and 2-S1b). Similarly, 

segregation of high-grade from low-grade T-cell tumors was based on 

enrichment of cell cycle related genes (principally chromosomal segregation and 

mitosis, Supplementary Table 2-S1c). The low-grade T-cell tumors, in contrast, 

showed enrichment for functions associated with T-cell activation and survival 

(Supplementary Table 2-S1d). As noted above, the molecular signatures 

separating B-cell lymphomas were less robust. A subset of genes associated 

with cell division and chromosome segregation that were enriched in the high-

grade T-cell tumors, also were enriched in high-grade B-cell tumors. Intriguingly, 

IPA also showed enrichment of functions associated with T-cell signaling in the 

low-grade B-cell tumors.  

 

We confirmed the IPA results using GSEA. We first examined genes that were 

differentially expressed between B-cell and T-cell lymphoma subtypes and 

obtained similar results as we did with IPA. The same was true when we 

analyzed differences between T-high and T-low tumors; and assessment of the 

B-high versus the B-low group, provided further evidence of gene enrichment in 

T-cell signaling pathways.  
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Similar enrichment of T cell signatures in B cell disease has been reported for 

subsets of human DLBCL (Alizadeh, Eisen, Davis, Ma, Lossos, Rosenwald, 

Boldrick, Sabet, Tran, Yu, Powell, Yang, Marti, Moore, Hudson, Lu, Lewis, 

Tibshirani, Sherlock, Chan, Greiner, Weisenburger, Armitage, Warnke, Staudt, et 

al., 2000; Monti et al., 2005). Thus, we investigated the possibility that the IPA 

and GSEA data highlighted signatures of residual or infiltrating T cells associated 

with our low-grade B-cell lymphomas. We performed IHC on the tumors from this 

cohort, as well as IHC and flow cytometry on an independent series of B-high 

and B-low tumors to quantify T cells in B-cell lymphomas. Figure 2-4 shows 

examples of canine DLBCL and MZL samples stained for CD3 and CD20 that 

illustrate the relative T-cell enrichment that was seen recurrently in MZLs. Figure 

2-5 shows the presence of T cells in B-cell lymphoma quantitatively: the box and 

whisker plots describe the relative abundance of T cells in high-grade B-cell 

lymphomas (N = 28) versus low-grade B-cell lymphomas (N = 20). There was a 

significant difference (p=0.0079) between these two lymphoma subgroups with 

regard to the abundance of T cells present in the tumors.  

 

Molecular stratification defines subtypes of disease that are predictive for event-

free survival for dogs with lymphoma. We re-examined the predictive value of this 

classification using event-free survival data (i.e., time from diagnosis to relapse), 

a reliable indicator for outcome. Seventy-four dogs were evaluable, including the 

35 dogs used for the gene expression profiling experiment, which increased the 

statistical power to detect differences in event-free survival among the WHO 
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groups. Kaplan-Meier survival probability curves for dogs that received any 

treatment or that received standard of care CHOP-based chemotherapy treated 

are shown in Figure 2-6a and Figure 2-6b respectively. Consistent with previous 

data (Modiano et al., 2007), survival times were longest for dogs with low-grade 

T-cell lymphomas (TZL), shortest for dogs with high-grade T-cell lymphomas 

(LBT and PTCL), and intermediate for dogs with B-cell lymphomas. The survival 

benefit for dogs with low-grade T-cell lymphomas treated with CHOP-based 

protocols (8 of 11 dogs) appeared to be modest. In contrast to what we observed 

with the T-cell subtypes, there was no significant difference in event-free (or 

overall) survival between high- and low-grade B-cell malignancies.  

 

A simplified four-gene signature is robust to classify molecular subtypes of 

lymphoma. We next evaluated the potential to use a simplified profile of gene 

expression that could be translated into a diagnostic platform to rapidly and 

accurately distinguish among the three defined molecular groups. The array data 

showed that CD28 and ABCA5 consistently showed differential expression in T-

cell lymphomas and B-cell lymphomas, and the ratio of gene expression for 

these two genes was sufficient to establish whether any tumor originated from 

the T-cell or from the B-cell lineage (Figure 2-7a, Arrays 1 and 2). Similarly, the 

ratio of CCDC3 and SMOC2 expression was sufficient to classify T-cell tumors 

into “T-low” (TZL) or “T-high” (LBT or PTCL) categories (Figure 2-7b, Arrays 1 

and 2). To validate this molecular approach of classification for canine 

lymphoma, we prospectively evaluated expression of these genes using qRT-
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PCR in an independent cohort of 17 cases to verify their utility to provide a 

definitive molecular classification. Samples were immunophenotyped and 

classified according to their morphologic appearance by a pathologist (TDO) 

without knowledge of the molecular results. For each sample, we first divided the 

value for CD28 expression over the value for ABCA5 expression. If the ratio was 

>1, the tumor was determined to originate from a T cell; conversely, if the ratio 

was <1 the tumor was determined to originate from a B cell (Figure 2-7a, qRT-

PCR). For each T-cell tumor, we then divided the value for CCDC3 expression 

over the value for SMOC2 expression. If the ratio was >1, the tumor was 

classified as a low-grade T-cell lymphoma, and if the ratio was <1 the tumor was 

classified as a high-grade T-cell lymphoma (7b, qRT-PCR). Using this test, we 

correctly classified 17/17 samples into the correct phenotype (B or T cell), 

suggesting the probability of obtaining an incorrect classification using this 

algorithm is <1 in 1,000,000,000 (Fisher’s Exact test p=8 x 10-10). We similarly 

classified 9/9 samples into the correct T-high or T-low subgroup, suggesting the 

probability of obtaining an incorrect classification using this algorithm is <1 in 

10,000 (Fisher’s Exact test p=4 x10-5). 

 

Discussion 

A molecular classification for subtypes of canine lymphoma remains to be 

defined. This is a significant gap in our understanding of the disease and it 

contributes to the uncertainty about the relevance and utility of morphological and 

topographical classification systems. It also precludes precise comparisons 
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between some types of canine lymphoma and human NHL, as the extent of 

disease homology is unclear. 

Here, we sought to identify molecular correlates for common morphological 

subtypes of canine lymphoma classified using the modified WHO classification. 

Our data show that the most common subtypes of canine lymphoma (DLBCL, 

BL, MZL, LBT, PTCL, and TZL) (V. E. Valli et al., 2011) can be generally 

subdivided into three molecular subgroups consisting of high-grade T-cell 

lymphomas (LBT, PTCL), low-grade T-cell lymphomas (TZL), and B-cell 

lymphomas (DLBCL, BL, and MZL). The BL samples were generally 

indistinguishable from DLBCL using gene expression profiles, one NTNBL 

sample was most similar to TZL, but nevertheless appeared to be definable as its 

own entity by PCA.  

 

The classification of samples into three major groups was prognostically 

significant. TZLs have been reported to show indolent progression (V. E. Valli, 

Vernau, de Lorimier, Graham, & Moore, 2006), and our results here and 

elsewhere (Modiano et al., 2007) support that observation. These tumors might 

initially benefit from conservative management (watchful waiting) or low intensity 

chemotherapy that would reduce the likelihood of treatment-related toxicity with 

low risk for accelerated tumor progression. In contrast, high-grade LBTs and 

PTCLs are aggressive, rapidly progressive tumors that respond poorly to 

conventional chemotherapy. This information undoubtedly can help dog owners 

and veterinarians make more educated treatment decisions, but its intrinsic 
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benefit has yet to outweigh common resistance to biopsy procedures. Genome-

wide gene expression profiling is cost-prohibitive and impractical; thus, we 

developed a simple and reliable qRT-PCR based test to provide preliminary 

stratification into low-grade or high-grade T-cell lymphomas (or B-cell 

lymphomas). This test has the potential to be performed in fine needle aspirate 

samples preserved at the point of care, potentially improving our diagnostic 

capability with acceptable risk and with favorable assessments of cost and 

benefit. It is noteworthy that one of the genes expressed at higher levels in TZL 

than in LBT and PTCL was CR2 (complement receptor-2 or CD21). This provides 

an explanation for the observed reactivity of a widely used anti-CD21 antibody, 

which is conventionally used as a B-cell marker, in canine lymphomas that also 

express CD3 and CD5 by flow cytometry (Wilkerson et al., 2005). The expression 

of CD21 in TZLs also suggests that this represents a bona fide subset of T-cell 

malignancies in dogs and not an unusually high proportion of tumors with bi-

lineage differentiation. 

 

In the case of B-cell lymphomas, the molecular similarity between DLBCL and 

MZL was not surprising. Among all the canine lymphoma subtypes defined by the 

WHO classification, DLBCL and nodal MZL are the most challenging to 

distinguish (V. E. O. Valli, 2008), and our data suggest that these conditions 

might represent a continuum of the same disease. We have observed similar 

patterns using DNA copy number abnormalities to classify canine B-cell 

lymphomas (R. Thomas, et al, manuscript in preparation). In contrast, BL has 
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distinguishable morphological characteristics (Ponce et al., 2010; V.E.  Valli et 

al., 2002; V. E. Valli et al., 2011; V. E. O. Valli, 2008), and can be defined by the 

peculiar translocation t(8;13) involving the IGH locus in canine chromosome 8 

(CFA 8) and the MYC locus in CFA 13 (Breen & Modiano, 2008). The different 

survival estimates observed in this study and reported by Ponce et al (Ponce et 

al., 2010) suggest that there may be molecular heterogeneity in BL and that 

additional diagnostics to confirm the presence of a t(8;13) translocation may be 

advisable to confirm this diagnosis.  

 

It is possible that the cells that give rise to canine DLBCL and MZL are 

functionally and topographically related, originating from the germinal or follicle 

center, and thus share immunophenotypic and molecular activation markers 

despite different degrees of anatomical lymph node effacement and slightly to 

moderately different morphologic appearance. This interpretation is supported by 

the patterns seen when we applied the list of differentially expressed genes that 

define human ABC and GCB-DLBCL. The samples in our study did not fully 

conform to the predicted profile for either subtype, suggesting that these cells 

may arise from B-cells that have more plasticity or that have not achieved 

functional states that define them as activated B-cells or as a germinal center B-

cells based on gene profiles seen in humans. Two different explanations could 

account for this. One is that ABC and GCB subtypes are not discernible in canine 

DLBCL. The other is that there is overrepresentation of one subtype in our 

sample set (or in dogs in general), making it difficult to observe the stratification. 



 

 34 

Additional refinement and analysis of larger datasets might help establish these 

subtypes for canine lymphoma. It should be noted, however, that the differences 

in expression for most of these genes in the human DLBCL sample sets were 

relatively modest, and a clear separation into ABC and GCB subtypes was not 

achievable using unsupervised methods.  

 

In contrast to the inability to achieve stratification into ABC and GCB-DLBCLs, 

comparative analyses of human and canine MZL and DLBCL showed similar 

groupings and conserved driver genes. Together, the data from the human and 

canine cohorts suggest that these two conditions could represent a continuum of 

one disease in both species. The enrichment of cell cycle-related pathways in 

high grade B-cell lymphomas was intriguing, and it suggests that analysis of a 

larger sample set of tumors might provide a robust basis to refine segregation 

between DLBCL and MZL even if they represent distinct stages of the same 

disease. We showed previously that a related cell-cycle signature was useful to 

stratify canine and human osteosarcomas according to their biological behavior 

in vivo (Scott et al., 2011), and preliminary data indicate that similar transcription 

factors may be dysregulated in both diseases. It is nonetheless unclear whether 

such stratification would have prognostic value for canine lymphoma. A previous 

report suggested that progression of MZL was indolent and that the relatively 

poor outcome of this disease might be related to the absence of clinical signs in 

the early stages of disease, leading to diagnosis at an advanced stage when the 

probability to undergo conversion to DLBCL was greater (V. E. Valli et al., 2006). 
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We cannot exclude that possibility, but it is apparent that the response to therapy 

and survival of dogs with DLBCL and MZL are heterogeneous and unpredictable. 

Indeed, we were unable to identify differentially expressed genes that passed 

robust tests of significance using 2-group supervised analysis based on outcome 

(i.e., event-free survival or overall time below and above the median or even 

limited to the extremes).  

 

We observed enrichment of gene sets associated with activated T cells in MZL 

samples. This result was consistent with the quantifiable excess of T cells seen 

in MZL samples by flow cytometry, and the frequent identification of T cell 

aggregates by IHC. This could be explained by the presence of residual T cells in 

lymph nodes that have not undergone complete effacement (indolent disease) or 

by recruitment of infiltrating T cells. The latter could be effector (inflammatory) T 

cells responding to anatomical disruption or immunological cues, or they could be 

regulatory T cells co-opted by the tumor to mitigate inflammation and antitumor 

immune responses. Signals associated with the tumor “microenvironment,” and 

especially T cells, were defined in the earliest genome-wide gene expression 

studies of human DLBCL (Alizadeh, Eisen, Davis, Ma, Lossos, Rosenwald, 

Boldrick, Sabet, Tran, Yu, Powell, Yang, Marti, Moore, Hudson, Lu, Lewis, 

Tibshirani, Sherlock, Chan, Greiner, Weisenburger, Armitage, Warnke, Staudt, et 

al., 2000), and are now becoming a routine part of prediction in human patients 

diagnosed with DLBCL (Lenz, Wright, Dave, et al., 2008; Monti et al., 2005). 

Unlike these predictive signatures, however, our data did not show enrichment 
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for genes associated with histiocytic infiltrates. We also did not observe 

enrichment of genes associated with increased blood vessel density 

(angiogenesis), but this could be due to sample processing. Our analysis was 

done using samples that were disaggregated into single cell suspensions with 

removal of connective tissue stroma, whereas some studies analyzing human 

DLBCLs have used frozen whole lymph node sections that would retain 

connective tissue stromal components. The enriched T-cell associated gene sets 

we found were most consistent with regulatory T cells, which might provide 

independent explanations both for the presence of T cells in MZL samples and 

for the rather “poor” survival seen in some dogs diagnosed with this otherwise 

“indolent” disease. 

 

In summary, we have shown that canine lymphoma can be stratified into at least 

three molecular subgroups that are prognostically significant, and we have 

developed a robust test to establish this classification measuring the 

standardized expression of four genes. Additional work will be necessary to 

establish the sensitivity and specificity for this test, as well as its positive and 

negative predictive values for outcome. Thus far, our classification also was 

limited to the most commonly observed morphological subtypes of canine 

lymphoma. A broad collaboration among veterinary pathologists and veterinary 

oncologists will be needed to accrue sufficient, suitable material to define 

molecular signatures and their prognostic significance in other less common 

subtypes of canine lymphoma. 
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Table 2-1. Demographic characteristics of complete cohort of 80 dogs with 

lymphoma and restricted group of 35 dogs analyzed by gene expression profiling 

 
Recruited cohort 

(N=80) 

GEP 

Cohort 

(N=35)(a) 

Dogs Not On Array 

(N=45) 

 Number (%) Number (%) Number (%) 

SEX    

Male 48 (60) 15 (43) 33 (73) 

Female 32 (40) 20 (57) 12 (27) 

AGE (years)    

Median age at diagnosis 8.5 8 8.8 

Mean age at diagnosis (± 

S.D.) 
8.5 (3.1) 7.9 (3.3) 8.1 (3.0) 

Breed    

Golden Retrievers 50 (62) 23 (66) 27 (60) 

All Other Breeds(b) 30 (38) 12 (34) 18 (40) 

Classification(c)    

LBT 9 5 4 

PTCL 5 4 1 

TZL 12 8 4 
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T-ALCL 1 0 1 

DLBCL 29 10 19 

BL 8 2 6 

MZL 13 5 8 

B-ALCL 2 0 2 

NTNBL 1 1 0 

Median survival (months)    

All dogs 6.6 (N=80) 8 (N=35) 6.2 (N=45) 

Standard of care 8.5 (N=54) 10.0 (N=22) 8.0 (N=32) 

Other treatment 6.1 (N=15) 10.5 (N=5) 5.6 (N=8) 

No Treatment 0.25 (N=5) 3.1 (N=2) 0.03 (N=3) 

 
(a)GEP Cohort was divided into two groups with 29 and 6 dogs respectively. The 

demographic data for the two cohorts was not significantly different; the group of 

6 dogs included 1 PTCL, 3 TZL, and 2 DLBCL 

(b) Airedale Terrier (N=1), Beagle (N=2), Bichon Frise (N=1), Boxer (N=4), 

Labrador Retriever (N=6), Mastiff (N=3), Rottweiler (N=4), Scottish Terrier (N=1), 

Shih Tzu (N=1), Terrier (N=1), Toy Poodle (N=1), West Highland Terrier (N=1), 

Mix Breed (N=2), Unknown (N=2)   

(c) LBT = lymphoblastic T-cell lymphoma, PTCL = peripheral T-cell lymphoma not 

otherwise specified, TZL = T-zone lymphoma, ALCL = anaplastic large cell 

lymphoma, DLBCL = diffuse large B-cell lymphoma, BL = Burkitt lymphomas, 

MZL = marginal-zone lymphoma, NTNBL = non-T, non-B-cell lymphoma 
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Figures and Figure Legends 

 

Figure 2-1. a; Principal component analysis of normalized gene expression 

profiles of canine high- and low-grade T-cell and B-cell lymphoma reveals three 

molecular groups in canine lymphoma samples. Molecular relatedness of 

samples is described by distance in three-dimensional space as defined by three 

principal components of molecular variability. Each identifiable molecular group 

was labeled with a letter (a, b, c) for ease of identification. b; Heat map showing 

expression data for genes (N=859) with variance >1.0 and >8 fold change in at 

least 3 profiles. Colors represent median-centered fold change expression 

following log2 transformation (a quantitative representation of the colors is 

provided in the scale at the bottom). Upregulated genes are shown in red and 

downregulated genes are shown in green. 
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Figure 2-2. Statistically significant genes define molecular subtypes of canine 

lymphoma. Genes differentially expressed with >3 fold average change and p-

values <0.001 were identified for the comparison of groups composed of (a) B-

cell and T cell lymphomas (N=624), (b) high-grade and low-grade T-cell 

lymphomas (N=389), and (c) high-grade and low-grade B-cell lymphomas (n=25) 

using T-test statistics. The second panel of (a-c) is an independent “validation” 

set (6 samples, right inset) of the results obtained in the initial set (29 samples, 

left panel). (d) Venn diagram showing the number of unique and overlapping 

genes for each 2-group test. 
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Figure 2-3. Orthologous gene expression signatures indicate canine and human 

B-cell lymphomas are molecularly homologous diseases. (a) Principal 

component analysis of human MZL and DLBCL cases. (b) Heat map showing 

differentially expression data for 71 genes in human nodal MZL and DLBCL. (c) 

71 Human gene vectors from panel b mapped to 56 canine genes and applied to 

canine MZL and DLBCL samples. (d) Principal component analysis of canine 

MZL and DLBCL cases. (e) Heat map showing differential expression for 79 

genes between canine MZL and DLBCL. (f) 79 Canine gene vectors from panel e 

mapped to 70 human genes and applied to human MZL and DLBCL samples. 

Yellow and blue toe-bars identify specific gene vectors in the signature for 

tracking from the dataset of origin (human in b, canine in e) onto the comparison 

dataset (canine in c and human in f). Color intensity shows inter-sample 

variance. 
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Figure 2-4. Residual or infiltrating T cells are enriched in canine MZL. 

