
ABSTRACT 

WOOLARD, KEVIN DOUGLAS. Comparative Biology of Glioma Stem Cells and 
Embryonic Neural Stem Cells in Dogs. (Under the direction of Dr. John Cullen and Dr. 
Howard A Fine). 
 

In spite of accounting for less than 1.5% of human cancers in the United States, 

glioma tumors are a leading cause of cancer related mortality, with a dismal median 

survival time of only 12 months in patients suffering from glioblastoma multiforme 

(GBM). These tumors are driven by glioma stem cells (GSCs), a subpopulation of cells 

with similar molecular and functional characteristics to physiologic neural stem cells. 

Widespread and intensive investigation regarding the biology of these GSCs has 

nonetheless yielded disappointingly little progress in our understanding of the formation 

or progression of glioma tumors to date. Confounding attempts at dissecting the complex 

genomic aberrations in human GBMs are the often-large regions of chromosomal 

amplification or deletion, frequently involving entire chromosomal arms, in which we are 

only able to ascribe significant tumor suppressor or oncogene function to a single gene 

within this large region. In the face of such a complex, heterogeneous genome, efforts at 

modeling glioblastoma biology in genetically engineered mouse models by deleting or 

amplifying single genes or small clusters of genes often fails to recapitulate the 

behavioral, phenotypic, or genomic heterogeneity of spontaneous human glioblastoma 

tumors. Currently, there is no validated, naturally occurring model for human 

gliomagenesis. The domestic dog recapitulates every human histologic grade and 

develops glioma at an equivalent incidence to humans and as such, represents the only 

feasible model for comparative study of spontaneously occurring glioma tumors. 
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Here, we have characterized the dramatic similarities between glioma stem cells 

isolated from a canine anaplastic astrocytoma and our human GSC lines, and follow the 

canine GSCs as they form serial, orthotopic xenografts in immunocompromised mice. 

Serial xenotransplantation of our canine GSCs results in a progressive increase in tumor 

malignancy, expansion of the GSC subpopulation, and progressive genomic alterations 

strikingly similar to those associated with human secondary GBM formation. Chiefly, 

canine GSCs exhibit deletions of CDKN2A/p16Ink4a, deletion of PTEN, and loss of p53 

function through amplification of MDM2 and MDM4 and loss of ARF. Importantly, 

these three pathways are identified as the major alterations driving human gliomagenesis, 

suggesting significant similarities between the two species at a molecular or genomic 

level. 

In addition to the identification of these highly conserved copy number alterations 

(CNAs) present in our canine GSCs over serial xenotransplantation, analysis of the 

comparative genomic alterations between canine and human GSCs identifies numerous 

additional, putative tumor suppressor genes across both species. The canine genome is 

organized into 38 autosomes compared to 22 in the human, resulting in the dispersion of 

human chromosomal regions across multiple syntenic canine genomic segments 

occupying numerous individual chromosomes and allowing us to focus comparisons on 

small, highly conserved regions containing tumor suppressor or oncogenes we believe 

may be relevant to human glioma biology.  

Additionally, we have isolated and characterized canine physiologic neural stem 

cells throughout gestation. Embryonic neural stem cells early in brain development 

exhibit increased clonogenic growth and proliferation, express higher markers associated 
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with stem cell biology and perhaps most important, are refractory to differentiation cues- 

all of which are features shared by glioma stem cells. Global gene expression analysis of 

these embryonic neural stem cells identifies shared signaling networks to other 

mammalian neural stem cells. Future analysis of transcriptional networks governing 

canine neural stem cell self-renewal may reveal novel genes or gene interactions 

governing the proliferation of canine and human GSCs. 
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1) INTRODUCTION 

 

Despite aggressive multimodality treatment, the overall prognosis for human patients 

with high-grade gliomas (anaplastic astrocytomas and glioblastoma multiforme (GBM)) 

remains very poor, with median survival times of those suffering from GBM around 12 

months (1).  A greater understanding of the biological basis for these tumors offers the 

best hope for improved therapeutic strategies. The isolation and characterization of cells 

with stem cell like properties from human glioma (glioma stem cells, or GSCs) has 

radically altered investigations into the underlying events resulting in glioma formation, 

attributing the tumorigenicity to this specific sub-population of cells (2-4). For all of the 

excitement generated by these cells however, significant improvement in our 

understanding of the salient genomic events and cellular deregulation in the formation 

and progression of glioma in patients remains elusive. Major questions still persist 

regarding the cell of origin of these tumors, their relationship to physiologic neural stem 

cells (NSCs), and the complex molecular events involved in the malignant 

transformation. 

 

The disappointment in progress towards understanding glioma and particularly glioma 

stem cell biology may be explained in part by the lack of available nonhuman models for 

spontaneous glioma development as a base for comparative biological investigation. 

While genetically engineered mouse models of glioma disease offer unquestionable use 

for the investigation of single genes or even combinations of particular genes, they fail to 
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reproduce the pronounced genetic instability and complex genomic rearrangements that 

are characteristic of spontaneous malignant neoplasia, and GBM tumors in particular (5). 

 

The domestic dog represents the only available model of spontaneous glioma disease 

suitable for comparative study, as it develops glioma tumors with remarkable histologic 

and behavioral similarity (all histologic grades identified in human are recapitulated in 

dogs, including GBM), and tumors occur at a nearly identical reported incidence (6-8). 

Despite a recent report of GSCs isolated from a canine GBM and comparative genomic 

analyses between canine and human gliomas however, our understanding of the 

molecular events driving canine gliomagenesis and in particular, how it relates to humans 

is lacking (7, 9). 

 

Recent, high throughput analysis of over two hundred human GBMs has identified the 

most common genomic alterations across these samples, with three pathways that appear 

to drive tumor formation (10). These commonly altered pathways are the 

PTEN/PI3K/AKT pathway, the p53 pathway, and the retinoblastoma (Rb1/p16Ink4a) 

pathway. Loss of PTEN and the subsequent increase in AKT activity leads to enhanced 

tumor cell survival, invasion, growth, angiogenesis, and alters the metabolism of the cell. 

Decreased p53 activity may arise through either mutations in TP53 or through increased 

degradation of the p53 protein in human gliomas. Regardless of the mechanism, loss of 

p53 activity significantly decreases the ability of the cell to initiate apoptosis or perhaps 

more importantly, to enter senescence due to the increased oncogene activity in tumor 
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cells (e.g. AKT activity). Finally, inactivation of Rb1 in gliomas increases the overall 

transcriptional activity of cells, mitigates cell cycle checkpoints, and cooperates with 

decreased p53 activity to inhibit the ability of a cell with oncogene-induced genomic 

stress to enter senescence. The culmination of these three commonly altered pathways 

results in a cooperative state of increased oncogene-mediated cell growth, while 

decreasing the cell’s ability to halt mitosis, leading to increased genomic instability and 

tumor formation or progression. 

 

While these efforts have identified the aforementioned pathways as critical drivers of 

human gliomagenesis, the complex genomic alterations present in human GBMs hinders 

efforts to associate these genes with other putative tumor suppressor genes or oncogenes. 

GBMs characteristically exhibit amplification or deletion of large chromosomal regions, 

including entire chromosome arms, which not only contain genes relevant to these 

pathways, but numerous other genes adjacent to these known tumor suppresor genes or 

oncogenes (11, 12). Much effort has been spent by many investigators trying to evaluate 

additional genes within these regions that may function independently of these known 

pathways. The elucidation of additional genes active in glioma formation or progression 

within these commonly altered regions would enable investigators to dissect which of 

these genes may be important “driver mutations” masked by the commonly altered status 

of those genes already established as tumor suppressor genes or oncogenes, and which 

genes are merely “passenger mutations” and uninvolved in glioma formation or 

progression. Many of these approaches to date rely strictly on bioinformatic analysis and 
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statistical, rather than biologic evidence however, that falls short of definitive evidence 

and are thus merely speculative. 

 

To this end, the canine genome is a remarkable tool in the analysis of chromosomal 

regions believed to be biologically relevant in human glioma. The domestic dog contains 

38 autosomes compared to the human 22. Therefore, the syntenic genomic material is 

much more widely dispersed in the dog than in the mouse, with human chromosomal 

regions spread over sometimes many corresponding canine chromosomes (9, 13). The 

establishment of canine gliomas as a representative model for both GSC biology and the 

underlying genomic events driving glioma formation or progression would therefore open 

a potentially invaluable toolbox for the comparison and definition of minimally altered 

foci within these comparatively large copy number alterations in human GBMs. The 

further definition of novel oncogenes or tumor suppressor genes within these regions may 

in part explain why targeted therapy through these pathways has proven largely 

unsuccessful in patients, and identify new therapeutic targets. 

 

Finally, GSCs share many functional similarities to physiologic neural stem cells, 

including the expression of stem cell markers, self-renewal, and multilineage 

differentiation potential (2, 14, 15). Embryonic NSCs are temporally regulated to enter 

periods of expansion or proliferation, neuronal, and then glial differentiation (16). As 

NSCs during the expansion phase are highly proliferative, motile, and resistant to 

differentiation, they may share similar transcriptional or epigenetic regulatory pathways 
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with GSCs. Canine embryonic NSCs have not yet been characterized. The evolution of 

genes involved in brain development in the dog may be more similar to humans than the 

more commonly used rodent NSC model, and comparison of canine NSCs through 

periods of gestation to canine GSCs would allow for the first time, a direct comparison of 

these two related entities within the same species.  

 

Dogs are in many ways the animal with whom we develop a relationship closest to that 

we share with each other. We invite them into our homes and they share the same 

environment as we do. They are exposed to similar exogenous and potentially 

transformative entities such as carcinogenic stimuli, making them an ideal comparative 

model for human disease. The profound phenotypic similarities between human and 

canine glioma offer a unique and potentially powerful model to identify and validate new 

tumor suppressor genes or oncogenes, as well as to investigate functional similarities of 

glioma stem cells across spontaneously occuring tumors in two species for the first time. 

 

This dissertation will investigate the comparative biology of glioma formation and 

progression in dogs and in humans by addressing the following: 

 

 1) Determine the functional similarities between glioma stem cells isolated from 

human GBMs and canine glioma tumors and characterize the molecular events driving 

tumor formation. 



  6 

 2) Characterize the progressive genomic alterations within canine glioma stem 

cells over serial xenograft tumor formation and compare them to human GBMs through 

high-density array-based comparative genomic hybridization to identify shared copy 

number alterations. 

 3) Determine if canine glioma stem cells may be isolated from low-grade gliomas 

and other tumors of neuroepithelial origin and compare the functional and molecular 

similarities to glioma stem cells isolated form high-grade canine gliomas and human 

glioma stem cells. 

 4) Isolate canine embryonic neural stem cells from multiple timepoints through 

gestation to establish periods of temporally regulated neuronal and glial differentiation, 

and compare the differentiation-resistant neural stem cells isolated early in gestation to 

canine and human glioma stem cells. 

 

2) LITERATURE REVIEW 

 

GLIOMA TUMORS IN HUMANS AND THE DOMESTIC DOG 

 

Gliomas represent the most common brain tumor in humans, forming a histologically 

diverse spectrum of tumors ranging from grade I pilocytic astrocytomas to grade IV 

glioblastoma multiforme as defined by the WHO (17, 18). Grade I tumors are considered 

to be benign tumors curable by local excision. However, invasion of tumor cells is a 

hallmark of even grade II astrocytoma tumors, rendering them nearly incurable from 
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surgical excision (19, 20). Grade III tumors, or anaplastic astrocytomas have increased 

features of malignancy over grade II astrocytoma, such as cellular pleomorphism, 

increased cell division, and angiogenesis (21). Unfortunately, the most malignant grade 

IV glioblastoma multiforme  (GBM) is also the most common glioma histotype tumor in 

humans. This tumor is characterized by prominent vascular proliferation, cellular atypia 

(hence the term multiforme), and large regions of necrosis within the tumor mass (22). 

Glioma tumors are nearly invariably fatal, with dismal median survival times of around 

12 months for GBM and only slightly longer at 2-5 years for patients suffering from 

grade III anaplastic astrocytomas (1). This poor survival in patients affected by high-

grade glioma occurs despite significant advances in surgical technique, imaging and 

diagnostic capability, radiotherapy, and chemotherapy in the medical field. Therefore, 

while primary brain tumors are relatively rare forms of cancer, representing fewer than 

1.5% of all cancer cases reported in the United States each year, they are the third leading 

cause of cancer-related deaths in men and the fourth leading cause of cancer-related 

deaths in women between the ages of 15 and 54 years (23). 

 

Glioblastoma tumors may arise in two clinically distinct fashions (Figure 1)(24, 25). A 

majority of GBMs present as primary tumors, with no history of prior intracranial tumors. 

These patients are typically older, with median ages ranging from 54-60 years of age at 

presentation. In addition to primary tumors, GBMs may arise through malignant 

progression or transformation of lower-grade tumors. These tumors are termed secondary 

GBMs and occur in patients with prior history of a grade II or grade III glioma. Patients 
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presenting with secondary GBMs are often younger in age, typically less than 45 years 

old. This transformation is not an uncommon event, with approximately three quarters of 

patients with grade II astrocytomas progressing to high-grade glioma within 5-10 years. 

Interestingly, despite a diverse clinical history, the histologic and pathologic features of 

primary and secondary glioblastoma are indistinguishable, reflected in similar survival 

times (24, 26). 

 

In the face of such poor survival statistics for this tumor, much effort has been spent 

attempting to elucidate genomic alterations responsible for the formation or progression 

of glioma tumors, particularly in GBMs. The increased ability of high-throughput 

genomic sequencing and copy number analysis in human glioma tumors has allowed for 

widespread, meaningful analyses of tumor samples. This is perhaps best exemplified by 

the recent analysis performed by The Cancer Genome Atlas, which selected glioblastoma 

as the first tumor type to examine (10). By comparing over 200 glioblastoma samples, 

three key pathways were identified as being responsible for driving tumor formation. 

These pathways (discussed in greater detail below) are A) PTEN/PI3K/AKT, B) p53, and 

C) the CDKN2A/ CDKN2B/Rb1 pathway. Additional commonly altered pathways 

include the receptor tyrosine kinase receptors for platelet derived growth factor (PDGFR) 

and epidermal growth factor (EGFR) (27, 28). Elevated PDGFR expression has been 

documented in low and high-grade glioma tumors and is believed to be an inciting event, 

along with TP53 mutations and loss of the GTPase neurofibromin encoded by the 

neurofibromatosis 1 gene (NF1) function in the initiation of gliomagenesis (29, 30). Co-
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expression of both PDGF receptors and PDGF ligand by tumor cells suggests an 

autocrine or auto-feedback mechanism in glioma cells (31, 32). As with other receptor 

tyrosine kinases, binding of PDGF induces dimerization of PDGFR, autophosphorylation 

of the intracellular domains of the receptor and association with adapter proteins such as 

GRB2 that may bind guanine exchange factors such as SOS, leading to GTP association 

and activation of the RAS MAP-kinase cascade (33, 34). In contrast to PDGFR, which is 

detected frequently in low-grade tumors, EGFR activity is most commonly identified in 

high-grade human gliomas and specifically in GBMs. While a mechanism for PDGFR 

overexpression in glioma remains elusive, increased EGFR is often associated with 

genomic amplification of the gene locus on human chromosome 7 (hsa 7) (35, 36). This 

amplification is most commonly reported in primary glioblastoma and may be present in 

as many as 40% of GBMs (10). In addition to genomic amplification and the resulting 

overexpression of EGFR, expression of EGFR mutants is reported in human 

glioblastoma. The most common EGFR mutant is EGFRvIII or ΔEGFR, which is a 

mutant allele with an in-frame deletion of exons 2-7 (37). Loss of this region corresponds 

to the synthesis of a truncated protein lacking an extracellular binding domain and 

resulting in constitutive autophosphorylation (and subsequent activation) of the receptor. 

This mutant EGFR allele may be present in as many as 20-30% of GBMs, including a 

majority of those tumors exhibiting increased EGFR activity (10). Regardless of whether 

EGFR signaling is enhanced via genomic amplification, mutation, or both, the end result 

is pro-proliferative signaling through the Ras-MAP kinase cascade or pro-survival signals 

through activation of phosphatidylinositol-3-kinase (PI3K), and the eventual activation of 
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AKT (to be discussed more below). Thus, while human glioma tumors often exhibit a 

complex and heterogeneous genomic landscape, certain key alterations have been 

identified that are overrepresented or appear to control crucial aspects of tumor biology 

(e.g. driving mutations). 

 

The domestic dog (Canis lupus familiaris) represents the only tenable model for 

comparative study of spontaneous glioma tumors. Amazingly, the dog develops glioma 

tumors at a nearly identical estimated incidence, and more astoundingly, develops tumors 

that recapitulate all salient features of human gliomas, from grade I to grade IV tumors 

(6, 7, 38). Canine tumors are therefore graded similarly to human gliomas, using identical 

diagnostic criteria and enabling direct comparisons between human and canine tumor 

histotypes. Like humans, dogs are typically middle-aged to older at the time of 

presentation and as in humans the tumor carries a poor prognosis, accounting for an 

estimated 1-3% of deaths in dogs (39). Canine gliomas express similar markers to human 

glioma tumors, including glial fibrillary acidic protein (GFAP), vascular endothelial 

growth factor (VEGF), smooth-muscle actin (SMA), PDGFR, and EGFR (8, 40). While 

high throughput analysis of genetic mutations has not been performed to date, single 

cases of TP53 mutations have also been reported in canine GBMs (6). While the overall 

relative incidence of glioblastoma tumors compared to other glioma is still unknown in 

dogs, definite breed predispositions for high-grade glioma and glioblastoma are reported 

in brachycephalic breeds(41). 
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Our understanding of the molecular mechanisms driving canine glioma tumor formation, 

and the comparison to human gliomas remains in its infancy. As improved antemortem 

imaging capability matriculates into veterinary clinics and increased emphasis is placed 

on veterinary neurosurgical intervention in dogs with intracranial tumors, greater access 

to source material will be available. Those reports currently published do reveal 

significant similarity in chromosomal alterations between canine and human gliomas. In 

the largest current study, 25 gliomas (of which 2 were diagnosed as glioblastoma) were 

analyzed for chromosomal copy number alterations by hybridizing DNA isolated from 

these tumors on custom bacterial artificial chromosome (BAC) arrays (9). This BAC 

array contained over 2000 mapped clones distributed across all canine chromosomes, 

resulting in a resolution of approximately 1 megabase (Mb) between individual clones 

(42). When analyzed, the data revealed significant genomic complexity among canine 

gliomas as compared to meningioma, with copy number alterations of every chromosome 

except canine chromosome 6 (cfa 6) identified in at least one glioma sample. When 

individual chromosomes are examined, both canine GBMs exhibited amplification of 

canine chromosome 18 (cfa 18), which contains EGFR and suggests the importance of 

EGFR amplification in primary GBMs within both species. Additionally, cfa13 was 

amplified in a majority of canine gliomas, containing the MYC oncogene, which is also 

frequently amplified in human glioma. Many other commonly reported genomic foci 

commonly altered in human gliomas however, were not identified in this canine glioma 

collection. These include most of the tumor suppressor genes, chiefly p16/Ink4a and 

PTEN. These results may be explained in part by the low number of high-grade gliomas 
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in the sample set, containing only two GBMs and one grade III astrocytoma in the 

twenty-five glioma samples. Many of the analogous alterations (e.g. PTEN or p16/ARF 

deletion) in human glioma biology are reported in high-grade astrocytoma samples or 

GBMs, so it may not be surprising to find that grade II canine astrocytomas or 

oligodendrogliomas do not exhibit these chromosomal variations. Additionally, 

sequencing of high-grade tumors for PTEN or TP53 may have revealed mutations and 

loss of function analogous to those present in human gliomas but that would not be 

evident on aCGH. Nonetheless, numerous regions of shared copy number alterations 

were identified between canine and human gliomas, similar to other reports of shared 

genomic alterations in lymphoma, osteosarcoma, leukemia, and soft-tissue sarcomas in 

dogs and humans. 

 

The ability to identify shared genomic alterations across two species in spontaneously 

occurring glioblastoma tumors may help identify minimal foci of alteration surrounding 

major regulatory genes or chromosomal regions associated with gliomagenesis. As 

previously stated, high-throughput analysis of human GBMs has identified three 

pathways that when deregulated are critical to the development or progression of the 

tumor. These are the receptor tyrosine kinase (RTK)/PI3K/PTEN/AKT, p53, and 

p16/Ink4a/Rb1 pathways (10). These major pathways, along with other gene mutations or 

copy number alterations govern cell proliferation, survival, invasion, and angiogenesis- 

all hallmarks of GBM and accordingly offer the first targets for comparative analysis 

between canine and human gliomas. 
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PHOSPHATIDYLINOSITOL-3-KINASE SIGNALING IN GLIOMA 

 

Phosphatidulinositol-3-kinases (PI3Ks) are subdivided into class IA and IB lipid kinase 

enzymes that are activated by either receptor tyrosine kinases or G-protein coupled 

receptors, respectively (43). Class 1A PI3Ks are recruited to activated receptors by the 

adapter proteins p85α, p55α, and p50α. These adapter proteins then recruit the catalytic 

domains p110α, o110β, and p110δ. Recruitment of a specific catalytic domain define 

PI3K isoforms, encoded by the genes PI3KCA, PI3KCB, and PI3KCD, respectively (44, 

45). As previously mentioned, activation of the EGFR and PDGFR family of receptor 

tyrosine kinases is prominent in many gliomas. When active, these receptor kinases 

recruit the catalytic kinase protein (p110) directly or through the binding of adapter 

proteins (p85). Catalytic kinase domains on p110 then phosphorylate the second 

messenger, phosphatidylinositol-4,5-bisphosphate (PIP2) at the third position of the 

inositol ring, producing the active phosphatidylinositol-3,4,5-triphosphate (PIP3) (46). 

This lipid then serves as a ligand for membrane associated enzymes, chiefly 

phosphoinositide-dependent kinase 1 (PDK1) and AKT (also known as protein kinase B), 

by binding of their pleckstrin-homology (PH) domains (47, 48). PDK1 is a 

serine/threonine kinase that phosphorylates the threonine 308 residue of AKT within the 

activation T-loop. In addition to PDK1, AKT is also phosphorylated by a separate 

protein, the mammalian target of rapamycin complex 2 (mTORC2), or the rapamycin-

insensitive mTOR complex. This complex phosphorylates the serine 473 residue within 

the hydrophobic motif and produces a conformational change allowing binding of PDK1 
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by AKT (49, 50). Complete AKT activation requires phosphorylation of both Thr308 and 

Ser473 (51). AKT is the major effector enzyme for PI3K signaling, and is encoded by 

three genes producing the isoforms AKT1, AKT2, and AKT3 (also referred to as PKBα, 

PKBβ, and PKBγ, respectively). These isoenzymes have some overlapping function, but 

have tissue-specific differences in expression and distinct functions as well as identified 

by genomic knockout mice. While AKT1 activation suppresses cell growth and invasion, 

AKT2 promotes invasion and survival, although there is very high substrate specificity 

shared between all enzyme isoforms (52-56). Accordingly, AKT2 and AKT3 have been 

suggested as the most significant AKT isoenzymes relevant to glioma tumor formation, 

although the extend of tissue-specific (and cancer-specific) AKT activation is still 

unknown (57).  

 

Downstream effectors of PI3K signaling and AKT activation include an expanding 

multitude of substrates phosphorylated by AKT. More than 100 nonredundant substrates 

have been identified across multiple species (58). These substrates in turn regulate 

significant processes relevant to tumor biology, including cell survival, cell growth or 

proliferation, cell migration or invasion, metabolism, and angiogenesis, highlighting the 

complexity and importance of this enzyme pathway to glioma biology. 

 

AKT and Cell Survival 

The first recognized role of AKT activity was as an important mediator of cell survival 

(59). The principle mechanism by which AKT increases cell survival in cells is through 
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the inhibition or removal of pro-apoptotic signals or mediators. One such family targeted 

by AKT are the forkhead box O (FOXO) proteins. The FOXO family of transcription 

factors includes FOXO1, FOXO3a, and FOXO4 (60). Upon phosphorylation by AKT, 

these transcription factors release their binding to DNA and instead bind to 14-3-3 

proteins, which are highly conserved proteins ubiquitous in eukaryotic cells and are 

highly expressed in human astrocytomas (61-65). Once bound to FOXO proteins, these 

14-3-3 proteins mediate the translocation of FOXO proteins to the cytoplasm, removing 

these transcription factors from the nucleus and thereby inactivating them (63, 66). 

FOXO transcription factors induce the expression of proapoptotic genes such as Fas-

Ligand (Fas-L), tumor necrosis factor-related apoptosis inducing ligand (TRAIL), and 

Bcl-2 interacting mediator of cell death (Bim) (63, 67, 68). AKT-mediated 

phosphorylation and subsequent inhibition of FOXO thus not only increases cell 

proliferation but also decreases apoptosis (increases cell survival).  

 

AKT is also able to inhibit BAD directly through phosphorylating the protein at serine 

136, allowing the protein to interact with the 14-3-3 proteins, sequestering BAD from its 

targets (69-71). BAD is a member of the pro-apoptotic Bcl-2-homology domain (BH3)-

only proteins that are responsible for the degradation of the pro-survival Bcl-2 family 

(72). Therefore, inhibition of BAD allows for accumulation of the pro-survival Bcl-2 

proteins and resistance to apoptosis. 
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In addition to the inhibition of FOXO proteins and the pro-apoptotic BH3-protein 

families, AKT is also able to promote cell survival by indirect inhibition of p53 function. 

AKT is responsible for phosphorylation of MDM2, the p53 ubiquitin ligase responsible 

for the degradation of nuclear p53. Upon phosphorylation of MDM2 at serine residues 

166 and 186 by AKT, MDM2 then translocates to the nucleus where it may function as 

an E3-ubiquitin ligase and result in the nuclear export and proteosome degradation of the 

p53 protein (73, 74). As discussed later, MDM2 amplification is a common genomic 

event in human glioblastoma, highlighting the importance of concurrent AKT activity to 

activate its nuclear transclocation. 

 

Cell Proliferation and Growth 

As FOXO transcription factors increase the cell cycle inhibitor p27 (CDKN1B or Kip1) 

and the retinoblastoma (Rb)-related protein p130, inhibition of FOXO through AKT 

activity promotes entry to the cell cycle (68). AKT is able to directly phosphorylate p27 

at the threonine 157 residue as well, which enables 14-3-3 proteins to bind and sequester 

p27 within the cytosol, ensuring the complete removal of the inhibitory effects of p27 

(75-77). In a manner similar to the p27 Kip1 CDK-inhibitor, AKT is also able to directly 

phosphorylate the p21 Cip1/WAF1 CDK inhibitor by phosphorylating the threonine 145 

residue, again allowing binding of 14-3-3 proteins and cytoplasmic sequestration (78). 

 

In addition to the previously discussed increase in cell proliferation, perhaps the most 

widely characterized role of AKT signaling in cell function is in the promotion of cell 
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growth. The major growth-promoting signal via AKT activation is believed to be through 

the activity of the mTOR complex 1 (mTORC1 or mTOR-Raptor complex). MTORC1 is 

composed of mTOR, raptor, mLST8, PRAS40, and DEPTOR. AKT activation of 

mTORC1 results in increased activity of its downstream targets, p70/S6 kinase (S6K) and 

eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) (79-81). S6 kinase 

activity phosphorylates the eukaryotic initiation factor 3 (eIF3) where it serves as an 

on/off switch for the assembly of the pre-initiation complex (PIC) in protein translation. 

Associated with this is phosphorylation of the S6 protein in the 40S ribosomal subunit 

and eIF4b by S6K1, which then are then capable of binding with the PIC alongside 

mTOR and raptor to enhance protein translation. 4EBP1 phosphorylation by AKT also 

stimulates protein translation, as in its hypophosphorylated state 4EBP1 remains bound to 

eIF4E, sterically inhibiting its interaction with eIF4G and its incorporation into the PIC. 

AKT-mediated phosphorylation of 4EBP1 removes this inhibitory binding and releases 

eIF4E to assemble into the PIC alongside the increased S6K (82-86). 

 

While AKT may directly phosphorylate mTORC1 (and lead to the phosphorylation of 

S6K and 4EBP1), most evidence suggests that AKT-mediated activation of this complex 

is instead indirect, through the activation of the tuberous sclerosis complex 2 (TSC2) (87, 

88). TSC2 is a putative tumor suppressor gene and its protein is a crucial inhibitor for 

mTORC1 signaling, functioning to inhibit the small G protein Ras homolog enriched in 

brain (RHEB), which is bound to GDP in its inactive state, maintained by TSC2. AKT is 

able to phosphorylate TSC2 at multiple sites (Ser939, Thr1462, Ser981, Ser1130, and 
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Ser1132) resulting in inhibition of TSC2 and the accumulation of GTP-bound RHEB, 

which then activates mTORC1 (89-92). 

 

AKT also phosphorylates other components of the mTORC1, including the proline-rich 

Akt substrate of 40kDa (PRAS40). PRAS40 functions as an inhibitor of mTORC1 

through its binding to 14-3-3 proteins. AKT mediated phosphorylation at threonine 246 

on this protein removes this inhibitory effect and indirectly enhances the activity of 

mTORC1 (93-96). A similar effect has been identified in myeloma cells regarding the 

other inhibitory element within the mTORC1, DEPTOR (79). While regulation of 

mTORC1 is complex, it stems from common AKT activation pathways and has been 

shown to be an important mediator of cell growth in human glioma. 

 

Cell Invasion 

Several studies have implicated AKT signaling as a mediator of cell invasion, with 

increased AKT activity reported in invasive glioma cells in xenograft models and 

inhibition of AKT2 resulting in decreased invasion (55). The precise role of AKT, or the 

role of AKT isoforms remains unknown however, with contradicting results regarding the 

importance of AKT1 versus AKT2 in the promotion of invasion or metastasis. A recent 

study utilizing mouse xenograft models reported significantly higher AKT 

phosphorylation within invasive glioma cells as compared to the tumor bulk cells (97). In 

human breast cancer cell lines, AKT2 has been implicated to promote tumor cell invasion 

in vitro, possibly through increased expression of the transcription factor twist (twist is 
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involved in the promotion of epithelial to mesenchymal transformation, EMT) (98). 

While EMT remains a controversial and unproven concept in glioma, twist1 expression 

has been described within invading glioma cells within orthotopic xenograft models and 

reduced AKT2 expression correlates with an abrogated invasion ability in glioma cell 

lines, suggesting a similar role of AKT in invasion (99-101). AKT activation has also 

been suggested to modulate the extracellular matrix within the scope of cell invasion, 

increasing the expression of osteopontin by glioma cells, a protein which is associated 

with cellular migration as well as increasing proteins that interact with the ECM in either 

a degradative (MMP-2 and MMP-9) or interactive fashion (β1-Integrin, ACAP-1, and 

Girdin) (102-105). While much of this association between AKT activity and invasion 

remains indirect or speculative, it has very real clinical relevance to glioma patients, as it 

has also been suggested to participate in increased cell invasion following irradiation, a 

standard treatment regimen for nearly all patients suffering from gliomas (104). 

 

Other Functions of AKT: Angiogenesis and Metabolism  

A salient feature of many tumors and GBM in particular is an increased vascularity or 

angiogenesis (106). While AKT activity has been well described in its role driving 

vascular endothelial precursor proliferation to form new blood vessels within tumors, 

there is also evidence that AKT activity within tumor cells is able to interact with, and 

promote vascular proliferation. Most prominently, AKT activation results in increased 

synthesis of HIF1α and HIF2α (107, 108). Together, these heterodimers form the HIFα 

transcription factor, which is able to translocates to the nucleus and bind to a hypoxia 
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responsive element (HRE) within the VEGF promoter and drive VEGF production. 

VEGF has been described as upregulated in both human and canine glioma tumors (40, 

109). Nitric oxide synthase (NOS) is constitutively produced by neuronal (nNOS) and 

endothelial (eNOS) cells and upregulated during angiogenesis. Inducible NOS (iNOS) is 

also described to exist in human and rodent glioma and is upregulated by AKT, 

suggesting potential roles for AKT signaling driving angiogenesis in tumors as well (110-

113). 

 

While the precise metabolic requirements of tumor cells are complex and are an 

emerging interest in cancer biology, it is known that cancer cells exhibit significant 

alterations in metabolic pathways compared to differentiated mammalian cells. As 

originally described by Otto Warburg in 1924 one of the most intriguing such differences 

is the preferential utilization of glucose for glycolysis or lactate fermentation over aerobic 

glycolysis (Warburg effect) (114). AKT stimulates both oxidative and anaerobic 

metabolism in tumor cells, increasing the expression of glucose transporters along with 

transporters for other metabolites, such as amino acids (115-117). AKT is also able to 

phosphorylate and activate phosphofructokinase-2 (PFK-2), which in turn phosphorylates 

PFK-1 and accelerates the metabolism of glucose-6-phosphate (118). Therefore, AKT 

activity increases both the uptake and processing of glucose in tumor cells. AKT also 

phosphorylates and inactivates glycogen synthase kinase 3 (GSK3). GSK3 exerts an 

inhibitory effect on a number of molecules, including its canonical namesake glycogen 

synthase as well as the sterol regulatory element-binding proteins (SREBPs), which are 
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responsible in part for driving cholesterol and fatty acid production by cells. Inhibition of 

GSK3 by AKT may therefore promote the formation of glycogen and increase the 

stability of SREBPs (119, 120). The exact role for GSK3 in physiologic or neoplastic 

scenarios however, is likely far more complex as pharmacologic inhibition of GSK3 may 

result in apoptosis or growth arrest in glioma cells in vitro (121, 122). 

 

Mechanisms of AKT Activation in Glioma Tumors 

As previously described, AKT phosphorylates a multitude of target proteins responsible 

for the regulation of cell survival, cell growth or proliferation, cell migration or invasion, 

angiogenesis, and metabolism, and AKT activity is increased in over half of all human 

GBM tumors (123). Gain of function mutations of PI3K have been described in human 

GBM, with point mutations in PI3KCA (p110α) described in as much as 15% of GBMs 

(10). These mutations are typically present within the adapter binding domain, the C2 

helical, or kinase domain of the subunit. While no mutations have been described in the 

other catalytic subunits or isoforms, increased expression of PI3KCB (p110β) and 

PI3KCD (p110δ) have been characterized in GBM as well as other human tumors such as 

colon and urinary bladder(124-126). Recent sequencing of the PI3K adapter protein p85α 

indicated that mutations might be present as a relatively common event, as nine of ninety-

one GBMs sequenced contained deletion mutations of this gene (10). It is hypothesized 

that these mutant proteins would be unable to bind and regulate the catalytic domains, 

and none of the mutations were identified alongside mutated p110α genes. These 

mechanisms account for a minority of tumors with increased AKT activity however, as 
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most GBMs exhibiting high levels of AKT do so through the loss of a tumor suppressor 

gene, phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (10, 127). 

PTEN functions physiologically to directly antagonize PI3K signaling through its non-

redundant phosphatase activity, removing the phosphate group from the third position in 

the inositol ring of PIP3 and converting it to PIP2. Loss of PTEN function is the most 

commonly identified alteration in human GBM, with up to 75% of tumors losing PTEN 

activity through either mutation or loss of human chromosome 10q (HSA10q) (25, 128). 

As mentioned previously, GBMs may arise through either de novo (primary) or 

progressive (secondary) pathways. PTEN is often inactivated in both primary and 

secondary GBMs, although there are differences identified between the two groups. 

Mutations in PTEN are found almost exclusively in human primary GBMs and are rare 

events in secondary GBMs. These mutations are divided between missense (33.3%), 

deletion or insertional mutations forming stop codons (32.1%), and nonsense mutations 

(12.8%). Whereas missense mutations occur with a predilection for exons 1-6 in the 

human PTEN gene, premature stop codon or nonsense mutations are evenly distributed 

throughout the gene. PTEN mutations are also rare events in lower grade gliomas, 

highlighting the importance of PTEN loss and subsequent AKT activation in GBM 

pathobiology (10, 24, 25). 

 

While mutation of PTEN occurs in a subset of (typically) primary human GBMs, 

chromosomal copy number alterations (CNAs) occur in both primary and secondary 

GBMs. Copy number alterations in human cancer may occur in two patterns: broad and 
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focal. Broad copy number alterations encompass large regions of many megabases (Mb) 

in size and may include whole chromosomal alterations (amplification or deletion). In 

contrast, focal alterations typically include small regions and may contain single or few 

genes (129). Human GBMs often contain a large number of broad CNAs in their tumor 

genome, highlighting a pitfall in the investigation of relevant tumor suppressor genes or 

oncogenes within regions of chromosomal loss or amplification, respectively. While focal 

CNAs are comparatively easy to identify and study putative oncogenes or tumor 

suppressor genes, owing to the large number of genes altered in broad regions, it is 

difficult to identify and then validate such genes within these areas. Such is the case with 

PTEN, as human GBMs often exhibit loss of heterozygosity (LOH) of either the entire 

chromosome 10 or the 10q chromosomal arm (11, 12, 130). 

 

The combination of PTEN mutations and deletion occurring almost exclusively in 

glioblastoma (primary or secondary) and not in lower grade glioma suggest that the loss 

of PTEN (and subsequent increase in AKT activity) has a role specific to high-grade 

glioma or in the case of secondary GBM, glioma progression. LOH of chromosome 10 is 

more common in GBMs than PTEN mutation, and clinically LOH of 10q is associated 

with poorer survival whereas PTEN mutations are not. While far from being conclusive, 

this suggests additional tumor suppressor genes may be present within chromosome 10 

that are also important in human GBMs. Identifying such a tumor suppressor gene 

however, has proven difficult because of the size of the region deleted containing PTEN. 

Primary GBMs typically have LOH affecting an entire copy of chromosome 10 and 
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secondary GBMs usually have LOH of the entire long arm, chromosome 10q. Identifying 

tumor suppressor genes in such broad CNAs is far more difficult than in focal anomalies. 

Accordingly, while candidate tumor suppressor genes within hsa10q have been identified, 

isolating the relevance of such genes from the documented importance of PTEN deletion 

relative to AKT activation is difficult (131, 132). 

 

Regardless of whether PTEN is inactivated by mutation or deletion, the result is an 

increased AKT activity with profound, pleotrophic effects on cell proliferation, survival, 

invasion, and angiogenesis, as described above. Its exact role in gliomagenesis however, 

remains unclear. While it is a non-redundant tumor suppressor gene and the most 

common alteration in GBMs, null-function mouse models do not produce glioma tumors, 

despite their predilection for numerous other tumor types. Possible explanations for such 

observations include cell senescence from oncogene-induced genomic stress or roles 

more specific in glioma progression, rather than formation. Thus, while it has been 

described as potentially outpacing TP53 as the most commonly altered tumor suppressor 

gene in human cancer, many questions regarding its regulation and role in glioma persist. 

 

THE ROLE OF P53 IN GLIOMAGENESIS 

 

The p53 protein has been so extensively studied for its role as a tumor suppressor gene 

that it has been nearly ubiquitously accepted as “the guardian of the genome” (133). 

Mutations in the TP53 gene encoding the p53 protein may be the most common sporadic 
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event in human or veterinary cancers, underscoring its vital role in the control or 

regulation of cellular proliferation and DNA repair (134-137). It is estimated that up to 

50% of human cancers contain inactivating mutations in TP53(138). Activation of the 

p53 protein may arise from a variety of cellular stresses, including DNA damage, 

oncogene activation, and altered cellular metabolic demands. p53 is subsequently able to 

induce apoptosis, cellular senescence or cell-cycle arrest, or induce DNA repair 

mechanisms. Regardless of the cellular outcome, activation of the p53 pathway in 

physiologic cells renders the cell unable to enter or complete the cell cycle with DNA 

damage or the potential for DNA damage (e.g. with oncogene activation), thereby 

removing cells perceived as being damaged from the proliferating pool.  

 

Sensing DNA Damage and p53 Activation 

Although DNA replication proceeds at a remarkably efficient and successful rate, with 

base substitution error ranging from an estimated rate of 10-3 to more than 10-6, DNA as a 

molecule is very susceptible to the accumulation of damaging alterations from a variety 

of endogenous and exogenous processes over the lifetime of an organism (139). These 

include ultraviolet and ionizing radiation, chemicals within the environment (and 

including chemotherapeutics with regards to cancer cells), as well as reactive oxygen 

species (ROS) generated through metabolic or physiologic processes within cells. These 

lesions in DNA may result in alteration of base pairs through methylation (alkylation), 

cross-linkage, deamination, and oxidation among other means (140-142). Subsequently 

the DNA strand may develop single or double stranded breaks (SSBs or DSBs, 
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respectively). Single stranded breaks may progress to double stranded breaks through 

altered replication forks or aberrant DNA replication. Ultimately, these breaks in DNA 

trigger the DNA damage response (DDR), an evolutionarily conserved mechanism to 

recruit and activate mediators of DNA repair, including p53. As oncogenic stress is 

capable of inducing DNA damage through a variety of mechanisms and leads to double 

stranded DNA breaks, the DDR is a critical step in the development and progression of 

cancer. Even low-grade human tumors show near constitutive expression of proteins that 

are markers of the DDR, suggesting that this pathway is active in tumors (143-146). 

 

One of the most prominent mechanisms by which DNA damage is detected and the DDR 

is initiated is through activation of the ataxia-telangiectasia-mutated (ATM) kinase and 

its analog, the ATM and Rad3 related kinase (ATR) (147). Single and Double stranded 

breaks are recognized and bound by the proteins Mre11, Rad50, and Nbs1, forming the 

MRN complex (148-152). The MRN complex is able to bind DNA in an ATM-

independent manner, forming a heterotetramer capable of binding to and stabilizing the 

ends of a double-stranded DNA break. The Mre11 subunit is responsible for the tethering 

of the complex to DNA through its DNA binding motifs. As Rad50 is recruited it forms a 

complex, coiled hinge structure that bridges the double stranded DNA break using Zn+2 

ions as a cofactor. This interaction between Rad50 and Mre11 activates exo- and 

endonuclease activities of Mre11 (a similar enhancement of endonuclease activity results 

from interaction with Nbs1). Ultimately, the MRN complex is capable of binding to and 

stabilizing DNA breaks, as well as partially unwinding DNA helix in preparation of 
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repair. The ATM and ATR kinases are functionally related Ser/Thr-Gln-kinases with 

shared protein substrates, but act to repair DSBs occurring at different times in the cell 

cycle. ATM is capable of acting at any time during the cell cycle, whereas ATR is active 

primarily in the S and G2 phase and is dependent on ATM. ATM is recruited to and 

activated primarily by the C-terminus of the Nbs1 subunit within the MRN complex at 

the site of double stranded breaks. ATM in turn phosphorylates and activates the 

checkpoint proteins 1 and 2 (Chk1 and Chk2), which are downstream substrates 

responsible for activating much of the DDR, including p53 (153-156). 

 

Phosphorylation of p53 by Chk2 is part of the complex regulatory mechanism governing 

the action of the p53 protein. p53 is a protein comprised of an N-terminal transactivation 

domain (TAD), a proline rich domain, a large DNA binding domain (DBD), a 

tetramerization domain, and a C-terminal domain (CTD) (157). Scattered throughout 

these domains are numerous, conserved serine, threonine, and lysine residues that serve 

as substrates for post-translational modification and regulation of p53. Known 

modifications relevant to p53 activation include phosphorylation of serine residues 15 

and 20, and phosphorylation of threonine 18 within the TAD(158, 159). ATM and ATR 

are capable of phosphorylating Ser15 while CHK2 phosphorylate Ser20 and Thr18 (160, 

161). Importantly, these kinases are not specific for these residues giving some modicum 

of redundancy, as multiple kinases are generally capable of modifying any particular 

amino acid residue. The result of this phosphorylation by DDR kinases on the p53 protein 

is a conformational change in the protein, accompanied by a reduced affinity for its 
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principal inhibitory protein, MDM2 (discussed in greater detail later) and an increased 

affinity for stabilization factors (162-164). Briefly, MDM2 maintains the p53 protein in a 

poly-ubiquitinated state that targets the protein for degradation and thus exerts a strong 

repressive function on p53. Removal of this interaction allows nuclear accumulation of 

the protein leading to the formation of p53 protein tetramers and increased protein 

stability within the cell by masking the nuclear export signal through this conformational 

change (tetramerization). Concurrently, the conformational change allows for the 

association of nuclear p53 with co-activator proteins via the proline rich domain, such as 

p300 and CREB-binding protein (CBP), which function as histone acetyl transferases 

(HATs). The activity of these HATs acetylates lysine residues 320, 372, 373, 381, and 

382 within the tetramerization (Lys320) and C-terminal domain (Lys 372, 373, 381, and 

382) of the p53 protein, removing degradative ubiquitin modifications and allowing p53 

to bind chromatin through a combination of the DNA binding domain and the CTD (165-

167). p53 binding of DNA is mediated by specific sequences within the promoter of 

genes activated in the DDR, containing the consensus sequence 5’- 

PuPuPuC(A/T)(T/A)GPyPyPy-3’ that binds the DBD of p53 (p53 response element) 

(168, 169). Classically, the CTD was believed to be a negative modulator of DNA 

binding. More recent evidence however, suggests that this domain mediates non-specific 

binding to DNA in a fashion that may allow for p53 to “search” for the specific 

consensus sequence within the promoter of target genes (170, 171). Once bound to DNA, 

p53 is able to transactivate target genes through the recruitment of transcription factors 

such as the TFIID and Srb/Med complexes (172, 173). The genes that bind p53 within the 
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promoter region will determine to a varying extent the response of the cell to genomic 

stress. As mentioned previously, the two primary outcomes of genomic stress and p53 

activation are apoptosis or cellular senescence. 

 

p53 mediated Apoptosis 

Discovery of the ability of p53 to regulate and drive apoptosis in cells was made through 

investigations into the effects of irradiation on murine thymocytes (174). Following this 

observation, the role of p53 in the initiation of apoptosis was expanded to include many 

targets at both a transcriptional and post-translational level. Transcriptionally, p53 is able 

to induce the expression of pro-apoptotic genes such as Bax, p53-induced gene 3 (PIG3), 

Killer/DR5, CD95/FAS, Noxa, and PUMA (175-180). Many of the transcriptional targets 

of p53 encode members of the Bcl-2 family of proteins, although much of the pro-

apoptotic function associated with p53 activation is attributed to PUMA. Expressed at 

very low levels in physiologic scenarios, activation of p53 binds to the two p53 response 

elements within the promoter and rapidly increases transcription of PUMA (181, 182). 

This highly conserved, BH3-only protein functions in the cytoplasm to remove the 

inhibition of the pro-apoptotic Bcl-2 proteins by interacting with Bcl-2, Bcl-XL, Mcl-1, 

Bcl-1, and A1. Through the binding and inhibition of these proteins, they release Bax and 

Bak, which are then able to interact with the mitochondria and induce the release of 

cytochrome C to form the apoptosome and SMAC, which removes the inhibitors of 

apoptosis proteins (IAPs) (183, 184). Ultimately this transition at the mitochondria leads 

to caspase activation and apoptosis. In addition to the indirect activation of pro-apoptotic 
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proteins Bax and Bak through the removal of inhibitory proteins (e.g. Bcl-2), PUMA may 

directly activate Bax as well, although the precise role of this interaction in vivo is still 

under investigation (185).  

 

Additionally, p53 is able to stimulate apoptosis through transcriptionally independent 

mechanisms, as with high nuclear accumulation of the protein, cytoplasmic translocation 

may occur and p53 may associate with mitochondria. At the mitochondria, p53 is able to 

initiate mitochondrial outer membrane permeability (MOMP), thus allowing for the 

release of cytochrome C. p53 appears to do this in a direct manner, possibly by 

functioning as a BH3-only protein itself (175, 186, 187). Whether the apoptotic response 

to p53 activation is generated through direct or indirect mechanisms, the endpoint 

remains the establishment of the MOMP and release of proapoptotic proteins, namely 

cytochrome C and SMAC.  

 

p53 and Cellular Senescence 

The concept of cellular senescence stems from initial observations regarding in vitro 

investigations into both the replicative ability of physiologic cells and in the 

transformation of cells. The term of replicative senescence was originally used to 

describe the cessation of cell division in normal human embryonic fibroblasts in vitro, 

which would proliferate for a finite period of time and then enter permanent growth arrest 

(188). A similar phenomenon was observed during attempts at transformation of cells, 

where activation of the oncogene HRAS in wild-type cells in vitro results in cell 
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proliferation initially, but is subsequently followed by growth arrest (189). Senescent 

cells differ from either apoptotic or quiescent cells in that they are able to be maintained 

long-term as a viable cell population, but remain arrested in G0 at the G1/S checkpoint 

even if exposed to growth factors. This phenomenon correlates with cellular activation of 

p53 and Rb pathways (190). Accordingly, concomitant inhibition of these pathways 

through TP53 mutations or inactivation of p16 protein (discussed later) with oncogene 

activation transforms these cells, bypassing cellular senescence (191). Originally, this 

process was attributed to shortening of telomeres in cells as they age (192, 193). 

Telomeres are specialized structures present at the terminus of most eukaryotic 

chromosomes that serve as a nucleoprotein cap protecting the integrity of individual 

chromosomes during replication, as the chromosomal terminus is typically incompletely 

replicated during DNA synthesis. Telomeres are maintained by the enzyme telomerase, 

which is typically expressed in embryonic and compartmental stem cells but is not found 

or found at very low levels in mature, differentiated cells. Without the activity of 

telomerase, telomere length is gradually shortened over progressive cellular division, 

until a critical point is reached, termed the Hayflick limit, at which point a DDR is 

initiated resulting in activation of the ATM/ATR pathway and p53 (194, 195). This 

response culminates in growth arrest of cells as they age, preventing them from 

continuing cell division while containing unstable chromosomes, which may produce 

chromosomal end fusions and introduce novel chromosomal break points during mitosis 

or chromosomal translocations. Such events are potentially transformative events and 

thus cellular senescence is described as a major tumor suppressor mechanism. This 
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process of telomere-induced cellular senescence explains the mechanism by which cells 

maintained over time enter growth arrest, but may not explain why expression of 

oncogenes such as KRAS, cause senescence. The mechanism of non-telomere induced 

senescence is therefore a relevant tumor suppressor mechanism, as even in cells 

expressing telomerase (as is documented in some human tumor cells), these cells have a 

finite replicative lifespan and are capable of entering senescence. This mechanism may 

be mediated in part through activation of oncogenes and through reactive oxygen species 

(149, 196-198). Both oncogene activation and ROS elicit a DDR within neoplastic cells 

and activation of p53, which mediates the cellular senescence and serves as a tumor 

suppressor mechanism to keep proliferative cells within early events of tumor formation 

in check. This observation is supported by observations of murine and human tumors in 

vivo, where benign tumors contain a majority of cells exhibiting markers of cellular 

senescence, whereas malignant cells lacking p53 function do not, suggesting that 

circumvention of this pathway is a major obstacle towards the acquisition of a malignant 

phenotype in the development of a tumor (199). 

 

Senescence is primarily mediated through the activity of p53 as a transcription factor, 

inducing the expression of several key proteins that function in cell cycle arrest. Whereas 

both Rb (discussed later) and p53 control entry and progression through the cell cycle, 

inactivation of Rb alone is incapable of removing the growth arrest, whereas abrogation 

of p53 on its own is (200-202). This DDR eliciting p53 activity is initiated by a variety of 

physiologic stresses, such as oncogene-induced genomic stress, ionizing radiation, 



  33 

chemotherapeutic agents, or telomere dysfunction, underscoring the central role of p53 in 

cellular senescence (203-205). One principle effector of this response is the p21Waf1/Cip1 

protein, a member of the Cip/Kip family of cyclin-dependent kinase (CDK) inhibitors 

(along with p27Kip1 and p57Kip2) (206). CDKs are proline-directed serine/threonine 

kinases that phosphorylate a variety of substrate proteins responsible for the driving of 

cell division. By inducing p21 expression, p53 is able to inhibit the cell cycle, as p21 

binds to and inhibits CDK2 and its interaction with cyclin E, required for entry into S-

phase in cell division (207). p53 also induces expression of other proteins mediating cell 

cycle arrest, including Gadd45 and 14-3-3 proteins. Gadd45 family of proteins include 3 

isoforms which are emerging mediators of the DDR, as they are capable of binding to and 

enhancing p21 activity, binding the proliferating cell nuclear antigen (PCNA) in DNA 

repair processes, and inhibiting cell cycle progression directly by inhibiting the 

interaction between Cdc2(CDK1) and cyclin B1 (208-210). As Cdc2 regulates the 

transition of cells from G2 to mitosis (M) phase during cell division, this provides an 

additional level of cell cycle regulation in the p53-mediated DDR. As discussed 

previously, the 14-3-3 family of proteins are highly conserved proteins ubiquitously 

expressed in eukaryotic cells with pleiotrophic effects on a wide variety of substrates. p53 

is able to induce the expression of 14-3-3 proteins, which in turn binds to and sequesters 

both Cdc2/CDK1 and Cdc25C as well as enhancing the stability of p53 tetramers. 

 

The p53-mediated DNA damage response has emerged as a far-reaching, complex 

pathway involved in a multitude of cellular processes, including apoptosis and cellular 
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senescence. While its role in apoptosis was the initial characterization of this protein as a 

tumor suppressor, the role of p53 in cellular senescence may eventually prove to be just 

as important, if not more so as a tumor suppressor. The observation that benign tumors 

remain in senescence until malignant transformation suggest that such cells are merely 

awaiting the acquisition of an event enabling them to overcome this process. Tumors with 

intact p53 signaling are also more vulnerable to DDR-mediated senescence in response to 

chemotherapeutic agents as well, highlighting its importance in the development and 

maturation of cancer. 

 

Inactivation of p53 in Gliomas 

As p53 is capable of acting as a potent tumor suppressor governing cellular senescence or 

apoptosis in response to oncogene-induced DDR, it is not surprising that altered p53 

signaling is present in a majority of GBMs. Indeed, approximately 87% of GBMs are 

reported to exhibit diminished or absent p53 activity through a combination of TP53 

mutations, deletions, or post-translational mechanisms inhibiting the activity or stability 

of the p53 protein (10). The importance and role of TP53 as a tumor suppressor gene 

relevant to gliomagenesis has been recognized for decades, as human patients affected by 

Li-Fraumeni syndrome (characterized by inherited genomic mutations in TP53) exhibit 

an increased incidence of glioma formation, although TP53 is mutated less commonly in 

gliomas than in many other human tumors (211, 212). Classically, TP53 mutations in 

glioma have been associated with low-grade gliomas and those that progress to secondary 

GBMs, suggesting that p53 loss is an early event in glioma formation. Higher throughput 
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analysis of primary GBMs however, has recently suggested a significant number of 

primary GBMs that contain p53 mutations as well, with up to 37.5% of untreated primary 

GBMs exhibiting mutations in TP53 (35, 128). 

 

Mutations in TP53 in human glioma are generally recognized within the DNA-binding 

domain, clustering between codons 125 and 300 (213, 214). Whereas many of the 

mutations affecting other tumor suppressor genes identified in cancer are frameshift or 

nonsense mutations, mutations in TP53 within the DBD are most commonly missense, 

affecting single amino acid residues. A great number of missense mutations across this 

region have therefore been reported in human tumors. Outside of the DBD, the incidence 

of missense mutations is reduced, representing approximately 40% (215). The remaining 

mutations are most commonly nonsense or frameshift mutations. Single base mutations 

are typically transition mutations occurring at CpG sites, with 25% reported as C:G>T:A. 

There are 22 CpG sites in the DBD, of which codons 175, 248, and 273 are recognized as 

hotspots for mutation, containing 60% of CpG mutations identified. Five other codons 

(196, 213, 245, 282, and 306) contain 26% of mutations as well (216, 217). The effect of 

mutations on p53 function depends on the location of the mutated base. As described 

previously, p53 contains a DNA binding domain (DBD) located between the proline-rich 

and tetramerization domains. This domain, in concert with the C-terminal domain (CTD) 

is responsible for the binding of p53 to DNA, thus enabling its function as a tumor 

suppressing transcription factor, transactivating its effector genes. Mutations at hot spots 

within the DBD are so-called because they occur at residues crucial either for contacting 
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and binding DNA or in the formation of the protein’s tertiary and quaternary structure 

necessary to transactivate its target genes. The inability of mutant p53 to bind p53-

response elements in effector genes of the DDR described above would abrogate this 

response in glioma cells transformed with oncogene activation and confer a significant 

advantage in neoplastic growth. Alternatively, some mutated p53 proteins outside these 

hotspots may result in a dominant negative p53 protein, which would also eliminate the 

ability of p53 to signal as a transcription factor in the DDR (218). As p53 must act 

through the formation of a tetramer to bind to and transactivate effector genes, any wild-

type p53 binding dominant negative mutant p53 results in an aberrant conformational 

change of this tetramer and therefore an inability to bind DNA. While functional (non-

silent) TP53 mutations are deleterious to the cell harboring them, not all mutations are 

oncogenic strictly from the loss of its potent tumor-suppressor role. Briefly, TP53 

mutations that function as putative oncogenic transformative events have been described 

as well, termed gain of function mutations, or GOF (219). Evidence exists that such 

mutated p53 may interfere with the function of wild-type p53 (or the related p63 and p73) 

or directly interferes with the ATM/ATR DDR(220). Alternatively, such mutations are 

hypothesized to activate genes normally repressed by wild-type p53 through altered 

binding properties at the p53-response element. 

 

While loss of p53 protein function is common in gliomas, typically this is accomplished 

not through mutation (as it is in many other solid human cancers), but through altered 

post-translational processing of the p53 protein in glioma cells leading to accelerated 
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degradation or sequestration of the protein. One such mechanism is through the activity 

of the murine double minute-2 (MDM2) protein, which functions as the principle 

ubiquitin E3 ligase for p53 (221). MDM2 is able to specifically bind the N-terminal, 

hydrophobic pocket of p53, obscuring a crucial N-terminal alpha helix responsible for the 

binding of co-activators required to transactivate p53 effector genes. MDM2 contains a 

really interesting new gene (RING) domain at its C-terminus that functions, with a zinc-

cofactor as an E3 ubiquitin ligase to transfer ubiquitin residues from E2 enzymes to the 

six lysine residues present on the C-terminus of p53 (162, 163, 222). Ubiquitin residues 

ligated to p53 form oligomers linked by lysine 48, which trigger proteosome-mediated 

degradation of p53. MDM2 is also capable of mono-ubiquitination of p53, a process that 

modulates the function of p53 and may lead to the nuclear export and cytoplasmic 

sequestration of the protein. Additionally, MDM2 may actively inhibit the translation of 

TP53 mRNA (223). Transcription of MDM2 is a physiologic target of p53 as a method 

for p53 to induce its own degradation and prevent excessive accumulation (224). Glioma 

cells however, often exhibit genomic amplification of MDM2, located on human 

chromosome 12 (hsa 12q14-15). This copy number alteration is identified in 10-15% of 

human GBMs (10, 225). This MDM2 amplification is almost exclusively identified in 

GBMs containing a wild-type TP53, thereby providing a method to inhibit p53 activity. 

This is further enhanced by the increased AKT activity often present in human GBMs, as 

AKT is capable of phosphorylating MDM2 at serine residues 166 and 186, enhancing its 

E3 ubiquitin ligase activity (226). A similar gene, MDM4 (or MDMX) has also been 

identified within amplified genomic segments in human GBMs. This protein has a p53 
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binding domain highly similar to MDM2 and is capable of binding p53 at its N-terminal 

transactivation domain as well. While MDM4 also contains a RING domain similar to 

MDM2, evidence suggests it has a low intrinsic E3 ubiquitin ligase activity in contrast to 

MDM2 (221, 227). MDM4 is amplified in approximately 5-7% of human GBMs, and is 

capable of oligomerizing with MDM2 (10, 221, 228). Studies in vitro suggest that while 

MDM4 is typically monomeric on its own, when it oligomerizes with MDM2 it enhances 

the E3 ubiquitin ligase of MDM2 over MDM2 oligomers on their own (229). MDM4 

activity is also enhanced by increased AKT signaling, as the kinase is reported to 

phosphorylate MDM4 at serine 367, enhancing its affinity to associate both with p53 and 

MDM2 (230). Genomic amplifications of MDM2 and MDM4 in human GBMs enable 

inhibition of p53 activity even in the face of wild-type p53 protein. This appears to be 

through a combination of steric hindrance preventing p53 from functioning as a 

transcription factor, cytoplasmic sequestration of p53, and through poly-ubiquitination 

and proteosome-mediated degradation. 

 

The most common mechanism by which p53 function is inhibited in human GBMs 

however, is most likely through the deletion of the CDKN2A/Ink4b/p14ARF (ARF) tumor 

suppressor gene (231). As discussed later, the ARF tumor suppressor was originally 

identified through the observation that a segment in human chromosome 9p21 was often 

deleted on a variety of cancers (232). Sequencing of this region identified two, very 

similar putative tumor suppressor genes named Ink4a/p16Ink4a and Ink4b/p15Ink4b. Both 

genes had sequence homologies suggestive as a role in CDK inhibition, confirming them 
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as tumor suppressor products. An additional exon, exon 1β was identified however, 

between Ink4a and Ink4b. Interestingly, this exon contains no sequence homology to 

either Ink4a or Ink4b and is transcribed under control of its own promoter, which also 

incorporates exons 2 and 3 of Ink4a, where exon 2 is translated in an alternative reading 

frame, producing a unique protein product, ARF. Genomic deletion in human tumors 

almost invariably encompasses this entire locus, resulting in losses in Ink4a, Ink4b, as 

well as ARF (10). These genomic deletions are especially common in human GBMs, with 

loss of this locus identified as the most common homozygous deletion. ARF also 

functions as a tumor suppressor, but as mentioned in a different manner than the CDK 

inhibitors of the Ink4a family. As discussed previously, MDM2 is the principle ubiquitin 

ligase, and thus regulator of degradation, for p53. In physiologic settings, ARF binds to 

and sequesters MDM2, as well as inhibits this ubiquitin ligase activity. During DDR or 

stress responses, ARF is upregulated and further reduces MDM2 levels, thereby 

indirectly enhancing the activity of p53 (233). The loss of ARF, which is present in 50-

70% of human high-grade gliomas, thereby removes inhibition of MDM2, allowing 

unfettered ubiquitination of p53 and increased p53 degradation, potentially confounded 

by concurrent MDM2 or MDM4 genomic amplification events (10, 25). 
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THE RETINOBLASTOMA PATHWAY AND GLIOMAGENESIS 

 

The control of cell cycle entry and progression is crucial for the maintenance of regulated 

cell division and represents a barrier that must be overcome by proliferating neoplastic 

cells. The mammalian cell cycle, normally tightly maintained in a repressive state must 

be changed to allow for near constitutive mitogenic signaling within the tumor.  Cell 

cycle progression is regulated by the cyclin dependent kinases (CDKs), serine/threonine 

kinase proteins that, when bound to specific regulatory cyclin proteins phosphorylate a 

variety of regulatory proteins involved in cell proliferation. As these cyclins are rapidly 

synthesized and degraded, they control the temporal activity of CDKs, thereby 

coordinating the cell cycle. Mitotic activity is initiated by the synthesis of cyclins D1, D2, 

and D3, which bind to and activate CDK4 and CDK6 during the G1 phase of cell division 

(234, 235). CDK4 and CDK6 partially phosphorylate key inhibitory proteins 

retinoblastoma protein 1 (Rb1), p107, and p130 (collectively known as the pocket 

proteins). The Rb family of proteins (E2F1-5) act as inhibitory regulators of cell division 

through the binding to and sequestration of the E2F family transcription factors (236, 

237). Members of the E2F family are potent activators of genes involved in cell 

proliferation (such as cyclins), as evidenced by the observation that overexpression of 

E2F activators force quiescent cells into the G1 phase in a growth factor independent 

fashion (238, 239). To regulate these factors, Rb is capable of binding E2F through a 

specific domain between the N- and C-terminus known as the “pocket”, functioning as a 

molecular tether and blocking E2F from associating with (and activating) promoters of 
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genes involved in cell division. Additional modes by which Rb antagonizes cellular 

proliferation include recruitment of chromatin modifying enzymes and inhibition of 

other, non-E2F family transcription factors (240-242). Phosphorylation of these pocket 

proteins inactivates them and allows the synthesis of cyclin E1 and E2, which bind to and 

activate CDK2. CDK2-cyclinE then completely phosphorylates (inhibits) Rb and allows 

entry into the S phase of cell division. Cyclin A is then synthesized, which interacts with 

CDK2 to complete S-phase and enter G2 phase (beginning mitosis), which is completed 

by the association of cyclin A with CDK1 (234). Two key observations emerged from 

these investigations. First, the identification of the archetypal tumor suppressor gene Rb1 

and second, the characterization of key cell cycle checkpoints- the transition from G1 to 

S-phase (G1/S checkpoint) and the transition from interphase through mitosis (G2/M 

checkpoint). 

 

Glioma tumors must therefore develop a mechanism for the circumvention of these 

checkpoints to allow continued cell proliferation. Recent, high-throughput analysis of 

human GBMs underscore this by determining that 78% of GBMs exhibit altered Rb 

pathway or cell cycle signaling (10). An estimated 15% of human high-grade gliomas 

exhibit genomic amplifications of chromosome 12q13-14, containing the CDK4 gene. 

Overexpression of CDK4 in mouse models does induce hyperplastic foci of epithelial 

tissues, but only after prolonged latency periods (243, 244). CDK6, located on hsa7q21-

q22 is also frequently amplified and overexpressed in human gliomas. Experimental 

overexpression of this kinase however, has not produced any phenotype to date. 
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Determination of the causal roles of these genes in gliomagenesis is further confounded 

by the presence of other oncogenes with known biological relevance in proximity of both 

CDK4 and CDK6 (235). Amplifications of human chromosome 12q also contain the 

MDM2 gene, with known importance in the regulation of p53, as discussed previously. 

CDK6 is located on chromosome 7, of which a subset of GBMs with EGFR amplification 

will contain trisomy or whole chromosomal amplification of hsa7 (10, 245). Therefore, 

while CDKs are often overexpressed in gliomas, additional mutations appear to be 

required to license continued cell cycle progression. 

 

From the discovery of mutated RB causing pediatric retinoblastoma tumors by Alfred 

Knudson nearly four decades ago (and the establishment of the two hit theory), much 

interest has been generated describing inactivating mutations in RB in other tumors 

(246). As described above, Rb and the other pocket proteins function as a molecular 

brake against the progression of the cell cycle, primarily in the progression through the 

G1/S checkpoint. Loss of Rb function leads to deregulated or unchecked activity of E2F 

transcription factors and thus greater ease by which the cell may enter mitosis, as the 

G1/S checkpoint is considered the rate limiting step in a quiescent cell entering mitosis. 

The significance of Rb as a tumor suppressor in regulating cell division has been 

demonstrated by overexpressing Rb in actively dividing cells, whereby forced expression 

is capable of arresting dividing cells at G1 (247). Mutations in the RB gene, located on 

hsa13q14, have been described in human GBMs, estimated to occur in 11-25% of tumors 

(10, 248). Additionally, a smaller subset exhibits deletion or loss of 13q. The majority of 
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human GBMs however, escape this restraint on cell proliferation not by CDK 

amplification or RB mutation, but through an indirect manner involving deletion and loss 

of a chromosomal locus previously discussed for its simultaneous role in p53 regulation, 

the Ink4a/ARF locus (248, 249). 

 

As described previously, the Ink4a/ARF locus, located on human chromosome 9p21 is 

often deleted in a variety of cancers. This locus contains a complex arrangement of exons 

encoding two, very similar tumor suppressor genes Ink4a/p16Ink4a and Ink4b/p15Ink4b and 

an additional exon 1β, controlled by its own promoter. Transcription of either exon 1α or 

1β (controlled by separate promoters within the locus), coupled with the exons 2 and 3 

encodes either the Ink4a or ARF transcript, respectively (although exon 2 is translated in 

an alternative reading frame in the ARF transcript) (232). While ARF inhibits MDM2 

and thus maintains the stability of p53, the p16 protein belongs to the INK4 protein 

family, which function as key CDK inhibitors controlling cell cycle progression. The 

INK4 family includes p16Ink4a (encoded by CDKN2A), p15Ink4b (encoded by CDKN2B), 

p18Ink4c (encoded by CDKN2C), and p19Ink4d (encoded by CDKN2D) (231). While the 

genes for Ink4a and Ink4b are located in close proximity on hsa9p21, Ink4c is located on 

1p32 and Ink4d on 19p13.  

 

Ink4a and Ink4b are capable of negatively regulating cell division by binding to the 

CDK-cyclin complexes, specifically by binding CDK4/6-cyclin D. The Ink4a/p16 protein 

binds CDK4 opposite of the catalytic cleft, responsible for the binding of cyclin D. This 
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interaction is important, as p16 is capable of binding CDK4 and CDK6 whether they 

have associated with cyclin D or not (250, 251). Therefore, Ink4 proteins may bind CDKs 

even if they are in an active state, complexed with cyclin D. This interaction between 

Ink4a/p16 and CDK4/6 results in an allosteric conformational change that alters the 

catalytic cleft of the CDK and prevents cyclin D from binding and thus, activating CDK4 

or CDK6. Ink4 also distorts the ATP binding cleft of the CDK, significantly reducing its 

kinase ability and functionality. This Ink4-mediated inactivation of the CDK4/6-cyclin D 

complex inhibits G1/S progression in two manners. First, as CDK4 and CDK6 are 

responsible for the initiation of Rb phosphorylation and inactivation, the removal of this 

action maintains Rb’s inhibitory hypophosphorylated status and therefore sequesters the 

E2F transcription factors required for cell cycle progression (252). Secondly, at G1/S, a 

significant portion of the CDK4/6-cyclin D complexes are bound by members of the 

Cip/Kip CDKIs, p21Cip1 and p27Kip1. Binding of CDKs by Ink4 proteins however, 

releases the Cip/Kip proteins from this complex, freeing these proteins to exert an 

additional inhibitory role by binding to and blocking the activity of CDK2-Cyclin E (253, 

254). Therefore, through the Ink4 proteins, cells may inhibit the release of E2F 

transcription factors from Rb by abrogating both CDK4/6-cyclin D complexes and 

CDK2-cyclin E. As CDK4/6 are responsible for initiating phosphorylation and 

inactivation of Rb, and CDK2-cyclinE is responsible for the complete phosphorylation 

and release of E2F factors, Ink4 both directly and indirectly help to control the G1/S 

checkpoint, mediated through Rb.  
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Gliomas however, typically contain deletions of 9p21, affecting both the CDKN2A and 

CDKN2B (along with the ARF) genes. Approximately 50-70% of high-grade human 

gliomas exhibit loss of function of this locus, typically through homozygous deletion 

(10). Tumor cells lacking p16 are thus unable to inhibit the activity of CDK4/6-cyclin D 

at the G1/S checkpoint. Such a deficiency may be further confounded by the 

aforementioned amplifications of CDK4 and CDK6 that are frequent in GBMs. Finally, 

loss of function of p53 through either TP53 mutation, deletion, ARF deletion, and/or 

MDM2 amplification removes p21, allowing for increased CDK2-cyclinE mediated Rb 

phosphorylation (255). It is somewhat remarkable from an evolutionary genetics point of 

view, that the loss of one locus may have such profound effects, through multiple 

pathways at one cellular event. Ultimately, this common genomic event in gliomas (the 

loss of the Ink4a/ARF locus) removes the G1/S checkpoint through not only the lack of 

CDK inhibition (Ink4), but through the decreased p53 pathway activity as well (ARF). 

Thus, glioma cells are frequently capable of deregulating the cell cycle and in particular 

the Rb pathway, although inactivating mutations in RB itself are somewhat less common 

than other solid tumor types (256-258). 
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IDENTIFICATION AND CHARACTERIZATION OF HUMAN GLIOMA-

DERIVED CANCER STEM CELLS 

 

Since their initial characterization by two separate laboratories in 2003 and 2004, tumor 

stem cells isolated from pediatric and adult gliomas (glioma stem cells, GSCs), and 

particularly from GBMs have introduced a new paradigm with far reaching implications 

regarding their role in the origin, progression, and response to treatment (3, 259). 

Investigations into cancer stem cells (CSCs) in general were a natural outgrowth 

following the characterization of physiologic hematopoietic stem cells almost five 

decades ago (260, 261). The hematopoietic stem cell (HSC) was the first tissue stem cell 

to be identified through bone marrow reconstitution experiments in irradiated mice. The 

identification of this HSC and delineation of the two chief tenants of stem cell biology, 

self-renewal and multilineage differentiation, would come to dominate stem cell and 

cancer biology at the end of the twentieth century and moving into the twenty-first (262). 

 

This central theme of a tissue stem cell that is capable of unlimited self-renewal and 

multilineage differentiation established early efforts towards a hierarchical organization 

in physiologic stem cells. The heterogeneous cell population of the normal bone marrow, 

through these efforts, could be reconstituted by a single cell and was thus ultimately 

responsible for the generation of more differentiated progeny with limited replicative 

potential, forming the erythroid and myelomonocytic cell lines within the marrow (263). 

These speculations were confirmed during now landmark studies in the 1980s utilizing 
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molecular labeling of the cell surface markers on marrow cells to more completely 

identify and map the ontogeny of these cells (264). Investigators could therefore follow 

the differentiation of HSCs- cells with unlimited replicative potential and the capacity for 

multilineage differentiation, to multipotential progenitor cells- those with limited 

replication capacity and early markers of fate (differentiation) commitment and finally, to 

differentiated blood cells. That this ontogeny of progenitor cells is produced through a 

common, single cell implies that this process is mediated through epigenetic means, as all 

cells share a common physiologic (wild-type) genome. Importantly, this organizational 

scheme also dictates that the tissue stem cell represents a very small percentage of cells 

within the total marrow population through the exponential expansion associated with the 

division of these progenitor cells. While this stem cell ontogeny remains best 

characterized in the HSC population, similar populations have been isolated from the 

brain (described in greater detail below), intestine, mammary gland, prostate, hair follicle, 

and other human tissues (2, 265-268). 

 

Cancer has long been theorized to exist as a collection of heterogeneous tumor cell 

populations, reflected by variable tumorigenic potential between individual cells within 

the same tumor (269). Early studies regarding the ability of clonal populations derived 

from human and murine cancer to form tumors in xenograft models suggested significant 

differences between individual clones in the capacity to proliferate both in vitro and in 

vivo (270-272).  These studies include efforts to estimate the clonogenic potential of 

acutely isolated cells from a variety of tumors, including multiple myeloma, non-
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Hodgkin’s lymphoma, ovarian carcinoma, melanoma, and neuroblastoma. Using soft 

agar assays, clonogenic cells were reported to constitute a minority of the overall cell 

population, comprising between 0.02-0.1% of cells isolated (273-277). Demonstrations of 

varying growth patterns in clonal populations derived from chronic myelogenous 

leukemia (CML), acute myelogenous leukemia (AML), and other myeloproliferative 

disorders were reported over several decades (278, 279). Then, in 1997 the identification 

of a cell isolated from a patient with AML able to recapitulate the identical tumor 

phenotype of the patient cemented the interest in so-called tumor stem cells (280). For the 

first time, the investigators were able to demonstrate that the cell population identified 

shared cell surface markers associated with physiologic hematopoietic stem cells 

(CD34+CD38-), reformed the tumor in xenograft models, and was capable of 

differentiating into the blast-like cells originally present in the patient (M1-M7), acquired 

markers of differentiation in vivo (CD38, CD117), and did so from clonally-derived, 

transformed precursors. Estimated frequency of these AML cancer stem cells ranged 

from 0.00002-0.2% of the original tumor population, reflecting the rare occurrence of 

these cells and consistent with prior reports. These studies, and others that followed 

regarding CML and myeloproliferative diseases suggested that, in hematopoietic tumors 

the heterogeneity and differences in tumorigenic potential between clones from a given 

tumor were due to a clonal-derived, hierarchically arranged population of tumor cells, 

similar to the arrangement in physiologic hematopoietic stem cells (281-283). 
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This tumor stem cell model classically attempts to explain the observed heterogeneity 

through epigenetic changes involved in some degree of differentiation between the tumor 

cells (284). The true tumor stem cell, like the physiologic tissue stem cell, constitutes a 

small percentage of the total population, which is exponentially expanded during tumor 

formation. Each expansion alters the epigenetic imprinting of the cell, resulting in the 

generation of progenitor cells either lacking or with limited self-renewal or tumor 

formation capacity, and expressing markers associated with differentiated cells. 

Differences in clonal proliferation would be explained therefore, by the irreversible or 

nearly irreversible epigenetic modifications in restricted tumor progenitor cells, with the 

rare tumor stem cell populations accounting for the low numbers of clonal cells reported 

in various tumors (285-288). These epigenetic modulations within the bulk of the tumor 

population is thus equivalent to differentiated progeny in somatic tissue- forming the 

majority of cells but incapable of indefinite proliferation. Indeed, investigations into 

cancer stem cells isolated in leukemia and from germ cell tumors have demonstrated the 

ability of these cells to generate progeny expressing markers of differentiation, which are 

incapable of tumorigenesis (289, 290). The existence of such tumor stem cells has since 

been extended to solid tumors, including glioma, breast, ovarian, intestinal, and prostate 

cancers (291-295). 

 

In contrast to the tumor stem cell paradigm, which attributes the heterogeneous 

tumorigenic potential within a neoplasm to epigenetic changes within a hierarchically 

arranged population, the clonal evolution model stipulates that this heterogeneity is 
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driven through a combination of epigenetic and genetic alterations that happen 

spontaneously within the tumor cell, often in a stochastic process (262, 296). This 

continual process results in particular cells within the entire population accruing 

additional gene mutations, which ultimately lead to an outgrowth of cells harboring this 

advantageous (from the vantage point of the neoplastic cell) aberration. Each cell 

however, maintains a tumorigenic potential, and those cells within the clonal outgrowth 

are each individually equally capable of tumor formation. The selection process favoring 

those cells with the highest proliferative capacity is ultimately what drives the phenotypic 

variation or heterogeneity of the individual tumor. 