Photomicrographs from a DLBCL sample and an MZL sample stained with HE 

(top), anti-CD20 (middle), or anti-CD3 (bottom) to assess the immunophenotype 

of cells within the tumor.  
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Figure 2-5. Immunophenotyping of canine B-cell lymphoma. Forty-eight 

independent samples of canine B-cell lymphoma (28 high-grade tumors and 20 

low-grade tumors) were immunophenotyped by flow cytometry using antibodies 

against CD3, CD5, CD21, and CD22. The frequency of T cells and B cells was 

enumerated from analysis of >10,000 cells per sample. The box-plot provides a 

visual summary of the data. The two groups were statistically significantly 

different (p=0.0079). 
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Figure 2-6. Event-free survival is different for the three major molecular subtypes 

of canine lymphoma. Event-free survival data were available for 74 of 80 dogs 

recruited. (a) Kaplan-Meier event-free survival curves for dogs that received any 

treatment, classified according to molecular subgroups. (b), Kaplan-Meier event-

free survival curves for dogs that received CHOP-based chemotherapy, 

classified according to molecular subgroups. Median survival for all treated dogs 

was 6.6 months, and for CHOP-treated dogs it was 8.5 months. Event-free 

survival of dogs with low-grade T-cell lymphoma was significantly longer (p<0.05) 

than that of dogs with high-grade T-cell lymphoma or dogs with B-cell lymphoma, 

regardless of treatment, as determined using the log-rank test. The event-free 

survival of dogs with high-grade T-cell lymphoma was significantly shorter 

(p<0.05) than that of dogs with high-grade B-cell lymphoma. Two dogs classified 

as ‘intermediate’ grade were censored from the subgroup analysis in (a) and one 

dog classified as ‘intermediate’ grade was censored from the analysis in (b). 
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Figure 2-7. A four-gene signature accurately classifies canine lymphomas into 

three molecular subgroups. Array data were surveyed to identify genes that 

showed robust and significantly different expression between groups and within 

group variance <1.0. For each sample in the array set “i” (N=29) and set “ii” 

(N=6), the ratio of expression levels for the chosen genes was calculated from 

normalized array values; an additional validation set “iii” (N=17) included samples 

that were not part of either gene expression array set, with expression ratios 

calculated from qRT-PCR values using the formula ½(Ct[gene-1]-Ct[gene-2]). For each 

sample, qRT-PCR also was done for GAPDH to test confirm RNA integrity. (a) 

The graph shows the calculated value for the ratio of CD28/ABCA5 in each of the 

three independent sample sets. This gene expression ratio was >1.0 for T-cell 

lymphoma samples, whereas it was <1.0 for B-cell lymphoma samples in each 

group. 17/17 samples were correctly identified according to their histologic 

phenotype (B-cell or T-cell). (b) The graph shows the calculated value for the 

ratio of CCDC3/SMOC2 for T-cell lymphomas in each the three independent 

sample sets. This gene expression ratio was >1.0 for low-grade T-cell 

lymphomas, whereas it was <1.0 for high-grade T-cell lymphomas. 9/9 samples 

are correctly identified according to their histologic classification as low- or high-

grade T-cell lymphoma. 
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SUPPLEMENTARY INFORMATION 

Supplementary Methods 

Array Data Analysis. Following hybridization, each chip passed quality 

assurance and control procedures using the Affymetrix quality control algorithms 

provided in Expressionist Refiner module (Genedata AG, Basel, Switzerland) 

(Scott et al., 2011). Probe signal levels were quantile-normalized and 

summarized using the GeneChip - Robust Multichip Averaging (CG-RMA) 

algorithm (Irizarry, Wu, & Jaffee, 2006). Normalized files were imported into 

Partek (Partek Inc., St. Louis, MO, USA) and into the Expressionist Analyst 

module for principal component analysis (PCA), unsupervised clustering, and to 

assess significant differences in gene expression (Tamburini et al., 2010b; 

Tamburini et al., 2009a). The data generated by both programs showed 

consistent patterns. To develop sample size estimates for gene expression 

profiling, we started with theoretical principles and then applied empirical 

observations to support the sample size for these experiments a priori. The 

Canine_2.0 gene expression chip contains ~43,000 annotated sequences 

derived from the 7.56x canine genome (Lindblad-Toh et al., 2005). These 

represent virtually every known gene and a complement of expressed sequence 

tags that provide strong redundancy for expression profiling. We next considered 

that False Discovery Rate statistical analysis provided a suitable method to set 

thresholds for significance of elevated or reduced gene expression, but additional 

multivariate analyses and gene set enrichment would add further value to the 

analysis. We anticipated the data might not be normally distributed; so, non-
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parametric tests might be needed. As there is no analytical estimate of the power 

of the Kruskal-Wallis test after false discovery rate corrections, an approximation 

is useful in the case of small sample sizes. We can estimate the proportion of 

times when perfect rank separation between conditions might occur by chance 

as 2N!N!/(2N)!, where N is the number of samples in each group. The Power 

Atlas (http://www.poweratlas.org/), allowed us to obtain an empirical estimate 

that the imbalanced sample sets used for these experiments should provide 

>90% power at p = 0.05 to identify true positives, although the power to identify 

true negatives could be lower.  

 

The correlation coefficient (r2) for expression values of all probes between the 

duplicated samples was >0.95. Probe IDs were mapped to corresponding canine 

Entrez Gene IDs using Affymetrix NetAffx EntrezGene Annotation. Prior to 

hierarchical clustering, normalized chip data were median-centered and log2-

transformed. 

 

Unsupervised clustering was done using Gene Cluster 3.0 for Mac OS X (C 

Clustering Library 1.47) with correlation based on average linkage. Gene Cluster 

3.0 data were visualized in Java TreeView (Saldanha, 2004). Two group t-tests 

were done to determine genes that were differentially expressed between 

groups. As with all microarray analysis, correction for multiple testing is required. 

We further selected for driver genes with the largest effect by restricting analysis 

to differentially expressed genes that showed large fold changes (>3) and highly 
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significant p-values <0.001. Though batch effects were discernible between the 

two cohorts, they did not affect analysis as each cohort was analyzed 

independently, with cohort-1 used as a training-set and cohort-2 used as a 

validation-set. Gene expression data were deposited in Gene Expression 

Omnibus (GEO). 

 

Cross Species bioinformatics. We applied a method previously developed by 

our group to uncover conserved gene expression signatures in samples from 

different species (Scott et al., 2011). We were unable to identify datasets from 

human T-cell NHL in GEO that were sufficiently robust to apply these algorithms. 

Thus, we only considered samples from B-cell NHL, and specifically from DLBCL 

and MZL for these analyses. We obtained all pertinent gene expression data and 

available patient metadata for DLBCL samples published by Lenz et al (Lenz, 

Wright, Emre, et al., 2008) (GEO accession GSE11318). Data for each sample 

were normalized using GC-RMA and supervised into groups (ABC, GCB, PMBL, 

or unclassified) based on the patient metadata. Data for each subtype group 

were then mean centered and analyzed using PCA and hierarchical clustering. 

ABC and GCB groups were then analyzed using 2-group statistical testing for 

differentially expressed genes with a minimum fold change (effect size) ≥3, and a 

Benjamini Hochberg (BH) q-value ≤0.001, which were determined empirically to 

be near the point of minimal return . This generated a set of 68 genes. Similar 

procedures were used to extract gene lists from supplementary online materials 

or tabular data in two additional publications (L. M. Staudt & Dave, 2005; Wright 
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et al., 2003a) and in United States Patent Application 13/008,403 (L. M.  Staudt 

et al., 2011). With these resources we generated three gene lists that included 

68, 95, and 46 genes, respectively.  Clustering was performed using all three of 

these lists, but none performed differently when applied to the canine dataset. 

The list of 46 genes differentially expressed in human ABC and GCB DLBCL 

according to the patent information was used to examine whether B-canine 

lymphomas conformed to this classification in Supplementary Figure S1. We also 

used a set of DLBCL and MZL samples published by Gomez-Abad et al (Gomez-

Abad et al., 2011) (GEO accession GSE32018). The MZL and DLBCL samples 

were supervised into groups and analyzed using PCA and 2-group testing for 

differentially expressed genes with a p-value ≤10-6. The resulting 71 differentially 

expressed genes were mapped to 56 canine genes by matching gene symbol 

name (15 were EST without sufficient annotation to map or lacked orthologous 

probes on the array of the opposing species). The 56 mapped canine genes 

were used for supervised clustering of samples within the canine dataset as 

described above. Conversely, 79 genes differentially expressed (p ≤10-3) 

between canine DLBCL and canine MZL were mapped to 70 human genes using 

the same gene symbol matching method as above and were subsequently used 

for supervised clustering of the human samples from the Gomez-Abad dataset. 

 

Network identification and canonical pathway analysis of differentially 

expressed genes. Ingenuity Pathway Analysis (IPA) software (Ingenuity 

Systems, Redwood City, CA) was used to define functions and canonical 
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pathways specifically enriched in the sets of genes using BH multiple testing 

corrections to assess significance (Scott et al., 2011). Gene Set Enrichment 

Analysis (GSEA, http://www.broad.mit.edu/gsea/) was similarly used to define 

enriched functional pathways as described previously (Tamburini et al., 2009a). 

Statistical significance was estimated using phenotype-based permutations, with 

the attained p-values adjusted for multiple hypothesis testing. 
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Supplementary Tables 

Table 2-S1a. Functional pathways enriched in T-cell lymphoma (vs. B-cell 

lymphoma) 

Functions  p-Value 

Proliferation of lymphocytes 

Proliferation of immune cells 

Proliferation of T lymphocytes 

Immune response 

Cell death of immune cells 

8.95E-25 

4.21E-24 

3.41E-23 

1.79E-22 

2.99E-22 

 

Table 2-S1b. Functional pathways enriched in B-cell lymphoma (vs. T-cell 

lymphoma) 

Functions  p-Value 

Activation of B lymphocytes 

Developmental process of B 

lymphocytes 

Quantity of B lymphocytes 

Proliferation of B lymphocytes 

Antibody response 

7.84E-17 

1.06E-15 

1.51E-15 

2.60E-15 

5.35E-12 
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Table 2-S1c. Functional pathways enriched in high-grade T-cell lymphoma (vs. 

low-grade T-cell lymphoma) 

Functions  p-Value 

Cell division process of chromosomes 

Segregation of chromosomes 

Mitosis 

Ploidy 

Cell cycle progression 

1.58E-23 

2.29E-18 

1.11E-13 

3.02E-11 

5.18E-11 

 

Table 2-S1d. Functional pathways enriched in low-grade T-cell lymphoma (vs. 

high-grade T-cell lymphoma) 

Functions  p-Value 

Survival of T lymphocytes 

Activation of cells 

Survival of lymphocytes 

Survival of blood cells 

Cell death of immune cells 

3.19E-08 

8.58E-08 

2.52E-07 

2.54E-07 

2.60E-07 
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Supplementary Figure Legends 

Figure 2-S1. Human DLBCL subtype ABC and GCB molecular drivers do not 

stratify canine DLBCL. (a) Principal component analysis of 145 human cases of 

DLBCL, color labeled by their final diagnosis according to Lenz et al (Lenz, 

Wright, Emre, et al., 2008) (GEO accession GSE11318). (b) Heatmap of 145 

human DLBCL samples with 37 genes that could be mapped onto the GSE11318 

data from among 46 submitted in United States Patent Application 13/008,403 (L. 

M.  Staudt et al., 2011) as technology to differentiate DLBCL into ABC/GCB 

subtypes. (c) Heatmap of 9 canine DLBCL samples clustered according to 

expression of 33 genes that mapped onto canine DLBCL samples (from among 

the 37 genes in Fig. S1b). Yellow and blue toe-bars identify specific gene vectors 

in the signature for tracking from the dataset of origin onto the comparison 

dataset. Color intensity shows inter-sample variance. 
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Abstract  

We tested the hypothesis that hemangiosarcomas arise from transformed 

hematoendothelial bone marrow progenitors or stem cells. We enriched cancer 

stem cells (CSCs) from hemangiosarcoma cell lines through formation of self-

renewing, non-adherent spheres in culture. The sphere cells expressed markers 

associated with hematopoietic progenitors (CD117 and CD34) as well as with 

commitment to the endothelial (CD146 and avb3 integrin) and myeloid lineages 

(CD14 and CD115). Sphere cells also showed increased resistance to cytotoxic 

chemotherapy agents, expansion of dye-excluding side populations, altered 

expression of ABC transporters, phagocytosis, and the capacity to undergo 

adipogenesis. The apparent multipotent progenitor properties of these tumors 

were supported by genome-wide expression profiling of primary 

hemangiosarcomas, which showed stratification of these tumors into three 

groups with enrichment of pathways associated with lipid metabolism, 

angiogenesis, and inflammation or myeloid differentiation. Sphere cells also 

demonstrated higher engraftment in a limiting dilution assay; however sphere 

cells did not show site specificity for growth but instead appeared to respond to 

microenvironment cues and adopt functions as part of this response. These data 

suggest that hemangiosarcomas arise from multipotent progenitors capable of 

hematopoietic, adipogenic, or endothelial differentiation, and they possess the 

capacity to influence or adapt to various niches. 

  



 

 63 

Introduction 

Idiopathic hemangiosarcoma occurs commonly in dogs with recent estimates 

indicating that it may account for up to 7% of all canine malignancies.(Vail & 

MacEwen, 2000) The primary sites for hemangiosarcoma are the spleen, the 

right atrium of the heart, the liver, and the subcutis, but they also occur in skin, 

bone, and virtually every other tissue.(Clifford et al., 2000) Like many sarcomas, 

ill-defined tumor borders, multifocal disease, and drug resistance provide the 

main challenges to treatment; however, few sarcomas show the metastatic 

potential seen in hemangiosarcomas. As a result of its high metastatic potential 

and combined chemoresistant character, hemangiosarcoma is essentially 

incurable using conventional therapies. 

 

The lack of an effective treatment for hemangiosarcoma may be tied to its 

pathological classification. Hemangiosarcoma has long been categorized as a 

vascular tumor, and more specifically as a tumor of malignant endothelium. 

Histologically, the tumors are cellular with moderate to extensive areas of 

hemorrhage and necrosis. They can be cavernous or solid, and the malignant 

cells can be highly pleomorphic with morphological features that are reminiscent 

of those seen in other sarcomas. The main distinction is that tumor cells are 

observed lining irregular vascular spaces (capillaries or sinusoids) filled with 

blood, and they express proteins commonly associated with endothelial 

differentiation.(Akhtar et al., 2004; Fosmire et al., 2004a) Studies using 

combinations of continuous, low-dose, cytotoxic drugs,(Lana et al., 2007) 
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autologous vaccines,(U'Ren, Biller, Elmslie, Thamm, & Dow, 2007) and new 

drugs targeted against expressed cell surface receptors(Chon, McCartan, 

Kubicek, & Vail, 2012) have not shown consistent improvement over the 

accepted standard of care. This is potentially due to the classification of 

hemangiosarcoma as a tumor of endothelial origin, our continued approach to 

treatment based on this premise, and an incomplete understanding of the biology 

of this disease.  

 

Recent findings suggest that canine hemangiosarcomas and the histologically 

similar tumors in humans, angiosarcomas, might not arise singularly from 

transformed, tissue-resident endothelial cells, but rather from circulating 

progenitors or adult stem cells of the bone marrow recruited to specific vascular 

sites through angiogenic stimuli.(Cohen et al., 2009; Lamerato-Kozicki, Helm, 

Jubala, Cutter, & Modiano, 2006a; Tamburini et al., 2010a) Specifically for 

hemangiosarcoma, cells grown in culture showed phenotypic properties 

suggestive of bone marrow ontogeny.(Lamerato-Kozicki et al., 2006a) Second, 

gene expression profiling data showed a recurrent signature associated with 

enrichment of angiogenic and pro-inflammatory genes, with no evidence of tissue 

specificity based on primary tumor origin.(Tamburini et al., 2010a) These 

observations lay the groundwork for the idea that circulating or bone marrow 

derived progenitor cells may exist for hemangiosarcoma, that these cells may 

migrate to sites of inflammation, and that the local tissue microenvironment may 

contribute to the biological behavior and development of these tumors. Based on 
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these observations, we hypothesized that hemangiosarcoma arises from 

transformed progenitor cells rather than from transformed endothelial cells. The 

identification of these cells and a more thorough understanding of their 

associated biology could change the paradigm regarding the origin and 

progression of hemangiosarcoma as well as provide for new approaches to 

treatment. 

 

To test our hypothesis, we set out to identify progenitor cells using canine 

hemangiosarcoma cell lines. Small populations of cells with tumor-initiating 

capacity have been identified in many cancers and have been termed cancer 

stem cells or CSCs. Whether CSCs arise from normal stem cells or more 

differentiated cells is not known, but CSCs can resemble normal stem or 

progenitor cells of the corresponding tissue of origin,(O'Brien, Kreso, & 

Jamieson, 2010; Reya, Morrison, Clarke, & Weissman, 2001) and solid tumors 

appear to possess higher percentages of CSCs than leukemias where progenitor 

numbers are extremely low.(Visvader & Lindeman, 2008a) We used an in vitro 

non-adherent culture system to enrich CSCs from canine hemangiosarcoma cell 

lines.(Akhtar et al., 2004; Fosmire et al., 2004a; Tamburini et al., 2009a) The 

resulting free-floating sphere cells shared multiple characteristics with those 

reported for other CSCs, including expression of normal stem or progenitor cell 

surface markers, increased resistance to cytotoxic drugs, dye-exclusion, altered 

ABC transporter expression, and increased phagocytosis. Surprisingly, the cells 

also showed the capacity to undergo adipogenic differentiation, indicative of 
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multipotency. This multipotent capacity was supported by genome-wide 

expression profiling of samples from primary hemangiosarcomas. Analysis of this 

data along with previous results showed stratification of these tumors into three 

groups with the enrichment of pathways associated with lipid metabolism, 

angiogenesis, and inflammation. Using a limiting dilution assay, sphere cells also 

demonstrated higher engraftment than their monolayer counterparts and did not 

show site specificity for growth, indicating that cells may respond to cues of the 

microenvironment and adopt functions based on this response.  

 

To our knowledge, this is the first report that describes an enriched CSC 

population in canine hemangiosarcoma. The data confirm the notion that 

hemangiosarcoma cells combine features of both hematopoietic and endothelial 

cells, highlighting the close ontogenic relationship between these lineages and 

providing further insight into the biology of this disease.(Bailey et al., 2006; Yoder 

et al., 2007) Our results also indicate that hemangiosarcoma is likely one disease 

rather than a disease of multiple tumor types based upon site predilection. As a 

result, we can now begin to design treatment options more in line with the 

progenitor cell biology rather than that of the previously presumed malignant 

endothelium.  

 

MATERIALS AND METHODS 

Cell culture and sphere formation. The hemangiosarcoma cell lines, SB-HSA 

(SB), Frog, and Emma were cultured as described previously.(Akhtar et al., 
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2004; Lamerato-Kozicki et al., 2006a; Tamburini et al., 2009a) Sphere formation 

from these cell lines was supported using conditions reported to favor non-

adherent cell growth.(Ponti et al., 2005; Zhang et al., 2008) Cells were plated at a 

concentration of 5 x 104 cells/mL in ultra-low binding dishes (Corning, Lowell, 

MA) in DMEM/F-12 medium containing L-glutamine and sodium pyruvate 

(Invitrogen, Carlsbad, CA) and supplemented with 10 ng/mL basic fibroblast 

growth factor (bFGF, Peprotech, Rocky Hill, NJ), 20 ng/mL epidermal growth 

factor (EGF, Peprotech), 5 mg/mL insulin (Sigma, St. Louis, MO), and 0.4% 

bovine serum albumin (MP Biomedicals, Solon, OH). Cells were maintained in a 

37°C incubator with a 5% CO2 atmosphere and given medium with fresh growth 

factors every two to three days.   

 

Spheres were dissociated enzymatically once per week into single-cell 

suspensions for culture maintenance. For this procedure, spheres were 

transferred from ultra-low adherent dishes to 50 mL conical tubes and allowed to 

settle to the tube bottom for 10 minutes at room temperature. The spheres were 

washed once with 1X PBS without Ca2+ or Mg2+, and centrifuged at ~240 x g for 

5 minutes. The cell pellet was resuspended in 1 mL of Accutase (Sigma) and 

incubated for ~10 minutes at room temperature with gentle agitation every two to 

three minutes. The cells were passed through a 200 mL gel loading tip 

(Laboratory Sales Limited, Rochdale, UK) 50 to 100 times to break up the 

spheres. Cells were checked visually using a hemacytometer and a light 

microscope at 10X magnification to ensure dissociation of the spheres. 
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Images of cells were taken using an Olympus IX71 microscope with an Olympus 

DP70 cooled digital camera (Leeds Precision Instruments, Golden Valley, MN) 

and the Olympus DP Controller software (Olympus America Inc., Center Valley, 

PA). Images were converted from RGB to Grayscale and contrast was increased 

to 15% using Adobe Photoshop CS5 (Adobe Systems, Inc., San Jose, CA). No 

other processing was performed.  

 

Flow cytometry. The primary antibodies used were: anti-CD14-RPE, anti-

CD115-RPE (CSF-1R) (AbD Serotec, Raleigh, NC); anti-CD51/61-FITC (αvβ3-

integrin; BD Pharmingen, San Diego, CA), anti-CD44-FITC, anti-CD117-PE (c-

kit), anti-CD34-PE, anti-CD243-PE (ABCB1) and anti-CD338-PE (ABCG2) 

(eBioscience, San Diego, CA); anti-CD133/AC133-PE (Miltenyi Biotech, Auburn, 

CA), anti-CD105-FITC (endoglin; Southern Biotech, Birmingham, AL), anti-

CD146-FITC (MCAM; EMD Millipore, Billerica, MA). 

 

For detection of cell surface markers, single-cell suspensions were washed with 

200 µL of FACS Staining Buffer [PBS containing 2% fetal bovine serum (FBS; 

Atlanta Biologicals, Atlanta, GA) and 2mM EDTA (Sigma)]. Fc receptors were 

blocked with normal mouse or rat serum (Jackson ImmunoResearch 

Laboratories, West Grove, PA) depending upon the host species of primary 

antibody used. Cells were stained with 1 test volume (according to the 

manufacturer’s recommendations) of primary antibodies for 30 minutes on ice, 
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washed twice in staining buffer and then fixed with 10% formalin. Fifty thousand 

events per sample were collected the next day on a BD FACS Calibur (BD 

Biosciences, San Jose, CA) and then analyzed using FlowJo software (Tree Star 

Inc., Ashland, OR). 