 

The clinical implications regarding these two models attempting to explain tumor 

heterogeneity and propagation are profound. In the tumor stem cell model, a hierarchical 

organization implies that therapy must be targeted against the true, multipotent stem cell 

(262, 297). If the progeny constituting the bulk of the tumor are a mixture of replication 

incompetent or limited progenitor cells, they therefore do not represent a permanent 

threat to tumor growth. Clonal evolution or stochastic growth however, asserts that each 

cell within a tumor or a clonal outgrowth of the tumor has an equal capacity to form and 

propagate the tumor (262, 298). Successful therapy in this case would therefore center on 

the elimination of every neoplastic cell within a patient. Certain clinical observations 

would seem to support the tumor stem cell hypothesis, at least superficially. As these 

cells reside at the pinnacle of the hierarchy governing tumor formation, they- like 

physiologic stem cells would be presumed to have similar growth characteristics. Both 
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physiologic and tumor stem cells are assumed to comprise a small percentage of the 

overall population, with long periods of quiescence between cellular divisions (299). As 

current cancer therapy lies heavily on radiation therapy or radiomimetic chemotherapy, 

the mechanism of cell death in these cells is highly dependent upon inducing DNA 

damage in a proliferative cell, leading to mitotic catastrophe and cell death. Cells that 

reside in the tumor which are simultaneously quiescent, yet capable of re-entry into the 

cell cycle would thus be able to repair the DNA damage prior to cell division and may 

account for the inherent radioresistance of many tumors, including GBM. Indeed, some 

groups have reported increased DNA repair capacity in tumor stem cells isolated form 

human GBMs (156). Similarly, tumor stem cells are hypothesized by some investigators 

to possess an intrinsic resistance to chemotherapeutics through increased expression of 

drug antiporter/efflux pump proteins (300-305). Resistance to therapy however, is not an 

exclusive feature to tumor stem cells. Within the clonal evolution theory, tumor cells may 

acquire through genetic mutations increased abilities to repair DNA or export exogenous 

compounds (chemotherapeutics). Additionally, tumor cells in both models exist within a 

highly variable microenvironment known as the tumor cell niche. As radiation-induced 

damage is greatly dependent upon the presence of oxygen to generate free-radical 

damage, the relative tissue oxygen tension may be of vital importance for localized tissue 

damage and tumor cell death. As many tumors contain regions of necrosis, characterized 

by low oxygen tension (especially true in GBM), differences in microenvironment are 

theorized to contribute to the differential therapeutic response in both the tumor stem cell 

and clonal evolution models (302, 303).  
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The evaluation of hierarchical organization in tumor stem cells also presents a demanding 

challenge. The establishment and measurement of tumor cell heterogeneity depends 

ultimately upon the demonstration that a subpopulation of cells within the total cell mass 

possesses a greater tumorigenic capacity than the mass as a whole. To assert this 

heterogeneity is hierarchically arranged, as in the tumor stem cell model, investigators 

must first validate specific markers that consistently identify this tumor subpopulation, 

such as CD34 in the HSC or leukemia tumor stem cells (280). Secondly, utilizing such 

markers it must be demonstrated that these tumor stem cells are able to divide 

asymmetrically. To constitute hierarchical arrangement a single cell must recapitulate the 

ontogeny of the original tumor- to be able to divide such that it gives rise to more 

differentiated, replication impaired progeny while maintaining a small pool of stem cells 

(262, 299). While the knowledge and investigations into the markers and hierarchical 

arrangement of physiologic HSCs aided greatly the ability of investigators to apply these 

criteria to tumor stem cells in AML and CML, such knowledge of physiologic stem cell 

equivalents in solid tumors is by in large, extremely lacking. Such is the case in glioma, 

where efforts comparing stem cell markers and hierarchy in these cells to neural stem 

cells have been unrewarding thus far. 

 

Putative Markers Identifying Neural and Glioma Stem Cells 

Unlike the HSC compartment, which appears to be rather strictly ordered in a linearly 

arranged, fluid phase compartment continually producing progeny within a relatively 



  53 

well-defined microenvironment of the marrow, physiologic neural stem cells in the adult 

are far less defined. These cells do not exist in any known linear organization, arranged 

instead spatially within three specific anatomic locations of the brain- the olfactory bulb, 

the subventricular zone (SVZ) of the lateral ventricles, and the dentate gyrus of the 

hippocampus (15, 306). These cells are still poorly characterized, but are grouped into 

three categories known as Type B, Type C, and Type A cells (307). Type B cells are 

tentatively referred to as neural stem cells, as they are slowly cycling and tend to localize 

only within the SVZ, producing type C cells as progeny, which are often referred to as 

transient amplifying (TAP) cells (308). These cells rapidly migrate along the rostral 

migratory stream (RMS) towards the olfactory bulb where they form neuroblasts both 

within the RMS and at the olfactory bulb, termed type A cells. Markers identifying these 

cells however have proven to be much more elusive than in the HSC compartment. 

Attempts at prospectively isolating these physiologic NSCs utilizing expression of the 

intermediate filaments GFAP and nestin, as well as expression of EGFR, among others 

have been made (309-312). Unfortunately, none of these markers are specific to the brain, 

let alone the NSC subpopulation and are therefore ineffective at defining glioma tumor 

stem cell hierarchy. Rather than following the lead of the identification of leukemic 

tumor stem cells therefore, attempts of isolating glioma stem cells have largely been 

through the identification of markers that enrich tumorigenicity in these populations, with 

attempts at “reverse engineering,” applying these markers towards physiologic cells. The 

two principle such markers are CD133 (also known as Promonin-1) and CD15 (also 

known as Lewis X/Lex or stage-specific embryonic antigen 1/SSEA-1). While CD133 is 
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expressed on neural stem or progenitor cells, it is also expressed by numerous other 

tissues, and currently has no known function (313-316). Initial reports characterized a 

dramatically increased tumorigenic potential in CD133+ GSCs, going so far to ascribe 

these cells as being the exclusive tumor-forming compartment within the cell population 

(317, 318). Further study of this marker however, rapidly dissolved this tenant, 

suggesting that CD133-negative cells are also capable of forming xenograft tumors (319, 

320). The role of CD133 positive cells in radio- and chemotherapeutic resistance is 

similarly confusing, with conflicting reports suggesting these cells are either more 

resistant to or more susceptible these treatments. The surface marker CD15 also contains 

no known function, but is expressed by embryonic neural stem cells during brain 

development (16, 321). GSCs not expressing CD133 often express CD15 (although the 

expression of these markers is not mutually exclusive) and, like those cells expressing 

CD133, exhibit trends towards greater tumor forming capacity using xenograft mouse 

models (322, 323). Physiologic correlates of either marker towards the adult stem cell 

compartment remains difficult, however. Type B cells, the putative neural stem cell 

frequently does not express either marker, and in comparative studies CD133 or CD15-

negative cells are more clonogenic in vitro than positive cells (324). Furthermore, any 

fashion of hierarchical arrangement between negatively labeled cells, CD133+, or CD15+ 

cells within glioma is still far on the horizon, if it exists at all. Other attempts at sorting 

glioma cells to establish a hierarchical arrangement using the expression of either the 

ATP-dependent transport protein ABCG2 or through dye exclusion studies (side 

population) have been similarly inconsistent (325, 326). Finally, the measurement of 
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tumorigenic potential within the hierarchical arrangement of glioma cells may itself 

represent a difficulty in defining the tumor stem cell population. Separating a 

heterogeneous population into tumorigenic and nontumorigenic subpopulations 

necessarily involves the accurate assessment of tumor forming capacity, often using 

xenograft models. While serial transplantation of cells capable of reforming the original 

tumor across multiple xenograft animals remains the gold standard measurement of 

tumor stem cell subpopulations as compared to in vitro estimates, recent studies have 

questioned the accuracy of xenograft models as models of tumor-forming capacity (327). 

 

Physiologic Similarities between Glioma and Neural Stem Cells 

With the above limitations regarding the definition of glioma stem cells, much of the 

evidence for their existence remains empirical. Chiefly, the remarkable similarities in 

how these cells are isolated, cultured, and the expression of similar markers of either self-

renewal or differentiation led many to speculate they share a similar physiology. Both 

glioma and neural stem cells have been isolated in an identical manner (2). Following 

tissue homogenization, these cells are routinely placed into serum-free media containing 

the mitogens basic fibroblast growth factor (bFGF or FGF2) and epidermal growth factor 

(EGF). In this environment, both neural and glioma stem cells proliferate as non-

adherent, spherical structures termed neurospheres. These neurospheres are composed of 

a mixed population, containing undifferentiated stem cells as well as more differentiated 

progeny, although in serum-free conditions more mature cells are reported to die-off 

during subculture or expansion (328, 329). 
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When cultured in serum free media (NBE media), both populations express similar 

markers of both stem cell (undifferentiated) and differentiated status. Undifferentiated 

neural and glioma stem cells commonly express the intermediate filament nestin. This 

structural protein was originally described in 1990 from rat neuroepithelial stem cell 

populations and initially attributed with highly specific localization to neural stem cells 

(330, 331). Subsequent studies however, have identified nestin expression in hair follicle, 

pancreatic, and vascular cells, among others (332-334). It is nonetheless highly expressed 

in both cell types, and at least in neural stem cells nestin-/- mice exhibit deficiencies in 

neural stem cell numbers, with increased apoptosis, suggesting a relevant functional role 

to this protein with regards to neural stem cell self-renewal (311).  

 

Along with nestin, neural and glioma stem cells both commonly express the protein sox2 

(335, 336). This member of the high mobility group (HMG) transcription factor family is 

highly expressed in both embryonic and tissue stem cells, and is a component of the four 

transcription factors described by Yamanaka and colleagues to induce pluripotency in 

mature fibroblasts (337). Its expression in developing neuroepithelial tissue is highly 

conserved across species, further suggesting its role as a central transcription factor 

important for the maintenance of an undifferentiated state (338-340). The exact role of 

sox2 in neural stem cell maintenance however, appears far more complicated. Mice 

expressing a hypomorphic allele of sox2 do not develop any overt CNS defects, although 

complete ablation of sox2 expression at embryonic day 12.5 (E12.5) does produce mice 
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with hypocallosity and significant reductions in proliferating neural progenitors in the 

post-natal period (341). Expression of sox2 early in development coincides with 

expression of other members of the SoxB1 subgroup, sox1 and sox3 (342, 343). While 

unknown, it is speculated that these members may have some degree of overlapping 

function. The expression of sox2 is clearly involved in neural stem cell proliferation 

and/or self-renewal, but its expression also correlates with the onset of neuronal 

differentiation (344). Inhibition of sox2 activity decreases neuronal differentiation and 

migration in both the eye and the brain, as evidenced by the previous mention of 

hypocallosity in sox2 mutants. The role of sox2 in neural stem cell development is thus 

somewhat muddled, as it is expressed both in undifferentiated progenitor cells and 

differentiating neural stem cells. Its expression is well documented in glioma tumors as 

well, and in glioma stem cells, where it is presumed to function in an analogous manner 

regulating self-renewal. Accordingly, downregulation of sox2 in GSCs reduces their 

tumorigenicity and clonal proliferation, without significantly altering the expression of 

differentiation markers, suggesting a role specific to self-renewal (335, 345). Sox2 

appears to function in both neural and glioma stem cells in a dose-dependent fashion, and 

may be regulated post-transcriptionally by the eukaryotic translation initiation factor 

eIF4E, which as previously mentioned is regulated in part by mTOR and S6K expression, 

frequently elevated in glioma tissue (335, 345). This suggests that sox2 expression may 

be maintained at a high level in glioma tissue and contribute significantly to self-renewal, 

perhaps in a fashion analogous to the maintenance of pluripotency in iPS cells. Thus, the 
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expression of nestin and sox2 are two of the most frequent and reliable indicators of an 

undifferentiated state in both neural and glioma stem cells. 

 

Other markers associated with the maintenance of a stem cell state include the basic 

helix-loop-helix (bHLH) transcription factor Olig2 and members of the Polycomb Group 

of genes responsible for chromatin remodeling, Bmi1 and EZH2 (346-350). Olig2 is 

exclusively expressed within the central nervous system. Originally identified along with 

the structurally related Olig1 as important transcription factors mediating neuronal and 

oligodendroglial differentiation, separate functions of Olig2 as a mediator for neural and 

glioma stem cell self-renewal have recently been investigated. Expression of Olig2 in 

adult rodents is typically high in regions of neurogenesis, with both type B and type C 

cells expressing detectable levels (307). When exposed to the mitogens EGF or bFGF, 

these type B cells give rise to a rapid burst of proliferative, type C/TAP cells, which 

express high levels of olig2. Gliomas commonly express olig2 as well, detectable in both 

low- and high-grade tumors (351). In engineered mouse models of glioma, olig2 null 

mice are incapable of forming glioma tumors, suggesting a significant role of this 

transcription factor in glioma stem cell biology (352). In this study, olig2 appears to 

function by directly repressing the expression of the p53 effector p21. As p21 is a 

principle mediator of p53-induced cellular senescence, inhibition of this pathway in both 

neural and glioma stem cells may increase self-renewal capacity and in the case of glioma 

tumors, dampen the DDR associated with oncogene-induced cellular stress. 
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Bmi1 and EZH2 belong to a large family of genes referred to as the Polycomb Group 

(PcG). These proteins function in concert with numerous others to form large complexes 

that bind to and inhibit expression of target genes through epigenetic chromatin 

modulation (353). Briefly, these proteins are grouped into two sub-complexes, termed 

Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2). PRC1 contains a RING1 

subunit that functions as a monoubiquitination E3 ligase (similar to that described 

previously in MDM2 and MDM4 domains) (354). The RING domain in PRC1 

specifically (singly) ubiquitinates lysine 119 of the histone protein H2A, conferring a 

repressive chromatin structure, thus inhibiting transcription of any gene in which PRC1 

binds within its promoter region (355). This function of PRC1 appears to be modulated to 

some extent by the specific cofactors comprising the PRC1 complex, with Bmi-1 

expressed during cell proliferation while the Bmi-1 analog PCGF2/MEL18 represses cell 

growth (356). Bmi-1 therefore serves in part to target the PRC1 complex to repress the 

expression of genes inhibitory to cell growth. Bmi-1 is expressed highly in embryonic 

and adult neural stem cells as well as many glioma stem cells (357). Bmi1-bound PRC1 

is capable of binding to and ubiquitinating Geminin, an inhibitor of DNA replication that 

must be degraded prior to entry into S phase (358). PRC1 ubiquitination of Geminin 

results in the proteosome-mediated degradation of this protein and allows the cell to enter 

S phase. Additionally, Bmi-1 directs PRC1 to inhibit the Ink4a/ARF locus in embryonic 

neural stem cells- a vital control mechanism for the G1/S checkpoint (359). As previously 

discussed, this locus is often homozygously deleted in GBMs, suggesting a different 

relevance to Bmi-1 overexpression may be present in these cells, supported by findings 
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that in p16 null models of glioma stem cells, Bmi-1 still governs cell self-renewal and 

tumorigenic potential (352). Indeed, Bmi-1 is also able to inhibit p21 in both neural and 

glioma stem cells by directly binding to and inhibiting the p21 promoter with the 

cooperation of the Foxg1 transcription factor (360). Perhaps through this inhibition of 

p21 and the DDR, bmi-1 expression appears to contribute to radioresistance and 

resistance to apoptosis in neural stem cells. The PRC2 complex contains the histone 

methyltransferases EZH1 or EZH2 complexed to the cofactor SUZ12 and other proteins 

(361-363). EZH2 acts to silence gene expression through trimethylation of lysine 27 on 

the histone H3 protein (H3K27me3). The activity of PRC2 roughly corresponds to the 

proliferative status of cells in vitro, most highly expressed during periods of rapid cell 

proliferation, suggesting this complex represses growth inhibitory genes in a manner 

analogous to PRC1. Similarly, EZH2 is capable of catalyzing the repressive H3K27me3 

mark on the p16/Ink4 locus, as well as the p15Ink4b promoter (364). 

 

Finally, neural and glioma stem cells also share markers of differentiation. In the 

developing and adult CNS, neural stem cells are capable of tripotential differentiation- 

forming cells of neuronal, astrocytic, and oligodendroglial lineage, although in adulthood 

most actively proliferating cells within the NSC niche may give rise to neuroblasts or 

neuronal cells (365). Similarly, glioma stem cells are capable of expressing identical 

markers of differentiation, although the pathways governing differentiation may be 

altered through the often-significant genomic and epigenetic aberrations characteristic of 

human GBMs. Nonetheless, both neuronal and glioma stem cells downregulate the 
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expression of the aforementioned “stem cell” markers and increase the expression of β-

III-tubulin (TuJ-1), glial fibrillary acidic protein (GFAP), and O4 in response to a variety 

of differentiation cues, chiefly with exposure to fetal bovine serum (serum) or through the 

removal of growth factors (2, 366, 367). TuJ-1 is an intermediate filament that serves as a 

marker of immature or recently differentiated neuronal cells both in vivo and in vitro 

(368). In contrast, GFAP is an intermediate filament most commonly associated with 

astroglial cells, although it is also highly expressed by type B neural precursor cells and 

by glioma stem cells in undifferentiated conditions (306, 369). O4 is a cell surface marker 

that is associated with oligodendrocytes, although these cells may also express markers 

shared by astrocytes (370). 

 

NEURAL STEM CELLS IN EMBRYONIC AND ADULT NEUROGENESIS 

 

As described above, glioma stem cells and neural stem or progenitor cells from the 

embryonic and adult mammalian brain share numerous similarities. Both GSCs and 

neural stem cells express similar surface markers, are capable of multilineage 

differentiation, and are isolated and expanded similarly in vitro. Moreover, regardless of 

whether gliomas originate from either a stochastic or tumor stem cell paradigm, the cell 

initiating the tumor must arise through the accumulation of sufficient genomic alterations 

allowing for uncontrolled and independent cell proliferation. At once the neural stem cell 

appears as an attractive model for this malignant transformation, given the long-lived 

status of these cells and the inherent similarities to GSCs. The discovery and 
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characterization of neural stem cells that persist in the adult mammalian brain over the 

previous three decades has fueled investigations regarding this hypothesis. While no 

evidence currently exists to establish a causal link between neural stem cells and GSCs, 

the comparison of embryonic and adult neural stem cells to GSCs may reveal common 

pathways of cellular self-renewal, differentiation (or blockade of differentiation in 

GSCs), migration or invasion, and ultimately aid in establishing the elusive cellular 

hierarchy of glioma stem cells. 

 

Embryonic Neural Stem Cells and Brain Development 

Brain development from embryonic stem cells is often viewed as a default programming 

event, as neural speciation from the gastrulating embryo is caused not by the induction of 

a pathway, but by the inhibition of embryonic signaling at a localized niche (371). The 

prime pathways that must be inhibited to allow for neural induction are the bone 

morphogenetic protein (BMP) and other related pathways within the transforming growth 

factor-β (TGF-β) superfamily (372-374). BMP produced during gastrulation causes the 

differentiation of primitive ectodermal cells towards epidermal tissue. A collection of 

cells on the dorsal aspect of the embryo (Spemann’s organizer) however, blocks this 

signaling thorugh the secretion of paracrine acting compounds such as Noggin, Chordin, 

Follistatin, Nodal, Cerberus and others (375, 376). Concurrently, the developing 

neuroectoderm secretes members of the fibroblast growth factor (FGF) family that act as 

mitogens and morphogens, promoting neural speciation (377, 378). Ultimately, this 

collective inhibition of BMP signaling (specifically BMP2 and BMP4) in combination 
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with FGF signaling establishes dorsal-ventral patterning in the developing embryo and 

the existence of the neural plate, the first collection of neuroectoderm, which will 

eventually form the neural groove and ultimately the neural tube(379). The neural tube 

closes at embryonic day 30 in humans, 18.5 in dogs, and 9.5 in the mouse (380-382). 

Once closed, the neuroectoderm proliferates, creating a germinal structure that gives rise 

to the ventricular zone (VZ). This structure is composed of primitive neural stem cells 

arranged in a pseudo-stratified arrangement with radial processes on the cells (383-385). 

During this developmental period, cells are refractory to differentiation, dividing 

symmetrically to populate the VZ, and highly migratory (386-388). NSCs within the VZ 

are polarized, exhibiting pronounced nuclear migration during cell division, as the 

nucleus moves towards the surface of the cortex during DNA synthesis. Some NSCs 

within the ventricular zone display a characteristic nuclear migration, termed interkinetic 

nuclear migration (INM). This feature is an aspect of early NSCs and this pronounced 

cellular polarity identifies them as radial glia (386, 387, 389). These cells maintain 

contacts with both the ventricle and the pial surface, and exhibit pronounced lengthening 

of these processes as the cells divide and populate the developing neocortex. This polarity 

appears to be chiefly organized through interactions of the Notch pathway, specifically 

with the expression of Numb and Numb-ligand (NumbL), which result in basolateral 

expression of cadherins and maintenance of cellular adherens junctions (residual 

properties of the more immature neuroepithelial cells) (390, 391). Interkinetic nuclear 

migration is a complex mitotic property that is specific for early NSCs, as this is lost as 

cells switch from symmetric to asymmetric cell divisions(392, 393). During this process, 



  64 

S-phase nuclei align themselves along the apical aspect of the ventricle, forming a cell 

population several layers in thickness, separated from the ventricular surface. As cells 

move to M-phase, nuclei migrate to the ventricular surface, with G1 and G2 cells present 

in between the apical and ventricular surface. Although the precise role of interkinetic 

nuclear migration in NSC development remains unknown, disruption of this process 

inhibits cell division and neurogenesis, suggesting it has an important role in the 

regulation of early NSCs and the maintenance of asymmetric cell division (394, 395). 

Proliferation and maintenance of a differentiation-incompetent state within this cell 

population is associated with expression of the β1 family of Sox proteins (Sox1-3), the 

Zic family (zinc-finger containing transcription factors), Geminin, Notch ligands, 

Iroquois family proteins, the cell surface marker CD133, integrin-α6, and the intermediate 

filament nestin (342, 379, 390, 396, 397). As previously stated, many of these markers 

are also upregulated or expressed on glioma stem cells. 

 

Following this initial phase of proliferation, neural stem cells enter into temporally 

regulated patterns of first neuronal, then astrocytic, and then oligodendroglial 

differentiation (398-400). This onset of neurogenesis is associated with the switching of 

cells from symmetric cell divisions within the proliferative phase to asymmetric cell 

division that generates differentiated progeny. This event occurs at embryonic day 33 in 

humans, day 10 in mice, and is currently undefined in dogs (390). During this switch, 

NSCs or radial glia do not exhibit interkinetic nuclear migration, instead producing 

basilar, restricted neuronal progenitor cells that do not contact the ventricular surface. 
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These restricted progenitor cells then proliferate to mark the onset of neurogenesis, in a 

fashion resembling transient amplifying cells (TAPs) in adult NSCs (described in further 

detail below). Early neuronal differentiation is associated with expression of several 

important genes in NSCs, including paired box 6 (Pax6), forkhead box G1 (FOXG1), 

LIM homeobox 2 (LHX2), and empty spiracles homologue 2 (EMX2) (401). Signaling 

through the contact of early NSCs or radial glia with the developing meninges may be 

important temporal regulators as well, as expression of all-trans retinoic acid (ATRA) at 

the meninges appears to correlate with the onset of neurogenesis (402, 403). Terminal 

neuronal differentiation is then characterized by progressive downregulation of Pax6 and 

upregulation with the transcription factors TBR2, neurogenin 2 (NGN2), and cut-like 

homeobox 1 (CUX1) and 2 (CUX2) (387, 404). The intermediate filaments nestin is also 

downregulated with differentiation, with cells instead expressing neuronal filaments beta-

III-tubulin (TuJ-1) and microtubule associated protein 2 (MAP2) (396, 398).  

 

Cytokine signaling is also crucial for NSC regulation and differentiation, again involving 

members of the TGF-β superfamily such as BMP. As previously discussed, inhibition of 

BMP signaling is the initial step in neural speciation. This is followed by the upregulation 

of the BMPR-1A receptor early during neurogenesis. Expression of BMPR-1A in turn 

results in the expression of BMPR-1B which, when bound to BMP ligands leads to 

activation of the bHLH transcription factor MASH1 in differentiating neurons (405-407). 

BMP receptors signal through the formation of heterotetramers and serine/threonine 

kinase activity. This serine/threonine kinase phosphorylates serine residues present within 
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the carboxy-terminus of homologues to mothers against decapentaplegic proteins 

(SMADs). BMP triggers phosphorylation of activating SMADs, SMAD1, SMAD3, and 

SMAD5 that bind to co-SMAD/SMAD4 and translocate to the nucleus where they induce 

transcription of target genes and trigger neurogenesis (408). 

 

Glial differentiation follows neuronal patterning and is regulated by a combination of 

cytokine signaling and changes in gene expression. BMP signaling through BMPR-1B, in 

addition to causing terminal differentiation of NSCs to neurons results in the fate-

switching from neuronal to astrocytic differentiation. BMP signaling induces inhibitory 

bHLH transcription factors such as Hes-5, Id1, and Id3 (409-411). These factors rapidly 

downregulate the expression of Mash1 and neurogenin and thus inhibit neuronal 

differentiation. Hes1 and Hes5 expression is also upregulated during this fate-switch by 

Notch signaling (412). Coincident with this BMP-mediated inhibition of neuronal 

progenitor cell proliferation is an increase in STAT3 activation. Receptors for cytokines 

such as leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) dimerize 

with glycoprotein 130 (gp130) upon binding of their ligand (413-415). This heterodimer 

is able to then recruit Janus Activated Kinase (JAK) to the receptor where it in turns 

phosphorylates members of the signal transducer and activator of transcription (STAT) 

family by acting as a serine/threonine kinase. Specifically, phosphorylation of tyrosine 

residue 720 of STAT3 results in the nuclear translocation and activation of genes 

involved in glial differentiation. Epigenetic regulation of chromatin helps in the 

coordination of these signaling events as opening or compaction of chromatin structures 
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may reveal or conceal binding sites for STAT3. One such example is the promoter for the 

glial intermediate filament protein, glial fibrillary acidic protein (GFAP), which contains 

a STAT3 binding element. This promoter is methylated prior to glial differentiation and 

expression of GFAP is induced only after this repressive mark is removed (416). 

 

Neural Stem Cells in the Adult Mammalial Brain 

Neural stem cells persist from the post-natal period into adulthood in mammals, with 

niches present in the subventricular zone and dentate gyrus of the hippocampus that have 

similarities to the developing neocortex of embryonic NSCs (417). Within the lateral 

ventricles, NSCs are located in the subventricular zone (SVZ). Quiescent NSCs within 

the SVZ are termed type B cells, which then divide asymmetrically to generate a highly 

proliferative type C cell population that further differentiates to type A cells. These type 

A cells are capable of rapid migration along the rostral migratory stream towards the 

olfactory bulb. There, type A cells further differentiate to neuroblasts or interneurons. 

Type B cells, believed to be the NSC compartment, express similar features of embryonic 

NSCs (eNSCs). Type B cells express nestin and sox2, and develop cellular process which 

move through the ependymal layer to contact the ventricle surface, similar to that 

identified in radial glia or eNSCs. These cells also express markers of differentiation 

however, including astrocytic markers GFAP and GLAST (306-308). Targeted disruption 

of type B cells leads to a dramatic reduction in neurogenesis in mouse models, and 

depletion of type C and A cells indicates that these type B cells are capable of 

regenerating this population, suggesting a hierarchical arrangement and that these type B 
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cells are the adult NSC (15, 370, 418). Type C cells are in turn produced through 

asymmetric divisions of type B cells and constitute the majority of actively dividing cells 

as they undergo both limited symmetric cell divisions and asymmetric cell divisions 

during maturation. As these cells are highly mitotic, but have a finite replicative potential, 

these cells are also referred to as transient amplifying progenitor (TAP) cells (308). TAP 

cells are clearly important for the expansion of the NSC pool during neurogenesis, but 

remain a poorly defined entity, as their precise role and physiologic regulation in vivo 

remains unknown. These cells produce type A cells through asymmetric cell division 

however, and it is these cells, which migrate through the rostral migratory stream towards 

the olfactory bulb where they acquire neuronal markers (TuJ-1, Neural Cell Adhesion 

Molecules/NCAMs, MAP2) as they differentiate into neuroblasts and interneurons (307). 

 

The other major NSC niche and site for neurogenesis in the adult mammalian brain is the 

hippocampus, specifically the subgranular zone of the dentate gyrus (DG) (419, 420). 

Similar to both eNSCs and the type B cells of the SVZ, NSCs within the DG possess a 

prominent cell process, cellular polarity, and are termed radial astrocytes or type I 

progenitors (421, 422). This radial process spans the subgranular zone and contact 

multiple cell layers throughout the DG. These cells express sox2 and nestin but like type 

B cells in the SVZ also express markers of astrocytic differentiation, including GFAP 

(421). Type I cells are capable of asymmetric cell division to give rise to lineage 

restricted type II, or type D neuronal progenitor cells in an analogous fashion to the type 

C or A cells in the SVZ. Type D cells in turn produce differentiated progeny, the type G 
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or granular neurons that functionally integrate into the granular layer of the hippocampus 

(421, 423). Accordingly, NSC division in the dentate gyrus is affected by a multitude of 

physiologic stimuli. Mitotic activity is upregulated during inflammation, seizures, and 

glutamate receptor activation. Activity is also significantly reduced during depression and 

reversed following administration of antidepressant medication (424-427). 

 

Neural stem cells from either the SVZ or DG express similar markers to both each other 

and to eNSCs, and exist in similar microenvironments. Both type B and type I cells may 

express CD133, and CD15 is expressed by progenitor cells within the SVZ as well (428-

431). Functional differences between cells expressing these markers over negatively 

expressing cells have yet to be demonstrated however, and the role of these markers in 

vivo is still unclear, further hindering attempts at a hierarchical ordering. Both type B and 

type I cells are also found in NSC niches intimately associated with extensive vascularity, 

suggesting a role of NSC-endothelial cell signaling in the maintenance of these NSC 

niches, although this too remains speculative (432, 433). 

 

Summary 

 

In spite of comprising only 1.5% of new cancer cases, gliomas are a leading cause of 

cancer-related death in the United States, with a dismal median survival time of only 12 

months. The most malignant gliomas, glioblastoma multiforme (GBM) may arise in 

either a primary (no prior history of intracranial tumor) or secondary (malignant 
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progression of low-grade glioma) manner. Despite this difference in clinical presentation 

and some differences in genomic alterations identified between these two groups, these 

tumors are phenotypically identical and have nearly identical median survival times. Both 

primary and secondary human GBMs commonly exhibit profound alterations in the 

PTEN/PI3K/AKT pathway, the p53 pathway, and the Rb1/p16Ink4a pathway. 

 

The domestic dog (Canis familiaris) develops glioma tumors that are phenotypically 

identical to human glioma, recapitulating every histologic grade, with similar biologic 

behavior and a nearly identical incidence rate, suggesting significant similarities between 

these spontaneously occurring tumors across both species. While recent investigations 

have identified GSCs within a canine GBM and some similarities have been identified at 

a genomic level, the relatedness of canine glioma to human glioma, in particular in 

relation to glioma stem cell biology and genomic alterations is still largely unknown. 

 

The tumor stem cell hypothesis attributes the formation and maintenance of the tumor 

(i.e. the tumorigenic potential) to a specific subpopulation within the tumor as a whole. 

Originally identified in leukemia, with strong correlates to physiologic hematopoietic 

stem cells, the concept has been pushed forward to numerous solid tumors as well over 

the last decade. The application of the tumor stem cell hypothesis to human gliomas 

remains an evolving theory. There are clear and significant similarities in the growth and 

molecular profiles between physiologic neural stem cells and the purported GSCs that are 

expanded from human glioma tissue. In studies involving animal xenograft tumor 
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models, these cells clearly most accurately replicate the salient features of the parental 

tumor, chiefly in cell invasion, as compared to traditional cell line models. The true 

defining characteristic of a glioma stem cell is still unproven however, as no definitive 

hierarchical organization has been elucidated. The tumor stem cell hypothesis and clonal 

evolution are far from mutually exclusive, with components of each likely occurring in 

both the initiation and progression of disease. Tumor cells likely acquire additional 

genetic aberrations over time that may confer a selective advantage independent of 

epigenetic regulation, forcing a somewhat more liberal interpretation of the stem cell 

hypothesis. Ultimately however, the tumor stem cell theory emphasizes the existence of 

this hierarchy, and the significance of identifying tumor cell subpopulations within a 

heterogeneous tumor mass that are responsible for the maintenance of the tumor, with 

particular regards towards tumor recurrence after therapy. In other words, the pathways 

used to create a hierarchical arrangement within a tumor, be they genomic or epigenetic 

may be less important therapeutically than being able to understand the arrangement 

itself, and target the most upstream cell population. 

 

Neural stem cells are regulated in a temporal manner in vivo to enter periods of 

proliferation, neuronal, and then glial differentiation. Early NSCs isolated prior to 

neuronal fate commitment in vivo are proliferative cells, are highly migratory in situ 

within the developing brain, and are refractory to differentiation- all features attributed to 

glioma tumors and specifically to glioma TSCs. Similarly, GSCs often express markers 

of both neuronal and glial differentiation status. While significant differences obviously 
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exist between the tumor-derived GSCs and physiologic eNSCs, understanding these 

differences within the light of their equally significant similarities may aid in the 

elucidation of how GSCs maintain their tumorigenic potential and are refractory to 

terminal differentiation. 
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Figure 1. Human Glioblastoma may arise through either primary (de novo) or secondary 

(malignant transformation) pathways. Malignant transformation in secondary GBM 

formation is associated with the acquisition of more malignant phenotypes and 

progressive genomic alterations. Modified from Furnari et al. (434) 
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ABSTRACT 

 

The domestic dog develops spontaneous glial tumors that recapitulate every histologic 

type and grade found in humans. Here, we characterize the extensive genomic and 

biological similarities shared by human glioma stem cell (GSC) lines and GSCs isolated 

from a canine anaplastic astrocytoma. Serial xenotransplantation of our canine GSCs 

results in a progressive increase in tumor malignancy, expansion of the GSC 

subpopulation, and progressive genomic alterations orthologous to those associated with 

human secondary glioblastoma, including deletions of p16/ARF, loss of PTEN and loss of 

p53 function. Finally, comparative analysis of the genomic landscape of the canine GSC-

derived xenografts and human glioblastomas identifies putative tumor suppressor genes 

and oncogenes within these syntenic regions that are deleted/amplified across separate 

canine chromosomes. This convergence of biology in a naturally occurring model of a 

human tumor allows the interrogation of both genomes for the purpose of identifying new 

candidate oncogenes and tumor suppressor genes operative in gliomagenesis. The 

dramatic similarities in biology and genomic changes between two naturally and 

spontaneously occurring tumors across species suggests a limited number of preferred 

pathways toward tumorigenesis in nature in contrast to the numerous ways to induce 

tumors in experimental models. 
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Introduction 

 

Despite aggressive multimodality treatment, the overall prognosis for patients with high-

grade gliomas (anaplastic astrocytomas and glioblastoma multiforme (GBM)) remains 

very poor.  A greater understanding of the biological basis of these tumors offers the best 

hope for improved therapeutic strategies.  The cancer stem cell hypothesis attributes 

tumorigenicity to a specific sub-population of cells within the tumor (299, 435).  In many 

cases, these cancer stem cells share certain functional properties with normal tissue-

restricted and embryonic stem cells (15, 262, 436). Others and we have demonstrated the 

existence of a subpopulation of tumor-derived glioma cells that self-renew, have the 

potential for both glial and neuronal differentiation and possess significantly increased 

tumorigenic potential in immunocompromised orthotopic xenograft mouse models (4, 

156, 367). Many key questions persist, however, regarding the relatedness of these 

“glioma stem cells” (GSCs) to normal neural stem cells and their exact role in GBM 

progression in patients. A spontaneous non-human glioma model that accurately 

recapitulates the disease would significantly enhance our ability to find answers to these 

questions. Although genetically engineered mouse (GEM) models of gliomas are 

valuable tools in studying gliomagenesis, such models are nonetheless limited to 

evaluating the effects of one or several genes in gliomagenesis and do not address the 

profoundly altered genomic landscape and genetic instability found within high-grade 

human glial neoplasms (5).  
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The domestic dog represents a unique and potentially powerful opportunity for the study 

of spontaneously occurring intracranial tumors, particularly glioma. It has long been 

recognized that canine glial tumors are remarkably similar in growth and histologic 

appearance to their human counterpart (6, 38). Canine gliomas range from grade I 

pilocytic to grade IV GBMs, faithfully reproducing the salient histopathologic and 

clinical features of each grade of human gliomas. Additionally, the incidence of 

intracranial tumors in both humans and dogs is remarkably similar and has recently been 

associated with the presence of glioma stem cells (437). Furthermore, brachycephalic 

breeds of dogs exhibit a significantly higher incidence of gliomas, providing an excellent 

opportunity for studying polymorphic gene variation controlling disease susceptibility 

(6). In these respects, the dog represents the only non-human species that is currently 

suitable for comparative study of naturally occurring gliomagenesis. 

Here, we report the isolation and characterization of GSCs from a canine anaplastic 

astrocytoma and demonstrate their remarkable similarities to human glioma GSCs. These 

canine GSCs exhibit shared markers of neural stem cells, are capable of differentiating 

along both glial and neuronal cell lineages, and form invasive serial xenografts when 

orthotopically transplanted into immunocompromised mice. These xenografts progress in 

malignancy over serial xenotransplantation and this transformation is associated with 

stepwise genomic aberrations of key oncogenes and tumor suppressor genes implicated in 

the progression of low-grade human astrocytomas to secondary GBMs. Most notably, 

canine glioma GSCs with an initial genomic deletion of p16/ARF further develop deletion 

of PTEN and deregulation of the p53 pathway through genomic amplification and 
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overexpression of MDM2 and MDM4, events functionally equivalent to those seen in the 

progression of low grade human gliomas to secondary GBMs. This study documents, for 

the first time, the key role of specific, serial genetic aberrations across two species in 

naturally occurring analogous tumor types and is the first study to demonstrate that these 

genetic aberrations occur within the GSC population during the progression of glial 

tumors. 

 

Materials and Methods 

 

GSC and NSC Cultures  

Following identification of a spontaneously occurring intracranial mass by MRI, the 

owner of a 9 year-old female Labrador Retriever elected humane euthanasia. Immediately 

after death, the brain was removed and the tumor sectioned. Additional samples were 

microdissected from the olfactory bulb, dentate gyrus of the hippocampus, and 

contralateral subventricular zone. All samples were briefly enzymatically dissociated into 

single cells. Red blood cells and cellular debris were removed by ACK lysis buffer and 

differential centrifugation. Cells from either GSC or NSC samples were each placed into 

culture in NBE medium comprised of Neurobasal-A medium (Invitrogen), N2 and B27 

supplements (0.5x concentration, each; Invitrogen), heparin (2ug/mL, Sigma), and 

recombinant human bFGF and EGF (25ng/mL each; R&D systems). Differentiation was 

induced by either growth factor withdrawal or by culturing cells in DMEM medium 

(Invitrogen) containing 10% fetal bovine serum (Invitrogen). Cells were cultured as 
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neurospheres in uncoated tissue culture flasks or as adherent cells on plates pre-coated 

with a poly-ornithine/poly-D-lysine mixture.  

 

Intracranial Tumor Cell Injection into SCID Mice 

Canine GSCs were orthotopically implanted as previously described(367). Cells were 

enzymatically dissociated and resuspended in 40-80ul of HBSS containing EDTA 

(Invitrogen). Cells were then injected stereotactically into the striatum of anesthetized 

adult mice using a stereotactic frame (coordinates: 2 mm anterior, 2 mm lateral, 2.5 mm 

depth from bregma). There was no injection-procedure-related animal mortality. Animals 

were sacrificed at given time points for the analysis of tumor histology and 

immunohistochemistry or for culture of cells from the xenograft tumor. Brains were 

perfused with 4% paraformaldehyde by cardiac perfusion and further fixed at 4 ℃ 

overnight.  

 

FACS Analysis  

Patient GBM -and xenograft-derived tumor cells as well as in vitro cultured cells were 

dissociated into single-cell suspensions and labeled with the following antibodies; anti-

CD133 (Santa Cruz sc-30220), CD-15-FITC (MMA clone, BD), Sox2 (R&D systems: 

MAB2018), GFAP (Invitrogen), Tuj1 (Covance) antibody as previously described. 

Staining for CD133 was performed by labeling one million cells with 2ug of antibody at 

4ºC for 10 minutes. Concentrations of other antibodies and the staining conditions were 

followed per the manufacturers recommendation. Non-conjugated primary antibodies 
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were subsequently labeled with PE- or FITC-conjugated secondary antibodies (BD). 

Antibodies against mouse immunoglobulin conjugated to PE or FITC were used as 

antibody isotype controls (BD). The stained cells were analyzed on the FACS Vantage 

SE flow cytometer (BD).  

 

Soft Agar Colony Forming Assay 

Soft agar colony forming assays were performed as previously described(323). Briefly, 

low melting point agar (Difco) was melted and mixed with NBE media to a final 

concentration of 0.8% (bottom layer) and 0.4% (top layer).  

 

Limiting Dilution Assay 

In vitro NBE-cultured cells and xenograft-derived tumor cells were dissociated into 

single-cell suspensions and then plated into 96 well plates with various seeding densities 

(1 to 50 cells per well). Cells were incubated at 37 ℃ for two to three weeks.  At the time 

of quantification, each well was examined for the formation of spheres.  

 

Antibodies for Western Blot Analysis and Immunohistochemistry  

The following antibodies were used as primary antibodies: CD133 (Santa Cruz), Nestin 

(IBL America and Covance), Sox2 (R&D Systems and Santa Cruz Biotechnology; sc-

20088), Bmi1 (Upstate), Ezh2 (Pharmingen), Olig2 (Santa Cruz Biotechnology; sc-

48817), a-tubulin (Sigma), CD-15-FITC (BD), GFAP (Dako), Tuj1 (Covance), p16 
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(Pharmingen), Pten (Cell Signaling), Akt (Cell Signaling), MDM2 (Santa Cruz 

Biotechnology), MDM4 (Santa Cruz Biotechnology). 

 

Comparative Genomic Hybridization 

Genomic DNA was extracted from canine GSC samples according to manufacturer’s 

protocol (Qiagen) and processed at the Core Genotyping Laboratory at NCI. Copy 

number analysis was performed with the CanineHD Whole-Genome BeadChip, a SNP-

based microarray for whole-genome genotyping and CNV analysis with more than 

170,000 markers on the CanFam2.0 reference sequence (Illumina, Inc.). Data were 

analyzed using CNV partition v.2.4, based on log R ratio and B-allele frequency 

(Illumina GenomeStudio software). Due to various noise levels in different samples the 

segmented data were post-processed in MATLAB (R2010a) to apply sample-specific 

threshold to averaged log R ratio of each segment. Segmented data were imported into 

the Integrative Genomics Viewer (Broad Institute, http://www.broadinstitute.org/igv/) 

and aligned using a syntenic map of CanFam2.0 to the human genome (hg18). 

 

Polymerase Chain Reaction and Sequencing 

p53 exons 5, 6, 7, and 8 (DNA binding domain) were amplified from intron-based PCR 

primer pairs as previously reported (438). PCR products were ligated into TOPO PCR 

cloning vector (Invitrogen) and sequenced using a T7 primer. 
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Statistical Analysis 

All values are shown as mean ± standard deviation (SD). Kaplan-Meier survival analysis 

was performed in Prism 4.0 software.  

 

Results 

 

Canine glioma GSC efficiently form serially transplantable tumors 

GSCs are broadly defined functionally as a population of cells that form spheres, are 

clonogenic in vitro, and have the ability to form serially transplantable xenograft tumors 

in vivo that recapitulate the genetic, pathologic and clinical features of the original tumor 

(439).  To determine if canine GSCs may be cultured from primary tumors, we 

dissociated tissue from a spontaneous grade III canine anaplastic astrocytoma (Figure 1) 

and plated cells in serum free Neurobasal medium supplemented with N2 and B27 

supplements in the presence of basic FGF and EGF (NBE medium) as we have 

previously reported for the characterization of human GSCs (367).  Canine GSCs grow in 

an analogous fashion to their human counterparts, forming non-adherent spheres in NBE 

conditions. We next sought to determine the ability of these neurosphere-forming canine 

glioma cells to serially produce tumors in an orthotopic immunocompromised mouse 

model, consistent with our prior characterizations of human GSCs (323, 367). We 

injected a small number of canine glioma neurosphere-derived cells (5000 cells per 

mouse) into the periventricular cortex of five adult mice, resulting in the formation of 
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primary xenografts in all mice injected. To minimize any in vitro artifact associated with 

prolonged culture, xenograft tumor-derived cells from primary and secondary xenograft 

tumors were isolated and re-injected into identical SCID mice within 7 to 14 days of 

xenograft tumor harvest, forming secondary and ultimately tertiary xenograft tumors in 

100% of mice injected, respectively.  Interestingly, secondary and tertiary xenografts 

revealed a progression in features of malignancy within xenograft tumors, exhibiting both 

increased tumor burden within the ipsilateral and contralateral cortex as well as 

pronounced infiltration along white matter tracts in the mouse brain.  There was also a 

corresponding increase in cellular pleomorphism, vascular proliferation, and necrosis 

(Figure 2A). Immunofluorescence of xenograft-containing brains using an antibody 

against canine-specific nucleolin confirms the extent of cell invasion and the pronounced 

increase in tumor burden between primary and tertiary xenografts (Figure 2B). This 

pronounced tumor cell infiltration along white matter in the secondary and tertiary canine 

GSC-derived xenograft tumors is similar to that seen with human GBM-derived GSC 

xenografts, and represents the major mechanism of tumor progression in naturally 

occurring human and canine gliomas, but is not seen in xenografts from standard 

established glioma cell lines (440). Coincident with the increase in malignancy of our 

serial xenografts was a decreased latency in tumor formation in the immunocompromised 

mice. While an identical number of primary, secondary, and tertiary cells were injected 

into identical stereotactic locations, tertiary tumors developed at a dramatically 

accelerated rate compared to either primary or secondary xenograft tumors (Figure 2C). 
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Similar to human gliomas, our canine parental and xenograft tumors ubiquitously 

expressed high levels of markers associated with neural stem cells (sox2, nestin, EGFR), 

exhibited scattered CD15 positive cells and were intensely immunoreactive for GFAP in 

vivo (Figure 2D). Attempts at immunolabeling CD133 in our tissue sections proved 

unsuccessful. No appreciable difference in sox2, nestin, or EGFR immunoreactivity was 

identified over serial xenograft tumors although there was an increase in the number of 

CD15 labeled cells. Additionally, PDGFR-a was expressed in the parental tumor and in 

both primary and secondary xenografts but was notably absent in tertiary xenografts. 

Immunoblots for PDGFR-a and the phosphorylated active PDGFR-a confirm this and 

suggest that the PDGFR is only actively signaling in cells derived from the primary 

xenograft tumors (Figure 2E). This pattern appears to correlate with the suspected role of 

PDGFR signaling early in the progression of lower grade human gliomas, giving way to 

more dominant signaling through other mitogenic and/or survival pathways such as the 

EGFR pathway in GBM (441, 442).  

 

Establishment of canine glioma GSCs and evaluation of differentiation potential 

Given their ability to form glioma xenografts, we sought next to more fully characterize 

the canine GSCs.  Immediately upon the development of neurological signs, mice bearing 

intracerebral xenograft tumors were sacrificed and the tumor microdissected from the 

brain and expanded in NBE conditions. GSC samples isolated from primary xenografts 

are designated as “0123-A”, secondary xenograft GSCs as “0123-B”, and tertiary 

xenograft tumors as “0123-C” samples. Canine GSCs grew in an analogous fashion to 
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human GSCs, forming non-adherent spheres in NBE conditions and expressing neural 

stem cell markers sox2, olig2 and nestin. Upon removal of growth factors or exposure to 

fetal bovine serum however, cells rapidly lost their proliferative capacity and exhibited a 

dramatic decrease in the stem cell markers and a significant upregulation of the 

differentiation markers, TuJ-1 and GFAP (Figure 3). Additionally, neural stem cell 

markers were similarly or more highly expressed in the GSCs than in canine patient-

matched dentate gyrus-derived normal NSCs.  Interstingly, there was a progressive 

increase in proteins associated with stem cell renewal (bmi-1) and human glioma 

progression (olig2) in canine GSCs from serial transplanted xenografts, suggesting the 

presence of self-renewal signaling pathways in canine GSCs in a manner analogous to 

that seen in human GSCs and other tumor populations (352, 357, 443-447).  

 

Characterization of GSCs across serial xenografts 

As a widely accepted single marker for GSCs remains elusive, we combined the 

expression of two well-known GSC cell surface markers (CD133 and CD15) and 

functional assays to evaluate the relative number of GSCs per tumor across serial 

xenotransplantation. The cell surface markers CD133 and CD15 have been reported to 

enrich for cells exhibiting enhanced tumorigenic potential, and in the case of CD15, have 

biologic relevance to developmental neural stem cells (323, 431).  Given that the 

expression of both surface markers may change dramatically over time in vitro, we 

analyzed all cells at an identical number of days in vitro (21 d.i.v.) following isolation 

from the xenograft. Whereas <2% of cells expressed CD133 in the primary xenograft 
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tumor, secondary and tertiary xenografts contained 9% and 7% CD133 positive cells, 

respectively. Even more striking was the finding that the percentage of CD15 positive 

cells progressively increased in the primary, secondary and tertiary tumor from 20%, to 

32% to 58%, respectively (Figure 4A). Consistent with the expression of these surface 

markers, both the soft agar and serial dilution assays demonstrated a progressive increase 

in clonogenic potential over serial xenograft formation (Figures 4B and 4C).  Finally, in a 

pattern identical to that seen in our human GSCs, canine GSCs expressing either CD133 

or CD15 were significantly more clonogenic and had a higher expression of stem cell 

markers than those cells failing to express either marker, which were less clonogenic and 

preferentially expressed markers of neuronal and/or glial differentiation. (Figures 4D and 

4E) (323).  The demonstration that serial xenotransplantation of small numbers of 

primary canine glioma cells, cultured in stem cell conditions, enriches for a sub-

population of cells with both stem cell surface markers and in vitro and in vivo functional 

properties of tumor-initiating cells, fulfills the most stringent definition of a tumor stem 

cell (i.e. GSCs.).  

 

Progression of Canine Xenograft Tumor Malignancy is Reflected in Progressive 

Genomic DNA Copy Number Alterations Also Found in Human Glioblastoma.  

We have demonstrated that GSCs derived from a canine anaplastic astrocytoma form 

serially transplantable xenograft tumors that recapitulate the heterogeneity, 

pleomorphism, transformability (to higher grade gliomas) and invasive growth of the 

parental tumor. A major question in the applicability and relevance of the dog as a model 
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for spontaneous human gliomagenesis however, lies in whether the genetics driving both 

the initiation and progression of this tumor is similar to that operative in human gliomas. 

To examine whether genetic alterations found in our canine glioma GSCs over serial 

xenograft formation are analogous to those found in human GBM, we performed array 

comparative genomic hybridization (aCGH) analysis of total genomic DNA isolated from 

the primary (0123-A), secondary (0123-B), and three different tertiary xenografts (0123-

C-1, -2, and -3) against genomic DNA isolated from patient-matched normal brain 

parenchyma, using a canine SNP array. 

Serial comparison of genomic DNA copy number alterations (CNAs) across our canine 

GSC samples revealed a progressive increase in both genomic amplifications and 

deletions (Figure 5A). Primary xenograft tumors, which demonstrated the least malignant 

phenotype, were associated with a small number of focal anomalies in the canine genome 

but did include key regions with known relevance to human gliomas. Chiefly, canine 

chromosome 11 (CFA 11) had a focal deletion containing the CDKN2A/CDKN2B locus. 

Loss of p16, along with the other tumor suppressors in the INK4a locus, is found in a 

majority of human high-grade gliomas (448, 449). Additionally, the regions of CFA 10 

and 38 containing the genes MDM2 and MDM4, respectively, are amplified, as is true in 

a subset (~10%) of high-grade human gliomas and consistent with previous reports of 

canine intracranial tumors (9, 450). We also found that the canine GSCs contained focal 

amplifications of CFA 10 within a region that contains the CDK2 and CDK4 genes, both 

of which are known to be amplified in up to 15% of human high grade gliomas (225).  
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Consistent with clonal evolution of a tumor stem cell subpopulation, nearly all CNAs 

present in the primary GSCs were maintained or expanded in the secondary and tertiary 

GSCs. As the xenograft tumors increase in malignancy over serial xenotransplantation 

however, we identified numerous additional or progressive CNAs associated with this 

malignant progression, in a manner analogous to human secondary glioblastoma 

development. Chiefly, we identified a deletion in CFA 26 that contains the tumor 

suppressor gene PTEN. PTEN is deleted in approximately 70% of GBMs and loss of 

PTEN function, with the subsequent activation of the downstream effector Akt, is 

believed to be a critical genomic signature in the progression of human glioma tumors 

(i.e. in secondary GBM formation) (451-453). The malignant progression of our serial 

xenograft tumors was also associated with progressive amplifications of CFA 38 

(containing mdm4)  in our tertiary GSCs, which when coupled with increased MDM2 

and AKT signaling, further abrogates p53 function. Sequencing of genomic p53 in both 

the parental tumor and GSC samples revealed wild-type sequence, suggesting that loss of 

p53 function in our canine GSCs may instead be mediated through deletion of ARF and 

progressive amplification of MDM2 and MDM4. This finding is also analogous to human 

GBMs where loss of p53 function occurs in 30-70% of human GBMs either through p53 

mutations, MDM2/4 amplification and/or ARF deletions (225, 454). 

 

The domestic dog genome contains 38 autosomes and so the genomic material 

comprising the 22 human autosomes is dispersed over numerous shared regions across 

separate canine chromosomes. This physical distribution of shared genomic material 
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makes the dog an ideal comparative genomic model to investigate small regions of 

CNAs, as large, commonly amplified or deleted regions in human GBM samples are 

likely to be syntenic to multiple, individual canine chromosomes. The co-deletion or 

amplification of separate, individual canine chromosomes syntenic to common human 

glioma CNAs would suggest relevant tumor suppressor genes or oncogenes are present 

within those regions, and enable the definition of small, minimally altered foci relative to 

the comparatively large CNAs currently defined as common alterations in human GBMs. 

In order to compare the CNAs of our canine GSCs directly to those regions commonly 

altered in human GBMs, we first developed an algorithm to map our canine CNAs to 

their appropriate syntenic human coordinates (Figure 5B). Common CNAs in human 

GBM tumor populations are defined by Genomic Identification of Significant Targets in 

Cancer (GISTIC) from the TCGA GBM database, as reported previously (130). In this 

comparison, we were able to identify seven CNA regions in our tertiary canine GSCs that 

share significant homology to common CNAs in human GBM. Most notably, focal 

alterations corresponding to human chromosome 7 (HSA 7q, 62.9-76.6Mb and 97.5-

102.3Mb), HSA 9p (19.5-22.4Mb), HSA 10q (35.4-40.3Mb, 59.6-88.7Mb, and 89.2-

90.9Mb), and HSA 12q (54.3-74.1Mb) are shared between our canine GSCs and human 

GBMs. In addition to these CNAs with known tumor suppressor or oncogenes, other 

commonly altered regions such as HSA 6q (116.6-170.1Mb) and HSA 13p (19.1Mb-

24.3Mb and 25.6-40.2Mb) are also deleted in both populations, highlighting the genomic 

similarity in glioma formation and progression in both species.  

 



  122 

Minimal Regions of Alteration are defined by Multiple, Separate Canine 

Chromosomes. 

In order to more completely define minimal regions of alteration within large 

chromosomal amplifications or deletions often found in human glioblastoma, we 

identified regions of shared CNAs (between human GBMs and canine GSCs) and 

mapped these regions to the corresponding canine chromosomes (Figures 6-12, Tables 1-

7). PTEN (located on HSA 10q.23.3) is usually deleted along with large segments of 

HSA 10q in human glioblastoma (10, 35).  A long-standing question in glioma genetics is 

whether the target of HSA 10q deletion is PTEN alone or whether there are additional 

target genes that are co-deleted with PTEN that contribute to the tumorigenic phenotype.  

In the dog, PTEN is located at the telomeric end of CFA 26, which was deleted in the 

GSCs derived from the secondary and tertiary xenografts (Fig 5A and 5B, Fig 6, Table 

1). Genes co-deleted in our canine GSCs alongside PTEN in CFA 26 included Dkk1, 

which functions to inhibit Wnt signaling and may function to inhibit differentiation 

potential or clonogenic growth potential (455). Additionally, cyclic guanosine 

monophosphate (cGMP)-dependent kinase (PRKG1) was also co-deleted with PTEN in 

the canine tertiary tumors and, alongside PRKG2, has been suggested to be potential 

tumor suppressor genes in colon carcinoma and glioma (456, 457). PRKG1 also functions 

to inhibit angiogenesis through vasodilator-stimulated phosphoprotein (VASP). Thus, the 

deletion PRKG1 in both canine and human GSCs may have a mechanistic role in the 

aberrant cell cycle control and angiogenic phenotype of malignant gliomas (458). 
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In addition to the deletions in CFA 26 containing PTEN (HSA 10q 89.2-90.9Mb), the 

canine tertiary xenograft tumors also exhibit an expanded deletion in CFA 4 that is 

syntenic to areas of HSA 10 that flank the PTEN loci and are often deleted in human 

GBMs (HSA 10q, 59.6-88.7 and 91-91.16Mb) (Figure 6, Table 1). Therefore, while the 

secondary and tertiary canine GSCs exhibit loss at CFA 26 corresponding to PTEN, 

progression of xenograft malignancy in our canine GSC population is associated with an 

additional, separate chromosomal deletion of CFA 4 that contains a syntenic region in 

immediate proximity to PTEN on the human genome. We examined genes present within 

this co-deleted segment of CFA 4 corresponding to HSA 10 and identified several genes 

within this region that have suspected roles in gliomagenesis. ANXA7 (located on HSA 

10q21.1-q21.2), which is frequently deleted in human GBMs, has been previously 

suggested as a tumor suppressor gene independent of its human chromosomal proximity 

to PTEN.  It has been hypothesized that loss of ANXA7 stabilizes and thus augments 

EGFR signaling and is negatively associated with patient survival (131). The loss of 

ANXA7 secondary to deletion of CFA 4, and separate from that containing PTEN (CFA 

26), in canine gliomas supports an independent and important role for both genes as 

potential tumor suppressors in GBMs and demonstrates the power of the dog as a 

predictive model for interrogating the glioma genome.   

 

Additional genes co-deleted within CFA 4 and corresponding to the syntenic regions of 

HSA 10q involve other tumor suppressor gene candidates including BMPR1A, and 

CCAR1. We, and others have shown that disruptions in BMP signaling may impact the 
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tumorigenic potential and capacity for differentiation in GSCs, and BMPR1A deletions 

are known to predispose individuals to colon cancer formation (366, 459, 460). CCAR1, 

or cell cycle and apoptosis regulator 1 (also referred to as cell cycle and apoptosis 

regulatory protein 1 or CARP-1) is located on HSA 10q21-q22 and has been reported to 

suppress the clonogenic growth, tumorigenicity, and invasion of human breast cancer 

cells and is integral to the induction of apoptosis following EGFR inhibition (461, 462). 

Loss of CCAR1 may explain in part the failure of some patients to respond to EGFR 

inhibition therapeutically or enable tumor cells to survive in conditions of low growth 

factor concentration. 

 

We performed similar analyses on the other commonly altered genomic foci shared 

between our canine GSCs and human GBMs. The canine GSC genomic deletion 

containing CDK2NA is evolutionarily related to a very small region of HSA 9p21-p22, 

highlighting the importance of CDKN2A in glioma biology and diminishing the potential 

importance of a large number of other genes (“passenger genes”) that are co-deleted in 

the large CNAs found in HSA 9 (Figure 7, Supplemental Table 2). Indeed, the canine 

chromosomal regions flanking the small locus containing CDKN2A are amplified, 

suggesting a specific role of CDKN2A deletion in glioma biology while potentially 

excluding a number of linked co-deleted genes in HSA 9. Within that minimally deleted 

region containing the p16/Ink4a locus in our canine GSCs are several interferon genes 

(IFNB1, IFNA5, IFNA13, and IFNA7) that are also deleted. This may be of interest for 

the IFNAR1 gene was recently identified by Cerami et al. as a linker gene in the PIK3R1 
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module through an automated network analysis (Human Interaction Network). This 

module, linking several IFNA genes and IFNB1 to IFNAR1, was found altered in 25% of 

GBMs in the TCGA database, but as the authors express, was of unknown significance 

due to the close proximity of IFN genes to CDKN2A (463). The co-deletion of CDKN2A 

and the IFNAR1 gene in both canine and human gliomas strengthens the argument that 

IFNAR1 is a potentially significant gene in the biology of GBMs. 

 

An additional chromosomal amplification associated with the more malignant xenograft 

gliomas is seen in CFA 6, which shares evolutionarily conserved synteny with HSA 7. 

This is of particular interest since trisomy HSA 7 is a common finding in GBMs (Figures 

5, 8, Table 3). This region contains the gene, Glioblastoma Amplified Sequence (GBAS), 

which is amplified in up to 40% of human GBMs (464).  Other commonly altered foci in 

human GBMs show striking conservation in our canine GSCs including those 

surrounding amplification of MDM4 (Figure 9, Table 4), MDM2 (Figure 10, Table 5), 

and in the genomic regions commonly deleted in HSA 6 (Figure 11, Table 6) and 13 

(Figure 12, Table 7). A number of these CNAs that are conserved across both species 

contain well-known potential tumor suppressor or oncogenes.  One such example is Gli1, 

a transcription factor involved in the transduction of sonic hedgehog signaling and that 

may have a role in the promotion of tumor cell invasion. The Gli1 gene (HSA 12q13.2-

13.3) is amplified both in a subset of human GBMs as well as in our canine glioma (CFA 

10) (465). By contrast, it is of interest that amplification of the epidermal growth factor 

receptor (EGFR) seen in primary human GBMs was not seen in our canine tertiary 
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tumors, consistent with its lack of amplification in secondary human GBMs (35).  Thus, 

these foci of shared genomic alterations allow us to identify a series of genomic events 

responsible for driving both human and canine gliomagenesis with more certainty than 

would be possible through the genomic study of gliomas from only one species  

 

Progressive Genomic Alterations are Critical for Increased Self Renewal and Cell 

Survival in Tertiary Canine GSCs. 

We next examined whether the copy number changes of select genes within specific 

canine glioma CNAs are associated with alterations in protein expression. The results 

indicate that aCGH accurately predicted the lack of p16/CDKN2A protein expression and 

the progressive loss of PTEN function (and resulting increased AKT activity) in our 

canine GSCs over serial xenograft formation (Figure 13). Furthermore, similar to that 

seen in human gliomas, the lack of p16 expression results in inhibition of Rb-1, possibly 

compounded by increased AKT activity over serial xenotransplantation.  We also found 

diminished p53 expression and function, as reflected by decreasing p21 levels, in our 

tertiary 0123-C canine GSCs consistent with the aCGH analysis showing genomic 

amplification of the MDM2 and MDM4 genes (Figure 13B).    

 

To investigate the significance of these alterations in vitro, we examined the response of 

primary canine GSCs (0123-A, PTEN intact) and tertiary canine GSCs (0123-C, PTEN 

null) to growth factor withdrawal (N2B27). Removal of growth factors rapidly induces 

apoptosis and cell senescence in primary 0123-A GSCs, while tertiary 0123-C GSCs 
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maintain a viable phenotype. By contrast, concurrent growth factor withdrawal and 

inhibition of PI3K activity through the addition of wortmannin mitigates the resistance to 

apoptosis in tertiary 0123-C cells and both cell types acquire a similar phenotype (Figure 

13C, E). Cell cycle analysis and TUNEL labeling of 0123-A and 0123-C cells confirms 

the selective increase in cell cycle arrest and apoptosis in 0123-C cells when AKT 

signaling is inhibited (Figure 13D). This suggests the relative resistance to apoptosis and 

increased cell survival in our canine tertiary GSCs compared to the primary GSCs is in 

large part mediated through activation of the PI3K pathway secondary to PTEN deletion 

in the tertiary GSCs.  This is consistent with evidence in human GBM suggesting PTEN 

deletion is a key, gate-keeping genomic alteration in the progression of low grade to 

high-grade gliomas. 

 

Discussion 

 

As the only species to spontaneously develop gliomas with a phenotype identical to 

humans, the domestic dog represents an attractive comparative model for the study of 

glioma biology. Despite their striking pathological and clinical resemblance to human 

gliomas, however, little is known about the biology of canine gliomas, the 

characterization of canine glioma stem cells, or their genetics.  In this study we have 

documented the in vitro characterization of canine glioma-derived GSCs and performed a 

detailed phenotypic and genomic analysis of the tumors they form in vivo.  
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The importance of GSCs in the pathogenesis of human gliomas remains controversial.  

Consistent with a prior study reporting the presence of a CD133 population of GSC-like 

cells in a canine GBM, we have isolated GSCs from a canine anaplastic astrocytoma 

(437). We were able to demonstrate that these cells are highly proliferative, capable of 

self-renewal, and effectively form serially transplantable xenograft tumors in 

immunodeficient animals. Like human GSCs, these canine GSCs express NSC markers 

and are capable of differentiation along both neuronal and glial pathways. We were also 

able to demonstrate that sorting for CD133 and CD15-positive cells enriched for a 

subpopulation of canine glioma cells with NSC-like properties and enhanced clonogenic 

and tumorigenic potential, as others and we have demonstrated for human GSCs (4, 156, 

367).  The fact that a very similar subpopulation of cells with NSC-like features that 

drives the tumorigenic process in xenotransplantation studies can be isolated from tumors 

in two species of animals that develop naturally occurring gliomas, supports the argument 

that these GSCs may be intrinsically important to the pathogenesis of the disease.  

 

In addition to demonstrating the presence of GSCs within canine gliomas and their 

similarity to human GSCs, we have shown that canine GSCs recapitulate the human 

disease in two other important ways: the ability to form tumors that “transform” to 

higher-grade malignancies and to form tumors with similar genomic alterations to human 

gliomas.  Approximately 70% of low-grade human gliomas will ultimately transform to 

higher-grade tumors during the lifetime of the patient.  These higher-grade tumors have 

been termed “secondary GBMs” to differentiate them from primary GBMs, which are not 
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known to have progressed from an early low-grade precursor stage.  It has been 

demonstrated that the secondary GBMs acquire additional genetic aberrations compared 

to the parental low-grade tumor (and different from primary GBMs) and thus presumably 

reflect clonal evolution (466).  It is difficult to confirm this hypothesis or study glioma 

transformation in the laboratory, however, for there are few (if any) animal models that 

spontaneously recapitulate this biology.  We have now shown that serial transplantation 

of our canine GSCs from in vivo propagated tumors spontaneously results in 

progressively higher grade and more malignant tumors much in the same way that 

successive human glioma recurrences in the clinical setting are more likely to result in 

more aggressive and higher grade tumors than the parental tumor.  Furthermore, the 

serially transplanted tumors harbor increasingly larger number of GSCs with greater 

proliferative and clonogenic properties in vitro. The enrichment of GSCs during serial 

xenotransplantation resulting in the formation of tumors with a shorter latency period and 

in tumors with greater malignancy suggests a relationship between the percentage of 

GSCs per tumor and the degree of tumor malignancy. The fact that these observations 

were made following minimal in vitro manipulation or tissue culture of dissociated tumor 

xenograft-derived cells, and without pre-selection of any putative GSC subpopulations, 

implies that the relationship between the percentage of GSC per tumor, tumor latency and 

degree of malignancy is an inherent feature of GSCs in glioma biology. 

 

Genomic analysis of several hundred human GBMs from the recently published Cancer 

Genome Atlas (TCGA) database have demonstrated inactivation or deregulation of the 
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p53, Rb and PI3K canonical pathways regardless of the specific genetic aberrations 

within any given tumor. It is therefore of great interest to find that the canine glioma 

follows a similar natural history. While our primary canine GSCs exhibit Rb inactivation 

through p16 deletion and diminished p53 activity through MDM2 genomic amplification, 

full transformation of the xenograft requires the progressive amplification of MDM4 and 

the loss of PTEN.  This is identical to the situation seen in human secondary GBMs 

where transformation of a lower grade glioma with p53 mutations and RB inactivation is 

accompanied by deregulation of the PI3K pathway, usually by PTEN deletion. Therefore, 

our canine GSCs reiterate the vital role of the Rb, p53 and PI3K pathways in the 

pathogenesis of naturally occurring malignant gliomas and for the first time demonstrate 

that glioma clonal evolution can be carried within the GSC compartment. 

 

  

Some of the minor CNAs within the primary canine GSCs are not found in the tertiary 

GSCs. It is therefore reasonable to assume that the initial tumor contained a 

heterogeneous population of GSCs, and that the genotype that ultimately came to 

dominate following serial passage of the tumor in vivo represents the selection of GSCs 

with progressive genomic (and probably epigenetic) changes that endowed them with 

greater tumorigenic potential. Although it is plausible that the GSC clonal selection 

occurred during the in vitro propagation of the GSCs prior to intracerebral implantation, 

we attempted to minimize this possibility by genotyping each population of GSC just 

prior to intracerebral implantation and by limiting the amount of time the GSCs were in 
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culture to just a few days. We therefore believe that the successive genomic changes and 

selection for a GSC population containing the salient mutations that lead to 

transformation to a higher-grade tumor, was driven within the biologically relevant 

microenvironment of the central nervous system and not as an artifact of prolonged in 

vitro culture.  

 

Thus, this is one of the first demonstrations that in vivo transformation of a naturally 

occurring glioma likely occurs through clonal evolution and selection within the GSC 

subpopulation.  If true, these observations have significant clinical implications for it 

suggests that targeting of late genetic alterations (i.e. the PI3K pathway through inhibitors 

of AKT, mTOR) would still leave intact a population of earlier stage proliferating GSCs 

prone to subsequent malignant transformation.  Our in vitro data demonstrating the 

sensitivity of our tertiary GSCs, compared to our primary GSCs, to PI3K inhibition 

following the stress of growth factor withdrawal clearly demonstrates this concept. These 

observations, therefore, theoretically argue for targeting signaling pathways important in 

the earlier pathogenesis of the disease, but one must be cautious of the possibility that 

advanced clonal evolution may inherently produce GSC populations no longer dependent 

on those early genetic/epigenetic signaling aberrations.  This indeed represents the 

complexity of treating a naturally evolving system like human cancer, and demonstrates 

the potential power of this canine glioma model to study such a complex system 
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The utility of the dog as a model for human gliomagenesis will depend in many ways on 

the extent of the similarity between the canine and human tumors at a genetic and 

chromosomal level.  To that end, we have found significant similarity between the 

genotypes of our canine GSCs and human GBMs, with conservation of commonly 

reported CNAs corresponding to HSA 1q, 6q, q, 9p, 10q, 12q, and 13p over malignant 

progression in our canine GSCs. Our data demonstrate that canine gliomas offer a 

valuable naturally occurring experimental model in comparative glioma genomics. It 

appears clear from human glioma data, mouse modeling data, and now our canine data 

that deregulation of the p53, RB and PI3K pathways are common pathways to formation 

of malignant gliomas (10, 301).  Nevertheless the frequent occurrence of other 

nonrandom CNAs, the finding that high-grade gliomas can be sub-classified into distinct 

subgroups based on gene expression profiles, and the heterogeneous nature of the clinical 

disease all suggest that there are other genetic and epigenetic changes within gliomas that 

can significantly alter their biological and clinical behavior.  A proportion of these 

genetic mutations have been known for some time (i.e. EGFR) and several new ones have 

been identified through various recent high-throughput sequencing initiatives (i.e. NF1, 

IDH1/2, PIK3CA) (10, 463, 467).  Nevertheless, the occurrence of frequent nonrandom 

CNAs among different glioma specimens suggest the presence of other target genes of 

importance.  Unfortunately, these CNAs are often large making the search for the 

relevant target gene(s) within these areas difficult.  Our CGH data identify numerous, 

focal CNAs found within human gliomas that may contain unknown but relevant 

oncogenes or tumor suppressor genes. We believe that with future, higher density 
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platforms specific to the canine genome, canine glioma and glioma GSCs may help 

identify new genetic mutations important for gliomagenesis.  

 

In summary, we have presented the first detailed genomic characterization of canine 

glioma GSCs, and have validated their use as a comparative model for studying various 

aspects of human glioma biology. Additionally, we have shown that serial xenograft 

transplantation of a canine glioma mimics the malignant progression seen clinically in 

human patients and follows similar genomic deletions and amplifications identified as 

crucial driving forces within malignant transformation. This significant convergence of 

tumor biology suggests that despite the numerous genetic alterations that can generate 

malignant gliomas in experimental animal model systems, nature prefers a limited 

number of pathways for spontaneously occurring gliomas. Through further detailed 

genomic and functional interrogation, canine gliomas may help unravel the meaning of 

the genomic landscape of their human counterparts. 
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Figure 1. The Parental 0123 Canine Tumor Exhibits Morphologic Features Consistent 

with a Human Anaplastic Astrocytoma. A) The parental tumor (*) originated from the 

right periventricular region and was composed of B) sheets of round to C) angular 

neoplastic astrocytes. D) As occurs in human glioma tumors, focal regions consistent 

with oligodendroglial morphology were identified within the tumor, as well. 

 

* 
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Figure 2. Canine GSCs Form Serially Transplantable Xenograft Tumors. A) Xenograft 

tumors from canine GSCs exhibit a progressive increase in malignancy over serial 

transplantation (H&E, bar equals 50µm). B) A canine-specific antibody demonstrates 

increased tumor burden in the tertiary xenografts. C) Tertiary xenografts decelop at a 

decreased latency, with median survival times of 93d, 125d, and 198d, respectively (log 

rank test, p<0.0001). D) Xenograft tumors show equivocal immunoreactivity with GFAP, 

Nestin, sox2, and EGFR, and an increase in CD-15 reactive cells in the 0123-B and 0123-

C tumors compared to the parental tumor while PDGFRa is decreased in tertiary 

xenografts (bar equals 50µm), reflected in E) immunoblot indicating GSCs derived from 

primary and secondary, but not tertiary tumors express PDGFRa. However, the receptor 

is only strongly active (as measured by phosphorylation) in primary GSCs 
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Figure 3. Canine GSCs Exhibit Similar Properties to Human GSCs in vitro. A) Canine 

GSCs grow as non-adherent, neurosphere-like structures when cultured in serum free 

NBE media. Conversely, in the presence of serum, cells assume an adherent, astrocytic 

morphology. B) Like human GSCs, canine GSCs express markers of neural stem cells 

(sox2, olig2, nestin) in NBE, with reduction of these markers and increased 

differentiation markers in the presence of serum. C) Immunoblot shows increases in 

proteins associated with stem cell renewal over serial xenografts (Bmi-1, Olig2) and in 

relation to physiologic neural stem cells, suggesting increased self renewal capacity. 
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Figure 4. Serial Xenotransplantation Enhances Features of Stem Cell Self-Renewal 

Measured in vitro. A) Canine GSCs express increased CD133 and CD15 over serial 

xenograft formation. These increases are reflected in an increased clonogenic potential in 

vitro, as measured by B) soft agar forming assay and C) limiting dilution assay. D) 

CD133 or CD15 positively labeled cells have significantly increased clonogenic potential 

compared to negatively labeled cells as measured by soft agar colony formation. E) Cells 

co-expressing CD133 or CD-15 express significantly higher levels of the stem cell 

marker sox2 and reduced levels of differentiation markers TuJ-1 and GFAP as measured 

by FACS analysis compared to negatively labeled cells (*p<0.05, **p<0.01, ***p<0.10, 

****p<0.2). 
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Figure 5. Comparative Genomic Hybridization of Canine GSCs over Serial 

Xenotransplantation Defines Shared Copy Number Alterations. A) Canine SNP array 

shows progressive copy number alterations (CNAs) across serial xenotransplantation 

(Amplifications are represented by red, deletions by blue. Intensity reflects call rate from 

SNP array. Canine chromosomes are color-coded). CNAs show significant conservation 

at cfa3 (corresponding to MDM2 amplification), cfa11 (corresponding to p16/Ink4a 

deletion), progressive CNAs at cfa8, cfa15, cfa23, cfa26 (corresponding to PTEN 

deletion), and cfa38 (corresponding to MDM4 amplification). B) When canine GSC 

CNAs are displayed according to their human syntenic analogs and are superimposed 

over commonly altered regions in glioblastoma (derived from TCGA database) multiple, 

shared CNAs in both amplified and deleted regions are evident in hsa1q, hsa6q, hsa7q, 

hsa9p, hsa10q, hsa12q, and hsa13p. 
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Figure 6. Minimal Regions of Alteration in Human Chromosome 10 are defined by 

Multiple, Separate Canine Chromosomes. The CNA corresponding to hsa10q23.1-23.3 is 

composed of syntenic regions including deletions of both canine cfa4 (yellow) and cfa26 

(green). By closely examining these joints of independently deleted, separate canine 

chromosomes within shared CNAs, we can identify and investigate novel tumor 

suppressor gene or oncogene candidates, as the co-deletion across multiple canine 

chromosomes implies significant biological relevance within the syntenic human region. 

Surrounding PTEN, genes of suspected interest in glioma biology, such as ANXA7, 

BMPR1A, and CCAR1, among others are independently co-deleted in this case. 
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Figure 7: Deletion of Regions Syntenic to hsa9. Similar to our characterization of the 

altered foci surrounding PTEN in human chromosome 10, we compared the regions of 

alteration containing the p16/ARF locus (cfa11) to the syntenic regions along human 

chromosome 9 (Amplifications are represented by red, deletions by blue. Intensity 

reflects call rate from SNP array. Canine chromosomes are color-coded). The loss of 

p16/ARF corresponds to a small, focal alteration (in cfa 11, color coded in brown, above) 

containing the p16/ARF locus as well as numerous genes within the interferon cluster. A 

second, independent deletion of canine chromosome 1 (in red, above) suggests a 

progressive loss of a region syntenic to an upstream region of hsa9p also frequently 

deleted. 
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Figure 8: Amplification of Regions Syntenic to hsa7. Amplification of human 

chromosome 7 is a common event in human primary glioblastoma and is often attributed 

to the gain of function of EGFR. However, other putative oncogenes exist within this 

segment as well. We are able to identify progressive amplifications in regions of canine 

chromosome 6 (Amplifications are represented by red, deletions by blue. Intensity 

reflects call rate from SNP array. Canine chromosomes are color-coded). While EGFR is 

not implicated in this region (as is the case in most human secondary GBMs), other 

candidate oncogenes such as GBAS (glioblastoma amplified sequence) are present. 
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Figure 9: Amplification of Regions Syntenic to hsa1. Similar to our characterization of 

the altered foci surrounding PTEN in human chromosome 10, we compared the regions 

of alteration containing the mdm4 locus (cfa38) to the syntenic regions along human 

chromosome 1 (Amplifications are represented by red, deletions by blue. Intensity 

reflects call rate from SNP array. Canine chromosomes are color-coded). This region 

corresponds to a highly conserved area of deletion identified from the TCGA database 

containing MDM4 and numerous other genes and reveals progressive intensity of 

amplification of the segment containing mdm4 over serial xenograft progression. 
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Figure 10: Amplification of Regions Syntenic to hsa12. Similar to our characterization of 

the altered foci surrounding PTEN in human chromosome 10, we compared the regions 

of alteration containing the mdm2 locus (cfa10) to the syntenic regions along human 

chromosome 12 (Amplifications are represented by red, deletions by blue. Intensity 

reflects call rate from SNP array. Canine chromosomes are color-coded). This region 

corresponds to a highly conserved area of deletion identified from the TCGA database 

containing MDM2 and numerous other genes. 
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Figure 11: Deletion of Regions Syntenic to hsa6. While our investigation regarding foci 

of alteration surrounding PTEN, p16/ARF, and MDM2/4 concentrate on genes adjacent 

to known tumor suppressor genes, we also investigated the alteration of regions that, 

while commonly altered in human glioblastoma, as yet contain no defined tumor 

suppressor genes. One such region is the syntenic region along human chromosome 6q, 

comprised of progressive deletions in canine chromosome 1, 12, and 35 (Amplifications 

are represented by red, deletions by blue. Intensity reflects call rate from SNP array. 