 

Cell Viability Assay. Cell viability was determined using the colorimetric Cell 

Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS assay, 

Promega, Madison, WI) and conditions for the assay were determined based 

upon time course as well as dose response. Conditions were performed in 

triplicate using 5,000 cells per well in 100 µL of culture medium. Cells were 

exposed to increasing concentrations of paclitaxel (TEVA Pharmaceuticals Inc., 

USA) or doxorubicin (Bedford Laboratories, Bedford, OH). Absorbance (A490) 

was measured 72 hours later using a Wallac Victor2 1420 Multilabel Counter 

(Perkin Elmer, Waltham, MA). Viability was expressed as the percentage of the 

A490 of drug-treated cells relative to untreated cells according to the following 

equation: % Viability = 100 x (A490 drug-treated/A490 untreated). The IC50 for each 

drug was determined by fitting the relative viability of the cells to the drug 

concentration by using a dose-response model in the Prism program (version 5) 

from GraphPad Software, Inc. (San Diego, CA).  

 

DyeCycle® Violet Dye-Efflux Assay. Single-cell suspensions of monolayer and 

sphere cells were incubated in the presence or absence of 10 µM verapamil for 

15 minutes at 37°C.  DyeCycle Violet (DCV, Invitrogen/Molecular Probes, 
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Eugene, OR) was added to a final concentration of 10 µM, and the cells were 

incubated for an additional 60 minutes at 37°C with intermittent mixing.  Cells 

were washed and maintained at 4°C for analysis. DCV emission was detected 

using 450/50 nm band-pass (blue) and 650 nm long-pass (red) filters in response 

to excitation by a violet diode laser (405 nm) using a BD LSR II flow cytometer 

(BD Biosciences). Propidium iodide was added to each sample immediately 

before collection to exclude dead cells from analysis.  Data were analyzed using 

FlowJo software (Tree Star Inc.). 

 

 

Phagocytosis Assay. Monolayer and sphere cells were plated in triplicate using 

5,000 cells per well in 100 µL of culture medium. The next day, FITC-conjugated, 

rabbit-IgG-coated latex beads (Cayman Chemical Company, Ann Arbor, MI) 

were added to the cells. No beads were added to negative control wells. The 

emission at 535nm (OD535nm) was measured for each well after 24 hours using a 

Wallac Victor2 1420 Multilabel Counter. Relative phagocytosis for each cell line 

was determined by dividing the OD535nm of the wells with beads by the OD535nm of 

the respective negative controls. 

  

Differentiation Assay. Monolayer cells or sphere cells (1 x 105) were cultured in 

control medium or under conditions to induce adipocyte differentiation using a 

StemPro® Adipogenesis Differentiation Kit (Invitrogen). Medium was changed 

every three days. Lipid droplets were visualized as round refractile bodies within 



 

 71 

the cells after three to six days. After 10 days of incubation in differentiation 

medium, cells were fixed with fresh 4.0% paraformaldehyde and stained with 

0.3% Oil Red O in a 60% isopropanol solution (Millipore, Temecula, CA) for 50 

minutes.  

 

RNA isolation, Array Hybridization, and Array Data Analysis. RNA from 24 

tissue samples was quantified and assessed for quality as described.(Scott et al., 

2011; Tamburini et al., 2010a) Briefly, samples determined to be suitable for 

analysis based on RNA quality (ratio of absorbance at 260 nm over 280 nm 

between 1.95 and 2.1 and Bioanalyzer RNA integrity number > 6.1) were labeled 

using Agilent’s Microarray One-Color Low-Input Quick Amp Labeling kit, 

hybridized to Agilent canine 4 x 44,000 feature gene chips according to Agilent’s 

Protocol Version 6, and read using an Agilent array scanner (Agilent, Santa 

Clara, CA). Bioanalyzer quality control, RNA labeling, and microarray 

hybridization were done at the BioMedical Genomics Core of the University of 

Minnesota.  

 

Data were compiled into .abs file formats and Agilent algorithms in Expressionist 

Refiner Module (Genedata, Basel, Switzerland, v. 7.1) were used to confirm that 

data from each chip met the manufacturer’s standards for quality control and 

quality assurance. Of 45,220 features on each array, 35,676 that had annotation 

to known genes were used for analysis. Annotated data were quantile normalized 

using the Expressionist Analyst Module (v. 7.1), and these normalized data were 
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then mean-centered and log2-transformed. Unsupervised hierarchical clustering 

was based on average linkage using Gene Cluster 3.0 for Mac OS X and heat 

map of two defined groups was visualized in Java TreeView version 1.1.6. Two 

group T-tests were performed to determine genes that were differentially 

expressed between the two groups. Multiple testing correction was done using 

the Benjamini–Hochberg (BH) correction. Differential expressed genes in the two 

groups with a BH q-value < 0.0001 and average fold-change > 3 were identified. 

Biological functions and canonical pathways of differently expressed 

genes between unsupervised two groups were defined by Ingenuity Pathway 

Analysis (IPA) software v8.6 (Ingenuity Systems, Redwood City, CA) using BH 

multiple testing corrections to evaluate significance.  

 

Xenograft Experiments. Stable expression of firefly luciferase (luc) and green 

fluorescent protein (GFP) were introduced into hemangiosarcoma monolayer 

cells using a Sleeping Beauty transposon system.(Ivics, Hackett, Plasterk, & 

Izsvak, 1997; Mates et al., 2009; Wilber et al., 2007) SB and Emma cells (1 x 

106) were transfected with 1 µg of transposase-expressing pDNA vector, 

Sleeping Beauty 100x, along with 2 µg of the GFP/luc vector pKT2/CLP-Luc-

ZOG in 100 µL of nucleofector solution V (Lonza). Transfected cells were 

immediately placed into pre-warmed medium, and the cells were expanded using 

Zeocin™ (Invitrogen) selection medium. The transfected cells behaved as a 

unimodal population by flow cytometry. Fluorescence in situ hybridization 

showed integration of 1 to 4 copies of the GFP/luc transgene in the genome; 
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proliferation and doubling time of the genetically modified cells were comparable 

to those of the parental cells in vitro.  

 

To assess growth and survival of sphere and monolayer cells, six to eight week 

old male NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NOD/SCID/γc
-/-) mice (The Jackson 

Laboratory, Bar Harbor, ME) were irradiated (200 GY) using a X-RAD 320 

biological irradiator (Precision X-Ray, North Branford, CT) followed by 

intraperitoneal injection of single cell suspensions of either sphere or monolayer 

cells using a starting dose of 5 x 105 cells and decreasing in logarithmic 

increments to 5 x 103 cells. Monolayer cells (5 x 106) were used as a positive 

control for tumor growth. To track cell viability and tumor growth, mice were 

injected intraperitoneally with 150 mg/kg D-luciferin (Gold Biotechnology, St. 

Louis, MO) and anesthetized using isoflurane inhalation. Bioluminescent imaging 

was performed using a Xenogen IVIS 100 imaging system (Caliper Life 

Sciences, Hopkinton, MA). Bioluminescent images were acquired within 10 

minutes after injection of D-luciferin, with isoflurane induction and inhalation 

continued throughout the imaging process. Images were examined and analyzed 

with Living Image software (Caliper Life Sciences, Hopkinton, MA). Mice were 

imaged weekly. All mice were housed, treated, and handled in accordance with 

guidelines set forth by the University of Minnesota Institutional Animal Care and 

Use Committee. 
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Statistical Analysis. All in vitro assays, including the progenitor staining and the 

phagocytosis assay, were performed at least twice with triplicates in each 

experiment. Representative results are depicted in this report. Blank values were 

subtracted from the mean value of each sample where indicated. Data are 

presented as these adjusted mean values ± SD.  Comparisons between 

monolayer and spheres were made using one-tailed, paired Student’s t-test. A 

probability of 0.05 or less was considered statistically significant. 

 

RESULTS 

Sphere Cells Express Prototypical Hematopoietic and Endothelial 

Progenitor Cell Surface Markers. 

Previous studies have shown that CSC populations can be enriched from cancer 

cell lines by organizing into anchorage-independent, three-dimensional spheres 

using low or serum free, non-adherent culture conditions.(Fan et al., 2010; Ponti 

et al., 2005; Zhang et al., 2008) Based on this method, we generated free-

floating, self-renewing spheres from three adherent canine hemangiosarcoma 

cell lines, SB, Frog, and Emma, by culturing monolayer cells in conditions 

permissive for non-adherent growth. Sphere formation was observed within 24 

hours in all three lines, and large spheres (~100-200 mm in diameter) were 

readily observed within one to three days. Monolayer cells from the SB cell line 

(Figure 3- 1a) generated free-floating spheres (Figure 3-1b) that persisted in the 

laboratory for over a year after the initial plating with subsequent weekly 

enzymatic dissociation and medium supplementation, indicating that these cells 
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had autonomous growth and self-renewing capacity. After placement of whole 

spheres back into adherent conditions, the spheres were able to reconstitute the 

monolayer appearance of the original adherent cell line (Figure 3-1c). Spheres 

cells from Frog and Emma persisted in culture for several months, and sphere 

cells from these lines were also capable of regenerating the appearance of their 

original monolayer lines (Figure 3-1S).  

 

We next examined the expression of hematopoietic and lineage committed 

progenitor markers in monolayer cells and sphere cells. We showed previously 

that adherent hemangiosarcoma cell lines co-express surface markers 

associated with endothelial (CD105, CD146, and αvβ3-integrin) and progenitor 

cells (CD34, CD117 and CD133).(Fosmire et al., 2004a; Lamerato-Kozicki et al., 

2006a) These cells also showed variable expression of hematopoietic (CD45) 

and myeloid (CD14) lineage markers.(Lamerato-Kozicki et al., 2006a) In the 

present experiments, SB monolayer cells showed high levels of markers 

expressed by endothelial and endothelial-progenitors, CD44, CD105, CD146, 

and avb3 integrin, and expression was retained in the non-adherent sphere cells 

(Figure 3-2). These markers also were expressed by the Frog and Emma 

monolayer and sphere cells with the exception of CD146, which was not retained 

by the Frog sphere cells or by the Emma monolayer or sphere cells (Figure 3-

2S). None of the monolayer cells or sphere cells expressed markers associated 

with lymphoid differentiation (data not shown). In contrast, CD34, CD117, and 

CD133 were enriched in the SB sphere cells when compared to their monolayer 
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counterparts (12.4% versus 2.11% for CD34+; 12.5% versus 4.15% for CD117+; 

and 17.0% versus 6.16% for CD133+) (Figure 3-3a). This increase in progenitor 

marker expression was evident in two (SB and Frog) of the three cell lines within 

two weeks of placing the monolayer cells under conditions favoring non-

adherent, sphere cell formation (Figure 3-3b, Figure 3-3S - a, b, and c). No 

change in surface marker expression was detected between the monolayer and 

sphere cells in the third cell line (Emma), but all markers were expressed.  

 

Previous work by our group suggested that hemangiosarcoma cell lines down-

regulate some cell surface markers after extended periods in culture.(Lamerato-

Kozicki et al., 2006a) Thus, we determined the effect of long-term culture on 

progenitor marker expression by sphere cells. Using low passage numbers of the 

SB cell line to generate sphere cells, we examined the expression of CD34, 

CD117, and CD133 in sphere cells cultured for 2 weeks and 11 to 12 months. 

Both short-term (2 weeks) and long-term (11 to 12 months) sphere cell 

populations showed similar expression of the progenitor markers than monolayer 

cells at the time points examined (Figure 3-3c), indicating that increased marker 

expression occurred early and was retained over long-term culture.  

 

We next determined if these markers were expressed concurrently by the same 

cells or by distinct subpopulations. Figure 3-4S shows that cells expressing low 

levels of CD133 molecules (CD133dim) also expressed low levels of CD34 and 

CD117, whereas cells expressing high levels of CD133 molecules (CD133bright) 



 

 77 

expressed high levels of CD34 and CD117, indicating overlapping expression of 

the progenitor cell markers. 

 

Sphere cells show increased expression of myeloid lineage markers and 

demonstrate increased phagocytosis 

Consistent with previous data from other cell lines,(Lamerato-Kozicki et al., 

2006a; Yoder et al., 2007) SB monolayer cells showed low levels of CD14 and 

CD115 (CSF-1R or c-fms) expression (Figure 3-4a). However, expression of both 

myeloid markers was increased in SB sphere cells (Figure 3-4a), suggesting that 

hemangiosarcomas could represent a myeloid sarcoma.(Lamerato-Kozicki et al., 

2006a; Tamburini et al., 2010a; Yoder et al., 2007) Slight increases in the 

number of CD14 and CD115 expressing cells were observed also in Frog sphere 

cells, however expression of CD14 or CD115 was not observed in the Emma 

monolayer or sphere cells (Figure 3-5S - a and b). 

 

To more thoroughly address the myeloid potential of the sphere cell population, 

we determined if sphere cells from all three lines retained or had an increased 

capacity for phagocytosis. SB sphere cells showed approximately a seven-fold 

increase in phagocytic activity compared to their monolayer counterparts, which 

was comparable to that observed using the mouse macrophage cell line 

RAW264.7 (Figure 3-4b). Increased phagocytosis also was observed in the Frog 

sphere cells compared to the Frog monolayer cells (Figure 3-5S - c). A modest 

increase in phaogcytic activity was noted in the Emma sphere cells; however, the 
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phagocytic activity in these cells already appeared to be high when compared to 

that of the RAW264.7 cell line (Figure 3-5S - c).  

 

These studies demonstrate that sphere cell populations from all three lines 

present a similar hematopoietic and endothelial progenitor cell surface marker 

pattern, which is increased, in general, over that observed in the respective 

monolayer counterparts. Based on these data, we focused our efforts for the 

remaining experiments on the Frog and SB cell lines since they represent the 

more common sites of primary hemangiosarcoma (spleen and subcutis, 

respectively) in dogs, whereas the Emma cell line was established from a 

metastatic lesion in the brain and might not be representative of primary 

hemangiosarcomas. This difference is evident by the loss of expression of 

CD146 in Emma sphere cells as well as the lack of expression of CD14 and 

CD115 by the Emma monolayer and sphere cells. These differences may reflect 

the tendency of these cells to move away from an endothelial or myeloid 

phenotype and adapt to the brain microenvironment.  

 

Sphere cells are more resistant to cytotoxic chemotherapy agents and 

contain an abundant side population  

Using the SB and Frog cell lines, we next assessed the sensitivity of sphere cells 

and their monolayer counterparts to doxorubicin and paclitaxel. SB sphere cells 

were approximately 2.5 times more resistant to doxorubicin than SB monolayer 

cells (Figure 3-5a). In contrast, Frog sphere cells did not show increased 
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doxorubicin resistance as compared to their monolayer counterparts (Figure 3-

5b). SB and Frog sphere cells were approximately 3- and 15-fold more resistant 

to paclitaxel than their monolayer counterparts, respectively (Figure 3-5c and d).  

 

Based on these results, we next used dye exclusion assays to begin to assess 

mechanisms of drug resistance. SB monolayer cells had an abundant side 

population (SP) consisting of approximately 16% of the viable cells (Figure 3-6a). 

This population was highly sensitive to verapamil (Figure 3-6b). In contrast, the 

SP was a minor component (~3%) in Frog monolayer cells (Figure 3-6c and 6d). 

The SP fraction in SB sphere cells remained constant when compared to its 

monolayer population (Figure 3-6e and 6f), but it increased dramatically, from 3% 

in Frog monolayer cells to almost 30% in Frog sphere cells (Figure 3-6g and 6h).  

 

We observed that a small percentage (~1%) of SP cells was resistant to 

verapamil inhibition of ABC transporters in the SB sphere cells (Figure 3-6f), but 

essentially the full SP present in Frog sphere cells was resistant to ABC 

transporter inhibition by verapamil (Figure 3-6h). Verapamil activity is mainly 

attributed to inhibition of ABCB1(Sharom, 2008) although it also is reported to 

inhibit ABCG2.(She, Zhang, Wang, Gan, & Che, 2008) We thus examined 

expression of ABCB1 and ABCG2 in these cells using flow cytometry. 

Doxorubicin is a substrate for both the ABCB1 and the ABCG2 drug transport 

pumps, while paclitaxel is a substrate for ABCB1.(Sharom, 2008) Figure 3-7 

shows that both ABCB1 and ABCG2 expression are increased in a subset of SB 
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sphere cells as compared to SB monolayer cells. In contrast, a large subgroup of 

Frog sphere cells shows increased ABCB1 expression as compared to the 

parental monolayer, but somewhat surprisingly, expression of ABCG2 was 

reduced in Frog sphere cells as compared to Frog monolayer cells. Together, the 

chemoresistance, SP, and flow cytometry data suggest that SB sphere cells and 

Frog sphere cells probably express one or more ABC transporters that are 

distinct from ABCB1 or ABCG2, and these transporters contribute to their 

chemoresistance and dye exclusion properties. 

 

Sphere cells are multipotent. 

While the hematoendothelial multipotency signature that we observed was not 

surprising, differentiation of the sphere cells along other mesenchymal lineages 

is not expected. However, since hemangiosarcoma progenitor cells must move 

toward an angiogenic pathway for tumor development rather than along an 

adipogenic pathway,(Cohen et al., 2009) we decided to evaluate multipotency in 

the sphere cells by assessing their capacity for adipogenic differentiation. We 

used human mesenchymal stem cells (MSCs) as a positive control to evaluate 

adipogenesis in sphere cells. Lipid droplets that stained with Oil Red O were 

apparent in a majority of the MSC cells after three to six days in adipocyte 

differentiation medium (Figure 3-8a), but Oil Red O staining was not observed in 

MSCs grown under normal conditions (Figure 3-8b). When SB sphere cells were 

grown in adipogenesis medium, lipid droplets were evident in three to six days, 

and cells were positive for Oil Red O staining (Figure 3-8c). SB monolayer cells 
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cultured in standard cell maintenance medium did not show any Oil Red O 

staining, indicating a lack of differentiation (Figure 3-8d). When monolayer cells 

were examined under conditions for adipogenesis, very few cells contained lipid 

droplets (data not shown).  

 

We next determined if Frog sphere cells were also capable of adipogenesis 

(Figure 3-6S). Frog monolayer cells grown in hemangiosarcoma or adipogenic 

cell culture medium did not undergo adipogenesis (Figure 3-6S - a and 6b). 

However, lipid droplets were evident in Frog sphere cells were grown in 

adipogenesis medium (Figure 3-6S - c). Adipogenesis was confined to spheres 

that remained or reformed in culture and also to cells around the base of 

adherent spheres. This phenomenon was readily observed throughout the 

sample. When Frog sphere cells were incubated in hemangiosarcoma growth 

medium, a small number of cells were capable of adipogenesis (Figure 3-6S - d); 

however, this was rare event. These results suggest hemangiosarcoma sphere 

cultures contain an enriched fraction of multipotent progenitor cells capable of 

undergoing adipogenesis.  

 

Because previous work showed that inflammation and angiogenesis are 

important processes driving the pathogenesis of canine 

hemangiosarcoma,(Tamburini et al., 2010a) and inflammation within tissues may 

serve as a trigger for the regulation of adipogenesis and angiogenesis, we used 

genome-wide gene expression followed by unsupervised analyses to assess 
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potential differences among 24 tissue samples obtained from visceral 

hemangiosarcoma tumors (12 from spleen, 7 from heart, 4 from liver, 1 from 

lung) of 20 dogs (two cases had paired metastases and three sites were 

examined from one case). This analysis, combined with a comparison to gene 

expression signatures found in human angiosarcoma,(Antonescu et al., 2009) 

showed stratification of the samples into three distinct groups, and each group 

either was characterized by or contained distinct lineage pathways:  lipid 

metabolism, angiogenesis, and inflammation or myeloid differentiation (Figure 3-

7S).  

 

The separation along component 1 showed the largest effect, as confirmed by 

unsupervised hierarchical clustering (Figure 3-9). The four samples in Group 1 

(Figure 3-7S) had remarkably similar patterns of expression (toe bar “A” in Figure 

3-9), while the samples in Group 2 and Group 3 (Figure 3-7S) were more 

heterogeneous (toe bar “B” in Figure 3-9). The driver signature, defined as genes 

that showed 3-fold difference in expression and BH q < 0.00001 (two-sample T-

test) between subtypes A and B consisted of 379 genes, of which 346 were 

overexpressed and 33 were underexpressed in subtype A. Canonical pathways 

defined by these 379 transcripts in Ingenuity Pathway Analysis highlighted 

enrichment of molecular traits required for or associated with lipid metabolism 

and adipogenesis (Table 3- 1). Thus, the data are consistent with the notion that 

hemangiosarcomas have the capacity to move toward a more adipogenic 

phenotype.  
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Sphere cells conform to the hierarchical cancer stem cell model. 