Canine chromosomes are color-coded). Identification and examination of genes within 

these regions not only provides potential tumor suppressor gene candidates but also 

serves to highlight the similarity of disease between canine and human glioma tumors. 
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Figure 12: Deletion of Regions Syntenic to hsa13. Similar to our interest in investigating 

foci of alteration surrounding hsa6q, other regions that are commonly altered in human 

glioblastoma such as hsa13 were also compared across our canine GSCs (Amplifications 

are represented by red, deletions by blue. Intensity reflects call rate from SNP array. 

Canine chromosomes are color-coded). Serial xenograft progression in this population 

corresponds to deletion of a focal region of canine chromosome 25 within the tertiary 

GSC population, suggesting the presence of potential tumor suppressor genes relevant to 

glioma progression in this region. 
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Figure 13. Progressive Genomic Alterations Are Critical for Increased Self-Renewal and 

Cell Survival in Canine GSCs Derived from Tertiary Xenografts. Consistent with our 

aCGH data, (A) canine GSCs exhibit a loss of p16 expression, reflected in an increase in 

Rb-1 inactivation, a progressive decrease in PTEN activity, and increased AKT 

phosphorylation. (B) Serial xenograft formation results in increased expression and 

activation of mdm2 and mdm4, corresponding to highly conserved regions of genomic 

amplification identified by the aCGH and reflected in a progressive decrease in p53 and 

p21 protein levels. (C) While growth factor withdrawal (N2B27) results in atrophic and 

apoptotic cells in primary GSCs, the cumulative increase in CNAs allows the tertiary 

0123-C GSCs to survive in vitro. Blockade of PI3K activity by treating the cells with 

Wortmannin increases the apoptotic and senescence response of our 0123-C tertiary cells 

while failing to significantly affect 0123-A cells as measured by (D) cell cycle analysis or 

TUNEL assay. E) Immunoblot confirms wortmannin inhibition of AKT activity. 
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Table 1: Genes Deleted in 0123-C Samples Within Syntenic Regions of  hsa10. 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr10 - 51617005 51678376 ASAH2 ENSCAFT00000024747 chr26 - 40208372 40269120 ASAH2
chr10 - 51735350 52053743 SGMS1 ENSCAFT00000024774 chr26 - 40313149 40346886 SGMS1
chr10 + 52169713 52184575 ASAH2B ENSCAFT00000042114 chr26 - 40304534 40304642 ENSCAFG00000027831
chr10 - 52236330 52315441 A1CF ENSCAFT00000024715 chr26 + 40122760 40171929 A1CF
chr10 + 52420950 53725280 PRKG1 ENSCAFT00000024649 chr26 - 38807031 38838030 PRKG1
chr10 + 52729338 52729421 MIR605 ENSCAFT00000035994 chr26 - 40000521 40001770 ENSCAFG00000023425
chr10 - 53125251 53129361 CSTF2T ENSCAFT00000024677 chr26 + 39333767 39335803 CSTF2T
chr10 + 53744046 53747423 DKK1 ENSCAFT00000024645 chr26 - 38767662 38946574 DKK1
chr10 - 55250865 56231057 PCDH15 ENSCAFT00000024635 chr26 + 37153676 37639408 PCDH15
chr10 - 57787204 57791040 ZWINT ENSCAFT00000024605 chr26 + 35496433 35516619 ZWINT
chr10 - 59625619 59697700 IPMK ENSCAFT00000019477 chr4 - 13607403 13662838 IPMK
chr10 + 59698900 59719025 CISD1 ENSCAFT00000019483 chr4 + 13671123 13680447 CISD1
chr10 + 59764744 59800515 UBE2D1 ENSCAFT00000019538 chr4 + 13724759 13753706 UBE2D1
chr10 + 59815181 59825903 TFAM ENSCAFT00000038143 chr4 + 13787951 13800708 TFAM
chr10 + 59942909 60258851 BICC1 ENSCAFT00000019599 chr4 + 14171704 14206730 BICC1
chr10 + 60606353 60677538 PHYHIPL ENSCAFT00000019692 chr4 + 14589915 14663009 PHYHIPL
chr10 - 60675895 60792358 FAM13C ENSCAFT00000019728 chr4 - 14665000 14810304 FAM13C
chr10 - 61080528 61139655 SLC16A9 ENSCAFT00000019750 chr4 - 15069865 15098058 SLC16A9
chr10 - 61218526 61336824 CCDC6 ENSCAFT00000019769 chr4 - 15172453 15279794 CCDC6
chr10 - 61458164 61570752 ANK3 ENSCAFT00000020300 chr4 - 15369867 15590029 ANK3
chr10 + 62208094 62216833 CDK1 ENSCAFT00000020502 chr4 + 16091940 16224607 CDK1
chr10 - 62299205 62374039 RHOBTB1 ENSCAFT00000020539 chr4 - 16179601 16215590 RHOBTB1
chr10 - 62836406 62883214 TMEM26 ENSCAFT00000020586 chr4 - 16670202 16714431 TMEM26
chr10 + 63092724 63196095 C10orf107 ENSCAFT00000036219 chr4 + 16909268 17009024 C10orf107
chr10 + 63331018 63526713 ARID5B ENSCAFT00000020628 chr4 + 17133136 17306880 ARID5B
chr10 - 63622958 63698472 RTKN2 ENSCAFT00000020670 chr4 - 17382154 17450938 RTKN2
chr10 + 63803921 63832223 ZNF365 ENSCAFT00000020684 chr4 + 17517209 17537463 ZNF365
chr10 + 64234521 64238245 ADO ENSCAFT00000020687 chr4 + 17904501 17905314 XM_546121.2
chr10 - 64241765 64246132 EGR2 ENSCAFT00000020697 chr4 - 17912485 17915293 EGR2
chr10 + 64563012 64584792 NRBF2 ENSCAFT00000020716 chr4 + 18164111 18196211 NRBF2
chr10 - 64596993 64698988 JMJD1C ENSCAFT00000020775 chr4 - 18213393 18301245 JMJD1C
chr10 + 64951128 65054887 REEP3 ENSCAFT00000020842 chr4 + 18604047 18629158 REEP3
chr10 - 67349730 69095422 CTNNA3 ENSCAFT00000021033 chr4 20577292 20755158 XM_844561.1
chr10 + 68355797 68530873 LRRTM3 ENSCAFT00000021048 chr4 + 21528242 21529784 LRRTM3
chr10 - 69226432 69267943 DNAJC12 ENSCAFT00000021116 chr4 - 22302891 22347623 DNAJC12
chr10 + 69314432 69348152 SIRT1 ENSCAFT00000021123 chr4 + 22394790 22424360 SIRT1
chr10 - 69351661 69505109 HERC4 ENSCAFT00000021421 chr4 - 22429641 22556496 HERC4
chr10 + 69539255 69641779 MYPN ENSCAFT00000021485 chr4 + 22587609 22672111 MYPN
chr10 - 69660387 69661861 ATOH7 ENSCAFT00000021497 chr4 - 22684809 22685489 ATOH7
chr10 - 69712422 69762690 PBLD ENSCAFT00000021563 chr4 - 22721170 22743081 PBLD
chr10 + 69761773 69772959 HNRNPH3 ENSCAFT00000000525 chr4 + 22770030 22775042 HNRNPH3
chr10 - 69773280 69836952 RUFY2 ENSCAFT00000021715 chr4 - 22778314 22827942 RUFY2
chr10 - 69843826 69901885 DNA2 ENSCAFT00000036654 chr4 - 22871200 22887253 ENSCAFG00000023722
chr10 - 69912102 69957590 SLC25A16 ENSCAFT00000021772 chr4 - 22903122 22944994 SLC25A16
chr10 + 69990122 70124245 TET1 ENSCAFT00000021794 chr4 + 22974337 23095986 TET1
chr10 + 70150976 70221315 CCAR1 ENSCAFT00000021848 chr4 + 23123055 23183178 CCAR1
chr10 + 70184934 70185001 SNORD98 ENSCAFT00000040993 chr4 + 23157901 23157966 ENSCAFG00000026710
chr10 + 70257299 70322821 STOX1 ENSCAFT00000021852 chr4 + 23220068 23270982 STOX1
chr10 + 70331039 70376609 DDX50 ENSCAFT00000021867 chr4 + 23278755 23308341 DDX50
chr10 + 70385897 70414285 DDX21 ENSCAFT00000021901 chr4 + 23315541 23338063 DDX21
chr10 + 70418482 70446745 KIAA1279 ENSCAFT00000021920 chr4 + 23345245 23383762 KIAA1279
chr10 + 70517833 70534573 SRGN ENSCAFT00000001563 chr4 + 23436454 23450165 SRGN
chr10 + 70553913 70602622 VPS26A ENSCAFT00000021943 chr4 + 23470890 23500376 VPS26A
chr10 + 70609998 70638855 SUPV3L1 ENSCAFT00000021963 chr4 + 23519560 23546602 SUPV3L1
chr10 + 70650064 70697321 HKDC1 NM_025130 chr4 + 23583654 23591512 HKDC1
chr10 + 70699761 70831643 HK1 ENSCAFT00000022120 chr4 + 23655777 23721856 HK1
chr10 - 70833963 70846680 TACR2 ENSCAFT00000022135 chr4 - 23724516 23736838 NK2R_CANFA
chr10 + 70881231 70937429 TSPAN15 ENSCAFT00000022143 chr4 + 23762801 23812985 TSPAN15
chr10 - 71001797 71003216 NEUROG3 ENSCAFT00000036379 chr4 - 23862146 23862975 NEUROG3
chr10 + 71060008 71063361 C10orf35 ENSCAFT00000022147 chr4 + 23901424 23903876 C10orf35
chr10 + 71231649 71388909 COL13A1 ENSCAFT00000022194 chr4 + 24116200 24194947 COL13A1
chr10 + 71482362 71542046 H2AFY2 ENSCAFT00000022230 chr4 + 24267755 24296477 H2AFY2
chr10 - 71542035 71562696 AIFM2 ENSCAFT00000022236 chr4 - 24297085 24306520 AIFM2
chr10 - 71567738 71576502 TYSND1 ENSCAFT00000035412 chr4 - 24327267 24327660 TYSND1
chr10 - 71579973 71600291 SAR1A ENSCAFT00000022270 chr4 - 24332511 24342344 SAR1A
chr10 - 71632591 71663196 PPA1 ENSCAFT00000022283 chr4 - 24355343 24392361 PPA1
chr10 - 71684719 71713446 NPFFR1 ENSCAFT00000022287 chr4 - 24407898 24412670 NPFFR1
chr10 - 71728734 71811420 LRRC20 ENSCAFT00000022294 chr4 - 24439275 24484846 LRRC20
chr10 + 71833866 71858378 EIF4EBP2 ENSCAFT00000022299 chr4 + 24548861 24567887 EIF4EBP2
chr10 - 71861697 71871471 NODAL ENSCAFT00000022302 chr4 - 24577397 24584438 NODAL
chr10 + 71908569 71998212 KIAA1274 ENSCAFT00000022336 chr4 + 24654132 24688460 KIAA1274
chr10 - 72027109 72032537 PRF1 ENSCAFT00000022343 chr4 - 24707281 24709814 PRF1
chr10 + 72102564 72192201 ADAMTS14 ENSCAFT00000022359 chr4 + 24743349 24820009 ADAMTS14
chr10 - 72201000 72215163 C10orf27 ENSCAFT00000022374 chr4 - 24846575 24859445 C10orf27
chr10 + 72245709 72310936 SGPL1 ENSCAFT00000022384 chr4 + 24877713 24926276 SGPL1
chr10 - 72313272 72318547 PCBD1 ENSCAFT00000022390 chr4 - 24931146 24935245 PCBD1
chr10 + 72642303 72730755 UNC5B ENSCAFT00000022760 chr4 + 25214474 25291596 UNC5B
chr10 + 72749015 72793151 SLC29A3 ENSCAFT00000022774 chr4 + 25308760 25344185 SLC29A3
chr10 + 72826696 73047367 CDH23 ENSCAFT00000022666 chr4 + 25492870 25781226 CDH23
chr10 - 73177318 73203343 C10orf54 ENSCAFT00000022797 chr4 - 25718182 25730340 C10orf54

HUMAN GENOME (SYNTENIC REGION) CANINE GENOME

 Table 1: Candidate tumor suppressor genes within syntenic deletions corresponding to hsa10,  including PTEN.
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Table 1 (continued) 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr10 - 73246060 73281088 PSAP ENSCAFT00000022871 chr4 - 25782268 25798393 PSAP
chr10 + 73394125 73443327 CHST3 ENSCAFT00000022886 chr4 + 25902557 25905391 CHST3
chr10 - 73488798 73518796 SPOCK2 ENSCAFT00000022891 chr4 - 25959610 25968522 SPOCK2
chr10 - 73526283 73645700 ASCC1 ENSCAFT00000022904 chr4 - 25990743 26085178 ASCC1
chr10 + 73645811 73665624 ANAPC16 ENSCAFT00000022911 chr4 + 26092273 26099906 C10orf104
chr10 + 73703682 73705803 DDIT4 ENSCAFT00000022926 chr4 + 26128023 26129002 DDIT4
chr10 - 73762593 73784913 DNAJB12 ENSCAFT00000022966 chr4 - 26176932 26191155 DNAJB12
chr10 - 73797103 74055905 CBARA1 ENSCAFT00000023026 chr4 - 26201003 26391452 CBARA1
chr10 + 74121894 74317458 CCDC109A ENSCAFT00000023057 chr4 + 26520354 26708024 CCDC109A
chr10 + 74323344 74362793 OIT3 ENSCAFT00000023087 chr4 + 26724643 26749887 OIT3
chr10 - 74364943 74384516 PLA2G12B ENSCAFT00000023098 chr4 - 26752221 26772005 PLA2G12B
chr10 - 74436987 74526738 P4HA1 ENSCAFT00000023158 chr4 - 26812368 26873880 P4HA1
chr10 + 74540215 74561587 NUDT13 ENSCAFT00000023196 chr4 + 26906229 26922364 NUDT13
chr10 - 74564288 74597859 ECD ENSCAFT00000023218 chr4 - 26924850 26951185 ECD
chr10 + 74597882 74671945 FAM149B1 ENSCAFT00000023246 chr4 + 26953415 27029837 XM_847232.1
chr10 - 74672587 74677031 DNAJC9 ENSCAFT00000023265 chr4 - 27031559 27036267 DNAJC9
chr10 - 74678606 74682457 MRPS16 NM_016065 chr4 - 27038625 27039485 MRPS16
chr10 - 74683522 74788623 TTC18 ENSCAFT00000023341 chr4 - 27041372 27134949 TTC18
chr10 - 74805194 74843847 ANXA7 ENSCAFT00000008812 chr4 - 27144646 27164166 ANXA7
chr10 - 74853342 74863325 ZMYND17 ENSCAFT00000023445 chr4 - 27176647 27180339 ZMYND17
chr10 - 74866569 74925788 PPP3CB ENSCAFT00000023521 chr4 - 27187850 27238740 PPP3CB
chr10 - 74927301 75005439 USP54 ENSCAFT00000036041 chr4 - 27257439 27304464 USP54
chr10 - 75061417 75071521 MYOZ1 ENSCAFT00000023556 chr4 - 27369426 27374791 Q1AG03_CANFA
chr10 - 75074649 75080793 SYNPO2L ENSCAFT00000023558 chr4 - 27380322 27388117 SYNPO2L
chr10 + 75174137 75201925 SEC24C ENSCAFT00000023604 chr4 + 27396721 27418582 SEC24C
chr10 + 75202054 75205982 FUT11 ENSCAFT00000023609 chr4 + 27419886 27423131 FUT11
chr10 + 75211813 75213412 CHCHD1 ENSCAFT00000023617 chr4 + 27428048 27429355 CHCHD1
chr10 + 75215610 75231557 KIAA0913 ENSCAFT00000023812 chr4 + 27431412 27445548 KIAA0913
chr10 - 75231674 75241595 NDST2 ENSCAFT00000023910 chr4 - 27446175 27451259 NDST2
chr10 - 75242264 75304344 CAMK2G ENSCAFT00000024094 chr4 - 27454678 27509971 CAMK2G
chr10 - 75339739 75352541 C10orf55 NM_001001791 chr4 + 27540227 27540656 C10orf55
chr10 + 75340867 75347262 PLAU NM_002658 chr4 + 27540113 27544506 PLAU
chr10 + 75427877 75549920 VCL ENSCAFT00000024269 chr4 + 27683819 27728897 VCL
chr10 - 75550020 75580832 AP3M1 ENSCAFT00000024342 chr4 - 27734273 27743398 AP3M1
chr10 + 75580970 76139066 ADK ENSCAFT00000024344 chr4 + 27917606 28257261 ADK
chr10 + 76256384 76462645 MYST4 ENSCAFT00000024383 chr4 + 28445575 28512346 MYST4
chr10 - 76467599 76488278 DUPD1 NM_001003892 chr4 - 28518681 28539874 DUPD1
chr10 - 76524195 76538976 DUSP13 ENSCAFT00000024394 chr4 - 28570817 28575301 DUSP13
chr10 + 76541398 76611886 SAMD8 ENSCAFT00000024402 chr4 + 28609750 28630869 SAMD8
chr10 + 76639917 76661210 VDAC2 ENSCAFT00000024325 chr4 - 27621932 27623164 VDAC2
chr10 - 76663734 76665776 COMTD1 ENSCAFT00000024445 chr4 - 28675067 28676680 COMTD1
chr10 - 76827610 76831519 ZNF503 ENSCAFT00000024477 chr4 - 28795585 28798366 ZNF503
chr10 + 77212524 77987132 C10orf11 ENSCAFT00000024487 chr4 + 29388095 29410172 C10orf11
chr10 - 78299364 79067583 KCNMA1 ENSCAFT00000024544 chr4 - 30054840 30345318 KCMA1_CANFA
chr10 - 79220554 79356354 DLG5 ENSCAFT00000024600 chr4 - 30898933 31016619 DLG5
chr10 - 79404913 79459304 POLR3A ENSCAFT00000024699 chr4 - 31046071 31093096 POLR3A
chr10 + 79463523 79470477 RPS24 ENSCAFT00000024732 chr4 + 31096894 31100080 XM_859408.1
chr10 + 80498797 80746291 ZMIZ1 ENSCAFT00000024855 chr4 + 32140515 32245239 ZMIZ1
chr10 + 80777225 80785095 PPIF ENSCAFT00000024860 chr4 + 32284643 32289365 PPIF
chr10 - 80812090 80875389 ZCCHC24 ENSCAFT00000024863 chr4 - 32314687 32371486 ZCCHC24
chr10 + 81360646 81365150 SFTPA1 ENSCAFT00000035263 chr4 - 32629692 32643408 SFTPA_CANFA
chr10 - 81687475 81698841 SFTPD ENSCAFT00000024966 chr4 + 32606666 32617100 SFTPD
chr10 + 81828405 81842287 C10orf57 ENSCAFT00000025136 chr4 + 32754760 32768521 C10orf57
chr10 - 81904859 81955308 ANXA11 ENSCAFT00000024935 chr4 + 32459978 32476324 ANXA11
chr10 - 82021555 82039414 MAT1A ENSCAFT00000025100 chr4 - 32662407 32676736 MAT1A
chr10 - 82085841 82106480 DYDC1 ENSCAFT00000025120 chr4 - 32700011 32711152 DYDC1
chr10 + 82106537 82117809 DYDC2 ENSCAFT00000036524 chr4 + 32719411 32724569 DYDC2
chr10 + 82158221 82182733 C10orf58 NM_032333 chr4 32759475 32768518 C10orf58
chr10 + 82204017 82272371 TSPAN14 ENSCAFT00000025149 chr4 + 32818812 32843492 TSPAN14
chr10 + 82287637 82396296 SH2D4B ENSCAFT00000025151 chr4 + 32861618 32944451 SH2D4B
chr10 + 83625049 84736915 NRG3 ENSCAFT00000025160 chr4 + 34732094 34765670 NRG3
chr10 + 85889164 85903291 GHITM ENSCAFT00000025181 chr4 + 35611156 35625371 GHITM
chr10 + 85923533 85935030 C10orf99 ENSCAFT00000025187 chr4 + 35633347 35640629 C10orf99
chr10 + 85944391 85967099 CDHR1 NM_033100 chr4 + 35664794 35666219 CDHR1
chr10 - 85970228 85975264 LRIT2 ENSCAFT00000025221 chr4 - 35673653 35677805 LRIT2
chr10 - 85981255 85991197 LRIT1 ENSCAFT00000025227 chr4 - 35684299 35694426 LRIT1
chr10 + 85994788 86008924 RGR NM_001012720 chr4 + 35699045 35707701 RGR
chr10 + 86078389 86268256 FAM190B NM_018999 chr4 + 35794523 35938107 FAM190B
chr10 - 87349291 88116230 GRID1 NM_017551 chr4 - 36726198 37345301 GRID1
chr10 - 88184992 88271521 WAPAL ENSCAFT00000025322 chr4 - 37409599 37488548 WAPAL
chr10 + 88404293 88416196 OPN4 ENSCAFT00000025328 chr4 + 37547449 37557537 OPN4
chr10 + 88418185 88485802 LDB3 ENSCAFT00000025464 chr4 + 37560261 37613516 LDB3
chr10 + 88506375 88674925 BMPR1A ENSCAFT00000025524 chr4 + 37737051 37771245 BMPR1A
chr10 - 88685279 88707405 MMRN2 ENSCAFT00000025530 chr4 - 37781918 37786667 MMRN2
chr10 + 88708267 88712997 SNCG ENSCAFT00000025533 chr4 + 37797727 37800748 SNCG
chr10 + 88718167 88720646 C10orf116 NM_006829 chr4 37804055 37806064 C10orf116
chr10 + 88844932 88941202 FAM35A NM_019054 chr4 37901149 37932886 FAM35A
chr10 + 89254202 89303198 MINPP1 ENSCAFT00000024776 chr26 + 40694757 40695228 MINPP1
chr10 + 89409455 89497442 PAPSS2 ENSCAFT00000024810 chr26 + 40792834 40812606 PAPSS2
chr10 - 89502854 89567897 ATAD1 ENSCAFT00000024819 chr26 - 40820035 40859103 ATAD1
chr10 + 89613174 89718512 PTEN ENSCAFT00000038008 chr26 + 40903726 40981745 PTEN_CANFA

Table 1 (Continued): Candidate tumor suppressor genes within syntenic deletions corresponding to hsa10,  including PTEN.
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Table 1 (continued) 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr10 - 90023600 90333062 RNLS ENSCAFT00000024823 chr26 - 41238654 41294666 XM_847958.1
chr10 + 90336498 90356713 LIPJ ENSCAFT00000036576 chr26 + 41493381 41509766 LIPJ
chr10 + 90414073 90428552 LIPF ENSCAFT00000024834 chr26 + 41538536 41555859 LIPG_CANFA
chr10 + 90474280 90502493 LIPK ENSCAFT00000036401 chr26 + 41602750 41625551 LIPK
chr10 + 90511142 90527979 LIPN ENSCAFT00000036272 chr26 + 41643252 41656524 LIPN
chr10 + 90552466 90570283 LIPM ENSCAFT00000036170 chr26 + 41677107 41690949 LIPM
chr10 - 90569638 90601712 ANKRD22 ENSCAFT00000024847 chr26 - 41692312 41712468 ANKRD22
chr10 + 90630005 90673224 STAMBPL1 ENSCAFT00000024871 chr26 + 41746052 41762280 STAMBPL1
chr10 - 90684810 90702560 ACTA2 ENSCAFT00000024881 chr26 - 41769085 41779476 Q9GKL5_CANFA
chr10 + 90740267 90765522 FAS ENSCAFT00000024887 chr26 + 41815742 41827374 FAS
chr10 - 90955673 90957051 CH25H ENSCAFT00000024895 chr26 - 41949439 41950666 CH25H
chr10 - 90963305 91001640 LIPA ENSCAFT00000035174 chr26 - 41958806 41983393 LIPA
chr10 + 91051685 91059013 IFIT2 ENSCAFT00000015279 chr4 + 3068325 3069849 IFIT2
chr10 + 91077581 91090705 IFIT3 NM_001549 chr4 + 3103827 3105258 IFIT3
chr10 + 91127792 91134942 IFIT1B NM_001010987 chr4 + 3115494 3116874 IFIT1B
chr10 + 91142301 91153724 IFIT1 ENSCAFT00000015282 chr4 + 3130893 3132312 IFIT1

Table 1 (Continued): Candidate tumor suppressor genes within syntenic deletions corresponding to hsa10,  including PTEN.
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Table 2: Genes Deleted in 0123-C Samples Within Syntenic Regions of hsa9. 

 
 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr9 - 20334967 20612514 MLLT3 ENSCAFT00000002590 chr11 - 42955977 43028884 MLLT3
chr9 + 20648308 20985954 KIAA1797 ENSCAFT00000039148 chr11 + 43328279 43605479 KIAA1797
chr9 + 20706103 20706187 MIR491 ENSCAFT00000034898 chr11 + 43329117 43329201 cfa-mir-491
chr9 - 20996364 21021635 PTPLAD2 ENSCAFT00000002593 chr11 - 43614245 43644169 PTPLAD2
chr9 - 21067103 21067943 IFNB1 ENSCAFT00000002595 chr11 - 43696387 43696948 B6E116_CANFA
chr9 - 21130630 21132144 IFNW1 NM_002177 chr11 - 43727611 43728148 IFNW1
chr9 - 21155635 21156659 IFNA21 NM_002175 chr11 - 43892930 43893491 IFNA21
chr9 - 21176617 21177598 IFNA4 NM_021068 chr11 - 43892930 43893491 IFNA4
chr9 - 21191467 21192204 IFNA7 NM_021057 chr11 - 43892945 43893491 IFNA7
chr9 - 21196179 21197142 IFNA10 NM_002171 chr11 - 43892930 43893491 IFNA10
chr9 - 21206371 21207310 IFNA16 NM_002173 chr11 - 43892930 43893491 IFNA16
chr9 - 21217241 21218221 IFNA17 NM_021268 chr11 - 43892930 43893491 IFNA17
chr9 - 21321017 21325429 KLHL9 ENSCAFT00000036531 chr11 + 43823003 43825337 KLHL9
chr9 - 21357370 21358075 IFNA13 ENSCAFT00000036382 chr11 + 43850779 43851991 XM_849076.1
chr9 - 21374254 21375396 IFNA2 NM_000605 chr11 - 43892930 43893491 IFNA2
chr9 + 21430439 21431315 IFNA1 ENSCAFT00000002602 chr11 - 43792443 43793007 IFNA1_CANFA
chr9 - 21470840 21472312 IFNE ENSCAFT00000002615 chr11 - 43909685 43910249 IFNE
chr9 + 21792634 21855969 MTAP ENSCAFT00000002620 chr11 + 44190904 44229901 MTAP
chr9 - 21957750 21965038 CDKN2A ENSCAFT00000002623 chr11 - 44255704 44256013 ENSCAFG00000001675
chr9 - 21992901 21999312 CDKN2B ENSCAFT00000002632 chr11 - 44291166 44294900 Q9GMF2_CANFA

HUMAN GENOME (SYNTENIC REGION) CANINE GENOME

Table 2: Candidate tumor suppressor genes within syntenic deletions corresponding to hsa9, including CDKN2A.
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Table 3: Genes Amplified in 0123-C Samples Within Syntenic Regions of hsa7. 

 

Chro
mos
ome

Stra
nd Start End

Gene 
Name

Ensemble Canine 
Transcript ID or 
RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, 
Blue = from tblastn (RefSeq), 
Black = both

chr7 + 55947824 55975927 ZNF713 ENSCAFT00000016043 chr6 - 3360437 3371451 ZNF713
chr7 + 55987104 55990527 MRPS17 NM_015969 chr6 + 3447521 3449107 MRPS17
chr7 + 55999789 56035365 GBAS ENSCAFT00000016070 chr6 + 3453647 3486311 GBAS
chr7 - 56046237 56086762 PSPH ENSCAFT00000016091 chr6 - 3495206 3501133 PSPH
chr7 + 56086871 56099176 CCT6A ENSCAFT00000016127 chr6 + 3548427 3558923 ENSCAFG00000010149
chr7 + 56099410 56115859 SUMF2 ENSCAFT00000037029 chr6 + 3559919 3569854 ENSCAFG00000010156
chr7 - 56116168 56128183 PHKG1 ENSCAFT00000016154 chr6 - 3570999 3577275 PHKG1
chr7 - 56136759 56141681 CHCHD2 ENSCAFT00000036609 chr6 - 3584008 3587327 CHCHD2
chr7 + 64975691 65057235 VKORC1L1 ENSCAFT00000016169 chr6 + 3722561 3727185 XM_843392.1
chr7 - 65063107 65084736 GUSB ENSCAFT00000036132 chr6 - 3727032 3745879 BGLR_CANFA
chr7 + 65178210 65195764 ASL ENSCAFT00000017006 chr6 - 3770528 3777651 XM_536832.2
chr7 + 65217239 65256988 CRCP ENSCAFT00000038430 chr6 + 3808608 3843925 CRCP
chr7 + 65307693 65462873 TPST1 ENSCAFT00000017118 chr6 + 3951846 3953303 TPST1
chr7 + 65731302 65745473 KCTD7 ENSCAFT00000017139 chr6 + 4066206 4073510 ENSCAFG00000024640
chr7 + 65843077 65913883 RABGEF1 ENSCAFT00000017144 chr6 + 4116894 4159028 ENSCAFG00000010773
chr7 + 66023637 66060973 C7orf42 ENSCAFT00000017156 chr6 + 4212770 4221928 C7orf42
chr7 - 66090124 66098023 SBDS ENSCAFT00000017228 chr6 - 4257576 4263768 SBDS
chr7 + 66099251 66341933 TYW1 ENSCAFT00000017631 chr6 + 4265616 4467571 ENSCAFG00000010867
chr7 + 68701840 69895411 AUTS2 ENSCAFT00000017875 chr6 - 5749987 5776825 AUTS2
chr7 + 70235724 70816520 WBSCR17 ENSCAFT00000017769 chr6 - 5133718 5412774 WBSCR17
chr7 - 70882411 71440144 CALN1 NM_031468 chr6 + 4700430 5067949 CALN1
chr7 + 71987871 72056774 POM121 ENSCAFT00000021143 chr6 - 9902782 9927292 ENSCAFG00000013253
chr7 - 72067951 72077933 TRIM74 ENSCAFT00000020820 chr6 + 9875289 9883711 ENSCAFG00000013047
chr7 - 72106962 72114391 STAG3L3 ENSCAFT00000023065 chr6 - 1.2E+07 1.2E+07 ENSCAFG00000014526
chr7 - 72354449 72360800 NSUN5 ENSCAFT00000021018 chr6 + 9889139 9900652 ENSCAFG00000013197
chr7 - 72364470 72380021 TRIM50 ENSCAFT00000020820 chr6 + 9875289 9883711 ENSCAFG00000013047
chr7 + 72380090 72410577 FKBP6 ENSCAFT00000020922 chr6 - 9854159 9869305 FKBP6
chr7 + 72486044 72488386 FZD9 ENSCAFT00000020894 chr6 - 9783778 9785563 FZD9
chr7 - 72492663 72574551 BAZ1B ENSCAFT00000020881 chr6 + 9710856 9777837 BAZ1B
chr7 - 72588618 72609538 BCL7B ENSCAFT00000020787 chr6 + 9681894 9701799 BCL7B
chr7 - 72621209 72630949 TBL2 ENSCAFT00000020676 chr6 + 9657381 9662123 TBL2
chr7 - 72645459 72676806 MLXIPL ENSCAFT00000020619 chr6 + 9634957 9652688 MLXIPL
chr7 + 72720109 72724376 VPS37D ENSCAFT00000020555 chr6 - 9604833 9607933 VPS37D
chr7 - 72733183 72735717 DNAJC30 ENSCAFT00000020549 chr6 + 9596497 9597169 DNAJC30
chr7 + 72735833 72750478 WBSCR22 ENSCAFT00000020540 chr6 - 9585005 9596297 WBSCR22
chr7 - 72751470 72771953 STX1A ENSCAFT00000020411 chr6 + 9575887 9582889 STX1A
chr7 - 72788360 72791120 ABHD11 ENSCAFT00000020011 chr6 + 9552153 9554435 ENSCAFG00000012539
chr7 - 72821262 72822536 CLDN3 ENSCAFT00000019892 chr6 + 9535464 9536473 CLD3_CANFA
chr7 + 72883128 72884951 CLDN4 ENSCAFT00000019888 chr6 - 9494748 9495381 CLDN4
chr7 - 72886857 72894791 WBSCR27 ENSCAFT00000019870 chr6 + 9489583 9493475 WBSCR27
chr7 + 72913424 72918159 WBSCR28 ENSCAFT00000019822 chr6 - 9473764 9476214 WBSCR28
chr7 + 73136091 73174790 LIMK1 ENSCAFT00000019799 chr6 - 9265783 9286920 LIMK1
chr7 + 73226641 73249365 EIF4H ENSCAFT00000019083 chr6 - 9182800 9193584 EIF4H
chr7 + 73262022 73282100 LAT2 ENSCAFT00000019064 chr6 - 9165900 9172570 LAT2
chr7 - 73283767 73306674 RFC2 ENSCAFT00000019010 chr6 + 9138055 9158373 RFC2
chr7 + 73341740 73458209 CLIP2 ENSCAFT00000018930 chr6 - 9035427 9082777 CLIP2
chr7 + 73506055 73654848 GTF2IRD1 ENSCAFT00000018878 chr6 - 8889844 8965279 GTF2IRD1
chr7 + 73826244 73841595 NCF1 ENSCAFT00000018106 chr6 - 8706103 8721194 A7E3M5_CANFA
chr7 - 73848419 73905777 GTF2IRD2 ENSCAFT00000018060 chr6 + 8659716 8696869 XM_844465.1
chr7 - 74094218 74127635 WBSCR16 ENSCAFT00000018027 chr6 - 8607457 8634235 WBSCR16
chr7 + 74146282 74203559 GTF2IRD2B ENSCAFT00000018060 chr6 + 8659716 8696869 XM_844465.1
chr7 - 74645540 74705277 GATSL2 ENSCAFT00000019856 chr6 + 8585255 8599643 GATS
chr7 + 74826382 74834926 STAG3L1 NM_018991 chr6 +- 1.2E+07 1.2E+07 STAG3L1
chr7 - 74884000 74953504 POM121C ENSCAFT00000021143 chr6 - 9902783 9927292 ENSCAFG00000013253
chr7 - 75001344 75206215 HIP1 ENSCAFT00000021231 chr6 - 9963063 1E+07 HIP1
chr7 - 75236777 75257000 CCL26 ENSCAFT00000021246 chr6 - 1E+07 1E+07 CCL26_CANFA
chr7 - 75279049 75280969 CCL24 ENSCAFT00000021262 chr6 - 1E+07 1E+07 CCL24_CANFA
chr7 + 75346252 75356180 RHBDD2 ENSCAFT00000021273 chr6 + 1E+07 1E+07 RHBDD2
chr7 + 75382355 75454109 POR ENSCAFT00000021363 chr6 + 1E+07 1E+07 Q2EFX8_CANFA
chr7 - 75454090 75461928 TMEM120A ENSCAFT00000021384 chr6 - 1E+07 1E+07 ENSCAFG00000013483
chr7 - 75463590 75515257 STYXL1 ENSCAFT00000036420 chr6 - 1E+07 1E+07 STYXL1
chr7 + 75515328 75533866 MDH2 ENSCAFT00000021459 chr6 + 1E+07 1E+07 Q0QF34_CANFA
chr7 + 75669151 75754541 SRRM3 ENSCAFT00000021471 chr6 + 1E+07 1E+07 SRRM3
chr7 + 75769810 75771550 HSPB1 ENSCAFT00000021478 chr6 + 1E+07 1.1E+07 HSPB1_CANFA
chr7 - 75794043 75826278 YWHAG ENSCAFT00000021492 chr6 - 1.1E+07 1.1E+07 YWHAG
chr7 - 75856581 75876948 SRCRB4D ENSCAFT00000021637 chr6 - 1.1E+07 1.1E+07 SRCRB4D
chr7 + 75864776 75909324 ZP3 ENSCAFT00000021646 chr6 + 1.1E+07 1.1E+07 ZP3_CANFA
chr7 + 75928907 75973248 DTX2 ENSCAFT00000021597 chr6 + 1.1E+07 1.1E+07 DTX2
chr7 + 75977680 75995135 UPK3B ENSCAFT00000021651 chr6 + 1.1E+07 1.1E+07 UPK3B

HUMAN GENOME (SYNTENIC REGION) CANINE GENOME



  156 

Table 4: Genes Amplified in 0123-C Samples Within Syntenic Regions of hsa1. 