Finally, we assessed the in vivo tumorigenic potential of monolayer and sphere 

cell populations derived from the SB cell line. Monolayer and sphere cells 

engineered to stably express luc were inoculated subcutaneously into 

immunocompromised mice using a starting dose of 5 x 105 cells and decreasing 

in logarithmic increments to 5 x 103 cells. Sphere cell engraftment was readily 

visible with as few as 5 x 104 sphere cells in 4 of 4 mice, while engraftment in 

mice injected with 5 x 104 monolayer cells was only observed in 1 of 4 mice 

(Figure 3-10). These results suggest that sphere cells are enriched for CSCs, 

and support the notion that hemangiosarcoma conforms to the hierarchical 

cancer model.  

 

DISCUSSION 

The lack of effective treatments for dogs with hemangiosarcoma is due in part to 

our incomplete understanding of the biology of this disease. Here, we tested the 

hypothesis that hemangiosarcomas arise from transformed hematoendothelial 

bone marrow progenitors or stem cells, and that this cell population is organized 

hierarchically. The preponderance of evidence from assessment of cell surface 

markers, side population assays, chemoresistance, multi-lineage potential, and 

assessment of tumor initiation through a limiting dilution assay indicates that 

CSCs are enriched in non-adherent, free-floating sphere cultures derived from 

canine hemangiosarcoma cell lines. 
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Cultured sphere systems have proved useful for identification of stem-like cells 

from both human(Gibbs et al., 2005) and canine(Wilson et al., 2008a) sarcomas. 

We took advantage of this property since specific cell surface markers, which 

have been useful for identification of CSCs in hematological 

malignancies(Bonnet & Dick, 1997; Dick, 2005) have proved to show variable 

expression in CSCs from solid tumors, limiting their use.(Welte, Adjaye, Lehrach, 

& Regenbrecht, 2010) Using sphere formation in combination with surface 

marker expression and functional assays, we observed similarities in established 

CSC properties to those of sphere populations isolated from several 

hemangiosarcoma cell lines, indicating that an enriched population of CSCs 

could be derived from these cells.  

 

In general, surface marker expression and functional assays were consistent 

across the three cell lines examined. However, cell surface maker expression 

differences were noted between monolayer and sphere cell populations, and 

these differences, along with differences in functional assays, may reflect CSC 

heterogeneity within tumors or cell lines. The characteristic phenotype of 

hemangioblast progenitor cells (a potential cell of origin for 

hemagiosarcomas)(Lamerato-Kozicki et al., 2006a) includes expression of 

CD115.(Glasker et al., 2006) This antigen also has been described in normal 

vasculogenic or vasculomimetic cells(Yoder et al., 2007) as well as serving as a 

marker of myeloid progenitor cells. Expression of CD14 and CD115 was retained 
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or increased in two of three cell lines and their sphere cell populations, and 

marker expression correlated with the dramatic increase in phagocytosis 

observed in both the SB and Frog sphere cells over their monolayer 

counterparts. These results indicate that sphere cells maintain or develop 

properties generally associated with myeloid cells. In contrast, Emma monolayer 

and sphere cells did not show expression of CD14 and CD115, but phagocytosis 

in these cells was already high when compared to that observed in the 

RAW264.7 positive control cells. Thus, CD14 and CD115 expression may not be 

an indication of the cells to acquire phagocytic capacity or myeloid potential. We 

interpret these results with caution, however, since the Emma cell line was 

generated from a metastatic site in the brain. While the lack of CD14 and CD115 

expression may simply represent a loss of these markers, this difference may 

also reflect on the ability of progenitor cells to move away from a myeloid-like 

sarcoma and adapt to the microenvironmental niche found in the brain.  

 

Expression of CD146 also was variable among the three cell lines. CD146 has 

been described as a marker for mesenchymal stem cells,(Covas et al., 2008) and 

its expression may be linked to multipotency since MSCs with greater 

differentiation potential express higher levels of CD146.(Russell et al., 2010) This 

expression may explain the high adipogenic activity that we observed by SB 

sphere cells. While Frog spheres also were capable of undergoing adipogenesis, 

the number of cells positive for Oil Red O staining after incubation in adipogenic 

differentiation medium was lower in the Frog sphere cell population than in the 
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SB sphere cell population, indicating that CD146 may specify a potential for 

multipotency or identify CSC enrichment in hemangiosarcoma. The lack of 

CD146 expression by the Emma monolayer and sphere cells is intriguing, and 

along with the lack of CD14 and CD115 expression may reflect on the ability of 

hemangiosarcoma cells to adapt to their environmental niche.  

 

While resistance to chemotherapy generally was increased, sphere cells from 

different cell lines did not exhibit identical profiles of chemoresistance. We noted 

variation in the makeup of SPs with regard to the overall size and content of the 

dye excluding populations when cells were transferred from monolayer to sphere 

growth conditions. These differences were magnified in the presence of the ABC 

transporter inhibitor verapamil, which virtually eliminated dye efflux in one sphere 

population but showed little to no effect in another, suggesting there were 

differences in ABC transporter expression, and more specifically in ABCB1 

expression or activity. Examination of the microarray data from four different 

hemangiosarcoma monolayer and sphere cell pairs (SB, Frog, Emma, and Jack) 

showed that distinct ABC transporters were enriched across the different sphere 

cell populations (Frantz, unpublished observation); however, a common 

candidate transporter (e.g. ABCB1), which may be involved in chemoresistance 

of hemangiosarcoma across all samples, was not observed in the monolayer and 

sphere cells. Taken together, our data support the idea that the sphere cell 

populations are heterogeneous in nature, and thus this heterogeneity is likely to 

be present within hemangiosarcoma CSCs. Despite this heterogeneity, the 
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characteristics of the sphere populations were generally consistent across 

multiple assays, indicating that these approaches might be applicable to 

characterization of CSCs from canine sarcomas, albeit raising a cautionary note 

about the use of single assays (e.g. surface marker expression) to characterize 

such populations.  

 

Sphere cells also possessed functional multipotency based on their ability to 

undergo adipogenesis. In this regard, the retention of both hematopoietic and 

endothelial lineages by hemangiosarcoma progenitor cells might allow them to 

adapt to or modify cellular niches, specifically in the context of hypoxia. Recent 

studies suggest that local hypoxic responses lead to chronic inflammation in 

adipose tissue.(Ye, Gao, Yin, & He, 2007) This, in turn, can favor adipose-

derived stem cell (ADSC) differentiation into endothelial cells through the 

induction of angiogenic factors.(Cohen et al., 2009; Ye & Gimble, 2011) 

Conversely, inflammation inhibits adipogenic differentiation of ADSCs by 

suppressing the activity of PPAR-γ, a nuclear receptor that acts as a lipid sensor. 

Thus, the presence or absence of inflammation may serve as the trigger that 

directs differentiation of ADSCs into either adipocytes or endothelial cells.(Ye & 

Gimble, 2011) In the context of hemangiosarcomas, which may possess 

endothelial, hematopoietic, and adipogenic differentiation capability, inflammation 

would be important for the generation of angiogenesis and disease progression 

or differentiation along an alternative and potentially less hazardous adipogenic 

pathway.  
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A recent review by Cohen et al(Cohen et al., 2009) summarizes the mode of 

action for PPAR-g agonist-induced hemangiosarcomas in mice. Troglitazone, a 

PPAR-g agonist developed to treat Type II diabetes, produced an increased 

incidence of hemangiosarcoma in the skin of mice, primarily in the subcutaneous 

adipose tissue.(Cohen et al., 2009) The proposed mechanism is similar to that 

described as occurring in adipocytes in obesity, and additional studies implicate 

adipogenesis, or at least its differentiation pathways, as an important regulator in 

hemangiosarcoma development.  

 

In addition to the model presented by Cohen et al, further evidence points to the 

potential involvement of an adipose niche in the development of 

hemangiosarcoma. Chen et al recently demonstrated that several types of soft 

tissue sarcomas originate from transformed ADSCs.(Chen et al., 2007) In 

preliminary studies from our laboratory, GFP-labeled hemangiosarcoma cells 

homed to the abdominal fat when these cells were injected into the peritoneal 

cavity of mice, and these same hemangiosarcoma cell lines may have recruited 

fat cells or differentiated into fat surrounding primary hemangiosarcomas in a 

mouse xenograft model (unpublished observation). Studies are underway to 

identify pathways of adipose cell recruitment or potential in vivo adipogenesis. 

Intriguingly, liposarcomas, which constitute approximately 1% of primary 

malignant cardiac tumors in humans, arise almost exclusively in the right atrium 

of the heart, a common site for canine hemangiosarcoma.(Gulmez, Pehlivanoglu, 
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Turkoz, Demiralay, & Gumus, 2009) Together, these results implicate 

adipogenesis, and potentially ADSCs in the development and/or progression of 

hemangiosarcoma.  

 

While our demonstration that sphere cells maintain or develop properties 

generally associated with myeloid cells, this and their ability to undergo 

adipogenesis potentially may be discounted as cell culture artifacts. Our data 

argue against this, since such multipotency was recreated using genome-wide 

gene expression profiling from intact tumors. Previous results from our group 

showed that inflammation and angiogenesis are important processes driving the 

pathogenesis of canine hemangiosarcoma.(Tamburini et al., 2010a) The data 

presented here (see Figure 3-9 and Table 3-1) complement our previous 

observation regarding the role of inflammation and angiogenesis and suggest 

that these tumors also are enriched in pathways associated with lipid metabolism 

and adipogenesis. This grouping did not appear to be due to sample selection 

from regions enriched for supporting stroma since tumors could not be separated 

out based on morphology, and the heterogeneity of the tumors was widespread 

and not compartmentalized.  

 

The development of canine hemangiosarcoma cell lines expressing GFP and 

firefly luciferase allowed us to image tumor progression in vivo, as well as to 

detect xenograft cells within tumors and colonization at distant sites using 

molecular and immunohistochemical techniques. In addition, hemangiosarcoma 
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cells do not show site specificity for growth based upon the origin of the primary 

tumor (e.g. spleen, subcutis, heart or metastatic sites; Frantz et al, unpublished), 

indicating that hemangiosarcoma is not a disease of multiple tumor types based 

on primary tumor origin, but rather that multipotent tumor cells might respond to 

cues from the microenvironment and adopt various functions as part of this 

response. Evidence for this idea is two-fold. First, while the injection of the SB 

cell line into immunocompromised mice led to the formation of hemangiosarcoma 

xenografts in 2 out of 4 mice, a tumor resembling a fibroma was identified in a 

third mouse, and tumors that homed to abdominal fat pads formed an 

undifferentiated sarcoma in a fourth mouse. Second, the tumor sample from 

which the cell line Frog was derived clustered with the group that did not show 

enrichment of pathways associated with lipid metabolism (see Figure 3-9, toe bar 

“B”) in our microarray analysis. However, sphere cells from the Frog cell line 

either maintained or developed the capacity to undergo adipogenic 

differentiation, indicating that adipogenesis is not restricted only to cells that trend 

to those molecular phenotypes in vivo. In this context, we suggest that canine 

hemangiosarcomas modulate their microenvironment towards tumor growth and 

survival (as indicated by angiogenic and inflammatory signatures observed in 

tumors from different anatomical sites) and away from an alternate adipogenesis 

pathway.  

 

Finally, our preliminary data suggest that gene expression in one of the 

molecular subgroups of canine hemangiosarcoma is remarkably similar to that 
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reported for human angiosarcomas with activated KDR pathways.(Antonescu et 

al., 2009) In addition to sharing angiogenic pathways, shared gene sets included 

those associated with motility and invasion (J-H Kim, unpublished observation). 

These results suggests that there may be considerable similarities between 

canine hemangiosarcomas and human angiosarcomas, and this leads to the 

possibility that angiosarcomas may retain a progenitor cell phenotype resembling 

those described here for canine hemangiosarcoma. As a result, we might now 

possess the opportunity to use a spontaneous and relatively common canine 

model to understand the pathogenesis of a rare human disease with the potential 

to develop new treatment options. 

 

In summary, our data show that hemangiosarcomas conform to the hierarchical 

model with the presence of CSCs or CSC-like cells, and these cells perhaps 

contribute to the formation and multipotent potential of this disease. Our results 

also suggest that hemangiosarcomas may be derived from cells with endothelial, 

hematopoietic, and/or adipogenic properties. This has two non-mutually 

exclusive implications for sarcoma pathogenesis: one is that the observed 

heterogeneity of hemangiosarcomas and angiosarcomas may be due to their 

derivation from different cells, which would suggest that cell classification of 

these tumors is possible. Alternatively, they develop from multipotent progenitors 

(e.g. ADSCs or MSCs) that can give rise to heterogeneous tumors (e.g. 

hemangiosarcoma, angiolipoma, liposarcoma, and myeloid sarcoma), where 

their phylogeny is determined by the balance of hypoxia and inflammation that tilt 
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differentiation of these cells to one lineage or another. In turn, multipotency could 

provide these cells with the capability to adapt to pathological events and modify 

their local microenvironment, establishing conditions that lead to highly 

disorganized angiogenesis and the morphologic features of hemangiosarcoma.  

 

Figures and Figure Legends 

 

Figure 3-1 Morphology of hemangiosarcoma cells grown as an adherent 

monolayer and as non-adherent spheres in culture. SB monolayer cells grown 

under conditions favoring adherent cell growth (a) or as unattached spheres (b) 

after being placed into culture conditions favoring non-adherent growth. Sphere 

cells regenerate the original monolayer morphology (c) after placement back into 

culture conditions favoring the growth of adherent cells. Scale bar = 100 mm 
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Figure 3-1S Morphology of hemangiosarcoma cells grown as an adherent 

monolayer and as non-adherent spheres in culture. Frog and Emma monolayer 

cells grown under conditions favoring adherent cell growth (a and b) or as 

unattached spheres (c and d) after being placed into culture conditions favoring 

non-adherent growth. Sphere cells from both lines regenerate the original 

monolayer morphology (e and f) after placement back into culture conditions 

favoring the growth of adherent cells. 
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Figure 3-2 Cell surface profile of SB monolayer cells versus sphere cells. SB 

monolayer and single cell suspensions of spheres were stained with antibodies 

to the indicated molecules to examine progenitor and lineage marker expression. 

Data are presented as the solid line histograms.  Isotype controls or secondary 

controls, where applicable, are represented as a shaded region.  
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Figure 3-2S Cell surface profile of Frog and Emma monolayer cells versus 

sphere cells. Both monolayer and single cell suspensions of spheres were 

stained with antibodies to the indicated molecules to examine progenitor and 

lineage marker expression. Data are presented as solid line histograms.  Isotype 

controls, or secondary alone controls where applicable, are represented as a 

shaded region. 
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Figure 3-3 Expression of progenitor markers in monolayer versus sphere cells. 

(a) For expression of CD34, CD117, and CD133, the mean fluorescence intensity 

in FL2 of each marker was plotted against side scatter (SSC). To determine the 

% positive cells, FL2+ regions (< 0.5%) were drawn on isotype control plots and 

then overlaid onto progenitor marker-stained plots. Separate isotype controls 

were used for the monolayer and sphere cells. The increased expression of 

CD34, CD117, and CD133 in sphere cells was significant when compared to the 

monolayer controls (P < 0.05). (b) The % positive cells for each marker in the 

monolayer cells was subtracted from the % positive cells detected in the 

corresponding sphere cells and represented graphically. (c) Expression of CD34, 

CD117, and CD133 was examined in SB sphere cells sustained under non-

adherent growth conditions for 2 weeks and 11-12 months. Data shown are the 

average of three experiments. 
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Figure 3-3S The mean fluorescence intensities for CD34, CD117, and CD133 in 

FL2 were plotted against the side scatter (SSC) for SB, Frog, and Emma 

monolayer cells versus the corresponding sphere cells.  To determine the % 

positive cells, FL2+ regions (< 0.5%) were drawn on isotype control plots and 

then overlaid onto progenitor marker-stained plots. Separate isotype controls 

were used for the monolayer and sphere cells. Two weeks spheres were used for 

all determinations, and a comparison of the expression is represented graphically 

in Figure 3b 
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Figure 3-4S Sphere cells were examined for co-expression of CD133bright with 

either CD34+ or CD117+ cells using flow cytometry. CD133dim cells were also 

examined for either CD34+ or CD117+ expression. The blue line in each 

histogram represents CD133bright cells while the black line in each histogram 

represents CD133dim cells. The original gate for the CD133+ cells is shown in the 

panel on the left. The isotype control for each experiment is shown as a shaded 

histogram. 
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Figure 3-4 Sphere cells are enriched for myeloid lineage markers and 

demonstrate increased phagocytosis. Expression of cell-surface determinant 

myeloid cell markers CD14 and CD115 (CSF-1R) by SB monolayer and sphere 

cell populations (a). SB cells were stained with the indicated antibodies and 

analyzed by flow cytometry. The X-axes represent the logarithmic fluorescence 

intensity in each sample and the Y-axes represent the relative cell number. The 

SB histograms (black lines) are overlaid with the corresponding isotype controls 

(shaded). Data shown are representative from three experiments. Phagocytosis 

of FITC-conjugated, IgG-coated latex beads by SB monolayer and sphere cells 

(b). Phagocytosis is represented as relative fluorescence intensity by each cell 

line. The macrophage cell line, RAW246.7, was used as a positive control. Data 

shown are representative of two independent experiments. The increased 

phagocytic activity observed in the SB sphere cells was significant (*P = 0.05) 

when compared to the activity detected in the monolayer cells.  
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Figure 3-5S Sphere cells from the Frog and Emma cell lines were examined for 

myeloid lineage marker expression and phagocytic capacity. Expression of the 

cell-surface myeloid lineage markers CD14 and CD115 (CSF-1R) by the Frog 

monolayer and sphere cell populations (a) and by the Emma (b) monolayer and 

sphere cell populations. The data were analyzed and presented as described in 

Figure 4. Data shown are representative from at least three experiments. 

Phagocytosis of FITC-tagged, IgG-coated latex beads by monolayer and sphere 

cells (c) from the Frog and Emma cell lines. Phagocytosis is represented as 

relative fluorescence intensity by each cell line. The macrophage cell line, 

RAW246.7, was used as a positive control. The increased phagocytic activity 

observed in the Frog sphere cells was statistically significant (*P < 0.05) when 

compared to the activity detected in the monolayer cells. However, the difference 

in activity between the Emma monolayer and sphere cells was not statistically 

significant (P = 0.06).  

  



 

 105 
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Figure 3-5 Sphere cells are differently resistant to standard chemotherapy 

agents. Monolayer and sphere cells (5000 cells/well) were incubated in 96-well 

plates in the presence of increasing concentrations of doxorubicin for 72 hours. 

The relative viability rate was assessed using a MTT assay. Sphere cells (¡) from 

SB (a) were more resistant to doxorubicin than their monolayer cell (�) 

counterparts (IC50 sphere cells, 1.24x10-7 M; IC50 monolayer cells, 4.99x10-8). 

Frog sphere cells (b) (¡) did not show an altered resistance pattern when 

compared to Frog monolayer cells in the presence of doxorubicin (�) (IC50 sphere 

cells, 1.57 x 10-7 M; IC50 monolayer cells, 1.52 x 10-7). Monolayer (�) and sphere 

cells (¡) (5000 cells/well) from SB were treated with increasing doses of 

paclitaxel for 72 hours (c), and the relative cell viability was assessed using a 

MTT assay. SB sphere cells were approximately 2.5 times more resistant to 

paclitaxel than the monolayer cells (IC50 sphere cells, 8.06 x 10-8; IC50 monolayer 

cells, 3.21 x 10-8). Frog sphere cells (¡) were approximately 15 times more 

resistant to paclitaxel (d) than the Frog monolayer cells (�) (IC50 sphere cells, 

1.77 x 10-6 M; IC50 monolayer cells, 1.14 x 10-7 M). All conditions were performed 

in triplicate. Error bars represent standard deviation.  
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Figure 3-6 Dye exclusion identifies a side population in both hemangiosarcoma 

monolayer and sphere cells. SB monolayer cells (a) show a small side population 

(SP) that is eliminated in the presence of the broad ABC transporter inhibitor 

verapamil (b). A small SP is seen in Frog monolayer cells (c), and dye efflux is 

also inhibited in this population by the addition of verapamil (d). SB sphere cells 

(e) do not show an increase in their SP when compared to their monolayer 

counterparts. The addition of verapamil to the SB sphere cells (f) greatly 

reduces, but does not eliminate the SB sphere SP. Frog sphere cells (g) show a 

dramatic increase in the SP as evidenced by the increase in cells able to efflux 

DCV. The SP in Frog sphere cells is not diminished in the presence of verapamil 

(f). Propidium iodide was added immediately before reading all samples in order 

to exclude dead cells from analysis. 
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Figure 3-7 Alterations in ABC transporter expression are observed between 

hemangiosarcoma monolayer and sphere cells. ABCB1 and ABCG2 expression 

was examined in SB monolayer (a and c) and sphere cell (b and d) populations 

by flow cytometry. Expression of ABCB1 and ABCG2 was determined in Frog 

monolayer (e and g) and sphere (f and h) cells. The isotype control for each 

experiment is shown as a shaded histogram. The data shown are representative 

of at least two experiments for each cell line and condition. 
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Figure 3-8 Hemangiosarcoma sphere cells demonstrate multipotency in 

differential culture conditions. Human MSCs (a) were used as a positive control 

for adipogenic differentiation and Oil Red O staining. MSCs did not undergo 

adipogenesis in normal cell culture medium (b). SB sphere cells show the ability 

to undergo adipogenesis as evidenced by formation and positive staining of lipid 

droplets with Oil Red O (c). SB monolayer cells (d) incubated in normal growth 

medium were used as negative controls, and the cells were negative for Oil Red 

O staining. 

 

 

  



 

 112 

Figure 3-6S Frog hemangiosarcoma sphere cells demonstrate multipotency 

under differential culture conditions. Frog monolayer cells grown in adipogenesis 

(a) or hemangiosarcoma (b) cell growth medium were negative for Oil Red O 

staining. Frog sphere cells show the ability to undergo adipogenesis as 

evidenced by formation and positive staining of lipid droplets with Oil Red O (c). 

Frog sphere cells (d) grown in hemangiosarcoma growth medium did not 

undergo adipogenesis overall, but a rare event was noted after careful scanning 

of the sample.  
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Figure 3-7S Principal component analysis of hemangiosarcoma samples 

analyzed using expression microarrays. Axes are rotated to show the effect of 

each component to separate distinct molecular groups. The largest effect is on 

Comp 1 (Group 1 vs Groups 2/3) and the next largest is on Comp 2 (Groups 2 vs 

Groups 1/3). 
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Figure 3-9 Unsupervised hierarchical clustering defines two canine 

hemangiosarcoma subtypes characterized by two gene clusters. Unsupervised 

clustering using expression data corresponding to 15,555 Entrez Gene IDs 

reveals two major branches in 24 hemangiosarcoma tissue samples obtained 

from 20 dogs, identified respectively as Subtype A and Subtype B (toe bar). Heat 

map showing 379 differentially expressed transcripts (BH q value < 0.0001, mean 

average fold-change > 3) divided into two reciprocally expressed gene clusters 

(Gene Cluster-1, 346 genes; Gene Cluster-2, 33 genes) between dogs in 

Subtype A and B. Heat map colors represent mean-centered fold change 

expression following log2 transformation (a quantitative representation of the 

colors is provided in the scale). Up-regulated genes are shown in red and down-

regulated genes are shown in green.  
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Figure 3-10 Sphere cells conform to the hierarchical cancer stem cell model. 

Immunocompromised mice were injected with SB monolayer (5 x 106-5 x103) or 

sphere cells (5 x 105- 5 x 103) engineered to express luciferase and monitored 

over time using a Xenogen imaging system. Mice were monitored for 30 days. 

Statistical significance (P < 0.05) is indicated by asterisks (**). 
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CHAPTER 4 
 
Chapter Description 
 

This work has not yet been published, and as such authors are not listed here.  

This work is part of ongoing comparative efforts to define methods for study as 

well as find common functional and molecular properties of cancer stem cells. 

 
 

Isolation Of A Shared Minimal Molecular Signature Of CSC From Three 

Tumors with Histologically Distinct Origins. 

 

Introduction 

Many cancers consist of at least two functionally distinct cell types.  The first 

type, called tumor-initiating cells or cancer stem cells (CSC), hold the capacity to 

initiate and maintain the disease. This population appears to share properties of 

self-renewal with normal stem cells, and yet does not need to necessarily arise 

from the normal stem cell compartment.(Dick, 2008) The second group, which 

we will call “partially differentiated cells” (PDC), constitutes the bulk of the tumor, 

and is comprised of non-self-renewing progeny derived from the CSC. This latter 

PDC population comprises a rapidly dividing pool that is the target of 

conventional cytotoxic therapies (i.e. chemotherapy or radiation therapy).(Jones, 

Matsui, & Smith, 2004; Pardal, Clarke, & Morrison, 2003; Reya et al., 2001)  Yet, 

these cells lack the capacity to initiate or sustain the disease based on 

xenotransplantation experiments. We can infer that relapse or the metastatic 
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spread of tumor is analogous to the transplantation scenario: the bulk of 

susceptible cells are killed by conventional treatments, but a small subpopulation 

of resistant CSCs escape therapy and repopulate the tumors, which eventually 

are responsible for patient mortality.(Dean, Fojo, & Bates, 2005) In some cases, 

the frequency of CSCs in malignant disease correlates with, and even appears to 

dictate prognosis.(van Rhenen et al., 2005) Thus, it has been proposed that 

elimination of the CSCs in a tumor is necessary, and possibly even sufficient, to 

cure some malignancies.   

 

The fact that CSCs are rare in many tumors, combined with their phenotypic 

diversity, has made conventional isolation and enrichment techniques 

challenging. Nonetheless, improved culture methods have made enrichment of 

CSCs possible, and a growing repository of GEP data from such cells is now 

available in GEO.(Sayers et al., 2010)  Shared genetic signatures of CSCs and 

ESCs or CSCs and their normal tissue-of-origin stem cells are 

published.(Somervaille et al., 2009)  However, similarities among CSCs from 

different cancers have not been reported. This is probably not the result of 

inattention but rather due to lack of uniform conditions in the generation of these 

molecular profiles.  

 

Here, we demonstrate the utility of a culture system to maintain and isolate CSC 

from histologically distinct cancers of the dog.  Importantly, we used a single 

method to enrich CSCs, independent of the ontogenetic origin of the cancer.  By 
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eliminating culture-specific variables, and by working with histologically distinct 

tumors, we could subtract culture- and tissue- specific variables from our 

analysis.  If we assume the biological role of apex cells in hierarchically 

organized tumors is similar, we can expect that they must share a molecular 

program. Characterization of such a program would enhance our ability to 

prospectively identify and target these cells, and this in turn could generate 

remarkable change in patient outcomes, which  provided both motivation and 

opportunity for this project.  

 
 
Materials and Methods 

Samples. Samples from dogs with naturally occurring HSA, OS and GBM were 

collected from pet dogs with owner consent. Animal care and experimentation 

were carried out in accordance with all applicable institutional, local, and national 

guidelines; dogs were under the care of licensed veterinarians and participation 

did not influence decisions of care. Sample collection protocols were approved 

and reviewed by the institutional review board of the University of Colorado and 

the institutional animal care and use committee of the University of Minnesota. 

 

Cell culture and sphere formation. HSA and OS cell lines were cultured as 

adherent monolayers as described previously(Chapter 3, Introduction, Chapter 4, 

and in the literature)(Lee et al., 2006; Wilson et al., 2008b). GBM cell lines were 

cultured in a similar fashion, using Neurobasal medium supplemented with N2 

and B27 (Invitrogen, Carlsbad, CA) 10% fetal bovine serum (FCS, Atlas, Fort 
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Collins CO) L-glutamine and Primocin (Invitrogen, Carlsbad, CA).  Sphere 

formation from these cell lines was done using conditions reported to favor non-

adherent cell growth. Cells were plated at a concentration of 3 x 105 cells/mL in 

ultra-low binding dishes (Corning, Lowell, MA) in DMEM/F-12 medium containing 

L-glutamine and sodium pyruvate (Invitrogen, Carlsbad, CA) and supplemented 

with 10 ng/mL basic fibroblast growth factor (bFGF, Peprotech, Rocky Hill, NJ), 

20 ng/mL epidermal growth factor (EGF, Peprotech), 5 ug/mL insulin (Sigma, St. 

Louis, MO), and 0.4% bovine serum albumin (MP Biomedicals, Solon, OH). Cells 

were maintained in a 37°C incubator with a 5% CO2 atmosphere and given 

medium with fresh growth factors every two to three days.   

 

Spheres were dissociated enzymatically once per week into single-cell 

suspensions for culture maintenance. For this procedure, spheres were 

transferred from ultra-low adherent dishes to 50 mL conical tubes and allowed to 

settle to the tube bottom for 10 minutes at room temperature. The spheres were 

washed once with 1X PBS without Ca2+ or Mg2+, and centrifuged at ~240 x g for 

5 minutes. The cell pellet was resuspended in 1 mL of Accutase (Sigma) and 

incubated for ~10 minutes at room temperature with gentle agitation every two to 

three minutes. The cells were passed through a 200 mL gel loading tip 

(Laboratory Sales Limited, Rochdale, UK) 50 to 100 times to break up the 

spheres. Cells were checked visually using a hemocytometer and a light 

microscope at 10X magnification to ensure dissociation of the spheres. 
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Images of cells were taken using an Olympus IX71 microscope with an Olympus 

DP70 cooled digital camera (Leeds Precision Instruments, Golden Valley, MN) 

and the Olympus DP Controller software (Olympus America Inc., Center Valley, 

PA). Images were converted from RGB to Grayscale (Adobe Systems, Inc., San 

Jose, CA). No other processing was performed.  

 

Sphere formation efficiency assay. Monolayer cultures for each cell line were 

prepared for plating out by enzymatic lifting using Accutase (Sigma) and 

resuspended in DMEM/F12 sphere-formation medium described above.  Sphere 

cultures were enzymatically dissociated using Accutase (Sigma) and checked 

visually using a hemocytometer and a light microscope at 10X magnification to 

ensure dissociation of the spheres.   Single-cell suspensions were counted using 

a Countess®
 automated cell counter (Invitrogen, Carlsbad, CA). Cells were plated 

in parallel in 96-well ultra-low binding plates (Corning, Lowell, MA) in serial 

increments from 1 to several hundred cells/well with at least 10 wells plated for 

each cell concentration. Wells were scored for formation of spheres 7 days after 

plate-out using light microscopy.  Replicate assays on cell lines for each tumor 

type demonstrated high reproducibility.  

 

Flow cytometry. The primary antibodies used were: anti-CD117-PE (c-Kit), anti-

CD34-PE (eBioscience, San Diego, CA); anti-CD133/AC133-PE (Miltenyi 

Biotech, Auburn, CA). 
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For detection of cell surface markers, single-cell suspensions were washed with 

200 µL of FACS Staining Buffer [PBS containing 2% FBS (Atlanta Biologicals, 

Atlanta, GA) and 2mM EDTA (Sigma)]. Fc receptors were blocked with normal 

mouse or rat serum (Jackson ImmunoResearch Laboratories, West Grove, PA) 

depending upon the host species of primary antibody used. Cells were stained 

with 1 test volume (according to the manufacturer’s recommendations) of primary 

antibodies for 30 minutes on ice, washed twice in staining buffer and then fixed 

with 10% formalin. Fifty thousand events per sample were collected the next day 

on a BD FACS Calibur (BD Biosciences, San Jose, CA) and then analyzed using 

FlowJo software (Tree Star Inc., Ashland, OR).  

 

DyeCycle® Violet Dye-Efflux assay was performed using single-cell suspensions 

of monolayer and sphere cells incubated in the presence or absence of 10 µM 

verapamil for 15 minutes at 37°C.  DyeCycle Violet (DCV, Invitrogen/Molecular 

Probes, Eugene, OR) was added to a final concentration of 10 µM, and the cells 

were incubated for an additional 60 minutes at 37°C with intermittent mixing.  

Cells were washed and maintained at 4°C for analysis. DCV emission was 

detected using 450/50 nm band-pass (blue) and 650 nm long-pass (red) filters in 

response to excitation by a violet diode laser (405 nm) using a BD™ LSR II flow 

cytometer (BD Biosciences). Propidium iodide was added to each sample 

immediately before collection to exclude dead cells from analysis.  Data were 

analyzed using FlowJo software (Tree Star Inc.). 
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Cytotoxicity Assay. For high throughput screening, cells were incubated in 384 

well plates for 72 hr. The Sigma Aldrich library of pharmacologically active 

compounds was used to assess cytotoxic responses using a robotic system 

(University of Minnesota Institute for Therapeutic Discovery and Development 

Core). In total, 1,280 compounds were tested for cytotoxicity; more than 100 of 

these have known activity as anti-metabolites, DNA damaging agents, or protein 

synthesis inhibitors. 

 

Cell Viability Assay. Cell viability was determined using the colorimetric Cell 

Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay (MTS assay, 

Promega, Madison, WI) and conditions for the assay were determined based 

upon time course as well as dose response. Conditions were performed in 

triplicate using 5,000 cells per well in 100 µL of culture medium. Cells were 

exposed to increasing concentrations of paclitaxel (TEVA Pharmaceuticals Inc., 

USA) or doxorubicin (Bedford Laboratories, Bedford, OH). Absorbance (A490) 

was measured 72 hours later using a Wallac Victor2 1420 Multilabel Counter 

(Perkin Elmer, Waltham, MA). Viability was expressed as the percentage of the 

A490 of drug-treated cells relative to untreated cells according to the following 

equation: % Viability = 100 x (A490 drug-treated/A490 untreated). The IC50 for each 

drug was determined by fitting the relative viability of the cells to the drug 

concentration by using a dose-response model in the Prism version 5 from 

GraphPad Software, Inc. (San Diego, CA).  
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Statistics. Where appropriate, descriptive statistics were done for each 

experimental condition (mean, SD, range), with student’s T tests used to 

evaluate differences between sphere and monolayer culture in xenograft limiting 

dilution studies where data were normally distributed. For viability assays, IC50 

values were calculated using linear regression and the line of best fit.  

 

Xenograft Experiments. Stable expression of firefly luciferase (luc) and green 

fluorescent protein (GFP) were introduced into HSA, OS and GBM monolayer 

cells using a Sleeping Beauty transposon system. SB-HSA, OSCA-40, and 

Stevie-GBM cell lines (1 x 106 cells) were transfected with 1 µg of transposase-

expressing pDNA vector, Sleeping Beauty 100x, along with 2 µg of the GFP/luc 

vector pKT2/CLP-Luc-ZOG in 100 µL of nucleofector solution V (Lonza). 

Transfected cells were immediately placed into pre-warmed medium, and the 

cells were expanded using Zeocin™ (Invitrogen) selection medium. The 

transfected cells behaved as a unimodal population by flow cytometry. 

Fluorescence in situ hybridization showed integration of 1 to 4 copies of the 

GFP/luc transgene in SB-HSA, 8-12 or more in OSCA-40, and 2-8 in Stevie-

GBM; proliferation and doubling time of the genetically modified cells were 

comparable to those of the parental cells in vitro.  

 

For HSA, to assess growth and survival of sphere and monolayer cells, six to 

eight week old male NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NOD/SCID/γc
-/-) mice (The 

Jackson Laboratory, Bar Harbor, ME) were irradiated (200 GY) using a X-RAD 
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320 biological irradiator (Precision X-Ray, North Branford, CT) followed by 

subcutaneous injection of single cell suspensions of either sphere or monolayer 

cells using a starting dose of 5 x 105 cells and decreasing in logarithmic 

increments to 5 x 103 cells. Monolayer cells (5 x 106) were used as a positive 

control for tumor growth. For OS and GBM, C.B-17/IcrHsd-PrkdcscidLystbg (Scid-

Beige) mice (Harlan, Madison, WI) were injected, without irradiation using a 

starting dose of 1x105 cells and decreasing in logarithmic increments to 1x102 

cells.  SB HSA was also injected into a single group of mice at 1x106 cells.  

Similar results were seen when SB were injected into NOD/SCID/γc
-/- mice or 

Scid-Beige. 

 

To track cell viability and tumor growth, mice were injected intraperitoneally with 

150 mg/kg D-luciferin (Gold Biotechnology, St. Louis, MO) and anesthetized 

using isoflurane inhalation. Bioluminescent imaging was performed using a 

Xenogen IVIS 100 imaging system (Caliper Life Sciences, Hopkinton, MA). 

Bioluminescent images were acquired within 10 minutes after injection of D-

luciferin, with isoflurane induction and inhalation continued throughout the 

imaging process. Images were examined and analyzed with Living Image 

software (Caliper Life Sciences, Hopkinton, MA). Mice were imaged weekly. All 

mice were housed, treated, and handled in accordance with guidelines from, and 

using protocols approved by the University of Minnesota Institutional Animal Care 

and Use Committee. 
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RNA isolation, Array Hybridization, and Array Data Analysis. RNA was 

extracted from the sphere and monolayer cultures of each cell line in the log-

phase of expansion.  In addition, serial extraction of SB sphere cultures was 

performed from “short term” cultures 14 days after initiation, from “medium term” 

cultures 3 months after initiation, and from “long term” cultures 1 year after 

initiation.  RNA was quantified and assessed for quality as described previously.  

Samples with a ratio of absorbance at 260 nm over 280 nm between 1.95 and 

2.1 and Bioanalyzer RNA integrity number >6.1 were labeled using Agilent’s 

Microarray One-Color Low-Input Quick Amp Labeling kit, hybridized to Agilent 

canine 4 x 44,000 feature gene chips according to Agilent’s Protocol Version 6, 

and read using an Agilent array scanner (Agilent, Santa Clara, CA). Bioanalyzer 

quality control, RNA labeling, and microarray hybridization were done at the 

BioMedical Genomics Core of the University of Minnesota.  

 

Data were compiled into .abs file formats and Agilent algorithms in Expressionist 

Refiner Module (Genedata, Basel, Switzerland, v. 7.1) were used to confirm that 

data from each chip met the manufacturer’s standards for quality control and 

quality assurance. Of 45,220 features on each array, 35,676 that had annotation 

to known genes were used for analysis. Annotated data were quantile normalized 

using the Expressionist Analyst Module (v. 7.1), and these normalized data were 

then mean-centered and log2-transformed.  

 

The full dataset contained 24 HSA tissue samples, 17 unpaired HSA cell lines, 
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and sphere and monolayer paired samples for four HSA, three OS, and four 

GBM.  This group was GC-RMA normalized as a whole.  Microarray for this 

project were selected and re-normalized using mean-centered relative 

transformation. Where analysis of variance relating to sphere culture was 

employed, relative normalization to the monolayer was performed. (RN= 

((S+M)/M)) where S is sphere and M is monolayer.  Unsupervised hierarchical 

clustering was based on average linkage using Gene Cluster 3.0 for Mac OS X 

or Expressionist and heat map of two defined groups was visualized in Java 

TreeView version 1.1.6 or Expressionist. Two group t-tests were performed to 

determine genes that were differentially expressed between the two groups. 

Multiple testing correction was done using the Benjamini–Hochberg (BH) 

correction. Differential expressed genes in the two groups with a BH q-value 

<0.01 and average fold-change >2 were identified.  Sample gene lists were 

randomly permuted and each result reanalyzed using the permuted data to verify 

that outcomes were not the result of random chance or data artifacts.  

 
 
Results 

In order to proceed with any attempt to find common properties of cancer stem 

cells from distinct tumor types, we needed to find a uniform single condition that 

would isolate and enrich for CSC from multiple forms of disease.  Previous 

studies had demonstrated the ability of serum-containing culture systems to drive 

in-vitro differentiation of cells that had stem-cell like properties in-vivo.  Therefore, 

the use of serum-free culture was chosen.  Additionally, conditions that promoted 
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anchorage-independent growth or the formation of non-adherent three-

dimensional tumor spheres were chosen, again based on previous literature 

demonstrating their utility in the maintenance and enrichment for cells with stem 

properties.   

 

Using a minimal medium supplemented with only BSA, bFGF, EGF, and insulin 

we were able to generate non-adherent three dimensional tumor spheres from 12 

of 12 cell lines attempted, regardless of their histologic origin (Figure 4-1).  

These sphere cultures began to form within 24 hours after initiation.  Further, 

they were stable in culture for long periods, with several lines exceeding one year 

of continuous serial passage. The sphere cultures also reinitiated adherent 

monolayers indistinguishable from the original monolayer when returned to 

serum-containing culture on standard tissue culture –treated surfaces.  

 

Hemangiosarcoma sphere cells show increased capability for self-renewal. 

We next tested the sphere cultures for properties of self-renewal.  At limiting 

dilution, only those cells with the ability to self-renew will be able to form spheres.  

Therefore, three HSA monolayer and sphere cultures were placed in serum-free 

non-adherent conditions to assess sphere formation and therefore self-renewal.  

Table	  4-‐1	   SFC/1000	  Cells	  

HSA	   Monolayer	   Sphere	  
Emma	   6.80	   5.10	  
Frog	   1.33	   3.16	  
SB	   1.59	   6.71	  
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The data in Table 1 show the observed frequency of cells with the capacity to 

form spheres, calculated as the number of cells per 1000 that formed a sphere.  

Enrichment was not observed in Emma. However, both Frog and SB sphere 

cultures showed enrichment for sphere-forming cells (self-renewal capacity).  

Interestingly, Emma cells cultured as a monolayer had sphere-forming 

frequencies that were comparable or even higher than the enriched Frog and SB 

sphere cultures.  Therefore, even though the apparent enrichment in Emma cells 

cultured as spheres was lower, the final frequency of cells with self-renewal 

capacity was approximately equivalent among all lines grown as spheres.  