 

Chromosome Strand Start End
Gene 
Name

Ensemble Canine 
Transcript ID or RefSeq 
ID Chr Strand Start End

RED = evidence from Ensemble, Blue 
= from tblastn (RefSeq), Black = both

chr1 + 201541286 201545352 BTG2 ENSCAFT00000015026 chr38 + 3071069 3072867 BTG2
chr1 - 201576374 201586912 FMOD ENSCAFT00000015038 chr38 - 3103689 3112372 FMOD
chr1 + 201711505 201727102 PRELP ENSCAFT00000015041 chr38 + 3206312 3209828 PRELP
chr1 + 201729893 201744700 OPTC ENSCAFT00000015046 chr38 + 3215294 3223138 OPT_CANFA
chr1 + 201862550 201979832 ATP2B4 ENSCAFT00000015202 chr38 + 3366526 3415843 ATP2B4
chr1 + 202000906 202012101 LAX1 ENSCAFT00000015207 chr38 + 3429508 3436587 LAX1
chr1 + 202031373 202089879 ZC3H11A ENSCAFT00000015260 chr38 + 3477875 3503919 ZC3H11A
chr1 + 202097362 202106903 SNRPE ENSCAFT00000015274 chr38 + 3515732 3521241 SNRPE
chr1 + 202308868 202363494 SOX13 ENSCAFT00000015281 chr38 + 3709350 3720096 SOX13
chr1 - 202366812 202387930 ETNK2 ENSCAFT00000015284 chr38 - 3726820 3740246 ETNK2
chr1 - 202390566 202402088 REN ENSCAFT00000037807 chr38 - 3744477 3754876 RENI_CANFA
chr1 - 202433910 202449843 GOLT1A ENSCAFT00000015295 chr38 - 3768838 3778625 GOLT1A
chr1 - 202454603 202595667 PLEKHA6 ENSCAFT00000015332 chr38 - 3804295 3839470 PLEKHA6
chr1 - 202639114 202647567 PPP1R15B ENSCAFT00000015335 chr38 - 3959584 3965117 PPP1R15B
chr1 - 202658380 202726097 PIK3C2B ENSCAFT00000015347 chr38 - 3988623 4016123 PIK3C2B
chr1 + 202752133 202793870 MDM4 ENSCAFT00000015363 chr38 + 4055972 4103319 MDM4
chr1 - 202852925 202921220 LRRN2 ENSCAFT00000015370 chr38 - 4164479 4166666 XM_545681.1
chr1 + 203064404 203258572 NFASC ENSCAFT00000015800 chr38 + 4474563 4542491 NFASC
chr1 + 203278962 203313761 CNTN2 ENSCAFT00000037921 chr38 + 4576761 4596329 CNTN2
chr1 - 203318879 203320211 TMEM81 ENSCAFT00000015833 chr38 - 4604335 4605118 TMEM81
chr1 - 203322601 203357754 RBBP5 ENSCAFT00000015870 chr38 - 4608590 4634589 RBBP5
chr1 - 203378254 203447350 DSTYK ENSCAFT00000015922 chr38 - 4669577 4715897 DUSTY_CANFA
chr1 + 203463660 203509093 TMCC2 ENSCAFT00000015952 chr38 + 4734043 4773669 TMCC2
chr1 - 203537813 203557506 NUAK2 ENSCAFT00000015965 chr38 - 4798849 4816487 NUAK2
chr1 - 203572270 203592662 KLHDC8A ENSCAFT00000015976 chr38 - 4833445 4838972 KLHDC8A
chr1 - 203617135 203657804 LEMD1 ENSCAFT00000039078 chr38 - 4872059 4896801 LEMD1
chr1 - 203684052 203684149 MIR135B ENSCAFT00000032723 chr38 - 4926412 4926501 cfa-mir-135b
chr1 + 203740306 203768543 CDK18 ENSCAFT00000016029 chr38 + 4993764 5001820 PCTK3
chr1 + 203804734 203838669 MFSD4 ENSCAFT00000016099 chr38 + 5037069 5063455 MFSD4
chr1 - 203851857 203868623 ELK4 ENSCAFT00000039294 chr38 - 5077862 5084309 ELK4
chr1 - 203893603 203916253 SLC45A3 ENSCAFT00000016118 chr38 - 5111404 5116718 SLC45A3
chr1 - 203948569 203985984 NUCKS1 ENSCAFT00000016150 chr38 - 5160105 5170400 NUCKS1
chr1 - 204003737 204011233 RAB7L1 ENSCAFT00000038496 chr38 - 5197894 5203751 RAB7L1
chr1 - 204024843 204048784 SLC41A1 ENSCAFT00000016167 chr38 - 5218599 5235872 SLC41A1
chr1 - 204063773 204085899 PM20D1 ENSCAFT00000016137 chr38 - 5250126 5270063 PM20D1
chr1 - 204148801 204179211 SLC26A9 NM_052934 chr38 - 5277229 5295877 SLC26A9
chr1 + 204390905 204398105 AVPR1B ENSCAFT00000016207 chr38 - 5436783 5445898 AVPR1B
chr1 - 204405494 204455270 C1orf186 ENSCAFT00000016204 chr38 + 5429891 5433326 C1orf186
chr1 + 204484081 204498727 CTSE ENSCAFT00000039604 chr38 - 5369143 5380314 CTSE
chr1 + 204710208 204736846 IKBKE ENSCAFT00000039509 chr38 + 5749400 5771713 IKBKE
chr1 + 204747501 204829239 RASSF5 ENSCAFT00000016265 chr38 + 5842279 5846764 RASSF5
chr1 - 204831597 204852527 LGTN ENSCAFT00000038953 chr38 - 5851832 5871265 LGTN
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Table 5: Genes Amplified in 0123-C Samples Within Syntenic Regions of hsa12. 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr12 + 54316942 54317884 OR10P1 ENSCAFT00000000071 chr10 + 3017177 3032873 OR10P1

chr12 + 54361596 54364661 METTL7B ENSCAFT00000000074 chr10 + 3070596 3072610 METTL7B

chr12 - 54364622 54387953 ITGA7 ENSCAFT00000000090 chr10 - 3073564 3092166 ITGA7

chr12 + 54396086 54399754 BLOC1S1 ENSCAFT00000000098 chr10 + 3098395 3101514 BLOC1S1

chr12 + 54400417 54404792 RDH5 ENSCAFT00000000100 chr10 + 3102992 3106433 RDH5

chr12 - 54405496 54409177 CD63 ENSCAFT00000000112 chr10 - 3107718 3110156 CD63

chr12 + 54423330 54432931 GDF11 ENSCAFT00000000114 chr10 + 3126648 3127932 GDF11

chr12 - 54432513 54497807 SARNP ENSCAFT00000000119 chr10 - 3134990 3184782 SARNP

chr12 + 54498072 54501226 ORMDL2 ENSCAFT00000000124 chr10 + 3185119 3187382 ORMDL2

chr12 - 54501010 54509687 DNAJC14 ENSCAFT00000000121 chr10 - 3188423 3194132 ENSCAFG00000000069

chr12 - 54515480 54523002 MMP19 ENSCAFT00000000127 chr10 - 3201034 3206078 MMP19

chr12 - 54581463 54607964 WIBG ENSCAFT00000000129 chr10 - 3233226 3234388 WIBG

chr12 + 54611212 54634074 DGKA ENSCAFT00000000131 chr10 + 3257138 3273882 DGKA

chr12 - 54634155 54646093 SILV ENSCAFT00000000132 chr10 - 3273992 3281426 A7XY82_CANFA

chr12 + 54646822 54652835 CDK2 ENSCAFT00000000140 chr10 + 3282370 3286720 CDK2

chr12 + 54654128 54674755 RAB5B ENSCAFT00000000142 chr10 + 3301638 3304811 RAB5B

chr12 + 54677309 54685576 SUOX ENSCAFT00000000143 chr10 + 3310463 3312604 SUOX

chr12 + 54700955 54718486 IKZF4 ENSCAFT00000000148 chr10 + 3328716 3338637 IKZF4

chr12 + 54760158 54765668 ERBB3 ENSCAFT00000000159 chr10 + 3391588 3402928 ERBB3

chr12 + 54784369 54793961 PA2G4 ENSCAFT00000000163 chr10 + 3407167 3415173 PA2G4

chr12 + 54798296 54802545 ZC3H10 ENSCAFT00000000165 chr10 + 3422801 3424109 ZC3H10

chr12 + 54808252 54824727 ESYT1 ENSCAFT00000000170 chr10 + 3429267 3444353 ESYT1

chr12 + 54832601 54838038 MYL6B ENSCAFT00000000173 chr10 - 3464833 3484579 SMARCC2

chr12 + 54838366 54841633 MYL6 ENSCAFT00000000180 chr10 + 3455562 3462241 MYL6B

chr12 - 54841902 54869618 SMARCC2 NM_003075 chr10 - 3465253 3484570 SMARCC2

chr12 - 54884552 54901971 RNF41 ENSCAFT00000000183 chr10 - 3497655 3504291 RNF41

chr12 + 54904391 54909904 OBFC2B NM_024068 chr10 + 54904391 54909904 OBFC2B

chr12 + 54910086 54917894 SLC39A5 ENSCAFT00000000184 chr10 + 3535812 3540223 SLC39A5

chr12 - 54917857 54938410 ANKRD52 ENSCAFT00000000185 chr10 - 3545676 3557777 ANKRD52

chr12 + 54946908 54951017 COQ10A ENSCAFT00000000187 chr10 + 3563586 3566080 COQ10A

chr12 - 54951749 54980442 CS ENSCAFT00000037011 chr10 - 3568500 3594284 Q0QEK9_CANFA

chr12 - 54990480 54996395 CNPY2 ENSCAFT00000000190 chr10 - 3600731 3602942 CNPY2

chr12 - 54996273 55014104 PAN2 ENSCAFT00000000197 chr10 - 3604363 3617479 PAN2

chr12 + 55018929 55020461 IL23A ENSCAFT00000000198 chr10 + 3621292 3623442 IL23A

chr12 - 55021650 55040304 STAT2 ENSCAFT00000000201 chr10 - 3625800 3641629 STAT2

chr12 - 55040621 55042850 APOF ENSCAFT00000000202 chr10 - 3644966 3645760 XM_531636.2

chr12 - 55096424 55129467 TIMELESS ENSCAFT00000000206 chr10 - 3655847 3669988 TIMELESS

chr12 - 55129552 55134702 MIP ENSCAFT00000000211 chr10 - 3685926 3689200 MIP_CANFA

chr12 + 55148567 55151034 SPRYD4 ENSCAFT00000000213 chr10 + 3703269 3704202 SPRYD4

chr12 - 55151002 55168448 GLS2 ENSCAFT00000000215 chr10 - 3705202 3720836 GLS2

chr12 + 55201875 55276247 RBMS2 ENSCAFT00000000217 chr10 + 3785509 3811386 ENSCAFG00000000134

chr12 - 55275646 55316430 BAZ2A ENSCAFT00000000220 chr10 - 3819747 3851812 BAZ2A

chr12 - 55318225 55326119 ATP5B NM_001686 chr10 - 3853646 3859986 ATP5B

chr12 - 55343391 55368345 PTGES3 ENSCAFT00000000226 chr10 - 3869131 3892218 PTGES3

chr12 - 55392477 55405333 NACA NM_005594 chr10 - 3922078 3931240 NACA

chr12 - 55411630 55432413 PRIM1 ENSCAFT00000000231 chr10 - 3935703 3958061 PRIM1

chr12 + 55443374 55467841 HSD17B6 ENSCAFT00000000235 chr10 + 3989037 3999343 HSD17B6

chr12 - 55603204 55614456 SDR9C7 ENSCAFT00000000241 chr10 - 4097291 4103734 SDR9C7

chr12 - 55631482 55637685 RDH16 ENSCAFT00000000246 chr10 - 4105413 4113763 RDH16

chr12 + 55674621 55676736 GPR182 ENSCAFT00000037911 chr10 + 4125950 4128084 GPR182

chr12 - 55678884 55686497 ZBTB39 ENSCAFT00000000247 chr10 - 4133499 4135636 ENSCAFG00000000153

chr12 - 55690047 55696611 TAC3 ENSCAFT00000000251 chr10 - 4145522 4148906 TAC3

chr12 - 55708567 55730160 MYO1A ENSCAFT00000000253 chr10 - 4154597 4174290 MYO1A

chr12 - 55735693 55758841 TMEM194A ENSCAFT00000000256 chr10 - 4185030 4201175 TMEM194A

chr12 + 55768943 55775526 NAB2 ENSCAFT00000000260 chr10 + 4209765 4214792 NAB2

chr12 - 55775461 55791463 STAT6 NM_003153 chr10 - 4216675 4226135 STAT6

chr12 + 55808548 55893392 LRP1 ENSCAFT00000000295 chr10 + 4243700 4323862 ENSCAFG00000000178

chr12 + 55909622 55914984 SHMT2 ENSCAFT00000000313 chr10 + 4340484 4345325 SHMT2

chr12 - 55914952 55920742 NDUFA4L2 ENSCAFT00000000319 chr10 - 4346146 4347529 NDUFA4L2

chr12 - 55923508 55931236 STAC3 ENSCAFT00000000323 chr10 - 4353694 4359905 STAC3

chr12 - 55933814 55990513 R3HDM2 ENSCAFT00000000344 chr10 - 4363402 4406779 R3HDM2

chr12 + 56114809 56130876 INHBC ENSCAFT00000000305 chr10 + 4530082 4539543 INHBC

chr12 + 56135362 56138058 INHBE ENSCAFT00000000350 chr10 + 4544017 4545293 INHBE

chr12 + 56140184 56152312 GLI1 ENSCAFT00000000352 chr10 + 4551656 4558763 GLI1

chr12 - 56152304 56159900 ARHGAP9 ENSCAFT00000000358 chr10 - 4559113 4567620 ARHGAP9

chr12 + 56168117 56196700 MARS ENSCAFT00000000365 chr10 + 4571896 4589746 MARS

chr12 - 56196637 56200567 DDIT3 ENSCAFT00000000367 chr10 - 4589894 4590495 DDIT3

chr12 + 56202925 56210198 MBD6 NM_052897 chr10 + 4597828 4602646 MBD6

chr12 - 56210360 56227245 DCTN2 ENSCAFT00000000369 chr10 - 4603702 4617222 DCTN2

chr12 + 56230113 56264821 KIF5A ENSCAFT00000000388 chr10 + 4620144 4647765 KIF5A

chr12 + 56271208 56283477 PIP4K2C ENSCAFT00000000391 chr10 + 4655367 4662166 PIP4K2C

chr12 + 56284870 56289850 DTX3 ENSCAFT00000035912 chr10 + 4667389 4669194 DTX3

chr12 + 56290229 56297293 GEFT ENSCAFT00000000393 chr10 + 4671016 4677239 ENSCAFG00000000250

chr12 + 56299959 56306201 SLC26A10 ENSCAFT00000005206 chr10 + 4679960 4686719 SLC26A10

chr12 - 56305817 56313252 B4GALNT1 ENSCAFT00000000401 chr10 - 4687169 4692367 B4GALNT1
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Table 5 (continued) 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr12 + 56374004 56401605 OS9 ENSCAFT00000000411 chr10 + 4740112 4770307 OS9

chr12 - 56405260 56422207 AGAP2 ENSCAFT00000000434 chr10 - 4775738 4785620 AGAP2

chr12 + 56425050 56428293 TSPAN31 ENSCAFT00000000436 chr10 + 4793196 4795694 Q9XST6_CANFA

chr12 - 56428269 56432431 CDK4 ENSCAFT00000036354 chr10 - 4795886 4798127 LOC612475

chr12 + 56435166 56439956 MARCH9 ENSCAFT00000000442 chr10 + 4802411 4804813 MARCH9

chr12 - 56442383 56447243 CYP27B1 ENSCAFT00000000446 chr10 - 4809049 4812912 CYP27B1

chr12 - 56448617 56452181 METTL1 ENSCAFT00000000448 chr10 - 4814091 4816648 METTL1

chr12 + 56452649 56462591 FAM119B ENSCAFT00000000449 chr10 + 4818126 4824474 FAM119B

chr12 + 56462794 56477637 TSFM ENSCAFT00000000451 chr10 + 4825597 4837939 TSFM

chr12 - 56477427 56496119 AVIL ENSCAFT00000000466 chr10 - 4839148 4855280 AVIL

chr12 - 56499976 56527014 CTDSP2 ENSCAFT00000000474 chr10 - 4861860 4881275 CTDSP2

chr12 - 56504658 56504742 MIR26A2 ENSCAFT00000032738 chr10 - 4863490 4863550 cfa-mir-26a-2

chr12 + 56621711 56637319 XRCC6BP1 ENSCAFT00000000475 chr10 + 4967525 4981253 XRCC6BP1

chr12 - 61281797 61283481 C12orf61 ENSCAFT00000000526 chr10 - 9569184 9569424 C16orf61

chr12 - 61826482 61832857 AVPR1A ENSCAFT00000000524 chr10 - 9253792 9257238 AVPR1A

chr12 + 62459903 62489154 TMEM5 ENSCAFT00000000529 chr10 + 9617300 9635557 TMEM5

chr12 + 62524807 62827880 SRGAP1 ENSCAFT00000000539 chr10 + 9799126 9929665 SRGAP1

chr12 - 62872685 62902343 C12orf66 ENSCAFT00000000549 chr10 - 9967769 9985284 C12orf66

chr12 - 62947031 63070612 C12orf56 ENSCAFT00000000550 chr10 - 10012506 10101270 C12orf56

chr12 + 63084499 63128730 XPOT ENSCAFT00000000554 chr10 + 10112302 10150664 XPOT

chr12 + 63132203 63182158 TBK1 ENSCAFT00000000555 chr10 + 10156670 10195125 TBK1

chr12 + 63290559 63375459 RASSF3 ENSCAFT00000000559 chr10 + 10329794 10337855 RASSF3

chr12 - 63393488 63439493 GNS ENSCAFT00000000563 chr10 - 10353157 10397858 Q32KH4_CANFA

chr12 - 63730670 63801613 WIF1 ENSCAFT00000000572 chr10 - 10646584 10712600 WIF1

chr12 + 63849617 63928406 LEMD3 ENSCAFT00000036610 chr10 + 10764528 10820664 LEMD3

chr12 + 63958754 64146954 MSRB3 ENSCAFT00000000573 chr10 + 10879352 11024318 MSRB3

chr12 + 64504506 64595574 HMGA2 NM_003483 chr10 + 11338630 11477665 HMGA2

chr12 - 64803116 64810800 LLPH ENSCAFT00000000574 chr10 - 11618439 11625209 LLPH

chr12 - 64816983 64850074 TMBIM4 ENSCAFT00000000579 chr10 - 11630345 11657235 TMBIM4

chr12 + 64869244 64934659 IRAK3 ENSCAFT00000000586 chr10 + 11683611 11715516 IRAK3

chr12 + 64982622 65018225 HELB NM_033647 chr10 + 11752158 11758850 HELB

chr12 - 65027478 65359192 GRIP1 ENSCAFT00000000607 chr10 - 11788386 11915927 GRIP1

chr12 + 65949327 65994655 CAND1 ENSCAFT00000000639 chr10 + 12637866 12676783 CAND1

chr12 + 66328778 66342711 DYRK2 ENSCAFT00000000642 chr10 + 12967074 12976524 DYRK2

chr12 - 66834816 66839788 IFNG ENSCAFT00000000643 chr10 - 13391594 13396426 IFNG_CANFA

chr12 - 66881395 66905838 IL26 ENSCAFT00000000644 chr10 - 13441974 13456177 IL26

chr12 - 66928291 66933548 IL22 ENSCAFT00000000647 chr10 - 13472572 13477017 IL22

chr12 - 66974612 67012428 MDM1 ENSCAFT00000000649 chr10 - 13509169 13537590 MDM1

chr12 + 67290918 67340641 RAP1B ENSCAFT00000000651 chr10 + 13789941 13801415 RAP1B

chr12 + 67366997 67422740 NUP107 ENSCAFT00000000659 chr10 + 13822941 13842599 NUP107

chr12 + 67488237 67525478 MDM2 ENSCAFT00000000663 chr10 + 13920605 13946580 MDM2_CANFA

chr12 - 67531224 67613246 CPM ENSCAFT00000000665 chr10 - 13955750 13981764 CPM

chr12 + 67919583 67954405 CPSF6 ENSCAFT00000000672 chr10 + 14256048 14276951 CPSF6

chr12 + 68028400 68034280 LYZ ENSCAFT00000000675 chr10 + 14330495 14334946 LYSC2_CANFA

chr12 + 68039798 68070843 YEATS4 ENSCAFT00000000678 chr10 + 14348644 14366352 YEATS4

chr12 + 68150395 68259829 FRS2 ENSCAFT00000000681 chr10 + 14529537 14536183 FRS2

chr12 + 68265474 68281624 CCT2 ENSCAFT00000000684 chr10 + 14544444 14562336 LOC607972

chr12 - 68288611 68291209 LRRC10 ENSCAFT00000000687 chr10 - 14568549 14569389 LRRC10

chr12 - 68333655 68369323 BEST3 ENSCAFT00000000688 chr10 - 14584456 14619781 BEST3

chr12 + 68418897 68503251 RAB3IP ENSCAFT00000000695 chr10 + 14670980 14698165 RAB3IP

chr12 + 68923043 69035040 CNOT2 ENSCAFT00000000698 chr10 + 14708040 14830103 C12orf28

chr12 + 69046328 69111245 KCNMB4 ENSCAFT00000000699 chr10 + 14938188 14939178 ENSCAFG00000000440

chr12 - 69196898 69317486 PTPRB ENSCAFT00000000717 chr10 - 15264753 15344313 PTPRB

chr12 - 69318128 69600851 PTPRR ENSCAFT00000000721 chr10 - 15375536 15481818 PTPRR

chr12 - 69805143 69838046 TSPAN8 ENSCAFT00000000723 chr10 - 15775589 15806624 TSPAN8

chr12 + 70120079 70264888 LGR5 ENSCAFT00000000724 chr10 + 15996824 16107136 LGR5

chr12 - 70289648 70344016 ZFC3H1 ENSCAFT00000000728 chr10 - 16148461 16205051 ZFC3H1

chr12 + 70344050 70360686 THAP2 ENSCAFT00000000730 chr10 + 16205779 16216389 THAP2

chr12 + 70366144 70384106 TMEM19 ENSCAFT00000000731 chr10 + 16223779 16240010 TMEM19

chr12 + 70434924 70467417 RAB21 ENSCAFT00000038239 chr10 + 16276683 16313261 RAB21_CANFA

chr12 + 70519753 70606894 TBC1D15 ENSCAFT00000000735 chr10 + 16370072 16413667 TBC1D15

chr12 + 70618892 70712488 TPH2 ENSCAFT00000000740 chr10 + 16430948 16514219 B6EY12_CANFA

chr12 + 70952795 71345688 TRHDE ENSCAFT00000000753 chr10 + 16931619 17102952 ENSCAFG00000000473

chr12 + 73217817 73221490 ATXN7L3B ENSCAFT00000037473 chr10 + 18348370 18348664 ENSCAFG00000024260

chr12 - 73720162 73889778 KCNC2 ENSCAFT00000000758 chr10 - 18630367 18638947 KCNC2

chr12 - 73956025 74010103 CAPS2 ENSCAFT00000000762 chr10 - 18830524 18865417 CAPS2

chr12 + 74014729 74050436 GLIPR1L1 ENSCAFT00000035568 chr10 + 18887989 18902165 GLIPR1L1

chr12 + 74071155 74104087 GLIPR1L2 ENSCAFT00000000766 chr10 + 18912998 18927856 GLIPR1L2

chr12 + 74160779 74181983 GLIPR1 ENSCAFT00000000817 chr10 + 18947774 18965415 GLIPR1

chr12 - 74177685 74191685 KRR1 ENSCAFT00000000822 chr10 - 18966402 18980749 KRR1
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Table 6: Genes Deleted in 0123-C Samples Within Syntenic Regions of hsa6. 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr6 + 116798802 116866135 DSE ENSCAFT00000001378 chr1 + 59864306 59916896 DSE
chr6 + 116889248 116891627 FAM26F ENSCAFT00000035848 chr1 + 59944383 59946149 FAM26F

chr6 - 116924343 116973466 BET3L ENSCAFT00000001382 chr1 - 59973809 60008060 BET3L

chr6 + 116939500 116946402 FAM26E ENSCAFT00000001381 chr1 + 59978616 59983205 FAM26E

chr6 + 116956887 116986724 FAM26D ENSCAFT00000001383 chr1 + 60022719 60027694 FAM26D

chr6 + 116999275 117021129 RWDD1 ENSCAFT00000001386 chr1 + 60036888 60056674 RWDD1

chr6 + 117044334 117060841 RSPH4A ENSCAFT00000035490 chr1 + 60114268 60127176 RSHL1

chr6 - 117063473 117096666 ZUFSP ENSCAFT00000001397 chr1 - 60129743 60156468 ZUFSP

chr6 + 117109059 117169723 KPNA5 ENSCAFT00000001405 chr1 + 60167456 60201256 KPNA5

chr6 - 117180052 117193579 FAM162B ENSCAFT00000001408 chr1 - 60211841 60219162 FAM162B

chr6 - 117219940 117256891 GPRC6A ENSCAFT00000001414 chr1 - 60240863 60261409 GPRC6A

chr6 + 117305068 117360019 RFX6 ENSCAFT00000001421 chr1 + 60291580 60346011 RFX6

chr6 + 117693413 117701421 VGLL2 ENSCAFT00000036780 chr1 + 60579585 60586174 VGLL2

chr6 - 117716222 117853711 ROS1 ENSCAFT00000001427 chr1 - 60605780 60726344 Q6JDH3_CANFA

chr6 + 117910512 117997713 DCBLD1 ENSCAFT00000001430 chr1 + 60783189 60822062 DCBLD1

chr6 - 117988125 118030398 GOPC ENSCAFT00000001435 chr1 - 60842529 60878332 GOPC

chr6 + 118103309 118138579 NUS1 ENSCAFT00000001438 chr1 + 60918954 60944908 NUS1

chr6 + 118335381 118745532 SLC35F1 ENSCAFT00000001439 chr1 + 61307290 61451160 SLC35F1

chr6 - 118888627 119079713 C6orf204 ENSCAFT00000001441 chr1 - 61547829 61680636 C6orf204

chr6 + 118976134 118988280 PLN ENSCAFT00000001443 chr1 + 61632414 61643805 PPLA_CANFA

chr6 + 119263627 119272034 ASF1A ENSCAFT00000001453 chr1 + 61827956 61886947 ASF1A

chr6 - 119273460 119298002 MCM9 ENSCAFT00000001448 chr1 - 61820428 61912549 MCM9

chr6 - 119322694 119441511 FAM184A ENSCAFT00000001463 chr1 - 61958108 62022160 FAM184A

chr6 - 119540965 119712625 MAN1A1 ENSCAFT00000001467 chr1 - 62162683 62326669 Q6JDJ4_CANFA

chr6 + 121798443 121812572 GJA1 NM_000165 chr1 + 63994950 63996093 GJA1

chr6 + 122762394 122795963 HSF2 ENSCAFT00000001507 chr1 + 64845053 64863856 Q6JDK4_CANFA

chr6 - 122806191 122834651 SERINC1 ENSCAFT00000001531 chr1 - 64870154 64900562 SERINC1

chr6 + 122834760 123089217 PKIB ENSCAFT00000001533 chr1 + 65098535 65103729 PKIB

chr6 + 123142344 123146917 FABP7 ENSCAFT00000001539 chr1 + 65139822 65143881 FABP7

chr6 + 123151669 123172563 SMPDL3A ENSCAFT00000001544 chr1 + 65147454 65165415 SMPDL3A

chr6 + 123359280 123426762 CLVS2 ENSCAFT00000001550 chr1 + 65273343 65337695 RLBP1L2

chr6 - 123579181 123999641 TRDN ENSCAFT00000001573 chr1 - 65458042 65817870 TRDN_CANFA

chr6 + 124166767 125188485 NKAIN2 ENSCAFT00000001579 chr1 + 66278073 66908377 NKAIN2

chr6 + 125346212 125446360 RNF217 ENSCAFT00000001581 chr1 + 67099212 67141812 RNF217

chr6 + 125516577 125626343 TPD52L1 ENSCAFT00000013354 chr1 + 67240749 67273789 TPD52L1

chr6 - 125638194 125664981 HDDC2 ENSCAFT00000035528 chr1 - 67279512 67304450 HDDC2

chr6 + 126153693 126293959 NCOA7 ENSCAFT00000001606 chr1 + 67792941 67867503 NCOA7

chr6 + 126319553 126343082 HINT3 ENSCAFT00000001613 chr1 + 67693792 67902785 HINT3

chr6 + 126349268 126402113 TRMT11 ENSCAFT00000035268 chr1 + 67918137 67974135 TRMT11

chr6 + 127481740 127559877 RSPO3 ENSCAFT00000037685 chr1 + 68940899 69031073 RSPO3

chr6 + 127629712 127651197 RNF146 ENSCAFT00000001634 chr1 + 69065532 69066615 RNF146

chr6 - 127651549 127705245 ECHDC1 ENSCAFT00000001635 chr1 - 69069277 69110641 ECHDC1

chr6 - 127801243 127882193 C6orf174 ENSCAFT00000001637 chr1 - 69217193 69261104 ENSCAFG00000001071

chr6 - 127801243 127822228 KIAA0408 NM_014702 chr1 - 69188037 69195066 KIAA0408

chr6 + 127940011 127954653 C6orf58 ENSCAFT00000001639 chr1 + 69326956 69338755 ENSCAFG00000001072

chr6 - 128071031 128281469 THEMIS ENSCAFT00000001645 chr1 - 69506890 69551307 THEMIS

chr6 - 128331616 128883512 PTPRK ENSCAFT00000001682 chr1 - 69653330 69778386 PTPRK

chr6 + 129245978 129879403 LAMA2 ENSCAFT00000001697 chr1 + 70790696 71150490 Q6JDJ8_CANFA

chr6 - 129939932 130073063 ARHGAP18 NM_033515 chr1 - 71199655 71255741 ARHGAP18

chr6 - 130194081 130224109 C6orf191 NM_001010876 chr1 - 71431500 71438571 C6orf191

chr6 + 130381420 130504287 L3MBTL3 ENSCAFT00000001708 chr1 + 71616975 71712469 L3MBTL3

chr6 - 130507153 130585792 SAMD3 ENSCAFT00000001709 chr1 - 71716730 71753831 SAMD3

chr6 + 130799954 130805903 TMEM200A ENSCAFT00000001710 chr1 + 71904319 71905798 TMEM200A

chr6 - 131202180 131426155 EPB41L2 ENSCAFT00000001740 chr1 - 72177842 72278445 EPB41L2

chr6 + 131508153 131646366 AKAP7 ENSCAFT00000001765 chr1 + 72537649 72537889 AKAP7

chr6 + 132170848 132257988 ENPP1 NM_006208 chr1 - 3252003 3321678 ENPP1

chr6 - 132311009 132314211 CTGF ENSCAFT00000000288 chr1 - 28055665 28057076 CTGF

chr6 - 132658886 132764357 MOXD1 ENSCAFT00000000292 chr1 - 28454306 28548258 MOXD1

chr6 - 132820355 132876030 STX7 ENSCAFT00000000293 chr1 - 28598727 28643869 STX7

chr6 - 133007815 133008835 TAAR1 NM_138327 chr1 - 28681545 28682551 TAAR1

chr6 - 133043689 133076887 VNN1 ENSCAFT00000036358 chr1 - 28714676 28733472 VNN1_CANFA

chr6 - 133106701 133120715 VNN2 NM_004665 chr1 - 28715094 28811985 VNN2

chr6 - 133132199 133161440 C6orf192 ENSCAFT00000000298 chr1 - 28835229 28858477 C6orf192

chr6 + 133177400 133180396 RPS12 ENSCAFT00000000299 chr1 + 28873184 29001514 RPS12

chr6 + 133604187 133894951 EYA4 ENSCAFT00000000314 chr1 + 29482791 29549164 EYA4

chr6 + 134251951 134258368 TCF21 ENSCAFT00000000328 chr1 + 29895776 29898078 TCF21

chr6 + 134315993 134350322 TBPL1 ENSCAFT00000000332 chr1 + 29938687 29975897 TBPL1

chr6 - 134350411 134415482 SLC2A12 ENSCAFT00000000338 chr1 - 29979675 30014297 SLC2A12

chr6 - 134532076 134537727 SGK1 ENSCAFT00000000342 chr1 - 30126357 30194825 Q6JDG9_CANFA

chr6 - 135280220 135312953 ALDH8A1 ENSCAFT00000000353 chr1 - 30712020 30733865 ALDH8A1

chr6 - 135323213 135417729 HBS1L ENSCAFT00000035155 chr1 - 30743800 30830202 HBS1L

chr6 + 135544145 135582003 MYB ENSCAFT00000000363 chr1 + 30947385 30980426 Q9XT66_CANFA

chr6 - 135646802 135860596 AHI1 ENSCAFT00000000373 chr1 - 31158732 31221849 AHI1

chr6 + 136214526 136558402 PDE7B ENSCAFT00000000378 chr1 + 31758274 31830775 PDE7B

chr6 - 136593860 136613142 FAM54A ENSCAFT00000000380 chr1 - 31869807 31882476 FAM54A

chr6 - 136619693 136652682 BCLAF1 ENSCAFT00000000383 chr1 - 31894103 31912546 BCLAF1

chr6 - 136705564 136913485 MAP7 ENSCAFT00000000389 chr1 - 31975332 32031527 MAP7

chr6 - 136919879 137155349 MAP3K5 ENSCAFT00000000397 chr1 - 32170029 32349433 MAP3K5

chr6 + 137185394 137276765 PEX7 ENSCAFT00000000399 chr1 + 32380584 32461265 PEX7
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Table 6 (continued) 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr6 + 137285094 137288469 SLC35D3 ENSCAFT00000000400 chr1 + 32469193 32471385 SLC35D3

chr6 - 137362800 137407991 IL20RA ENSCAFT00000000403 chr1 - 32549803 32568492 IL20RA

chr6 - 137506649 137536478 IL22RA2 ENSCAFT00000000408 chr1 - 32654963 32674715 IL22RA2

chr6 - 137560313 137582260 IFNGR1 ENSCAFT00000000413 chr1 - 32690793 32712820 IFNGR1

chr6 - 137855028 137857224 OLIG3 ENSCAFT00000000416 chr1 - 32963426 32964242 OLIG3

chr6 + 138230273 138246142 TNFAIP3 ENSCAFT00000000421 chr1 + 33294306 33304234 TNFAIP3

chr6 - 138451334 138470353 PERP ENSCAFT00000000422 chr1 - 33463257 33478443 PERP

chr6 + 138524745 138707493 KIAA1244 ENSCAFT00000000423 chr1 + 33568203 33695313 KIAA1244

chr6 + 138767028 138776275 HEBP2 ENSCAFT00000000424 chr1 + 33759879 33767733 HEBP2

chr6 - 138784873 138862272 NHSL1 ENSCAFT00000000426 chr1 - 33783710 33849589 NHSL1

chr6 + 139136349 139156149 CCDC28A ENSCAFT00000000433 chr1 + 34087361 34100917 CCDC28A

chr6 + 139158940 139267212 ECT2L ENSCAFT00000035252 chr1 + 34133017 34136595 ECT2L

chr6 - 139267312 139351091 REPS1 ENSCAFT00000000437 chr1 - 34184744 34224766 REPS1

chr6 + 139391511 139406132 C6orf115 ENSCAFT00000000438 chr1 + 34298335 34310270 C6orf115

chr6 + 139497941 139543639 HECA ENSCAFT00000000439 chr1 + 34406288 34416670 HECA

chr6 - 139602891 139654901 TXLNB ENSCAFT00000000441 chr1 - 34460653 34507740 TXLNB

chr6 - 139735089 139737043 CITED2 ENSCAFT00000000443 chr1 - 34566914 34567736 ENSCAFG00000000285

chr6 - 142438437 142451629 NMBR ENSCAFT00000000452 chr1 - 36816604 36833075 NMBR

chr6 + 142510102 142583778 VTA1 ENSCAFT00000000455 chr1 + 36894133 36937613 VTA1

chr6 + 142664748 142809096 GPR126 ENSCAFT00000000457 chr1 + 37076917 37147228 GPR126

chr6 - 143114296 143308031 HIVEP2 ENSCAFT00000000460 chr1 - 37412108 37433278 Q6JDK8_CANFA

chr6 + 143423715 143703134 AIG1 ENSCAFT00000000463 chr1 + 37686936 37920834 AIG1

chr6 - 143785661 143813534 ADAT2 ENSCAFT00000000467 chr1 - 38008649 38036784 ADAT2

chr6 + 143813610 143853444 PEX3 ENSCAFT00000000471 chr1 + 38037177 38066847 PEX3

chr6 - 143857641 143874713 FUCA2 ENSCAFT00000000476 chr1 - 38071314 38086165 FUCA2

chr6 + 143971009 144194015 PHACTR2 ENSCAFT00000000479 chr1 + 38297787 38374244 PHACTR2

chr6 + 144206200 144226636 LTV1 ENSCAFT00000000484 chr1 + 38404057 38416474 LTV1

chr6 + 144227265 144301176 C6orf94 ENSCAFT00000037949 chr1 + 38426963 38459468 C6orf94

chr6 - 144303129 144427428 PLAGL1 ENSCAFT00000000490 chr1 - 38462171 38467955 PLAGL1

chr6 - 144457710 144458447 SF3B5 NM_031287 chr1 +- 38601197 38601455 SF3B5

chr6 + 144513346 144554769 STX11 ENSCAFT00000000493 chr1 + 38686128 38687777 STX11

chr6 + 144654565 145215863 UTRN ENSCAFT00000000501 chr1 + 38777103 39263729 NP_001012395.1

chr6 - 145988132 146098684 EPM2A ENSCAFT00000035347 chr1 - 39913037 40019725 EPM2A_CANFA

chr6 - 146160964 146177614 FBXO30 ENSCAFT00000000507 chr1 - 40052472 40059426 FBXO30

chr6 - 146247636 146326926 SHPRH ENSCAFT00000000517 chr1 - 40120671 40205370 SHPRH

chr6 + 146390474 146800424 GRM1 ENSCAFT00000000530 chr1 + 40250881 40251767 ENSCAFG00000024218

chr6 + 146906520 146917779 RAB32 ENSCAFT00000000532 chr1 + 40755312 40760311 RAB32

chr6 + 147567200 147750400 STXBP5 ENSCAFT00000000561 chr1 + 41313654 41475608 STXBP5

chr6 + 148705421 148914877 SASH1 ENSCAFT00000000575 chr1 + 42441515 42516604 SASH1

chr6 + 149109963 149439819 UST ENSCAFT00000000577 chr1 + 42675437 42961301 UST

chr6 + 149681128 149774440 TAB2 NM_015093 chr1 + 43208888 43255952 TAB2

chr6 + 149763187 149763875 SUMO4 ENSCAFT00000000584 chr1 + 43208831 43256586 MAP3K7IP2

chr6 - 149810458 149847841 ZC3H12D ENSCAFT00000000588 chr1 - 43295379 43312706 ZC3H12D

chr6 - 149867323 149908864 PPIL4 ENSCAFT00000000593 chr1 - 43339443 43383471 Q6JDI1_CANFA

chr6 + 149929220 149953760 C6orf72 ENSCAFT00000000596 chr1 + 43390788 43415634 C6orf72

chr6 - 149957864 150001421 KATNA1 ENSCAFT00000000603 chr1 - 43417719 43464002 KATNA1

chr6 - 150023743 150081085 LATS1 ENSCAFT00000000614 chr1 - 43474831 43499007 NP_001019806.1

chr6 - 150087149 150109381 NUP43 ENSCAFT00000000620 chr1 - 43525916 43535410 NUP43

chr6 + 150112523 150174250 PCMT1 ENSCAFT00000000625 chr1 + 43537859 43582336 PCMT1

chr6 - 150181586 150227173 LRP11 ENSCAFT00000000626 chr1 - 43590480 43634673 LRP11

chr6 - 150251293 150253790 RAET1E ENSCAFT00000037310 chr1 - 43646285 43648524 RAET1E

chr6 - 150279706 150285907 RAET1G NM_001001788 chr1 - 43647197 43647921 RAET1G

chr6 + 150304828 150312061 ULBP2 NM_025217 chr1 - 43647197 43647921 ULBP2

chr6 + 150326835 150336539 ULBP1 NM_025218 chr1 - 43647200 43647921 ULBP1

chr6 + 150505880 150613221 PPP1R14C ENSCAFT00000000631 chr1 + 43754381 43838944 PPP1R14C

chr6 + 150731720 150767458 IYD ENSCAFT00000000633 chr1 + 43933596 43951500 IYD

chr6 + 150962691 151206492 PLEKHG1 ENSCAFT00000000638 chr1 + 44250292 44340718 PLEKHG1

chr6 + 151228383 151464716 MTHFD1L ENSCAFT00000000656 chr1 + 44362051 44533921 MTHFD1L

chr6 + 151602826 151721390 AKAP12 ENSCAFT00000000664 chr1 + 44660605 44754574 AKAP12

chr6 - 151726942 151754370 ZBTB2 ENSCAFT00000000667 chr1 - 44766326 44773632 ZBTB2

chr6 - 151767681 151815009 RMND1 ENSCAFT00000000670 chr1 - 44800742 44839066 RMND1

chr6 + 151815114 151832925 C6orf211 ENSCAFT00000000674 chr1 + 44845504 44859403 C6orf211

chr6 + 151856867 151984021 C6orf97 ENSCAFT00000000677 chr1 + 44921552 44977888 C6orf97

chr6 + 152053323 152466101 ESR1 ENSCAFT00000000680 chr1 + 45129992 45409811 ESR1

chr6 - 152484514 152542294 SYNE1 ENSCAFT00000000760 chr1 - 45429640 45773768 SYNE1

chr6 + 153060722 153087408 MYCT1 ENSCAFT00000000829 chr1 + 45932250 45952025 MYCT1

chr6 + 153113625 153122593 VIP ENSCAFT00000000831 chr1 + 45988521 45993428 VIP_CANFA

chr6 - 153333350 153345896 FBXO5 ENSCAFT00000000840 chr1 - 46184142 46194160 FBXO5

chr6 - 153350092 153365618 MTRF1L ENSCAFT00000000841 chr1 - 46200672 46211909 MTRF1L

chr6 - 153373724 153494082 RGS17 ENSCAFT00000000847 chr1 - 46220147 46249324 RGS17

chr6 + 154373328 154482286 OPRM1 ENSCAFT00000036590 chr1 + 47018027 47066130 OPRM1

chr6 - 154517309 154719592 IPCEF1 ENSCAFT00000000861 chr1 - 47116628 47186909 IPCEF1

chr6 - 154768124 154873445 CNKSR3 ENSCAFT00000000867 chr1 - 47327575 47361284 CNKSR3

chr6 + 155096203 155196886 RBM16 ENSCAFT00000000878 chr1 + 47633528 47681831 Q6JDJ9_CANFA

chr6 + 155453114 155620549 TIAM2 ENSCAFT00000000892 chr1 + 47940412 48045215 TIAM2

chr6 - 155620481 155677318 TFB1M ENSCAFT00000000895 chr1 - 48045720 48115883 TFB1M

chr6 + 155626838 155639374 CLDN20 ENSCAFT00000000897 chr1 + 48062727 48063387 CLDN20

chr6 - 155758193 155818729 NOX3 ENSCAFT00000000923 chr1 - 48173744 48231143 A7E3L1_CANFA

chr6 + 157140755 157573605 ARID1B ENSCAFT00000000940 chr1 + 49718285 49843245 ARID1B

chr6 + 157722544 158014965 ZDHHC14 NM_024630 chr1 + 49986429 50258873 ZDHHC14

chr6 + 158164281 158286097 SNX9 ENSCAFT00000000969 chr1 + 50436289 50498735 SNX9

Supplemental Table 6 (Continued): Candidate tumor suppressor genes within syntenic deletions corresponding to hsa6.
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Table 6 (continued) 