 

Osteosarcoma sphere cells show increased capability for self-renewal. 

In-vitro sphere-forming efficiency was used to test for enrichment of cells with 

properties of self-renewal in the sphere culture system.  The data in Table 4-2 

show the observed frequency of cells with the capacity to form spheres, 

calculated as the number of cells per 1000 that would be expected to form a 

sphere.  
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Table	  4-‐2	   SFC/1000	  Cells	  

OS	   Monolayer	   Sphere	  
OSCA-‐2	  
Midas	   13.51	   18.52	  

OSCA-‐8	  
Ruger	   11.49	   21.74	  

OSCA-‐32	  
Leah	   3.03	   6.29	  

OSCA-‐40	  
Griselda	   13.89	   27.03	  

 

 

The OS cell lines showed very consistent enrichment (nearly 2:1) in the 

frequency of cells with properties of self-renewal in sphere culture. While 

enrichment was consistent, the frequency of cells with self-renewal capacity in 

the monolayer culture was nearly an order of magnitude greater than what we 

saw in HSA.  

 

Glioblastoma cell lines are not enriched for self-renewal by sphere culture. 

In-vitro sphere-forming efficiency was used to test for enrichment of cells with 

properties of self-renewal in the sphere culture system.  The data in Table 4-3 

show the observed frequency of cells with the capacity to form spheres, 

calculated as the number of cells per 1000 that would be expected to form a 

sphere.  
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Table	  4-‐3	   SFC/1000	  Cells	  

GBM	   Monolayer	   Sphere	  
Candy	   34.48	   16.39	  
Ginjo	   10.20	   27.78	  

Macintosh	   43.48	   4.00	  
Stevie	   28.57	   32.26	  

 

 

Intriguingly, despite pioneering and common use of the sphere culture system in 

GBM, we observed high frequency of cells with the ability to form spheres in the 

monolayer cultured cells, and inconsistent enrichment with the use of the sphere 

culture system.  Some increase in cells with properties of self-renewal was seen 

in Ginjo and Stevie cell lines.  However, Candy and Macintosh cells showed 

reduced ability to reinitiate spheres after culture as non-adherent tumor spheres. 

The tumors from which these samples originated were classified as grade three 

anaplastic astrocytomas, and they were chosen based on robust growth in vitro 

in the Ohlfest laboratory.  It is possible that these criteria selected for tumors that 

were highly enriched for CSC-like cells, thus precluding further enrichment. 

 

Sphere culture alters side population characteristics of hemangiosarcoma. 

The side-population (SP) assay is an established method to identify both normal 

stem cells and CSCs. Previous studies have shown that cells with increased 

ability to efflux dye are also more drug resistant and can harbor the majority of 

the cells with tumor-initiating potential for some tumor types. DyeCycle Violet 

(DCV) is a cell membrane permeable, fluorescent vital dye that intercalates into 
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DNA and is a selective substrate for ABCG2-mediated efflux, but it also may be 

exported, at least to a limited extent, by other members of the ABC-transport 

pump family. The role of ABCG2 (and ABCB1) in DCV efflux can be tested using 

Verapamil, a slow release calcium (L-type) channel blocker that inhibits the 

activity of both of these transporters. 

 

 Emma monolayer cells had a SP of ~1% which was enriched by sphere culture 

to ~9% (Figure 4-2a). Additionally, the SP in monolayer was nearly entirely 

sensitive to verapamil block of drug efflux at 10µM concentration (Figure 4-2a 

upper right). In contrast, the sphere cells had almost no sensitivity to verapamil, 

with an approximately equal (~9%) size SP with or without addition of verapamil 

(Figure 4-2a lower panels).  The sphere cells also contained dye-effluxing 

events that were distinct from the main SP.  This population was back-gated (not 

shown) and identified as small particles with minimal complexity (low FCS/SSC), 

probably representing cell fragments or perhaps exosomes, and labeled as 

‘Frag-Exo’ in the lower panels. Here, they were a consistent ~5% of the total cells 

with or without addition of verapamil, and were only present in the sphere 

cultured cells.  

 

SP cells were a minor component (~1%) of Frog monolayer cells, but they 

increased dramatically to more than half (~55%) of Frog sphere cells (Figure 4 -

2b).  In addition, the entire population of Frog monolayer cells had higher dye 

retention with addition of verapamil, indicating the entire population might have 
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effluxed dye at a low level.  This conclusion was supported by the enrichment of 

SP in the sphere culture, where a large SP was present and essentially the full 

complement of cells was resistant to ABC transporter inhibition by verapamil 

(Figure 4-2b lower panels).  The small fragment/exosome cells were visible as 

a small component (0.6%) of the monolayer populations for Frog, and consistent 

with results in Emma sphere cells, they were not sensitive to verapamil.  Though 

this population was not visible in the Frog sphere cells, they may have been 

masked by the large Frog sphere SP. 

 

SB monolayer cells had a side population (SP) consisting of approximately 18% 

of the viable cells (Figure 4-2c). This population was highly sensitive to 

verapamil inhibition of dye efflux. The SP fraction in SB sphere cells remained 

constant when compared to its monolayer population.  Unlike Emma or Frog, 

however, the SP of SB sphere cells were sensitive to verapamil. The character of 

the sensitivity was different than for other lines.  Verapamil inhibited dye efflux 

partially, but the bulk of the population retained some dye efflux ability.  About 

3.5% of the cells effluxed dye equally in the presence or absence of verapamil. 

Verapamil-insensitive fragments were present in both SB monolayer and sphere 

cultures (1% and. 8%, respectively).   

 

There were no consistent differences among the four HSA cell lines with regard 

to DCV dye efflux capacity between sphere and monolayer cultures.  Our results 

show that, in some cases, sphere formation increased the number of cells that 
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were capable of extruding vital dyes, as well as the activity of verapamil-sensitive 

channels that may have contributed to that effect, but dye efflux capacity did not 

correlate with sphere-forming efficiency.  

 

Sphere culture alters side-population characteristics of osteosarcoma. 

Sphere formation reduced the population of cells that effluxed DCV for OSCA-8 

(Ruger) (Figure 4-3a).  A SP of ~7% was present in the monolayer, and this 

population was inhibited in its ability to efflux dye by the addition of 10 µM 

verapamil. The sphere culture did not have a SP present. OSCA-32 (Leah) had a 

similar SP in the monolayer (~7%), and these cells were sensitive to inhibition of 

dye efflux by verapamil (Figure 4-3b).  The total size of the SP remained 

constant (~8%) with sphere culture of OSCA-32 (Leah); however, the character 

of efflux capacity changed. The population of cells with high efflux ability was 

noticeably increased in sphere cells. Interestingly, virtually all of cells were 

sensitive to verapamil inhibition to some extent, as addition of 10µM shifted the 

entire population, leaving a 4% SP. Based on the increase in cells with self-

renewal potential seen in OS lines grown in sphere culture, we concluded that 

the DCV SP cells were not necessarily those that had properties of self-renewal.  

The DCV assay may therefore not be especially useful in identifying CSC in OS. 

 

Sphere culture alters side-population characteristics of glioblastoma. 

Candy monolayer cells contained a SP of less than 1% and these SP cells were 

not sensitive to 10µM verapamil inhibition of dye efflux (Figure 4-4a). Though a 
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clear SP of cells that efficiently effluxed dye did not appear, there was a clear 

population of cells that excluded dye with more efficiency than the general 

population in Candy sphere cultures.  These cells were included in our gating 

strategy and therefore Candy SP in sphere culture was estimated at 10%. The 

cells that did efflux dye in sphere culture were not sensitive to inhibition of efflux 

with verapamil. As previously described, Candy-GBM cells also included small 

and minimally complex events labeled “Frag-Exo”.  As in all cell lines tested, the 

population was not sensitive to verapamil.  For Candy, sphere culture increased 

the number of these events.  

 

No SP was present in Ginjo monolayer, and no SP was enriched with sphere 

culture.  Interestingly, sphere culture reduced the num,ber of ‘Frag-Exo’ events in 

Ginjo cells (Figure 4-4b). 

 

Similar to Ginjo, Mac did not have a SP in the monolayer, and only a small 

(1.65%) SP was present in sphere cells. This sphere SP was sensitive to 

inhibition with 10µM verapamil (0.37% remaining dye-efflux capable).  Unlike 

what we saw in Ginjo cells, sphere culture of Mac cells increased the number of 

‘Frag-Exo’ events (Figure 4-4c). 

 

Finally, a 1.37% SP was present in Stevie monolayer and this population was not 

sensitive to inhibition with verapamil. Sphere culture enriched this population to 

4,8% and slightly more than 1% of this SP could be inhibited with addition of 
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verapamil.  The number of ‘Frag-Exo’ events was increased with sphere culture, 

but the numbers were small compared to most other cell lines tested (Figure 4-

4d).   

 

Progenitor marker expression increases proportionately with potential for 

self-renewal in HSA cell lines. 

We next assessed the HSA monolayer and sphere cultures for expression of 

canonical progenitor markers CD34, CD117, and CD133.  It is possible that a few 

cells within each population might exclusively express these markers, or that 

sphere culture might change the level of expression of these markers across the 

whole population.  To differentiate between these possibilities, we first used 

gating compared to an isotype control to quantify the expression of these 

markers in HSA cells as a frequency of the population. We next analyzed the 

mean fluorescence intensity of the isotype and progenitor marker labeled cells to 

estimate the relative expression density of each marker on a per cell basis. 

Results from Emma-HSA cells are shown in Figures 4-5a and 4-5b to illustrate 

the analysis strategy.  A summary of the results from all the HSA cell lines is 

shown in Table 4-4.  
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Table	  4-‐4a	  
CD34	  

%	  
Positive	  

Prog	  (+)	  
MFI_D*	   WP_MFI_D**	  

Emma	  
Monolayer	   2.16	   30.2	   1.4	  
Sphere	   2.63	   95.0	   10.1	  

Frog	  
Monolayer	   2.65	   -‐0.4	   0.3	  
Sphere	   9.49	   14.2	   9.8	  

SB	  
Monolayer	   2.52	   26.6	   1.5	  
Sphere	   7.52	   30.1	   3.2	  

 

Table	  4-‐4b	  
CD117	  
%	  
Positive	  

Prog	  (+)	  
MFI_D	   WP_MFI_D	  

Emma	  
Monolayer	   2.69	   15.3	   1.7	  
Sphere	   2.61	   100.0	   7.1	  

Frog	  
Monolayer	   4.75	   8.7	   0.9	  
Sphere	   13.70	   17.2	   12.1	  

SB	  
Monolayer	   3.84	   19.1	   1.7	  
Sphere	   6.17	   25.1	   1.8	  

 

 

Table	  4-‐4c	  
CD133	  

%	  
Positive	  

Prog	  (+)	  
MFI_D	   WP_MFI_D	  

Emma	   Monolayer	   1.74	   16.8	   1.0	  

	   Sphere	   2.16	   101.0	   6.7	  
Frog	   Monolayer	   2.14	   0.4	   -‐0.4	  

	   Sphere	   8.16	   22.0	   10.0	  

SB	  
Monolayer	   6.15	   48.4	   6.4	  
Sphere	   13.20	   46.3	   8.4	  

 

* Change in Mean Fluorescence Intensity of Progenitor (+) population compared 

to isotype control 

** Change in Mean Fluorescence Intensity of the Whole Population of Progenitor 

stained cells compared to isotype control. 
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There was no significant enrichment for positive-staining cells with any of these 

markers in Emma sphere culture, though shifts in the mean fluorescence 

intensity of each of the markers were observed in the positive cells and in the 

population as a whole. This is consistent with the sphere-forming efficiency data 

where Emma-HSA already appeared to be enriched for cells with stem properties 

in the monolayer, and sphere culture did not further enrich this subpopulation.  

Sphere culture of Frog-HSA cells increased the both frequency of cells 

expressing each of the progenitor markers tested and the relative density of each 

marker on each cell (i.e., the relative mean fluorescence intensity).  SB-HSA cells 

showed similar increased frequency of cells expressing all three markers, but 

intriguingly, there was no change in the relative density of each marker on each 

cell.  We conclude that the expression of these markers was not consistently 

enriched in sphere cells across the HSA samples, and so their utility to identify 

CSCs in this disease may be limited. 

 

Osteosarcoma progenitor marker expression increases proportionately 

with potential for self-renewal in OS cell lines. 

We next assessed the OS monolayer and sphere cultures for expression of 

canonical progenitor markers CD34, CD117, and CD133. Results from OSCA-2 

(Midas), are shown in Figures 4-6a and 4-6b to exemplify the analyses.  A 

summary of the results from all the OS cell lines is shown in Table 4-5.  
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Table	  4-‐5a	  
CD34	  

%	  
Positive	  

Prog	  (+)	  
MFI_D*	   WP_MFI_D**	  

OSCA-‐2	  
Midas	  

Monolayer	   35.00	   32.6	   20.3	  
Sphere	   12.10	   7.8	   7.9	  

OSCA-‐8	  
Ruger	  

Monolayer	   34.40	   27.0	   22.6	  
Sphere	   5.29	   9.1	   2.8	  

OSCA-‐32	  
Leah	  

Monolayer	   4.18	   47.4	   3.1	  
Sphere	   6.18	   13.6	   3.4	  

 

Table	  4-‐5b	  
CD117	  

%	  
Positive	   Prog	  (+)	  MFI_D	   WP_MFI_D	  

OSCA-‐2	  
Midas	  

Monolayer	   4.13	   38.2	   2.6	  
Sphere	   24.90	   21.0	   15.6	  

OSCA-‐8	  
Ruger	  

Monolayer	   1.62	   61.5	   1.4	  
Sphere	   6.03	   20.8	   4.7	  

OSCA-‐32	  
Leah	  

Monolayer	   5.12	   82.6	   5.9	  
Sphere	   11.70	   15.6	   6.9	  

 

Table	  4-‐5c	  
CD133	  

%	  
Positive	   Prog	  (+)	  MFI_D	   WP_MFI_D	  

OSCA-‐2	  
Midas	  

Monolayer	   1.83	   16.2	   0.4	  
Sphere	   14.60	   -‐8.3	   6.6	  

OSCA-‐8	  
Ruger	  

Monolayer	   1.15	   18.5	   0.5	  
Sphere	   2.10	   1.0	   1.1	  

OSCA-‐32	  
Leah	  

Monolayer	   2.74	   23.3	   1.3	  
Sphere	   5.45	   3.9	   2.8	  

 

* Change in Mean Fluorescence Intensity of Progenitor (+) population compared 

to isotype control 

** Change in Mean Fluorescence Intensity of the Whole Population of Progenitor 

stained cells compared to isotype control. 
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CD34, CD117, and CD133 were detectable in subsets of cells from each OS 

monolayer and sphere culture.  In OSCA-2 (Midas), the frequency of CD34+ cells 

expression was lower in sphere cells than in monolayer cells (35% versus 12%), 

but the reverse was true for CD117 and CD133 (4% versus 24%, and 1% versus 

14% respectively).  The changes in MFI show that OSCA-2 sphere cells acquired 

bimodal distribution of these antigens (Figure 4-6b), although it is unclear if this 

was functionally significant.  The observed changes between monolayer and 

sphere cultures for OSCA-8 (Ruger) and for OSCA-32 (Leah) were nearly 

identical to those seen for OSCA-2.  Other authors have suggested that CD117 

or CD133 could be used as  markers of CSC in OS, but our data suggest that it 

would be difficult to support the conclusion that either of these markers can 

reliably discriminate CSC universally in OS cells.  

 

Expression of CD34, CD117, and CD133 is infrequent in GBM cell lines. 

The cell-surface expressed progenitor marker CD133 has been extensively 

investigated in GBM with mixed results.  While CD133 appears to be a useful 

marker of CSC in some studies, other studies show no association with cells that 

have tumor initiating potential. CD34 and CD117 are not commonly associated 

with GBM, although CD34 is transiently expressed during early neurulation and 

re-expression is reported in epilepsy and in brain tumors. CD117 expression has 

been documented in aggressive glial tumors. Results from Stevie-GBM, are 

shown in Figure 4-7 to illustrate the analyses of these markers in GBM cell lines.  

A summary of the results from all the OS cell lines is shown in Table 4-6.   
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Table	  4-‐6a	  
CD34	  

%	  
Positive	  

Prog	  (+)	  
MFI_D*	   WP_MFI_D**	  

Ginjo	  
Monolayer	   0.77	   15.0	   1.5	  
Sphere	   1.43	   -‐15.0	   -‐0.8	  

Mac	  
Monolayer	   23.90	   49.9	   28.7	  
Sphere	   36.60	   0.0	   78.8	  

Stevie	  
Monolayer	   0.57	   40.0	   -‐3.6	  
Sphere	   0.88	   10.6	   0.9	  

 

Table	  4-‐6b	  
CD117	  

%	  
Positive	   Prog	  (+)	  MFI_D	   WP_MFI_D	  

Ginjo	  
Monolayer	   1.01	   53.0	   2.7	  
Sphere	   0.97	   -‐28.6	   -‐2.1	  

Mac	  
Monolayer	   1.87	   59.9	   3.6	  
Sphere	   2.86	   43.5	   3.4	  

Stevie	  
Monolayer	   0.14	   -‐23.5	   -‐4.6	  
Sphere	   0.31	   -‐11.4	   0.2	  

 

Table	  4-‐6c	  
CD133	  

%	  
Positive	   Prog	  (+)	  MFI_D	   WP_MFI_D	  

Ginjo	  
Monolayer	   0.80	   -‐1.2	   1.8	  
Sphere	   1.08	   45.0	   -‐1.6	  

Mac	  
Monolayer	   1.11	   13.0	   1.3	  
Sphere	   1.24	   38.5	   2.5	  

Stevie	  
Monolayer	   0.33	   -‐26.3	   0.0	  
Sphere	   0.56	   14.3	   0.1	  

 

* Change in Mean Fluorescence Intensity of Progenitor (+) population compared 

to isotype control 

** Change in Mean Fluorescence Intensity of the Whole Population of Progenitor 

stained cells compared to isotype control. 
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Expression of CD34, CD117, and CD133 was restricted to very few cells (<2%) 

in each of the three canine GBM cell lines tested, except for CD117 in Mac-GBM 

cells, where it was present in 23.9% of monolayer cells and 36.6% of sphere 

cells.  No consistent changes in frequency of positive cells or in density (per cell) 

of CD34, CD117, or CD133 between monolayer cells and sphere cells were 

observed in the three canine GBM cell lines. Our data suggest that these 

markers can be observed sporadically in canine GBM cells, and while we cannot 

exclude the possibility that they can be enriched in CSC-like cells in some cases, 

they are unlikely to provide specific markers to prospectively identify these cells. 

 

Sphere culture enriches for drug resistant cells in canine HSA cell lines. 

Chemoresistance is a problem in many solid tumors. In the case of canine HSA, 

it is unclear if the perceived chemoresistance is due to the conservative therapy 

regimens (inadequate levels of drug provided to achieve durable responses) or if 

this is an intrinsic property of the HSA cells. To evaluate the chemoresistance of 

HSA cell lines, we used a high throughput screen to identify compounds with 

cytotoxic activity against Emma-HSA, Frog-HSA, and SB-HSA. Each cell line 

was sensitive to <10% of the compounds included in Sigma Aldrich’s library of 

pharmacologically active compounds (LOPAC), as defined by reproducible 

inhibition of growth >50% compared to controls, and overlap of sensitivity profiles 

among the cell lines was even more restricted. Table 4-7 shows that among 

cytotoxic chemotherapy drugs included in the LOPAC, only idarubicin showed 

activity against all three cell lines at a concentration of 10µM, even while the cells 
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were resistant to mitoxanthrone, which has overlapping mechanisms of action. 5-

azacytidine and 5-fluorouracil were active against Emma and SB, but not against 

Frog, and other potent antiproliferative agents and targeted protein tyrosine 

kinase inhibitors such as vincristine, vinblastin, cisplatinum and carboplatin, SU 

4312, and SU 5416 had no activity.  

 

Table 4-7. Sensitivity to Select Antiproliferative Agents by Canine HSA Cell 

Lines1 

 Emma Frog SB 

Compound Sensitivity (% cell death at 10µM concentration) 

5-azacytidine Yes (85%) No Yes (85%) 

5-Fluorouracil Yes (60%) No Yes (81%) 

BAY 11-705 Yes (100%) Yes (100%) Yes (100%) 

Carboplatin No (<50%) No (<50%) No (<50%) 

Chlorambucil No (<50%) No Yes (60%) 

Cisplatinum No No No 

Cyclosporin Yes (80%) Yes (100%) Yes (95%) 

Cyclophosphamide No No No 

Idarubicin Yes (100%) Yes (100%) Yes (100%) 

Mitoxanthrone No No No 

SU 4312 No No No 

SU 5416 No No No 
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Vincristine No No No 

Vinblastine No No No 

 
1Viability was determined using an Alamar Blue assay in cells treated with 

compounds from the Sigma Aldrich LOPAC. 

 

Interestingly, cyclosporin A and Bay 11-705, which inhibit the NFAT and NFκB 

transcriptional pathways respectively, each showed profound growth inhibition of 

canine HSA cells, suggesting additional areas for therapeutic application (but see 

genome-wide gene expression analysis below for additional context).  

 

These data confirmed that HSA cells are intrinsically resistant to cytotoxic drugs, 

and highlighted the need to develop approaches to overcome this resistance. 

Thus, as CSC have been repeatedly shown to be resistant to conventional 

therapies and because we had shown expression of ABC-family drug-efflux 

pumps in some HSA cell lines, we next examined drug resistance in paired 

monolayer- and sphere cultures. 

 

We performed MTS cell-viability assays to evaluate drug resistance changes 

using paclitaxel and doxorubicin. Tables 4-8 and 4-9 show the concentration of 

drug required to inhibit the growth of 10% and 50% of the cells for each HSA cell 

line in monolayer or sphere culture.   
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Table 
4-8 

Adriamycin IC10 (µM) Paclitaxel IC10 (µM) 
Mono Sphere Mono Sphere 

Emma - - 1 0.01 
Frog 0.05 0.05 <.001 0.05 
Jack - - 0.01 0.01 
SB 0.005 0.01 <.001 0.008 

 

We could achieve 10% growth inhibition for each of the cell lines using 

nanomolar to micromolar concentrations of paclitaxel, but even this level of 

efficacy was only achievable in Frog-HSA and SB-HSA when using doxorubicin. 

Half-maximal inhibition of growth required micromolar concentrations of paclitaxel 

(probably unachievable in vivo), and was only seen at submicromolar 

concentrations of doxorubicin in Frog cells. When the IC50 was measurable, 

sphere cells showed increased resistance than monolayer cells. 

 

Table 
4-9 

Adriamycin IC50 (µM) Paclitaxel IC50 (µM) 
Mono Sphere Mono Sphere 

Emma   >10 >10 
Frog 0.15 0.2 0.1 4 
Jack   >10 >10 
SB 10 >50 1 >50 

 

In addition, it is clear that the capacity to eliminate the majority of cells in any one 

of these tumors would be challenging, as each of the HSA cell lines, except Frog-

HSA monolayer, had IC90s >50µM. 
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Canine OS cell lines are highly resistant to chemotherapy. 

Our experience is that cultured OS cells are even less sensitive to chemotherapy 

than cultured HSA cells(Scott et al., 2011).  Comparisons of drug sensitivity 

between monolayer and sphere culture of OS cell lines are shown in Tables 4-10 

(IC10) and 4-11 (IC50).  

 

Table 4-10 
Adriamycin IC10 (µM) Paclitaxel IC10 (µM) 

Mono Sphere Mono Sphere 
OSCA-2 
Midas 0.001 0.1 0.01 0.01 

OSCA-8 
Ruger <.001 1 <.001 1 

OSCA-40 
Griselda 0.001 0.5 <.001 0.05 

 

The three OS cell lines tested were relatively resistant to doxorubicin and 

paclitaxel.  Submicromolar concentrations eliminated at least 10% of the 

population for each of the three OS cell lines under monolayer or sphere culture 

conditions, with sphere cells generally showing increased resistance. However, 

neither drug achieved 50% inhibition at concentrations as high as 50 µM in any of 

the cells in sphere culture. An IC50 in the micromolar range was only achievable 

in the OSCA-40 monolayer.  Not surprisingly, neither drug could kill 90% of cells 

in any of these three OS cell lines.   
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Table 4-11 
Adriamycin IC50 (µM) Paclitaxel IC50 (µM) 

Mono Sphere Mono Sphere 
OSCA-2 
Midas >50 >50 >50 >50 

OSCA_8 
Ruger >50 >50 >50 >50 

OSCA-40 
Griselda 2 >50 5 >50 

 

Sphere culture enriches for drug resistant cells in canine GBM cell lines  

Comparisons of drug sensitivity between monolayer and sphere culture of canine 

GBM cell lines are shown in Tables 4-12 (IC10) and 4-13 (IC50).  

 

Table 4-12 Adriamycin IC10 (µM) Paclitaxel IC10 (µM) 
Mono Sphere Mono Sphere 

Candy	   <.001 0.001 <.001 0.001 
Ginjo	   0.001 1 <.001 5 
Mac	   <.001 <.001 <0.001 0.001 
Stevie	   <.001 <.001 0.01 0.1 

 

Table 4-13 Adriamycin IC50 (µM) Paclitaxel IC50 (µM) 
Mono Sphere Mono Sphere 

Candy	   5 5 0.5 10 

Ginjo	   >50 20 >50 >50 

Mac	   2 8 1 30 

Stevie	   0.08 >50 20 >50 
 

The four GBM cell lines tested were variably resistant to doxorubicin and 

paclitaxel.  Nanomolar concentrations eliminated at least 10% of the population 

for each of the GBM cell monolayers, and only Ginjo sphere cells required 
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micromolar concentrations to reach an IC10.  IC50s were in the micromolar 

range for three of the four GBM cell monolayers for both drugs (the IC50 for 

Ginjo cells was >50 µM). Each of these three cell lines cells showed at least 2.5-

fold, and as much as 30-fold increased resistance to paclitaxel, and two of them 

showed similar increased resistance to doxorubicin, when cultured as spheres.  

As we observed in the OS cell lines, there was some variability in enrichment for 

drug resistance in sphere culture, which was dependent on the cell line and the 

drug. In the case of GBM cell lines, Candy-GBM sphere cells were no more 

resistant to doxorubicin than Candy-GBM monolayer cells, and Ginjo-GBM 

sphere cells were more sensitive to doxorubicin than Ginjo-GBM monolayer cells. 

 

Cells with capacity for in vivo engraftment and survival are enriched by 

sphere culture of a representative canine HSA cell line. 

The capacity to form tumor xenografts in-vivo tumor at limiting dilution is the 

accepted “gold-standard” assay to define CSCs.  We tested in vivo engraftment 

and survival of the SB-HSA monolayer and sphere as a representative model for 

HSA cells where non-adherent tumor spheres provided measurable enrichment 

for cells with self-renewal and drug resistance.  We generated SB-HSA cells with 

stable expression of firefly luciferase and green fluorescent protein (GFP) 

through nucleofection using the Sleeping Beauty transposon system.  Integration 

of 1-4 copies of the construct per cell were observed using FISH (Figure 4-8a), 

with unimodal expression of co-transfected GFP observed with flow cytometry 

(not shown).  Incorporation and expression of GFP and Luciferase did not affect 
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growth or proliferation of the cell lines, as measured over 72 hours in culture by 

MTS cell viability assay (not shown). 

 

We injected cells subcutaneously at one-decade increments ranging from 103 to 

106 cells with four mice injected at each concentration and used in vivo imaging 

(light emission by catalytic cleavage of D-luciferin) to quantify cell survival and 

engraftment in the mice at weekly intervals (an example is shown in Figure 4-

8b). Detection was defined as photons/cm2/sec of bioluminescent emission 

above background for a given Region Of Interest (ROI).  This calculated 

emission intensity was then converted to tumor area as part of the Living Image 

software. Figure 4-8c shows that SB cells cultured as spheres were enriched for 

CSCs. Specifically, for monolayer-cultured cells, 3 of 4 mice injected with 5x106 

cells had detectable bioluminescence indicative of successful cell engraftment 

and survival 30 days after administration, 1 of 5 mice injected with 5x105 cells 

had detectable bioluminescence, and 2 of 4 mice injected with 5x104 cells had 

detectable bioluminescence. For sphere-cultured cells, 4 of 4 mice injected with 

5x105 cells and 4 of 4 mice injected with 5x104 cells have detectable 

bioluminescence 30 days after administration. Engraftment and survival of 

sphere cells was statistically significantly increased when compared to 

monolayer cells based on the area encompassed by cells with bioluminescent 

emission.  The limiting dilution also was reached, as survival and engraftment 

was not seen when 5x103 cells from either sphere or monolayer culture were 

injected into receptive immunodeficient mice (Figure 4-8c).   
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Thus, the SB HSA cell line demonstrated relatively uniform Dye Efflux between 

sphere and monolayer, but sphere cells showed increased resistance to 

paclitaxel and doxorubicin, ~5-fold enrichment for cells with self-renewal 

properties in the sphere-forming efficiency assay, modest increases in 

expression of progenitor markers, and measurable enrichment of cells with 

tumor-initiating potential, based on the capacity to engraft and survive for >30 

days in vivo. Together, the data suggest that culture in serum-free conditions that 

favor formation of 3-dimensional non-adherent tumor spheres is a viable method 

to enrich HSA cells with in vitro features of CSCs that translate to tumor initiating 

potential in vivo. 

 

Cells with capacity for in vivo engraftment and survival are not enriched by 

sphere culture of a representative canine OS cell line. 

We used OSCA-40 as a representative model to test tumor-initiating potential in 

OS cells cultured as monolayers and spheres.  In-vivo imaging was 

accomplished by creating OSCA-40 cells with stable expression of firefly 

luciferase and green fluorescent protein (GFP) as described above.  Integration 

of multiple insertion sites was observed using FISH (Figure 4-9a), but unimodal 

expression of GFP was seen by flow cytometry and growth kinetics were not 

statistically significantly different from the untransfected parental cell line using 

MTS cell viability assays to evaluate proliferation over 72 hours in culture (not 

shown). 
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We injected cells subcutaneously at one-decade increments ranging from 1x102 

to 1x105 cells, with four mice injected at each concentration. We used in vivo 

imaging to quantify cell survival and engraftment at weekly intervals (an example 

is shown in Figure 4-9b). Figure 4-9c shows that monolayer and sphere cultures 

were approximately equivalent for CSCs. Specifically, for monolayer cultured 

cells, 3 out of 3 (one mouse died under initial anesthesia) mice injected with 

1x105 cells had detectable bioluminescence indicative of successful cell 

engraftment and survival 30 days after administration, 1 out of 4 mice injected 

with 1x104 cells had detectable bioluminescence, and no engraftment was 

observed using 1x103 and 1x102 cells.  For sphere-cultured cells, 4 out of 4 mice 

injected with 1x105 cells had detectable bioluminescence 30 days after 

administration, while 2 out of 4 mice injected with 1x104 cells had detectable 

tumor. It is possible that significant enrichment was not achieved in OSCA-40 

spheres because the initial frequency of cells with the ability to engraft was 

already high in OSCA-40 monolayer.  The lack of engraftment when we used 

<1x104 cells could indicate selective effects of the heterotopic injection site 

and/or the limitations of the mouse model used, although we believe that the 

heterotopic (subcutaneous) system provided a balanced comparison among the 

three tumor types as the ability to seed tumor at sites distant is a hallmark of 

CSC. OSCA-40 sphere cells demonstrated increased resistance to paclitaxel and 

doxorubicin and had ~2 fold enrichment for self-renewal in vitro, but this did not 

translate into greater tumor-initiating potential in vivo.  The sum of the data 

suggest that canine OS cell lines have relatively high enrichment for CSC-like 
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cells even when they are grown as monolayers in serum-containing media.  

While some enrichment for CSC-like cells with sphere culture is possible, it 

appears to be more modest than that observed in HSA cell lines tested using the 

same system. 

 

Cells with capacity for in vivo engraftment and survival are not enriched by 

sphere culture of a representative canine GBM cell line. 

We used Stevie-GBM as a representative model to test tumor-initiating potential 

in GBM cells cultured as monolayers and spheres.  Stevie cells with stable 

expression of firefly luciferase and green fluorescent protein (GFP) were 

generated as described above. Integration of multiple insertion sites was 

observed using FISH (Figure 4-10a), but unimodal expression of GFP was seen 

by flow cytometry and growth kinetics were not statistically significantly different 

from the untransfected parental cell line as assessed over 72 hours in culture 

using the MTS cell viability assay.  

We injected cells subcutaneously at one-decade increments ranging from 1x102 

to 1x105 cells with four mice injected at each concentration. We used in vivo 

imaging to quantify cell survival and engraftment at weekly intervals (an example 

is shown in Figure 4-10b). Figure 4-10c shows that the Stevie-GBM monolayer 

cells were more efficient at survival and engraftment than their sphere cell 

counterparts.  Specifically, for monolayer cultured cells, 4 out of 4 mice injected 

with 1x105 and 4 out of 4 mice injected with 1x104 cells had detectable 

bioluminescence indicative of successful cell engraftment and survival 13 days 
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after administration.  No engraftment was observed using 1x103 and 1x102 cells 

by 40 days. In contrast, 4 out of 4 mice injected with 1x105 sphere cells had 

detectable bioluminescence 13 days, after administration, but only 1 out of 4 

mice injected with 1x104 sphere cells had detectable bioluminescence at this 

time.  By 30 days, all of the mice injected with 1x104 sphere cells developed 

tumors. As was seen in mice that received Stevie-GBM monolayer cells, none of 

the mice injected with 1x103 or 1x102 Stevie-GBM sphere cells developed tumor 

by 40 days when the experiment was terminated.  

 

As was true for OS cell lines, it is possible that the initial frequency of cells with 

the ability to engraft was high in monolayer cultures, making additional 

enrichment challenging. The accelerated rate of tumor formation seen with in 

Stevie-GBM cells, compared to SB-HSA and OSCA-40 cells, supports this 

interpretation. However, we cannot exclude effects of the microenvironment in 

the heterotopic system. 

 

In-vitro sphere formation produces uniform changes in the gene 

expression profile of twelve independent cell lines derived from three 

ontogenetically distinct tumor types. 

To test the hypothesis that a shared minimal molecular profile exists in CSC from 

histologically distinct tumors, we first profiled the gene expression of three to four 

samples derived from canine HSA, OS, and GBM.  Each cell line was cultured 

under standard conditions as an adherent monolayer and as non-adherent three-
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dimensional tumor-spheres in the absence of serum for 10-14 days prior to 

harvesting and RNA isolation.  Gene expression profiling was done using the 

Affymetrix 4 X 44,000-feature microarray platform.  

 

Figure 4-11 shows a box plot quantifying the abundance of genome-wide 

transcripts in the twelve samples that were profiled using gene expression 

microarrays. The samples show that gene expression was normally distributed, 

although one sample (Stevie-GBM ) showed much larger variance, reflected by 

the wider 75% confidence intervals. This result was reproduced in two 

independent experiments, indicating it was not a methodological artifact.  

 

To gain an appreciation for global relationships among the samples, we 

performed principal component analysis (PCA, Figure 4-12). PCA is a 

mathematical orthogonal linear transformation of data that allows the reduction of 

dimensionality in highly complex datasets.  Used in microarray analysis, it allows 

the three-dimensional visualization of the relatedness among samples according 

to their genome-wide gene expression profiles.  Figure 4-12a shows PCA 

analysis for all the samples analyzed, excluding Stevie-GBM where the large 

variance made it so different that it obscured any relationships that existed 

among the rest of the samples. The tumor type or tissue of origin, which was 

expected to be a major driver of the gene expression profiles, was readily 

observed as the samples clustered according to their tissue of origin.  Samples 
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did not form clusters based on similar culture method, however, the influence of 

the culture methods was discernible in subsequent analysis. 

 

We next examined the relationship between the sphere and monolayer using the 

cell lines derived from each tumor type in separate analyses.  In the case of HSA 

cells (Figure 4-12b) and OS cells (Figure 4-12c), an influence of sphere 

formation could be appreciated, with all of the samples from sphere cultures 

localizing away from monolayer samples in a uniform direction along the second 

component.  Consistent with in-vitro sphere forming efficiency, the sphere 

samples that showed the largest enrichment in cells with capacity for self-

renewal (Frog-HSA and SB-HSA) also had the greatest separation in the PCA 

plots.  The effect of sphere culture to modulate genome-wide gene expression in 

the canine GBM cell lines was subtle.  When Stevie-GBM samples were 

excluded from the analysis, a small, consistent change in direction could be seen 

in sphere cells derived from Ginjo-GBM and Mac-GBM along the third 

component, while Candy-GBM showed a relatively significant change along the 

second component that was reminiscent of that observed in the HSA and OS cell 

lines (Figure 4-12d).   

 

In addition to PCA, two-dimensional hierarchical clustering can be used to 

uncover relationships among samples. This analysis generates clusters of 

samples that merge with each other at distances related to their similarity or 

difference. We thus performed agglomerative, unsupervised hierarchical 
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clustering using average linkage with all 36,576 genes and transcripts with the 

annotation available from the Agilent microarray (Figure 4-13).  Again Stevie-

GBM was strikingly different than all the other cell lines, even when we only 

considered the change between culture methods. The observed relationships 

among the sphere samples were not correlated to any of the in-vitro properties 

tested, including dye-efflux, progenitor marker expression, or drug resistance.  

The primary driver was also not tumor origin, indicating that tumor cells can 

utilize multiple independent pathways to form 3-dimensional non-adherent 

spheres in the absence of serum.  

  

Gene expression analysis of sphere cultures reveals two profiles of 

enrichment. 

To isolate the changes in gene expression related specifically to sphere 

formation we transformed the data relative to the monolayer expression. This 

allowed us to assess if there were consistent, statistically significant and 

unidirectional changes in gene expression that were directly associated with 

culture in sphere conditions. Importantly, some of the difficulty in comparing the 

Stevie-GBM samples to the rest of the group was alleviated through this process.  

This change represented a relative relationship and therefore the effects of global 

differences in gene expression were minimized in the subsequent analysis. 

 

We isolated genes whose expression changed by at least 2-fold between 

monolayer and sphere, and where the p value for the difference was equal to or 
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less than 0.01.  This was performed where all sphere samples were treated as a 

single group, and where cell lines derived from each tumor type were treated as 

separate groups. A volcano plot (Figure 4-14) presents the combination of 

statistical tests (p value) and magnitude and direction of change for each gene 

relative to the mean for the dataset, allowing genes that fell outside the set 

thresholds to be visualized.  When all samples were grouped together, we 

identified 194 genes that met the set thresholds for differential expression. When 

samples from each tumor type were considered as separate groups, we 

identified 215 differentially-expressed genes for HSA, 61 for OS, and 12 for 

GBM.  If we excluded Stevie-GBM from the latter analysis, the list of 

differentially-expressed genes for GBM increased to 55. 

 

We restricted the gene list to the 194 genes that showed significantly different 

expression between groups (all samples) and performed unsupervised 

hierarchical clustering on the samples (Figure 4-15).  The data showed that 

Frog-HSA, SB-HSA, and Candy-GBM were the samples that principally drove 

these differences (Figure 4-15a). The number of differentially expressed genes 

and the magnitude of change for each gene also were larger in these three cell 

lines (Figure 4-15b). Together, these data suggest that the Frog-HSA, SB-HSA, 

and Candy-GBM cell lines experienced large adaptive or selective pressures in 

sphere culture relative to their monolayer and to the other cell lines.  

 



 

 158 

Inhibition of NFκB networks is a central feature of sphere cells. 

We used Ingenuity Pathway Analysis (IPA) to inform which molecular pathways 

were likely to be modulated by genes that were differentially expressed in 

samples cultured under sphere and monolayer conditions.  When we compared 

all of the sphere samples to all of the monolayer samples, the most highly 

enriched interaction was observed in the NFκB network.  Expression of NFκB 

genes themselves remained unchanged, but NFκB was a central feature in a 

largely down-regulated network of targets operating both upstream and 

downstream from this master regulatory family of molecules (Figure 4-16).  

Activation of IL8, complement receptor genes, and TNF also was observed. 

These results seen when all the samples were analyzed as a group proved to be 

highly reproducible when each set of samples was analyzed individually (i.e., as 

groups segregated by tumor type or as individual samples).  Indeed, when the 

differentially expressed genes between the sphere and monolayer were analyzed 

in each sample individually, the NFκB network was the top or the only enriched 

network for every except OSCA-32.  This enrichment was highly specific: random 

permutation of the samples produced much smaller lists of differentially 

expressed genes, and these did not return any networks with enrichment in IPA. 

 

The central molecule in the network enrichment for OSCA-32 was ERK.  Indeed, 

for all other samples where a second or third network achieved enrichment, ERK 

was included as one of these results.  Like NFκB, expression of ERK itself did 

not change, but the majority of molecules upstream and downstream from this 
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central regulatory molecule was inhibited, indicating that MAPK pathways were 

generally repressed.  A third network that was recurrently enriched in the sphere 

cultures was associated with ubiquitination.  Unlike NFκB and ERK, this network 

of genes leading to ubiquitination was activated. 

 

Finally, we used the transcription factor module in IPA analysis to identify 

proteins or families of proteins that could act as upstream regulators of the 

differentially expressed genes.  The data shows that the gene lists show 

enrichment of targets for several transcription factors.  Based on the direction of 

change from monolayer to sphere, we can predict that some of these factors are 

activated, while others are inhibited in the sphere cells (Table 4-14). 