 
 

 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr6 + 158322875 158440195 SYNJ2 ENSCAFT00000000998 chr1 + 50550971 50622090 SYNJ2

chr6 - 158450523 158509300 SERAC1 ENSCAFT00000000999 chr1 - 50642817 50692684 SERAC1

chr6 + 158509366 158540364 GTF2H5 ENSCAFT00000001001 chr1 + 50711828 50723839 GTF2H5

chr6 + 158653679 158852844 TULP4 ENSCAFT00000001007 chr1 + 50919149 50993873 TULP4

chr6 + 158877455 158976455 TMEM181 ENSCAFT00000001010 chr1 + 51025868 51097443 TMEM181

chr6 - 158977494 158985792 DYNLT1 ENSCAFT00000001013 chr1 - 51101240 51108740 DYNLT1

chr6 + 158991033 159105889 SYTL3 ENSCAFT00000001014 chr1 + 51125124 51202177 SYTL3

chr6 - 159106760 159159328 EZR ENSCAFT00000001022 chr1 - 51203784 51252401 VIL2

chr6 - 159318253 159341186 RSPH3 ENSCAFT00000001027 chr1 - 51371554 51392086 RSPH3

chr6 - 159376014 159386172 TAGAP ENSCAFT00000001032 chr1 - 51425889 51433831 TAGAP

chr6 + 159510416 159613130 FNDC1 ENSCAFT00000001034 chr1 + 51570226 51644667 FNDC1

chr6 - 160020138 160034343 SOD2 ENSCAFT00000001037 chr1 - 51988448 51997380 SOD2

chr6 + 160068141 160090443 WTAP NM_152858 chr1 + 52026654 52038998 WTAP

chr6 + 160102978 160120077 ACAT2 ENSCAFT00000001128 chr1 + 52054081 52071488 ACAT2

chr6 - 160119519 160130725 TCP1 ENSCAFT00000001141 chr1 - 52071623 52080203 TCP1

chr6 + 160131481 160139451 MRPL18 NM_014161 chr1 + 52081299 52085691 MRPL18

chr6 + 160141290 160161725 PNLDC1 ENSCAFT00000001145 chr1 + 52087556 52105147 PNLDC1

chr6 + 160247963 160249097 MAS1 ENSCAFT00000001147 chr1 + 52146609 52147589 ENSCAFG00000000742

chr6 + 160310120 160447573 IGF2R ENSCAFT00000001105 chr1 + 52221868 52303183 B1H0W0_CANFA

chr6 + 160462852 160499740 SLC22A1 ENSCAFT00000001164 chr1 + 52311576 52340730 SLC22A1

chr6 - 160557783 160599953 SLC22A2 NM_003058 chr1 + 52311576 52338195 SLC22A2

chr6 + 160689414 160796004 SLC22A3 ENSCAFT00000001165 chr1 + 52452474 52539630 SLC22A3

chr6 + 161043214 161095075 PLG ENSCAFT00000001179 chr1 - 52541713 52579725 PLMN_CANFA

chr6 + 161332811 161458407 MAP3K4 ENSCAFT00000035541 chr1 + 52635423 52746115 MAP3K4

chr6 - 161471046 161615097 AGPAT4 ENSCAFT00000001195 chr1 - 52754083 52785720 AGPAT4

chr6 - 161688579 163068824 PARK2 ENSCAFT00000035270 chr1 - 52932982 52971374 XM_850059.1

chr6 + 163068153 163656514 PACRG NM_152410 chr1 + 54246129 54760613 PACRG

chr6 + 163755664 163919618 QKI ENSCAFT00000035144 chr1 + 54843700 54994615 QKI_CANFA

chr6 - 165613142 165643101 C6orf118 ENSCAFT00000001217 chr1 - 56460540 56480903 C6orf118

chr6 - 165660767 165995574 PDE10A ENSCAFT00000001259 chr1 - 56505858 56596845 PDE10A

chr6 - 166491075 166502121 T ENSCAFT00000001265 chr1 - 57228891 57237728 BRAC_CANFA

chr6 - 166653505 166675981 SFT2D1 ENSCAFT00000001268 chr1 - 57381330 57399484 SFT2D1

chr6 - 166742843 166960716 RPS6KA2 ENSCAFT00000001310 chr1 - 57464894 57627005 RPS6KA2

chr6 - 167262993 167290067 RNASET2 ENSCAFT00000001318 chr1 - 57848731 57866619 ENSCAFG00000000842

chr6 + 167332805 167374056 FGFR1OP ENSCAFT00000001325 chr1 + 57900888 57925220 FGFR1OP

chr6 + 167445284 167472619 CCR6 ENSCAFT00000035698 chr1 + 57980037 58006381 CCR6
chr6 - 167490349 167491309 GPR31 ENSCAFT00000001332 chr1 - 58022503 58024290 GPR31
chr6 + 167624792 167649492 UNC93A ENSCAFT00000001341 chr1 + 58482631 58580899 Q6JDJ2_CANFA
chr6 + 168161401 168188618 KIF25 ENSCAFT00000001345 chr1 + 58585083 58635386 KIF25
chr6 - 168199312 168222688 FRMD1 ENSCAFT00000001346 chr1 - 58645361 58657463 FRMD1
chr6 - 168450432 168463251 DACT2 ENSCAFT00000001347 chr1 - 58776992 58786667 DACT2
chr6 + 168584679 168810599 SMOC2 ENSCAFT00000001348 chr1 + 58876267 59034371 SMOC2
chr6 - 169357799 169396062 THBS2 ENSCAFT00000001365 chr1 - 59454408 59477077 THBS2
chr6 - 169857307 170102159 WDR27 ENSCAFT00000001373 chr1 - 59714992 59730235 WDR27

Table 6 (Continued): Candidate tumor suppressor genes within syntenic deletions corresponding to hsa6.
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Table 7: Genes Deleted in 0123-C Samples Within Syntenic Regions of hsa13. 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr13 + 19105787 19145599 MPHOSPH8 ENSCAFT00000011808 chr25 - 21376192 21426386 MPHOSPH8
chr13 - 19146895 19255083 PSPC1 ENSCAFT00000039169 chr25 + 21280120 21372007 PSPC1
chr13 - 19295623 19335776 ZMYM5 ENSCAFT00000011776 chr25 + 21214501 21230792 ZMYM5
chr13 + 19430973 19563968 ZMYM2 ENSCAFT00000011765 chr25 - 21035545 21110709 ZMYM2
chr13 - 19610394 19633183 GJA3 ENSCAFT00000011715 chr25 + 20986634 20987933 ENSCAFG00000007321
chr13 - 19659603 19665114 GJB2 ENSCAFT00000011711 chr25 + 20940046 20940727 Q8SPL9_CANFA
chr13 - 19694100 19703372 GJB6 ENSCAFT00000011709 chr25 + 20904637 20906184 GJB6
chr13 - 19875805 19998012 CRYL1 ENSCAFT00000011676 chr25 + 20572718 20717134 CRYL1
chr13 + 20039207 20163576 IFT88 ENSCAFT00000011646 chr25 - 20399293 20535083 IFT88
chr13 - 20201072 20246057 N6AMT2 ENSCAFT00000011595 chr25 + 20354782 20365927 N6AMT2
chr13 - 20249467 20374913 XPO4 ENSCAFT00000011580 chr25 + 20215183 20332563 XPO4
chr13 - 20445175 20533722 LATS2 ENSCAFT00000011560 chr25 + 20095332 20152438 LATS2
chr13 - 20625733 20648741 SKA3 ENSCAFT00000011522 chr25 + 19966790 19985673 SKA3
chr13 + 20648371 20651220 MRP63 ENSCAFT00000041346 chr25 - 19908561 19908668 ENSCAFG00000027063
chr13 - 20848507 20931423 ZDHHC20 ENSCAFT00000038556 chr25 + 19867625 19936565 ZDHHC20
chr13 - 20964827 21076355 EFHA1 ENSCAFT00000011503 chr25 + 19712660 19838320 EFHA1
chr13 + 21143214 21176640 FGF9 ENSCAFT00000011481 chr25 - 19346062 19649017 FGF9
chr13 + 22653059 22797304 SGCG ENSCAFT00000011472 chr25 - 18288302 18366570 SGCG_CANFA
chr13 - 22800964 22905841 SACS ENSCAFT00000011461 chr25 + 18236070 18259278 SACS
chr13 + 23051638 23141412 TNFRSF19 ENSCAFT00000011444 chr25 - 17978934 18041520 TNFRSF19
chr13 - 23202327 23361587 MIPEP ENSCAFT00000011440 chr25 + 17743869 17916519 MIPEP
chr13 + 23361027 23364242 PCOTH NM_001014442 chr25 - 17733165 17733465 PCOTH
chr13 + 23632860 23779212 SPATA13 ENSCAFT00000011396 chr25 + 17660785 17714660 SPATA13
chr13 + 23781715 23794669 C1QTNF9 ENSCAFT00000011399 chr25 + 17726880 17733805 XM_846206.1
chr13 - 23893068 23984948 PARP4 ENSCAFT00000011825 chr25 - 21432112 21521270 PARP4
chr13 + 24152548 24183923 ATP12A NM_001676 chr25 - 21736512 21761320 ATP12A
chr13 + 24236300 24352058 RNF17 ENSCAFT00000011897 chr25 - 21597501 21710956 RNF17
chr13 - 24354411 24395085 CENPJ ENSCAFT00000011844 chr25 + 21545147 21593788 CENPJ
chr13 - 24640671 24643857 FAM123A NM_152704 chr25 + 17273005 17275075 FAM123A
chr13 - 24718340 24759704 MTMR6 ENSCAFT00000011353 chr25 + 17169049 17204675 MTMR6
chr13 + 24773665 24814561 NUPL1 ENSCAFT00000011338 chr25 - 17106195 17144526 NUPL1
chr13 + 24844208 25493420 ATP8A2 ENSCAFT00000011254 chr25 - 16623302 16702647 ENSCAFG00000007007
chr13 - 25516734 25523198 SHISA2 ENSCAFT00000011144 chr25 + 16458367 16463576 TMEM46
chr13 - 25684904 25693840 RNF6 ENSCAFT00000011085 chr25 + 16185756 16193587 RNF6
chr13 + 25726755 25876569 CDK8 ENSCAFT00000011055 chr25 - 16046024 16165769 CDK8
chr13 + 26029839 26161082 WASF3 ENSCAFT00000019238 chr25 - 15792432 15834308 WASF3
chr13 - 26227338 26232922 GPR12 ENSCAFT00000010970 chr25 + 15725214 15726219 GPR12
chr13 - 26538286 26644033 USP12 ENSCAFT00000024112 chr25 + 15376364 15461321 USP12
chr13 + 26723691 26728702 RPL21 ENSCAFT00000010959 chr25 - 15314090 15318456 XM_859407.1
chr13 + 26742463 26745827 RASL11A ENSCAFT00000010941 chr25 - 15303298 15305658 RASL11A
chr13 + 26896680 26907846 GTF3A ENSCAFT00000010938 chr25 - 15158723 15171044 GTF3A
chr13 - 26907775 26922326 MTIF3 ENSCAFT00000010929 chr25 + 15154464 15158801 MTIF3
chr13 - 27018049 27092720 LNX2 ENSCAFT00000010916 chr25 + 15026765 15061732 LNX2
chr13 + 27094028 27095585 POLR1D ENSCAFT00000010876 chr25 - 14984768 14986221 POLR1D
chr13 + 27264779 27266089 GSX1 ENSCAFT00000010870 chr25 - 14841463 14842723 GSX1
chr13 + 27392167 27398451 PDX1 ENSCAFT00000010866 chr25 - 14729982 14734368 PDX1
chr13 - 27434277 27441317 CDX2 ENSCAFT00000010860 chr25 + 14688806 14694705 CDX2
chr13 - 27450242 27460774 PRHOXNB ENSCAFT00000010846 chr25 + 14669997 14680543 PRHOXNB
chr13 - 27475410 27572729 FLT3 ENSCAFT00000010813 chr25 + 14603184 14658045 NP_001018647.1
chr13 + 27610642 27767475 PAN3 ENSCAFT00000010833 chr25 - 14406734 14517087 PAN3
chr13 - 27857687 27967265 FLT1 ENSCAFT00000010807 chr25 + 14246903 14395230 Q9N0N1_CANFA
chr13 - 28172217 28191150 SLC46A3 ENSCAFT00000010772 chr25 + 14020226 14036750 SLC46A3
chr13 + 28900776 28978084 MTUS2 ENSCAFT00000038628 chr25 - 13357525 13546575 MTUS2
chr13 - 28981550 29067825 SLC7A1 ENSCAFT00000010744 chr25 + 13325825 13347121 SLC7A1
chr13 - 29236544 29322820 UBL3 ENSCAFT00000010690 chr25 + 13088522 13154546 UBL3
chr13 - 29674766 29779163 KATNAL1 ENSCAFT00000010676 chr25 + 12699177 12775231 KATNAL1
chr13 - 29930878 29938081 HMGB1 ENSCAFT00000010639 chr25 + 12540085 12545288 HMGB1_CANFA
chr13 + 30089829 30131686 USPL1 ENSCAFT00000010632 chr25 - 12385954 12415555 USPL1
chr13 + 30207668 30236556 ALOX5AP ENSCAFT00000010626 chr25 - 12307267 12333329 ALOX5AP
chr13 + 30378311 30397709 C13orf33 ENSCAFT00000010612 chr25 - 12169724 12186228 C13orf33
chr13 + 30404833 30447153 C13orf26 ENSCAFT00000010602 chr25 - 12131700 12157018 C13orf26
chr13 - 30608762 30634117 HSPH1 ENSCAFT00000039011 chr25 + 11958958 11983946 HSPH1
chr13 + 30672111 30804411 B3GALTL ENSCAFT00000010529 chr25 - 11803583 11900874 B3GALTL
chr13 + 31211678 31275009 RXFP2 ENSCAFT00000010501 chr25 - 11294670 11340203 RXFP2_CANFA
chr13 + 31503436 31768776 FRY ENSCAFT00000010464 chr25 - 10938828 11050973 ENSCAFG00000006435
chr13 + 31787616 31871809 BRCA2 ENSCAFT00000010309 chr25 - 10719192 10782555 NP_001006654.2
chr13 - 31872859 31900315 N4BP2L1 ENSCAFT00000010304 chr25 + 10712528 10716387 N4BP2L1
chr13 + 32058563 32250158 PDS5B ENSCAFT00000010289 chr25 - 10395258 10510956 PDS5B
chr13 + 32488570 32538282 KL ENSCAFT00000010228 chr25 - 10141076 10184300 KL
chr13 - 32575271 32658216 STARD13 ENSCAFT00000010220 chr25 + 10040918 10100442 STARD13
chr13 + 33290205 33309644 RFC3 ENSCAFT00000010156 chr25 - 9455068 9472034 RFC3
chr13 + 34414423 35144873 NBEA ENSCAFT00000010121 chr25 - 7950109 8522345 NBEA
chr13 - 34945925 34948832 MAB21L1 ENSCAFT00000010124 chr25 + 8041099 8042179 MAB21L1
chr13 - 35240789 35327998 DCLK1 ENSCAFT00000010068 chr25 + 7432978 7450492 ENSCAFG00000024986
chr13 - 35640344 35686752 SOHLH2 NM_017826 chr25 + 7341383 7380228 SOHLH2
chr13 - 35703214 35769992 C13orf38 ENSCAFT00000010028 chr25 + 7341359 7381679 ENSCAFG00000006206
chr13 - 35773774 35818646 SPG20 ENSCAFT00000010004 chr25 + 7245613 7301877 SPG20
chr13 + 35904408 35915019 CCNA1 ENSCAFT00000010017 chr25 - 7161889 7181159 CCNA1
chr13 + 36146048 36169975 C13orf36 ENSCAFT00000009985 chr25 - 6946977 6947301 C13orf36
chr13 + 36291338 36301740 RFXAP ENSCAFT00000009980 chr25 - 6846329 6854988 RFXAP
chr13 - 36316967 36392409 SMAD9 ENSCAFT00000009977 chr25 + 6800178 6824973 SMAD9
chr13 - 36421907 36471504 ALG5 ENSCAFT00000009926 chr25 + 6690074 6737647 ALG5
chr13 + 36472677 36481751 EXOSC8 ENSCAFT00000009898 chr25 - 6682134 6688921 EXOSC8
chr13 - 36481450 36531850 FAM48A ENSCAFT00000009889 chr25 + 6642526 6681772 FAM48A
chr13 - 37034718 37070981 POSTN ENSCAFT00000039502 chr25 + 6151437 6192512 POSTN
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Table 7 (continued): 

 

Chromosome Strand Start End Gene Name
Ensemble Canine 
Transcript ID or RefSeq ID Chr Strand Start End

RED = evidence from Ensemble, Blue = 
from tblastn (RefSeq), Black = both

chr13 - 37108772 37341939 TRPC4 ENSCAFT00000009795 chr25 + 5965770 6116884 TRPC4
chr13 + 37821941 37835143 UFM1 ENSCAFT00000009717 chr25 - 5519774 5531234 UFM1
chr13 + 38159172 38359267 FREM2 ENSCAFT00000009710 chr25 - 5087612 5248158 FREM2
chr13 - 38438061 38462996 STOML3 ENSCAFT00000009698 chr25 + 5067391 5076639 STOML3
chr13 - 38482001 38510252 C13orf23 ENSCAFT00000009688 chr25 + 5022203 5046664 C13orf23
chr13 + 38510454 38522246 NHLRC3 ENSCAFT00000009678 chr25 - 5010781 5020826 NHLRC3
chr13 - 38815028 39075356 LHFP ENSCAFT00000009676 chr25 + 4553789 4554285 ENSCAFG00000005998
chr13 + 39127763 39224765 COG6 ENSCAFT00000009672 chr25 - 4413770 4509422 COG6
chr13 - 40027800 40138734 FOXO1 ENSCAFT00000009632 chr25 + 3588307 3687610 FOXO1
chr13 - 40201431 40243347 MRPS31 ENSCAFT00000009625 chr25 + 3506246 3540442 MRPS31
chr13 + 40261546 40284596 SLC25A15 ENSCAFT00000009612 chr25 - 3457718 3477925 ENSCAFG00000005955

Supplemental Table 7: candidate tumor suppressor genes within syntenic deletions corresponding to hsa13.
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4) ISOLATION AND COMPARISON OF CANINE GLIAL AND NON-GLIAL 

NEUROEPITHELIAL TUMOR STEM CELLS. 
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Abstract 

 

All neuroepithelial tissue arises from a shared embryonic structure, the neural plate and 

developing neural tube, eventually forming neurons, glia, ependymal cells, and the 

choroid plexus. Extending this relationship to the tumors formed by these structures 

would imply a shared origin as well. Accordingly glioblastoma tumors occasionally 

exhibit foci of ependymal differentiation, implying the reacquisition or persistence of 

some degree of plasticity in the differentiation along multiple neuroepithelial cell fates. 

Indeed, cancer stem cells have been isolated from several human neuroepithelial tumors, 

including glioma, ependymoma, and medulloblastomas. The domestic dog develops 

neuroepithelial tumors in every lineage documented in humans, recapitulating the salient 

histologic features of each. Here, we characterize for the first time the isolation of tumor 

stem cells from low-grade canine gliomas, an anaplastic canine ependymoma, and a 

canine choroid plexus carcinoma. These cells share similar growth characteristics in vitro 

and express similar stem cell markers as well as differentiation potential, implying shared 

regulatory pathways governing self-renewal across canine and human neuroepithelial 

tumors.
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Introduction 

 

Neuroepithelial tumors include neoplasms of glial, ependymal, primitive 

neuroectodermal tumors (medulloblastomas), and those of choroid plexus origin (17). 

Developmentally, these tumors arise from tissues that share a common cell of origin, the 

neural plate (468). The neural plate arises in the gastrulating embryo through the 

inhibition of the bone morphogenetic protein (BMP) and other related pathways within 

the transforming growth factor-β (TGF-β) superfamily (372-374). This inhibition, in 

concert with the local production of mitogenic growth factors such as members of the 

fibroblast growth factor (FGF) family promotes neural speciation and forms the primitive 

neural tube (379). Once closed, the neuroectoderm expands to form the ventricular zone 

(VZ), a germinal structure composed of primitive neural stem cells arranged in a pseudo-

stratified arrangement with radial processes on some cells (radial glia) and other cells 

which divide symmetrically to populate the developing prosencephalon (neural stem 

cells) (383, 385, 390). How radial glia and neural stem cells interact with each other and 

what properties are shared between the two populations are currently unknown. 

 

While the precise role of these cells in the developing mammalian brain remains obscure, 

they share many regulatory pathways with neuroepithelial cancers, such as bmi-1, notch, 

hedgehog, Wnt, and growth factor receptor signaling such as EGFR activation (262, 469, 

470). The cancer stem cell hypothesis posits that many tumors are driven by a rare 

subpopulation of cells capable of self-renewal and recapitulating the heterogeneous cell 
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population of the tumor through the generation of more lineage-restricted progeny in 

asymmetric cell divisions (297, 299). Cells satisfying at least some of these 

characteristics have been described in many human neuroepithelial tumors, including 

glioma, ependymoma, and medulloblastomas, suggesting the possibility for shared 

pathways governing tumorigenesis given their common ancestry (3, 471, 472). 

 

Glioma stem cells (GSCs) have been identified using the putative neural stem or 

progenitor cell markers CD133 and CD15, express shared neural stem cell markers such 

as sox2, nestin, and are capable of expressing markers of both neuronal and glial 

differentiation, just as neural stem cells (4, 323). These cells behave similarly in vitro as 

well, growing as non-adherent neurosphere-like structures in serum free media 

supplemented with bFGF and EGF. Most importantly, they are capable of forming highly 

infiltrative tumors in immunocompromised mouse orthografts that recapitulate the 

features of the parental tumor, often by injecting very small numbers of cells (156). 

 

Ependymomas arise from the ependymal cells lining the ventricles of the brain and spinal 

cord or radial glia within the subependymal layer. Radial glia share many features with 

neural stem cells, and a good degree of functional overlap may be shared between the two 

populations in vivo. Ependymal cells and radial glia may express GFAP and the cell 

surface marker CD133, similar to neural stem cells (428). Accordingly, cells with radial 

glia features have been isolated from human ependymomas which are clonogenic, exhibit 

multipotential differentiation potential, and grow in an analogous manner to GSCs in 
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serum free media (471). These cells also demonstrate similar genomic copy number 

alterations to glioma, including loss of the Ink4A/ARF locus, and overexpression of the 

notch signaling pathway (473, 474). 

 

Medulloblastoma and other primitive neuroectodermal tumors (PNETs) are less 

characterized genomically and functionally than gliomas or ependymomas. A majority of 

cells in these tumors lack expression of neuronal or glial differentiation, suggesting 

shared stem-like properties (475). Cells from these tumors also express CD133 and 

CD15, and are capable of differentiating into neuronal and glial lineage in vitro, and 

express similar cell regulatory pathways, such as Wnt, notch, and specifically sonic 

hedgehog signaling involved in cell self-renewal (476-478). 

 

Choroid plexus cells originate from the roof of the neural tube early in fetal brain 

development, primarily in response to BMP stimulation (479, 480). These cells ultimately 

produce cerebrospinal fluid within the lateral, third, and fourth ventricles and are 

somewhat unique among other neuroepithelial tumor subtypes in that choroid plexus cells 

express cytokeratin and tight junctions. While uncommon tumors in adults, choroid 

plexus carcinomas may arise throughout the ventricular system and may also be regulated 

by similar self-renewal pathways, including notch (479, 481). 

 

The domestic dog develops spontaneous neuroepithelial tumors that recapitulate the 

salient histologic and biologic features of all human neuroepithelial tumors (482). We 
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have previously characterized the significant similarities between human and canine 

GSCs, suggesting that similarities may lie in canine ependymal or choroid plexus tumors. 

Here, we report for the first time the isolation of canine ependymal tumor stem cells and 

the isolation of cells capable of self-renewal and multipotential differentiation from a 

canine choroid plexus carcinoma. Finally, we compare these to canine GSCs isolated 

from grade II astrocytomas. 

 

Materials and Methods 

 

GSC and NSC Cultures  

Following identification of a spontaneously occurring choroid plexus carcinoma, an 

anaplastic ependymoma, and two grade II astrocytomas by MRI, the brain was removed 

immediately after death and the tumor sectioned. All samples were briefly enzymatically 

dissociated into single cells. Red blood cells and cellular debris were removed by ACK 

lysis buffer and differential centrifugation. Cells were each placed into culture in NBE 

medium comprised of Neurobasal-A medium (Invitrogen), N2 and B27 supplements 

(0.5x concentration, each; Invitrogen), heparin (2ug/mL, Sigma), and recombinant human 

bFGF and EGF (25ng/mL each; R&D systems). Recombinant human PDGF-BB 

(20ng/mL, R&D systems) was also supplemented to choroid plexus carcinoma cultures. 

Differentiation was induced by either growth factor withdrawal or by culturing cells in 

DMEM medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen). Cells were 
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cultured as neurospheres in uncoated tissue culture flasks or as adherent cells on plates 

pre-coated with a poly-ornithine/poly-D-lysine mixture.  

 

Intracranial Tumor Cell Injection into SCID Mice 

5000 cells were orthotopically implanted as previously described(367). Cells were 

enzymatically dissociated and resuspended in 40-80ul of HBSS containing EDTA 

(Invitrogen). Cells were then injected stereotactically into the striatum of anesthetized 

adult mice using a stereotactic frame (coordinates: 2 mm anterior, 2 mm lateral, 2.5 mm 

depth from bregma). There was no injection-procedure-related animal mortality. Animals 

were sacrificed at given time points for the analysis of tumor histology and 

immunohistochemistry or for culture of cells from the xenograft tumor. Brains were 

perfused with 4% paraformaldehyde by cardiac perfusion and further fixed at 4℃ 

overnight.  

 

FACS Analysis  

Cultured cells were dissociated into single-cell suspensions and labeled with the 

following antibodies; anti-CD133 (Santa Cruz sc-30220), CD-15-FITC (MMA clone, 

BD) as previously described. Staining for CD133 was performed by labeling one million 

cells with 2ug of antibody at 4ºC for 10 minutes. Concentrations of other antibodies and 

the staining conditions were followed per the manufacturers recommendation. Non-

conjugated primary antibodies were subsequently labeled with PE- or FITC-conjugated 

secondary antibodies (BD). Antibodies against mouse immunoglobulin conjugated to PE 
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or FITC were used as antibody isotype controls (BD). The stained cells were analyzed on 

the FACS Vantage SE flow cytometer (BD).  

 

Antibodies for Western Blot Analysis and Immunohistochemistry  

The following antibodies were used as primary antibodies: Nestin (IBL America and 

Covance), Sox2 (R&D Systems and Santa Cruz Biotechnology; sc-20088), Olig2 (Santa 

Cruz Biotechnology; sc-48817), a-tubulin (Sigma), GFAP (Dako), Tuj1 (Covance), 

cytokeratin 7 (Millipore), cytokeratin 20 (Dako), pan-cytokeratin (Dako), EMA (Sigma), 

vimentin (Novus biological). 

 

Karyotype Analysis 

Canine GSCs were briefly trypsinized to single cell suspension, recovered for 6 hours in 

NBE medium at 37°C, and then incubated with colcemid (final concentration 50-

100ng/mL, Invitrogen) for 4-6 hours at 37°C. Cells were then suspended and fixed in 

methanol and glacial acetic acid. Fixed cells were then sent to the NCI Cytogenetic Core 

for metaphase analysis and karyotype determination (Frederick, MD). 

 

Results 

  

Canine Grade II Astrocytomas Also Contain GSCs 

The role of GSCs in low-grade astrocytomas is still unknown in human glioma tumors, as 

detailed studies of non-GBM GSCs are largely lacking. We have isolated GSCs from two 
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separate, grade II astrocytomas in the domestic dog however, which display similar 

characteristics to our prior characterization of canine GSCs in high-grade glioma tumors. 

The first grade II astrocytoma, 0712, was collected from a well-demarcated mass in the 

brainstem of a dog (Figure 1A and 1B). This tumor is composed of sheets of well-

differentiated astrocytes (Figures 1C and 1D). Despite the low grade of the astrocytoma, 

GSCs were isolated that grew as neurosphere-like structures in NBE medium (Figure 

1E), similar to those isolated from physiologic NSC niches in the same dog, such as the 

subventricular zone (Figure 1F). 

 

0712 GSCs are capable of forming xenograft tumors in immunocompromised mice, 

although these tumors are well-demarcated, lack significant invasion, and exhibit 

minimal cellular pleomorphism (Figures 2A and 2B). These GSCs form these xenograft 

tumors at a low rate as well, with only 2 of 10 mice injected intracerebrally with 50,000 

cells forming tumors (Figure 2C). Those xenograft tumors that did form expressed low 

levels of stem cell markers such as sox2 (Figure 2D) and high markers of differentiated 

astrocytes such as GFAP (Figure 2E). Consistent with this, 0712 GSCs in vitro express 

low amounts of either sox2 or olig2, while constitutively expressing markers of either 

glial (GFAP) or neuronal (TuJ-1) differentiation (Figure 2F) in either NBE or FBS, and 

express undetectable levels of GSC cell surface markers CD133 or CD15 (Figure 2G). 

Karyotype analysis of 0712 GSCs versus patient-matched physiologic NSCs isolated 

from the subventricular zone identifies a focal anomaly involving a chromosomal 

inversion of canine chromosome 9 (Figure 3), which may contribute to their tumorigenic 
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potential, although as these GSCs express low levels of stem-cell associated markers, 

they have a much lower tumorigenic potential than either our high-grade canine GSCs or 

human GSCs derived from GBMs. 

 

We also isolated GSCs from a second canine grade-II astrocytoma, 0514. This tumor also 

arose in the brainstem region of a dog (Figure 4A). This neoplasm was comprised of 

well-differentiated neoplastic astrocytes, which exhibit focal infiltration into the adjacent 

neuropil (Figures 4B and 4C). These GSCs form xenograft tumors that are moderately 

infiltative, but exhibit cellular pleomorphism and focal regions of necrosis (Figures 4D-

F). Xenograft tumors formed by 0504 GSCs highly express nestin, GFAP, and sox2 

(Figures 4G-I). Despite the modest xenograft tumor burden, 0504 GSCs efficiently form 

xenograft tumors in all mice injected, with a median survival time of 108 days (Figure 

5A). Consistent with this efficient xenograft formation, 0504 GSCs express both CD133 

and CD15 (Figure 5B). Both primary 0504 and xenograft-derived 0504-A-1 GSCs 

express the stem cell markers nestin, sox2, and olig2, while expressing low levels of 

either TuJ-1 or GFAP in NBE conditions (Figure 5C). 

 

Canine grade II astrocytomas do contain GSCs, as we are able to isolate and expand them 

from two individual tumors. Their tumorigenic potential and similarities to either human 

GBM or high-grade canine GSCs appears to vary widely, however. 
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Canine Ependymomas Contain Cells with GSC-like Properties 

Given our ability to isolate GSCs from low- and high-grade glioma tumors, we next 

sought to identify any similar cells in canine ependymoma, as has been postulated in 

human ependymoma tumors. We were able to isolate cells from a poorly demarcated, 

periventricular mass from a dog (Figures 6A-B), 0302, that was composed of sheets of 

poorly demarcated round to oval cells that form occasional rosettes and pseudo-rosettes, 

consistent with an anaplastic ependymoma (Figures 6C-D). These cells proliferate in 

serum-free media identical to our GSCs, forming nonadherent neurosphere-like structures 

(Figure 6E). 

 

0302 ependymal stem cells (EPSCs) co-express both TuJ-1 and GFAP in vitro, although 

at low levels (Figure 7A), and express high levels of nestin (Figure 7B). Interestingly, 

some nestin-positive cell have an elongate, polarized appearance consistent with radial 

glia, the speculated progenitor cell for many human ependymal tumors (Figure 7C). 

Canine EPSCs also express CD133 and CD15 in a manner similar to both human 

ependymoma stem cells and GSCs. 0302 EPSCs are able to form xenograft tumors in all 

immunocompromised mice injected, although the latency to tumor formation is 

considerably longer than even grade II canine GSCs (Figure 7E). 0302 EPSCs in vitro 

express sox2 and olig2 as well as GFAP in both NBE and FBS conditions (Figure 6F). 

Radial glia, the purported stem cell for human ependymoma also strongly express GFAP, 

suggesting similarities with our canine EPSCs. 
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The xenograft tumors formed by 0302 EPSCs expand and fill the lateral and third 

ventricles of mice, consistent with their ependymal etiology (Figure 8). All mice develop 

significant, secondary obstructive hydrocephalus due to intraventricular masses. 

Xenograft tumors are similar to the parental tumor, with sheets of poorly differentiated 

ependymal cells arranged either in a myxomatous matrix or into crude rosettes and 

pseudo-rosettes (Figures 8C-D). While a majority of cells are located within the 

ventricles, cells also invade into the adjacent neuropil from the lateral ventricles (Figure 

8B). Xenograft tumors express variable amounts of GFAP, although the highest tumor 

burdens within the myxomatous regions exhibit sparse immunoreactivity (Figures 9B, G, 

and L). These regions, while expressing low GFAP do express sox2 and nestin (Figures 

9M and N), as well as the ependymal marker EMA (Figure 9O) (483).  

 

Canine ependymomas therefore contain EPSCs that exhibit remarkable similarities to 

GSCs in both the methods used to isolate and expand the cells, the expression of neural 

stem cell markers, and their ability to recapitulate the original tumor. 

 

Isolation of GSC-like Cells from a Canine Choroid Plexus Carcinoma 

Finally, we examined a third intracranial tumor of neuroepithelial origin in the dog, a 

choroid plexus tumor in an effort to expand similar cells using serum free media. We 

were able to isolate such a tumor from a dog, 0818 from the ventral floor of the right 

lateral ventricle (Figure 10A). This tumor was arranged into an arboribform pattern of 

fronds and multiple projections lined by high cuboidal to columnar, neoplastic epithelial 
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cells (Figures 10B-C). This tumor was negative for GFAP (Figure 10D) and nestin 

(Figure 10E), but strongly positive for both pan-cytokeratin (Figure 10F) and sox2 

(Figure 10G), consistent with a choroid plexus carcinoma (CPC).  

 

We were able to isolate and expand cells in serum free NBE media supplemented with 

PDGF-BB that exhibit remarkable similarities to both our canine GSCs and EPSCs, 

including the ability to grow as non-adherent neurosphere-like structures (Figure 11A). 

Only cultures containing PDGF-BB were successful, suggesting a similar importance to 

PDGF signaling to that reported in human CPCs (484). Despite the injection of 200,000 

cells per mouse however, these cells failed to produce any xenograft tumors in 

immunocompromised mice (Figure 11B). Analysis of these cells in vitro confirms 

selective expression of cytokeratin 7 and an absence of cytokeratin 20, which has been 

reported in human CPCs (Figure 11C) (485). Notably, these cells also fail to express 

either vimentin or GFAP in vitro (Figure 11D). 

 

Discussion 

 

Despite sharing a common embryonic origin of the neural plate, little information is 

known regarding the relatedness of neuroepithelial tumors in humans. The domestic dog 

not only develops spontaneous glioma tumors with remarkably similar incidence rates 

and pathologic features, but also develops ependymal and choroid plexus tumors that 

share significant homology to the human disease. Recent investigations of canine 
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neuroepithelial tumors indicate that many stem-cell proteins associated with human and 

canine GSCs are also shared in these other neuroepithelial tumor types (482). 

 

Here, we identify and characterize for the first time tumor stem cells in both grade II 

canine astrocytomas as well as in a canine anaplastic ependymoma, as well as similar 

cells isolated from a canine choroid plexus carcinoma. Canine GSCs from low-grade 

astrocytomas appear to vary widely in their tumorigenic potential, as while 0712 GSCs 

have very little tumor forming capacity in immunocompromised mice, 0514 GSCs 

readily form xenograft tumors. As 0712 GSCs are negative for both CD133 and CD15, 

while 0514 express low levels of each, this may further support the notion that these 

markers enrich for glioma tumor stem cells in both human and canine tumors. Human 

GSCs negative for CD133 or expressing low levels of CD15 are capable of forming 

xenograft tumors however, suggesting the explanation may include other complicating 

factors (319, 323). 0514 GSCs also express increased markers of sox2 and olig2 

compared to 0712, while expressing less TuJ-1 or GFAP in NBE conditions. While a 

definitive mechanism of sox2 regulation in human or canine GSCs remains elusive, 

inhibition of sox2 expression in human GSCs dramatically reduces their tumorigenic 

potential and may induce apoptosis (335). These observations add to the importance of 

neural stem cell marker expression in the regulation of tumorigenic potential in GSCs, 

suggesting a potential marker-independent association for transcription factors such as 

sox2 or olig2. 
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While 0712 GSCs do not express CD133, CD15, or high levels of stem-cell associated 

proteins, karyotype analysis does reveal a focal chromosomal translocation on cfa9. This 

region is syntenic to hsa17, which does exhibit loss of heterozygosity in human GBMs, 

although this is most frequently present within the region containing p53 (486). This 

region is syntenic to cfa5, not cfa9, although it is possible that other tumor suppressor 

genes may be present within this region corresponding to cfa9. 

 

Human ependymoma tumors often have significant similarities to glioma tumors, and 

high-grade glioma tumors may often contain foci of apparent ependymal differentiation 

(487-489). Such observations may imply either a shared, transformed progenitor cell or 

similar regulatory mechanisms governing each tumor progenitor cell, allowing for a 

degree of plasticity between the two tumor types. Ependymomas have been suggested to 

arise from transformed radial glia cells, neural progenitors that share significant 

similarities and may have functional overlap with neural stem cells (a putative cell of 

origin for gliomas) (471). For the first time, we have characterized tumor stem cells from 

a canine anaplastic ependymoma, 0302, and documented significant similarities to both 

canine and human GSCs. 