Table 4-14 

 

 

Taken together, our data suggest that minimal shared properties of sphere cells, 

which may be a reasonable in vitro surrogate for CSC-like cells, include inhibition 

of NFκB and ERK, upregulation of ubiquitin ligases, activation of pathways 

regulated by TP53 family members and TCF3, repression of the AHR, TBX2, 
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FOXO1, MYC and E2F1 (including activation of CDKN2A) pathways, and 

changes in chromatin organization regulated by SMARCB1.  These results are 

not unexpected, and both the gene lists and the transcription factor enrichment 

recapitulate previous data from our lab that can be used to stratify canine tumors 

into “indolent” and “aggressive” subtypes(Frantz et al., 2012; Scott et al., 2011), 

suggesting that enrichment of CSC-like cells may be a contributing factor to this 

stratification.  The data also provide new insights into shared properties that can 

be used to prospectively identify or to target CSC-like cells from histologically 

distinct tumors.  

 

Discussion 

To our knowledge, there are no published reports that document shared 

properties among CSCs or CSC-like cells from histologically distinct tumors. This 

may be due to the fact that tumor-specific culture systems have been generally 

employed to maintain and enrich CSC from different diseases, making 

comparisons among such samples challenging. 

 

Here, we adapted a single, uniform method to maintain or enrich CSC-like cells 

from three histologically distinct tumor types, quantified their enrichment using 

phenotypic and functional assays, and used gene expression profiling to isolate 

minimal shared molecular properties of CSC-like cells.  Cells cultured as 

adherent monolayer in the presence of serum were used as a baseline for 

comparison, as these conditions have been shown to drive differentiation of cells 
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with stem properties, presumably leading to depletion of CSC-like cells from the 

cultures.  

 

We observed substantial variation in self-renewal, expression of progenitor 

markers, exclusion of vital dyes, drug resistance, and tumor initiating potential 

among sphere cells from different tumor cell lines.  Similar differences were 

apparent in the gene expression profiles, and they were not uniquely associated 

with the ontogeny of the tumor cells.  For example, gene expression in a replicate 

sample of SB-HSA sphere and monolayer cultures was more similar to the OS 

group than to the rest of the HSA samples based on PCA analysis.  Both HSA 

and OS originate from mesenchymal cells, and it is possible that both may arise 

from a mesenchymal stem cell or a mesenchymal progenitor cell (Gorden, 

Dickerson et al. submitted 2012)(Tolar et al., 2007).  Thus, it is possible that with 

more samples, we might identify a continuum between HSA and OS that 

depends on the degree of differentiation of the cell of origin and the niche in 

which the tumors developed.  

 

Unsupervised hierarchical clustering showed that sphere samples were not 

grouped according to the histological origin of the tumor cells.  This suggests that 

sphere culture conditions introduce environmental stressors, to which the cells 

can only adapt in limited ways.  The Stevie-GBM cell line was singularly different 

from the rest of the cell lines examined.  However, including this cell line in the 

analyses allows us to conclude that there are probably more than two (at least 
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three) mechanisms by which cultured tumor cells can adapt to sphere culture 

conditions.  This is the only dataset currently available to address this question, 

and extensive empirical experience from analysis of gene expression microarray 

data suggests that this sample size should be sufficiently large to define distinct 

molecular subgroups.  Still, it is possible that the addition of more samples to the 

analysis might identify other possible pathways that allow tumor cells to adapt to 

sphere culture.  

 

Two groups also were observed in the in-vitro functional assays.  The first group 

included samples that could be described as consistent with “hierarchical” 

organization.  When grown as non-adherent spheres, these cell lines exhibited 

large increases in sphere-forming efficiency and showed significant 

enhancement in at least one other property of CSCs.  In the case of the SB-HSA 

cell line, non-adherent spheres also were enriched for cells with tumorigenic 

potential.  The second group included samples that could be described as 

consistent with “stochastic” organization. These tumors behaved as if they had a 

high frequency of cells with CSC properties regardless of the culture condition, 

and even though some CSC properties were increased when they were cultured 

as non-adherent spheres (for example, Dye –efflux and drug resistance), the cell 

lines from this group that were tested in the in vivo limiting dilution xenograft 

system (OSCA-40 and Stevie) did not show increased tumor-initiating potential.   
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It would be reasonable to predict that these differences might drive clustering of 

groups according to genome-wide gene expression.  However, this was not the 

case.  If we consider the two major groups from our analysis, the three samples 

that showed significant changes in gene expression would belong to the 

“hierarchical” group and one would belong to the stochastic group.  However, as 

noted previously the sample size used for these analyses could present a 

limitation. 

 

We successfully identified a minimal, shared molecular signature among sphere 

cells that may reflect unique properties of CSC-like cells.  This signature includes 

inhibition of NFκB and MAPK.  On the surface, this could seem counterintuitive, 

as both of these pathways are recurrently activated in tumor cells.  However, the 

results are consistent with stem cell properties that include reduced proliferation 

and altered metabolism, as well as with the observed repression of E2F1 and 

MYC.  Changes in the activity of other transcription factors whose targets are 

enriched in sphere cells have been similarly useful to stratify tumor behavior.  

Thus, using drugs that inhibit the NFκB and MAPK pathways or MYC activity, for 

example, could lead to enrichment of cells with CSC properties, underscoring the 

need to combine these treatment approaches with strategies that will eliminate 

CSCs.  

 

In summary, our data highlight regulatory pathways that may act as central 

regulators for the maintenance and survival of sphere cells that are in vitro 
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surrogates for CSCs.  Application of this signature across other datasets is a 

reasonable and important first step to enable prospective identification of tumors 

that show hierarchical organization, as well as to target the CSC or CSC-like 

compartment in these tumors. 
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Figures and Figure Legends 

 

Figure 4-1 Uniform culture of ontogenetically distinct tumors in non-

adherent conditions. Hemangiosarcoma, Osteosarcoma, and Glioblastoma 

cells grown as an adherent monolayer and as non-adherent spheres in culture 

are shown, as well as sphere cultured cells reinitiating 2nd monolayers after two 

weeks in non-adherent sphere culture. Images are representative of multiple 

replicates for each cell line. 



 

 166 

 

  



 

 167 

 

Figure 4-2 Dye-Cycle Violet Exclusion by Hemangiosarcoma cells cultured 

in adherent and non-adherent (CSC enriched) conditions.  Dye exclusion 

examining the presence of a side population in both adherent monolayer and 

non-adherent sphere cells. Emma Hemangiosarcoma (HSA) monolayer cells (a) 

show a small side population (SP) that is eliminated in the presence of the broad 

ABC transporter inhibitor verapamil while the sphere cells show an approximately 

8-fold larger side population that is not sensitive to verapamil inhibition.  Frog 

HSA monolayer cells (b) show a small side population (SP) that is eliminated in 

the presence of the broad ABC transporter inhibitor verapamil while the sphere 

cells show an approximately 55-fold larger side population that is not sensitive to 

verapamil inhibition. SB HSA monolayer cells (c) show a small side population 

(SP) that is eliminated in the presence of the broad ABC transporter inhibitor 

verapamil while the sphere cells show an approximately 20-fold larger side 

population that is largely sensitive to verapamil inhibition.  Propidium iodide was 

added immediately before reading all samples in order to exclude dead cells from 

analysis. 
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Figure 4-3 Dye-Cycle Violet Exclusion by Osteosarcoma cells cultured in 

adherent and non-adherent (CSC enriched) conditions.  Dye exclusion 

examining the presence of a side population in both adherent monolayer and 

non-adherent sphere cells. Osteosarcoma (OSCA) 8 monolayer cells (a) show a 

side population (SP) of approximately 6% of the total culture cellularity that is 

eliminated in the presence of the broad ABC transporter inhibitor verapamil while 

the sphere cells show no significant side population of cells. OSCA 32 monolayer 

cells (b) show a side population (SP) of about 7% that is eliminated in the 

presence of the broad ABC transporter inhibitor verapamil while the sphere cells 

show an approximately equal (8%) side population that is about 50% sensitive 

(4% remaining) to verapamil inhibition.  Propidium iodide was added immediately 

before reading all samples in order to exclude dead cells from analysis. 
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Figure 4-4 Dye-Cycle Violet Exclusion by Glioblastoma cells cultured in 

adherent and non-adherent (CSC enriched) conditions.  Dye exclusion 

examining the presence of a side population in both adherent monolayer and 

non-adherent sphere cells. Candy Glioblastoma (GBM) monolayer cells (a) show 

an basically no side population (SP) that is unchanged in the presence of the 

broad ABC transporter inhibitor verapamil while the sphere cells show a small but 

highly discrete side population that is not sensitive to verapamil inhibition.  Ginjo 

GBM monolayer cells (b) show no side population (SP) and neither do the 

sphere cells.  Mac GBM monolayer cells (c) show a very small side population 

(SP) that is unchanged in the presence of the broad ABC transporter inhibitor 

verapamil while the sphere cells show an approximately 3-fold larger side 

population that is largely insensitive to verapamil inhibition.  Stevie GBM 

monolayer cells (d) show a small side population (SP) that is unchanged in the 

presence of the broad ABC transporter inhibitor verapamil while the sphere cells 

show an approximately 3-fold larger side population that is largely insensitive to 

verapamil inhibition. Propidium iodide was added immediately before reading all 

samples in order to exclude dead cells from analysis. 



 

 175 

 



 

 176 

 



 

 177 

 



 

 178 

 

  



 

 179 

 

4-5 Progenitor Cell Surface Maker Expression in Hemangiosarcoma. (a) The 

cell surface profile of Emma HSA monolayer cells versus sphere cells. Emma 

monolayer and single cell suspensions of spheres were stained with antibodies 

to the indicated molecules to examine progenitor and lineage marker expression. 

Data are presented as dot-plots.  Isotype controls or secondary controls, where 

applicable, are represented as a shaded region. (b) The cell surface profile of 

Emma HSA monolayer cells versus sphere cells. Emma monolayer and single 

cell suspensions of spheres were stained with antibodies to the indicated 

molecules to examine progenitor and lineage marker expression. Data are 

presented as solid-line histograms.  Isotype controls or secondary controls, 

where applicable, are represented as a shaded region. 
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4-6 Progenitor Cell Surface Maker Expression in Osteosarcoma. (a) The cell 

surface profile of OSCA 2 monolayer cells versus sphere cells. OSCA 2 

monolayer and single cell suspensions of spheres were stained with antibodies 

to the indicated molecules to examine progenitor and lineage marker expression. 

Data are presented as dot-plots.  Isotype controls or secondary controls, where 

applicable, are represented as a shaded region. (b) The cell surface profile of 

OSCA 2 monolayer cells versus sphere cells. OSCA 2 monolayer and single cell 

suspensions of spheres were stained with antibodies to the indicated molecules 

to examine progenitor and lineage marker expression. Data are presented as 

solid-line histograms.  Isotype controls or secondary controls, where applicable, 

are represented as a shaded region. 



 

 183 

 



 

 184 

 

  



 

 185 

 

4-7 Progenitor Cell Surface Maker Expression in Glioblastoma. The cell 

surface profile of Stevie GBM monolayer cells versus sphere cells. Stevie GBM 

monolayer and single cell suspensions of spheres were stained with antibodies 

to the indicated molecules to examine progenitor and lineage marker expression. 

Data are presented as solid-line histograms.  Isotype controls or secondary 

controls, where applicable, are represented as a shaded region. 
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Figure 4-8  Xenograft tumor-initiating capacity of Hemangiosarcoma non-

adherent sphere cultured cells. Sphere cells conform to the hierarchical cancer 

stem cell model. (a) SB HSA cells engineered to express luciferase have inserted 

cassette labeled by FISH and were (b) monitored over time using a Xenogen 

imaging system after immunocompromised mice were injected with SB 

monolayer (5 x 106-5 x103) or sphere cells (5 x 105- 5 x 103). (c) Mice were 

monitored for 30 days and tumor volume interpreted by quantification of the 

luminescence of the tumors. Statistical significance (P < 0.05) is indicated by 

asterisks (**). 
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Figure 4-9  Xenograft tumor-initiating capacity of Osteosarcoma non-

adherent sphere cultured cells. Sphere cells conform to the hierarchical cancer 

stem cell model. (a) OSCA 40 cells engineered to express luciferase have 

inserted cassette labeled by FISH and were (b) monitored over time using a 

Xenogen imaging system after immunocompromised mice were injected with 

OSCA 40 monolayer (1 x 106-1 x103) or sphere cells (1 x 105- 5 x 102). (c) Mice 

were monitored for 30 days and tumor volume interpreted by quantification of the 

luminescence of the tumors. Statistical significance (P < 0.05) is indicated by 

asterisks (**). 
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Figure 4-10  Xenograft tumor-initiating capacity of Glioblastoma non-

adherent sphere cultured cells. Sphere cells conform to the hierarchical cancer 

stem cell model. (a) Stevie GBM cells engineered to express luciferase have 

inserted cassette labeled by FISH and were (b) monitored over time using a 

Xenogen imaging system after immunocompromised mice were injected with 

Stevie GBM monolayer (1 x 106-1 x103) or sphere cells (1 x 105- 5 x 102). (c) 

Mice were monitored for 30 days and tumor volume interpreted by quantification 

of the luminescence of the tumors. Statistical significance (P < 0.05) is indicated 

by asterisks (**). 
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Figure 4-11  Quality Control Box and Whisker Plot. The box plot shows the 

behavior of the log ratios for each of the ~16K genes expressed on the Agilent 

microarray platform for each individual sample that passed quality control upon 

importation into Genedata Expressionist Analyst version 7.5.  Each box has a 

line for lower quartile, median, and upper quartile values. Lines outside these 

whiskers are then the genes with expression substantially above or below the 

median levels (a vast majority of the individual genes).  Except GBM Stevie, 

values are normally distributed and consistent with expectations of high quality 

microarray data. 
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Figure 4-12 Principal Component Analysis of Agilent molecular data. 

Principal component analysis of normalized gene expression profiles of 

monolayer and sphere culture of multiple samples each from hemangiosarcoma, 

osteosarcoma and glioblastoma, where molecular relatedness of samples is 

described by distance in three-dimensional space as defined by three principal 

components of molecular variability, reveals (a) molecular groups defined by their 

tumor of origin, with some overlap between the SB HSA (blue) and the OS group 

(orange).  This division is expected as tumor of origin should be a major driver of 

gene expression patterns, but further informs that the sphere culture is not a 
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stronger driver of gene expression than this tumor of origin, as sphere and 

monolayer cultures remain intermingled. (b) within HSA, the second component 

of molecular variability is related to sphere formation, indicating that there is a 

consistent change in expression patterns related to sphere culture and, 

ostensibly, the enrichment of cells with CSC properties. (c) A similar component 

of gene expression is related to sphere culture in osteosarcoma. (d) A similar 

pattern is weakly visible in GBM, but falls to the third component of variance. 
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Figure 4-13. Dendrogram of sample relatedness.  The relatedness of samples 

is shown by the height of their branching in a two-dimensional “tree” dendrogram. 

Here, it is clear that Stevie is different, and this is likely related to the much wider 

range of expression values observed in multiple replicate microarrays performed 

on this sample. This dendrogram demonstrates that the primary driver of the 

molecular relatedness is not tumor origin or the means by which these tumors 

form spheres, and it can be inferred that there are multiple pathways that lead to 

sphere formation and these pathways are not tumor specific.  
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Figure 4-14.  A volcano plot of all monolayer and sphere cultured groups.  

This plot demonstrates 194 statistically significantly and highly differentially 

expressed genes present when monolayer and sphere groups across all three 

disease types and all individual tumor samples are compared. 
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Figure 4-15 Unsupervised hierarchical clustering illustrates drivers of 

segregation between adherent and CSC-enriched cultures. 

Unsupervised hierarchical clustering using the 194 genes that were statistically 

significantly differently expressed between the adherent monolayer and CSC-

enriched sphere cultures reveals (a) the extent to which each tumor varied 

between culture conditions and shows that the tumors respond in what appears 

as two major patterns, one group with larger but consistent changes (Frog SB  

Candy) in expression pattern, and the remainder that are not has consistently or 

highly altered in the different conditions. (b) The magnitude of change for each of 

the genes differentially expressed in sphere culture across the different tumor 

types and samples is shown by comparing the expression of these genes relative 

to their adherent monolayer counterparts within each tumor sample.  Again, 

groups can be made according to the magnitude of change between culture 

conditions. 
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Figure 4-16 Consistent regulatory networks altered between adherent and 

CSC-enriched culture conditions. Comparison of all sphere samples and 

monolayer samples reveals a consistent and significantly enriched interaction in 

the NFκB network.  Using Ingenuity Pathway Analysis and comparing the genes 

differentially expressed in the adherent and CSC-enriched culture conditions, 

expression of NFκB genes themselves remained unchanged, but NFκB was a 

central feature in a largely down-regulated network of targets operating both 

upstream and downstream from this master regulatory family of molecules. 
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CHAPTER 5 

 

Conclusions 

Molecular stratification of specific types of cancer and delineation of 

subpopulations of cells within a tumor hold tremendous potential for advancing 

both basic biological sciences as well as cancer medicine.  The ever-increasing 

resolution of molecular identities is rapidly moving cancer research toward 

personalized medicine, where cancer biology will face significant technical 

hurdles and even larger difficulty in tailoring specific treatments to what may be a 

nearly continuous spectrum of disease in some cancers. The ability to group of 

diseases into clinically useful classifications, the identification of important 

subtypes of cells that should be targeted within a tumor, and the rational 

development of targeted therapies for these cancers will be of critical importance.   

The dog serves as an excellent partner for investigation of cancers that also 

occur in man. Through identification of the shared etiologies of disease, both 

species stand to benefit. Domestic pet dogs and humans shares the same 

environment.  Dogs and humans spontaneously develop histologically similar 

tumors with comparable natural histories.  And these diseases in dogs present a 

compressed time-course for therapeutic trials that can be completed faster than 

human trials and with fewer barriers to entry.  Moreover, the body size and 

composition of dogs, mirrors that of humans more closely than those of mice or 

non-human primates kept under laboratory conditions.  Combined with the 

capability to obtain repeated samples from accessible tumors, this provides 
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robust models to define pharmacokinetic and pharmacodynamic profiles for new 

cancer drugs. 

 

Here, we first applied whole-genome molecular techniques to investigate canine 

lymphoma. We demonstrated that canine lymphomas can be subdivided into 

molecular subgroups using orthologous gene expression, and we developed a 

simple, 4-gene qPCR-based test that can reliably identify these subtypes, 

providing clinically relevant prognostic information and helping to guide therapy. 

We found orthologous patterns of gene expression in human and canine disease, 

but stratification of canine DLBCL into ABC and GCB subtypes was not 

observed.  Additional studies will be needed to fully appreciate etiological 

relationships between human and canine lymphomas. 

 

We next turned our attention to the identification of CSCs in canine HSA.  We 

demonstrate, for the first time, that this disease has hierarchical organization with 

a population of cells that retain the ability to self-renew as well as to engraft and 

survive in xenograft model systems. 

 

Finally, by comparing CSC-like cells isolated in a uniform condition from three 

ontogenetically distinct tumor types, we were able to provide a new 

understanding of shared molecular properties in these therapeutically important 

cells. 
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The field of CSC biology is currently undergoing a transition.  Where initial efforts 

were focused on finding evidence within specific tumors for cells with properties 

of CSC and for hierarchical organization within a single tumor type, the current 

emphasis is to determine which findings are meaningful and which apply 

universally to the multitude of cancer types.  Contemporary methods allow for 

assessment of intra-tumor and inter-tumor heterogeneity, and new questions 

about how tumors behave early and late in their evolution can now be asked. 

Other important areas of investigation include whether there are changes in CSC 

heterogeneity during tumor progression or whether the CSC population remains 

static through transition into metastatic disease.  It is becoming clear that having 

assay system that will reliably generate microenvironments that can be used to 

uncover “stem” properties independent of their tissue of origin will be important.   

Some of the current controversies arise from semantics (for example, does the 

frequency of CSCs in a tumor explain the difference between tumors that behave 

hierarchically and tumors that behave stochastically?). These are compounded 

by the use of disparate assay systems that preclude direct comparisons among 

CSCs from different tumor types and among data sets generated from different 

experiments.  Resolving this and finding systems that will allow for interrogation 

of single cells through time as tumors mature will help to settle questions about 

tumor organization and about the importance of the observed heterogeneity in 

these tumors.  
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Here, we established a foundation for such a system. Our data support the 

possibility that the initial frequency of cells with properties of CSC might be an 

important factor for deciding proper therapeutic approaches, including 

understanding that for those tumors with infrequent CSCs and potentially a more 

indolent phenotype, aggressive treatments may enrich CSCs in these tumors and 

lead to worse outcomes than conservative treatments.  Adjunct therapy directed 

at controlling this population may thus be important even in indolent tumors with 

infrequent CSCs. 

 

In summary, the collected studies described here address major points in the 

continuing effort to find better molecular approaches to improve identification, 

classification, and therapeutic approaches to cancer using spontaneous tumors 

of dogs as innovative comparative models. 
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