 

Canine EPSCs express the markers CD133 and CD15, consistent with both human GSCs 

and cells isolated form ependymoma. EPSCs in vitro also express nestin and co-express 

markers of neuronal and glial differentiation, and often have phenotypic characteristics of 
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radial glia, including long, polarized cell processes, suggesting a similar cell of origin 

may produce canine ependymomas (471). 

 

Interestingly, our ependymoma stem cells form xenograft tumors exclusively within the 

ventricular system of immunocompromised mice, often occluding cerebrospinal fluid 

outflow and producing obstructive hydrocephalus in these mice. This suggests that tissue 

microenvironment is of critical importance for the regulation of this tumor, as even 

though the EPSCs were injected anterior to the lateral ventricle, the tumor only forms 

within the ventricle, suggesting the cells migrate first to the lateral ventricle prior to 

tumor expansion. This profound influence by the microenvironment may suggest how 

gliomas contain foci of ependymal differentiation, as they may be exposed to these cues 

within intraventricular tumor mass. Further comparisons between human and canine 

EPSCs may help identify the interaction between putative radial stem cell progenitors and 

growth factors within the CSF. 

 

Cells comprising the choroid plexus differentiate from modified ependymal cells and 

therefore like glioma and ependymal tumors, they originate from the neural plate 

developmentally (479). Accordingly, we were able to isolate cells from a canine choroid 

plex carcinoma that have similar properties to our ependymal and glioma stem cells, 

although they fail to produce tumors when injected orthotopically. This may be because 

the microenvironment of the choroid plexus is still poorly defined, as well as the 

molecular events governing choroid plexus tumor initiation. 
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Glioma, ependymoma, and choroid plexus tumors all arise from tissues developmentally 

related to the neural plate. This shared ontogeny of these tumors may imply shared 

functional characteristics governing the initiation of these tumors, especially with the 

growing evidence of cells with stem like properties in numerous solid neoplasms. Here, 

we report for the first time the isolation and expansion of tumor initiating cells or cells 

with similar functional properties in vitro from gliomas, an anplastic ependymoma, and a 

choroid plexus carcinoma. These cells expand in identical, serum-free media, express 

similar markers associated with neural stem cells, as well as the putative tumor stem cell 

markers CD133 and CD15, further supporting the evidence that these are relevant in both 

human and canine neuroepithelial tumor biology. Further characterization and analysis of 

multiple neuroepithelial-derived tumors in canine and human tumor subtypes may enable 

the identification of shared pathways involved in self-renewal. 
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Figure 1. Isolation of GSCs from a Canine Grade II Astrocytoma, 0712. A) An 

asymmetric expansion of the ventral brainstem was caused by B) a well-demarcated, 

expansile neoplastic mass (asterisk). C) This mass was composed of sheets and chords of 

D) well-differentiated neoplastic astrocytes (bar=20µm). E) Cells cultured in serum-free 

NBE media grew as non-adherent neurosphere-like structures, similar to F) physiologic 

neural stem cells isolated from the subventricular zone. 
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Figure 2. Characterization of 0712 GSCs in vivo and in vitro. A) Xenograft tumor formed 

by intracerebral injection of 0712 canine GSCs is characterized by a well-demarcated, 

expansile tumor. B) This tumor exhibits minimal cellular pleomorphism and is of 

moderate cellularity. C) 0712 GSCs are poorly tumorigenic, forming only two xenograft 

tumors in ten mice injected. D) Xenograft tumors formed express low levels of sox2 in 

vivo while E) expressing high levels of GFAP (bar=5µm). F) Similarly, 0712 GSCs in 

vitro express low amounts of stem cell markers sox2, olig2, and nestin, while 

constitutively expressing TuJ-1 and GFAP. G) 0712 GSCs do not express either CD133 

or CD15. 
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Figure 3. Karyotype of 0712 NSCs and GSCs. A) Physiologic NSCs contain a wild-type 

karyotype while B) 0712 GSCs contain a focal chromosomal inversion on chromosome 9 

(inset). 
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Figure 4. Isolation of GSCs from a Canine Grade II Astrocytoma, 0504. A) A poorly 

demarcated, expansile mass was dissected from the brainstem. B) Neoplastic cells are 

moderately infiltrative but C) are minimally pleomorphic. D) Xenograft tumors formed 

by 0504 cells are moderately well demarcated, E) exhibit moderate cellular 

pleomorphism, and F) contain focal regions of necrosis. F) Xenograft tumors express 

nestin, H) GFAP, and I) sox2 (bar=5µm). 
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Figure 5. Canine 0504 GSCs are Tumorigenic and Express Stem Cell Markers in vitro. 

A) Canine 0504 GSCs are tumorigenic in all mice injected, with a median survival time 

of xenograft mice of 108 days. B) 0504 GSCs express both CD133 and CD15. C) These 

cells express nestin, sox2, and olig2 in NBE conditions, and upregulate GFAP expression 

when cultured in serum. 
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Figure 6. Tumor Stem Cells Are Present in a Canine Ependymoma. 0302. A) A poorly 

demarcated mass was dissected free from the floor of a lateral ventricle in a dog. This 

mass was intimately associated with the ventricle and produced B) hydrocephalus. C) 

This mass is composed of sheets of poorly differentiated ependymal cells arranged in 

rosettes and D) pseudo-rossettes (bar=20µm). E) Cells cultured in NBE medium grow as 

non-adherent neurosphere-like structures similar to canine GSCs and NSCs. 
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Figure 7. Characterization of 0302 Canine Ependymoma Stem Cells (EPSCs). A) 0302 

EPSCs cultured in NBE co-express low amounts of TuJ-1 and GFAP, while B) 

prominently expressing nestin. C) Some cells exhibit a polarized, elongate phenotype 

reminiscent of radial glia cells, the putative stem cell of human ependymomas 

(bar=5µm). D) 0302 EPSCs express both CD133 and CD15. E) While xenograft tumors 

form in all mice injected intracerebrally, these tumors form with prolonged latency, 

exhibiting a median survival time of 246d. F) 0302 EPSCs in vitro express sox2 and olig2 

and constitutively express GFAP, similar to radial glia. 
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Figure 8. Canine 0302 EPSCs Form Large Intraventricular Xenograft Tumors. A) All 

mice containing xenograft tumors exhibit prominent hydrocephalus and intraventricular 

tumor masses. B) These tumors often infiltrate into adjacent neuropil. C) Intraventricular 

masses contain poorly organized rosettes and D) neoplastic cells within a myxomatous 

extracellular matrix (bar=10µm). 
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Figure 9. Immunohistochemical evaluation of 0302 EPSC Xenograft Tumors. The murine 

cortex expresses high amounts of GFAP but lacks nestin, sox2, or EMA expression (A-

E). Infiltrative regions of the xenograft express GFAP, low amounts of nestin, sox2, but 

lack significant EMA expression (F-J). Intraventricular portions of the xenograft tumor in 

contrast express no GFAP, but do express nestin, prominent sox2, but strong EMA 

reactivity (bar=10µm).  
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Figure 10. Canine Choroid Plexus Carcinoma, 0818 Expresses Cytokeratin in situ. A) A 

poorly demarcated, expansive mass was isolated from the ventral floor of the right 

ventricle in a dog. B) This mass was composed of multiple fronds of neoplastic epithelial 

cells C) arranged on fibrovascular projections. These cells do not express D) GFAP or E) 

nestin, but strongly express F) cytokeratin and G) sox2 (bar=30µm). 
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Figure 11. Cells Derived from Canine Choroid Plexus Carcinoma are Similar to GSCs in 

vitro. A) 0818 tumor cells grow as non-adherent neurosphere-like structures in NBE 

medium, similar to canine GSCs and EPSCs. B) Injection of these cells intracerebrally 

however, fail to produce any xenograft tumors. C) Consistent with human choroid plexus 

carcinoma, canine 0818 cells express cytokeratin 7 but not cytokeratin 20. D) 0818 cells 

do not express either vimentin or GFAP (bar=5µm).  

 



  195 

5) ISOLATION AND CHARACTERIZATION OF CANINE EMBRYONIC 

NEURAL STEM CELLS IDENTIFIES TEMPORALLY REGULATED 

DIFFERENTIATION POTENTIAL THROUGHOUT GESTATION. 
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Abstract 

 

Mammalian neural stem cells (NSCs) are derived from the primitive neuroepithelium of 

the neural crest. Following fate commitment to neural tissue, these cells enter temporally 

regulated periods of first proliferation, then neuronal, and finally glial differentiation 

throughout the embryonic brain development. Many of the cellular events governing the 

transition from each period remain unknown however. Here, we characterize for the first 

time embryonic NSCs from the developing brain of the domestic dog. Similar to other 

mammalian NSCs, canine NSCs proliferate in serum free media and are able to 

differentiate along first neuronal and ultimately glial cell fates through gestation. Canine 

NSCs isolated early in gestation are more resistant to differentiation, have a significantly 

higher clonogenic potential, and express high levels of CD133. Interestingly, early canine 

NSCs express low levels of sox2, a protein identified in murine embryonic and neural 

stem cells. Canine NSCs from early gestation instead express high levels of sox3, and 

acquisition of sox2 expression coincides with neuronal differentiation in early canine 

NSCs. Finally, we perform global gene expression analysis and identify key regulatory 

pathways including the TGF-β and Wnt pathway governing early neural stem cell self-

renewal.
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Introduction 

 

During mammalian brain development, embryonic neural stem cells represent a dynamic 

cell population derived from primitive neuroepithelial cells and are capable of both self-

renewal and multilineage differentiation. NSCs differentiate first into neurons and then 

into astrocytes or oligodendroglial cells in a temporally regulated fashion (16, 431). 

These neuroepithelial cells demonstrate a remarkable plasticity, with a capacity of 

generating a wide variety of terminally differentiated cells from a small original 

population. These cells may be isolated and expanded in vitro as neurospheres, allowing 

for the identification of cell markers or regulatory signaling mechanisms associated with 

self-renewal and with cell differentiation (490).  

 

The onset of neurogenesis within NSCs marks a switch from symmetric divisions of 

primitive, lineage-negative cells to asymmetric cell divisions that generate an 

increasingly heterogeneous population of cells expressing various neuronal markers 

(390). Combinations of growth factors (bFGF and EGF) and secreted proteins in the 

TGF-β superfamily (chiefly BMPs) or Wnt pathway govern early neurogenesis in 

combination with basic helix-loop-helix (bHLH) transcription factors such as sox2, other 

transcription factors such as paired box 6 (Pax6), forkhead box G1 (FOXG1), LIM 

homeobox 2 (LHX2), and empty spiracles homologue 2 (EMX2) (404, 407, 409-411, 

491).  
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Glial differentiation follows neuronal patterning and is regulated by a combination of 

cytokine signaling and changes in gene expression. BMP signaling through BMPR-1B, in 

addition to causing terminal differentiation of NSCs to neurons results in the fate-

switching from neuronal to astrocytic differentiation. BMP signaling induces inhibitory 

bHLH transcription factors such as Hes-5, Id1, and Id3 (407, 409). These factors rapidly 

downregulate the expression of Mash1 and neurogenin and thus inhibit neuronal 

differentiation (410, 411). Receptors for cytokines such as leukemia inhibitory factor 

(LIF) and ciliary neurotrophic factor (CNTF) phosphorylate STAT3 upon binding of their 

ligand, activating genes associated with glial differentiation (409, 413-415, 492). 

Epigenetic regulation of chromatin helps in the coordination of these signaling events as 

opening or compaction of chromatin structures may reveal or conceal binding sites for 

STAT3 (460).  

 

In contrast, much less is known regarding regulation of self-renewal and pathways 

governing cell division in more primitive neuroepithelial cells or lineage-negative NSCs. 

These cells express bHLH transcription factors and signaling through the Notch pathway 

is operative in early patterning of the developing ventricular zone, but other regulatory 

pathways and how these may interact with these transcription factors to govern 

symmetric cell division and then the transition to neurogenesis is unknown (342, 343, 

387, 414, 493).  
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The domestic dog (Canis familiaris) represents a powerful, untapped species for the 

comparative analysis of early neural stem cell or neuroepithelial regulation in man. As 

the domesticated dog and humans have co-evolved over centuries, both species show 

shared evolutionary traits in genes associated with brain development that are not shared 

in rodents (13). Dogs and humans also develop numerous spontaneous nervous system 

disorders with remarkable similarity, suggesting shared regulatory pathways between the 

two species (494). Here, we report for the first time the characterization of neural stem 

cells isolated from canine embryos harvested from the time of neural tube closure 

through fetal development, including times of peak neuronal and astroglial 

differentiation. NSCs isolated early in development express CD133, are lineage negative, 

more clonogenic in vitro, and are refractory to differentiation in the presence of serum. 

Analysis of gene expression microarrays reveals significant differences in early passage 

eNSCs isolated from e27 embryos compared to those harvested from later in gestation. 

By comparing gene expression networks from our e20 and e27 eNSCs to those more 

primed for differentiation, we hope to identify shared self-renewal pathways or similar 

mechanisms involved in the inhibition of differentiation or cellular senescence. 

 

Materials and Methods 

 

Isolation of Canine Embryos and Culture of NSCs 

Female beagle dogs aged 2-5 years were mated over three consecutive days after the 

onset of estrus. The second day of mating was established as day zero for gestational 
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timing. Following this, at 20, 27, 40, or 60 days gestation, the dog was anesthetized and 

an ovariohysterectomy performed under aseptic conditions. The gravid uterus was 

transferred to a surgical operating microscope (Zeiss) where the embryo was 

microdissected from the fetal membranes and immediately placed into ice-cold PBS 

supplemented with 0.5% glucose. The prosencephalon (e20) or telencephalon (e27, e40, 

e60) were then microdissected free and briefly enzymatically dissociated into single cells. 

Red blood cells and cellular debris were removed by ACK lysis buffer (Gibco) and 

differential centrifugation. Cells were placed into culture in Neurobasal-A medium 

(Invitrogen), N2 and B27 supplements (0.5x concentration, each; Invitrogen), heparin 

(2ug/mL, Sigma), and containing either recombinant human bFGF alone (bFGF) or bFGF 

and EGF (NBE, 25ng/mL each; R&D systems). Differentiation was induced by either 

growth factor withdrawal or by culturing cells in DMEM medium (Invitrogen) containing 

10% fetal bovine serum (Invitrogen). Cells were cultured as neurospheres in uncoated 

tissue culture flasks or as adherent cells on plates pre-coated with a poly-ornithine/poly-

D-lysine mixture.  

 

FACS Analysis  

Cultured NSCs were dissociated into single-cell suspensions and labeled with anti-

CD133 (Santa Cruz sc-30220) and CD-15-FITC (MMA clone, BD) as previously 

described. Staining for CD133 was performed by labeling one million cells with 2ug of 

antibody at 4ºC for 10 minutes. Concentrations of other antibodies and the staining 

conditions were followed per the manufacturers recommendation. Non-conjugated 
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primary antibodies were subsequently labeled with PE- or FITC-conjugated secondary 

antibodies (BD). Antibodies against mouse immunoglobulin conjugated to PE or FITC 

were used as antibody isotype controls (BD). The stained cells were analyzed on the 

FACS Vantage SE flow cytometer (BD).  

 

Immunocytochemistry 

Cells were dissociated into single-cell suspensions and plated onto optical glass 

coverslips coated with polyornithine, poly-D-lysine, and laminin (BD Biosciences). Cells 

were maintained at 37°C for either 2-3 days (bFGF and NBE conditions) or for 10 days 

during serum-induced differentiation. Cells were then washed with PBS and fixed for 20 

minutes at room temperature with 4% paraformaldehyde (PFA). The coverglass was then 

washed with PBS, blocked for 1 hour at room temperature with 5% FBS in PBS and 

labeled with primary antibodies. The following primary antibodies were used: Nestin 

(Covance PRB-336c), Sox2 (R&D systems: MAB2018), GFAP (Dako ZO334), Tuj1 

(Covance MMS-435p), and Vimentin (Novus NB200-622), all used according to 

manufacturer’s recommended dilutions. Fluorescent-conjugated anti-mouse and anti-

rabbit secondary antibodies were then applied for 1 hour at room temperature and the 

coverslips mounted with DAPI-containing mounting medium (Vector Labs). Images were 

visualized through a Zeiss LSM510 confocal microscope. 
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Limiting Dilution Assay 

NSCs cultured in either bFGF or NBE were dissociated into single-cell suspensions and 

then plated into 96 well plates with various seeding densities (1 to 50 cells per well). 

Cells were incubated at 37°C for two to three weeks.  At the time of quantification, each 

well was examined for the formation of spheres.  

 

Antibodies for Western Blot Analysis 

The following antibodies were used as primary antibodies: Nestin (IBL America), Sox2 

(Santa Cruz Biotechnology; sc-20088), sox3 (Aviva; ARP38649), sox9 (Abcam; 

ab71762), sox10 (Santa Cruz Biotechnology; sc-48824), sox17 (Lifespan Biosciences), 

GFAP (Dako ZO334), Tuj1 (Covance MMS-435P), Vimentin (Novus), Cleaved Caspase 

3 (Cell Signaling), GAPDH (Abcam), STAT3 (Invitrogen), pSTAT3 (Cell Signaling), 

pSMAD1/5/8 (Cell Signaling), SMAD1 (Chemicon), ERK1/2 (Cell Signaling), MEK1/2 

(Cell Signaling), p38 (Cell Signaling), osteonectin (Abcam ab61383), and BMPR1A 

(R&D), BMPR1B (R&D). 

 

Telomerase Activity (TRAP) Assay 

Telomerase activity was assessed by using the TeloTAGGG PCR ELISA according to 

manufacturer’s recommendations (Roche 11 854 666 910). NSCs were grown to passage 

2, 6, or 12, enzymatically dissociated and enumerated such that 2x105 cells were lysed. 

The lysate was subsequently amplified by PCR reaction according to the manufacturer 

protocol, hybridized to the ELISA microplate, and the colormetric reaction developed 
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and analyzed on a microplate reader set at 450 and 690nm wavelengths. Absorbance 

readings are reported as A450-A690. Human embryonic kidney cells (HEK 293) were used 

as a positive control. 

 

Gene Expression Microarray Analysis 

Total RNA from e27, e40, and e60 NSCs cultured either in NBE or FBS was isolated 

using Trizol (Invitrogen) and then further purified using RNeasy Mini Kit (Qiagen). The 

integrity and quality of RNA obtained was verified with the Bioanalyzer System (Agilent 

Technologies, Palo Alto, CA) using the RNA Pico Chips. Total RNA was then converted 

to cDNA with Superscript reverse transcriptase (Invitrogen) using T7-linked Oligo (dT) 

primer. Complementary DNA was transcribed in vitro using the T7 Bioarray High Yield 

RNA Transcript Labeling Kit (ENZO Diagnostics) to generate biotinylated cRNA. 

Purified cRNA (20 µg) was fragmented and hybridized to the Canine Genome 2.0 

expression array (Affymetrix). Arrays were processed according to manufacturer’s 

recommendations. After hybridization, the chips were processed using fluidics station 

450 and high-resolution microarray scanner 3000. The initial gene expression analysis 

data files (.dat, .cel, .txt and .rpt files) were generated using Affymetrix GeneChip 

Operating Software (GCOS) version 1.3. All RNA samples and arrays met standard 

quality control metrics. 
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Gene Expression Data Analysis 

The .cel files and detection calls were imported into Partek software version 6.2 (Partek 

Inc.) and normalized using the dChip PM/MM average difference model. Arrays with 

percentage of outliers >5% were excluded for data analysis. Two filters were then applied 

to the normalized and cleaned data set to filter the probe sets with “present” calls <10% 

of the total number of samples or probe sets containing >10% of the zeros across samples 

with signal intensities of mismatch > perfect match. Hierarchical clustering was done 

using distance matrix of Pearson correlation with average linkage method and principal 

component analysis (PCA) done with correlation dispersion matrix and normalized 

eigenvector scaling using Partek software version 6.2 (Partek, Inc.).  

 

Statistical Analysis 

All values are shown as mean ± standard deviation (SD). Kaplan-Meier survival analysis 

was performed in Prism 4.0 software.  

 

Results 

 

Isolation of Canine NSCs and Their Differentiation Potential 

In order to evaluate neural stem cells through periods of expansion, neuronal 

differentiation, and glial differentiation, we isolated NSCs from timed gestation lengths 

of 20, 27, 40, and 60 days (normal gestation length of the domestic dog is approximately 

62 days, Figure 1). NSCs isolated from early in development at either 20 or 27 days (E20, 
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E27, respectively) proliferate rapidly in serum-free medium (either bFGF or NBE 

medium) as a mixed population containing both adherent and non-adherent, neurosphere 

structures. In contrast, NSCs isolated from either 40 or 60 days gestation proliferate 

exclusively as non-adherent neurospheres under identical culture conditions (Figure 2). 

 

Lacking definitive markers for mammalian neural stem cells, many studies rely on the 

expression of nestin and sox2 to identify NSCs. How these proteins are regulated 

throughout embryonic brain development remains unknown, however- particularly within 

the time period of neural fate commitment from embryonic stem cells or uncommitted 

neuroepithelial cells. We therefore examined the expression of the intermediate filaments 

nestin and vimentin along with expression of sox2 in our canine NSCs throughout 

embryonic brain development. NSCs isolated from E40 and E60 ubiquitously express 

both nestin and sox2 in NBE conditions, both of which are downregulated significantly 

when cultured in the presence of FBS in a similar manner to murine E14 NSCs. 

Interestingly, NSCs isolated from earlier developmental periods, E20 and E27 lack 

significant expression of sox2 (Figure 3). The intermediate filament expression in E20 

NSCs is also in contrast to E27, E40, and E60 NSCs, as these early neural progenitor 

cells lack significant nestin expression while maintaining strong vimentin expression. 

Vimentin is also expressed early in human neuroepithelial development. Our canine E20 

NSCs may therefore represent a pre-nestin neural progenitor cell. 
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As the neural tube closes at approximately 18.5d gestation in the dog, we next 

investigated the differentiation capacity of early canine NSCs and compared them to 

those isolated from either 40 or 60 days gestation (382). To minimize the impact of time 

in vitro during NSC expansion, all cells were analyzed at 7-10 days in vitro (d.i.v). 

Consistent with NSCs isolated form murine embryos early in gestation (e8-e8.5), canine 

NSCs from e20 express no markers associated with either neuronal (β-III-Tubulin/TuJ-1) 

or astrocytic (GFAP) differentiation in either NBE or FBS (Figure 3). NSCs isolated at 

27d gestation also fail to demonstrate any TuJ-1 or GFAP expression in NBE conditions, 

although scattered cells express TuJ-1 in FBS, suggesting this time point is associated 

with the onset of neurogenesis (beginning of neuronal differentiation capacity). In 

contrast to either E20 or E27, NSCs from E40 strongly express TuJ-1 in both NBE and 

FBS conditions, confirming these cells are similar to murine E14 NSCs and represent the 

peak time for neurogenesis. NSCs from E60 express both TuJ-1 and GFAP in NBE 

conditions, but strongly and exclusively express GFAP in FBS, consistent with the 

astroglial-competent differentiation status of other mammalian NSCs near parturition. 

Canine embryonic NSCs therefore exhibit temporally regulated differentiation potential 

along first neuronal and then astroglial differentiation similar to both human and murine 

NSCs. NSCs isolated early in development (E20) appear refractory to differentiation even 

in the presence of serum while the expression of TuJ-1 by small numbers of NSCs from 

E27 in FBS suggest these cells are acquiring the ability to differentiate into neurons.  
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Expression of NSC Markers and Evaluation of Clonogenic Potential 

Along with nestin and sox2 expression, the cell surface markers CD133 (also known as 

prominin-1) and CD15 (also known as SSEA-1 or LeX) have been used to prospectively 

identify mammalian NSCs (321, 428, 431, 495). How the expression of these markers is 

regulated through brain development and the relationship of each marker to the other is 

still unknown however. We therefore examined the expression of both CD133 and CD15 

in our canine NSCs. CD133 is expressed in high amounts only in our E20 NSCs, 

suggesting this marker is limited to early neuroepithelial progenitor cells. In contrast, 

CD15 is expressed in a manner that correlates with peak time points of either neuronal 

(E40) or glial (E60) differentiation (Figure 4A). These data suggest that CD133 is limited 

to non-committed canine NSCs while CD15 is expressed only in differentiation-

competent cells. 

 

The restricted expression of CD133 to cells isolated early in neuroepithelial development 

would therefore suggest these cells contain more of a stem cell component than those 

populations rich in CD15 (E40 and E60 NSCs). Consistent with this, limiting dilution 

assays of our canine NSCs reveal a significantly enhanced self-renewal capacity in E20 

or E27 NSCs compared to E40 and E60 NSCs (Figure 4B). Expression of telomerase, an 

enzyme expressed in embryonic neural stem cells and many immortalized cells 

responsible for the maintenance of chromosome ends, is also significantly upregulated in 

both E20 and E27 NSCs compared to either E40 or E60 NSCs (Figure 4C). Finally, the 

onset of differentiation in the mammalian forebrain is also associated with upregulation 
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of apoptosis as cells exit the proliferative phase in order to control the cell number of the 

developing brain. Consistent with this, activation of caspase 3 is identified only in late 

passage E27 or E40 NSCs and not in acutely isolated E27 cells (Figure 4D). 

 

Expression of Proteins Governing NSC Development in Canine NSCs 

As our canine NSCs isolated early in gestation surprisingly lack significant sox2 

expression, we sought to more fully characterize the expression of other proteins related 

to mammalian neural crest or NSC development. Immunoblots confirmed significantly 

reduced sox2 expression in both E20 and E27 NSCs compared to E40 or E60 NSCs. 

Other members of the β1-Sox family of transcription factors are highly expressed in early 

gestation canine NSCs however, including sox3. Similarly, other members of the sox 

transcription factor family involved in neuroepithelial fate commitment from embryonic 

stem cells, sox9 and sox10 are increased in E20 and E27 canine NSCs. The expression of 

BMPR-1A in NSCs in vivo induces the expression of BMPR-1B and is vital for the fate 

commitment of neural precursors. Accordingly, E20 NSCs express high levels of both 

BMPR1A and BMPR1B compared to NSCs isolated from other gestational time periods. 

 

Similar to the observations made on immunofluorescence, immunoblots confirm E20 

NSCs express very low levels of nestin intermediate filament. Interestingly, these cells, 

along with E27 NSCs express high levels of the intermediate filament vimentin and the 

structural protein osteonectin (Figure 5). Expression of vimentin and osteonectin is 

associated with epithelial-to-mesenchymal transition (EMT) in many cancers, and a 
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similar process occurs early during brain development associated with migration of early 

neural precursors (98, 339). E20 and E27 canine NSCs may therefore represent early 

neural progenitor cells at the transition from proliferative, differentiation resistant, highly 

migratory cells to lineage-committed progenitor cells. 

 

Canine NSCs Mature In Vitro in a Regulated Temporal Manner 

In order to examine whether early, lineage-negative canine NSCs are capable of 

recapitulating the temporal events governing first neuronal and then astroglial 

differentiation in vivo, we serially passaged E27 NSCs to compare the expression of TuJ-

1 and GFAP over time (Figure 6). Indeed, serial passage of these cells first increases the 

expression of TuJ-1 by passage 6, and ultimately the expression of GFAP by passage 12. 

Through long-term serial passage, GFAP expression becomes prominent by passage 22, 

suggesting that the differentiation capacity of NSCs is genomically imprinted following 

neural fate commitment and may proceed independently of exogenous cues or 

differentiation signals. Interestingly, sox2 expression coincides with the onset of 

differentiation over this serial passage (Figure 7). Early E27 NSCs are largely lineage 

negative, yet express low amounts of sox2. At the time of neural differentiation, cells 

positive for TuJ-1 co-express sox2, and at late passages all cells co-express both. Sox2 

expression in vivo is upregulated at the time of neural differentiation, although a specific 

role for the transcription factor driving neurogenesis has not yet been elucidated. These 

data suggest that sox2 may induce neural differentiation from canine neuroepithelial 

cells. 
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As E27 NSCs are capable of following a similar differentiation pattern in vitro over serial 

passage as that documented in vivo, we investigated whether the cytokine signaling 

pathways governing NSC differentiation status matured in an analogous manner. Bone 

morphogenetic protein (BMP) mediated SMAD signaling and STAT3 signaling through 

either activation of the leukemia inhibitory factor (LIF) or the ciliary neurotrophic factor 

(CNTF) receptors coordinate the transition from neurogenesis to astroglial differentiation 

(414-416, 492). Prolonged STAT3 activation in particular is associated with the 

acquisition of astrocytic differentiation. Consistent with our other observations regarding 

serial passage in vitro, our E27 NSCs gradually acquire prolonged activation of STAT3 

in response to CNTF signaling at a time (passage) corresponding to widespread GFAP 

expression. Early canine NSCs (E20) fail to demonstrate any STAT3 activation in 

response to CNTF treatment, consistent with the differentiation refractory nature of these 

cells (Figure 8). 

 

Finally, we examined the activation of the mitogen-activated-kinase (MAP) pathway over 

serial passage. The onset of neuronal differentiation is associated with the 

phosphorylation of p38 in murine NSCs (496, 497). While early passage E27 NSCs 

express little endogenous p38 activity, treatment of BMP2, a potent physiologic inducer 

of neural induction in vivo dramatically upregulates p38 activity (Figure 9). Serial 

passage of E27 NSCs also results in the acquisition of p38 activity, consistent with the 

ability of early, lineage negative NSCs to follow physiologically relevant differentiation 
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pathways through endogenous regulatory means. As p38 phosphorylation governs only 

the onset of neurogenesis, its ability to be induced by neurogenic stimuli is lost by the 

time of peak neurogenesis at E40. 

 

Early Gestation NSCs are Resistant to Serum-Induced Differentiation 

While culturing E40 and E60 NSCs in the presence of FBS produces morphologic 

changes consistent with differentiation (acquisition of a neuronal and/or astrocytic 

phenotype) and the cessation of proliferation, both E20 and E27 cells continue to 

proliferate in FBS, even forming neurospheres similar to NBE conditions (Figure 10A). 

When we compare the differentiation capacity of E27 cells maintained in NBE versus 

FBS however, we observe a dramatic acceleration in the onset of neuronal differentiation. 

Cells maintained simultaneously in either NBE or FBS were examined for TuJ-1 

expression. While cells maintained in NBE still express minimal levels of TuJ-1, those 

passaged three times in FBS strongly express TuJ-1 (Figure 10B). This accelerated onset 

of differentiation is also reflected in STAT3 phosphorylation in response to CNTF 

(Figure 10C). While cells cultured in NBE have only a transient STAT3 activation to 

CNTF stimulation, those cultured for an identical time in FBS now have a prolonged 

STAT3 activation similar to late passage NBE-cultured E27 cells and consistent with a 

more differentiation competent cell. Canine NSCs early in gestation are therefore 

resistant to differentiation, although the presence of differentiation cues in FBS greatly 

accelerates the acquisition of neuronal and glial differentiation (Figure 10D). 
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Changes in Gene Expression in Canine NSC Development 

Early canine NSCs are resistant to differentiation initially, yet acquire differentiation 

capacity through serial passage in vitro. Global gene expression analysis of E27, E40, and 

E60 canine NSCs reveals significant differences in both the genes expressed at these 

gestational times as well as in the differential gene expression in response to serum 

induced differentiation conditions. E27 NSCs highly express numerous genes associated 

with embryonic stem cells, self-renewal, and early neuroepithelial development, 

including the transcription factor KLF4, Frizzled-1 and -2, BMP-4 and BMP-5, and 

members of the TGF-β superfamily. Both TGF-β2 and its receptor, TGF-β2-R, as well as 

Activin receptors are upregulated in E27 cells. E27 cells also highly express IL-6 and the 

pro-angiogenic mediators Angiopoietin-like 4 and Dkk3.  

 

Genes associated with neuronal and astroglial differentiation are significantly 

downregulated in E27 NSCs compared to either E40 or E60 NSCs. These cells express 

less TuJ-1, MAP2, and GFAP, consistent with our observations on immunofluorescence. 

Early NSCs also express less neural cell adhesion molecules (NCAM-1 and NCAM-2), 

glutamate receptors GluR-1 and GluR-2, doublecortin, and the early neuronal 

transcription factor Pax6. E40 NSCs also express increased retinoic acid receptors and 

retinol binding proteins over E27, consistent with the suspected role of these proteins in 

neuronal induction (402, 403, 413). 
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In an effort to visualize the relatedness of canine NSCs over serial passage and between 

gestation lengths, we performed unsupervised principle component analysis (PCA) on the 

global gene expression of E27 NSCs over serial passage from p2 through p22, E40 p2, 

and E60 p2. Interestingly, E27 NSCs from passage 2, 5, and 11 cluster separately from 

either late passage (p22) E27 NSCs, E40, or E60 NSCs, suggesting significantly different 

patterns of gene expression within this group (Figure 11A). In contrast, E27 NSCs from 

later passage (p14, p22) cluster together with E40 and E60, suggesting similar gene 

expression profiles in this group, consistent with the observation of aging in vitro 

mimicking the maturation of differentiation capabilities in vivo. This is also supported by 

the observation that treatment of NSCs with NBE or FBS has dichotomous effects on E27 

NSCs based on passage. While both NBE and FBS cultured E27 NSCs in early passage 

cluster together in PCA, they separate significantly at passage 14 and 22, just as E40 and 

E60 NSCs do. Unsupervised hierarchical clustering of this gene expression data further 

demonstrates that, while there is a treatment effect of culturing early passage E27 NSCs 

in FBS versus NBE, these cells still cluster more similar to each other when compared to 

late passage E27 NSCs (p14, p22), which are more similar to E40 and E60 NSCs, which 

also share similar differentiation capacities (Figure 11B). 

 

Metaplastic Differentiaion Potential in Early Canine NSCs 

Given the unique ability of NCSs derived early in gestation to proliferate in the presence 

of FBS and the lack of endogenous markers of either neuronal or astroglial 

differentiation, we investigated whether E27 NSCs could be induced to differentiate 
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along non-neural cell fates. We cultured E27, passage 2 NSCs in Neurobasal medium 

supplemented with ITS supplement (R&D Systems) and TGF-β3 for 21 days. Following 

this period, E27 NSCs expressed a significant amount of both intracellular and 

extracellular aggrecan, consistent with chondrogenic differentiation and suggesting 

significant plasticity towards the developmental potential of early canine NSCs (Figure 

12).  

 

Discussion 

 

Here, we have for the first time demonstrated that neural stem cells may be isolated from 

the developing canine embryo from the time of neural tube closure through the onset and 

peak of neurogenesis, and from times of peak glial differentiation. Canine embryos are 

significantly larger than murine embryos at comparable gestation points, yet the dog is 

still a litter-bearing species, allowing for the isolation of significant numbers of NSCs 

immediately upon harvesting of the embryo. Much more thorough characterization may 

therefore be performed using these early gestation canine NSCs at early passages, 

without the need for prolonged, in vitro expansion as is the case with murine NSCs. 

These cells demonstrate significant similarities to murine NSCs in their growth 

characteristics and expression of neural and glial markers, as well as the temporal nature 

of neuronal and then glial differentiation in vivo. Canine NSCs also express identical cell 

surface markers identified on murine NSCs through various stages of development, 

CD133 (Prominin-1) and CD15 (SSEA-1) (321, 428, 429, 431, 495). How the expression 
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of these markers is regulated through neural development is still unknown however, as is 

the relationship of each marker to the other. The identification of these markers in an 

additional mammalian NSC model such as the dog is therefore beneficial towards the 

establishment of a hierarchy in NSC development, as we identify significant CD133 

expression only in our E20 and E27 NSCs, with the expression of CD15 coinciding with 

the onset of differentiation potential. Significant differences do exist however, in both 

ability to interrogate NSCs early in development and in proteins expressed associated 

with murine NSC self-renewal, suggesting alternative pathways in mammalian brain 

development. 

 

The intermediate filament nestin was originally described as a marker of rodent NSCs 

(330). Subsequent investigations have identified non-neural cells that also express nestin, 

including vascular progenitor cells, hair follicle cells, and bone marrow stromal cells, 

suggesting the role of nestin in NSCs may be more complicated than originally 

envisioned (313, 316, 332, 333). The expression of nestin and its role in vivo is also 

unclear regarding neural fate commitment from primitive neuroectoderm or embryonic 

stem cells. Our canine NSCs isolated from early in gestation express markedly reduced 

levels of nestin compared to E40 and E60 NSCs, instead expressing vimentin 

intermediate filaments. Vimentin is also a primitive intermediate filament and one of the 

most ubiquitously expressed in embryonic development (498-500). It is possible that our 

E20 NSCs represent a early timepoint in NSC development prior to nestin expression. It 

is also interesting to note the expression of the structural protein osteonectin with 
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vimentin, as both are upregulated with epithelial-to-mesenchymal transition (EMT) in 

certain neoplasms (98). In addition to neoplastic EMT, similar processes occur 

developmentally in the brain as cells migrate from the neural crest to form the early 

prosencephalon, further supporting the evidence that E20 and E27 NSCs are derived from 

primitive neuroepithelial tissue (339, 390). 

 

Similarly, sox2 is expressed in murine NSCs and in embryonic stem cells, suggesting it 

has a prominent role in cell self-renewal (336, 337, 339, 343). Our canine NSCs however, 

express low levels of sox2 at early passages, when they are the most clonogenic, have 

high telomerase activity, and lack significant markers of either neuronal or glial 

differentiation (suggesting these populations have the most stem-like characteristics). 

These E20 and E27 NSCs do express other members of the β1-group of the sox 

transcription factor family, including sox3, supporting the suspected functional 

similarities between the β1-sox transcription factors and suggesting that species 

differences governing their expression may occur (342, 343). One such difference may 

explain the gradual expression of sox2 in our E27 NSCs over serial passage as they 

acquired neuronal differentiation capabilities. Sox2 is upregulated experimentally in 

murine NSCs differentiated into neurons, but the activity of this transcription factor in a 

differentiation versus a self-renewal scenario is unexplored (344). Our data suggests that 

sox2 may act to promote both a self-renewal and differentiation pattern in mammalian 

NSCs. 
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Early canine NSCs, expressing low levels of sox2 are resistant to differentiation in the 

presence of serum when compared to E40 and E60 NSCs that express high levels of sox2. 

In contrast to murine NSCs, these cells continue to proliferate in the presence of serum, 

although in vitro aging and the onset of differentiation capabilities is greatly accelerated. 

E27 cells express other genes associated with stem cell self-renewal or early neural crest 

development, including KLF4. KLF4 was identified as a key regulator of embryonic stem 

cell self-renewal and is a member of the four transcription factors originally used by 

Yamanaka et. al to induce pluripotency in murine fibroblasts (iPS cells) (337). The Wnt 

pathway is also critical for early neuroepithelial patterning in the developing brain (420). 

E27 NSCs express the Frizzled-1 and -2 receptors for Wnt, suggesting that Wnt signaling 

is also critical for self-renewal in early canine NSCs. Furthermore, early NSCs appear 

able to differentiate along mesenchymal lineage by expressing the chondrocyte-

associated aggrecan protein in vitro. Interestingly, a recent report of generating iPS cells 

from murine neural stem cells suggest these cells have a propensity to differentiate 

towards chondrocytic lineage and may imply shared regulatory pathways between these 

iPS cells and early canine NSCs (501). 

 

Characterization of canine embryonic NSCs allows the comparison of an additional, non-

rodent species to investigate mammalian brain development. The embryo size and litter-

bearing nature of dogs allows for significant acute analysis of these cells and the 

identification of primitive neural precursor cells, as we have reported here. These cells 

are resistant to differentiation, yet appear epigenetically imprinted early in neural fate 



  218 

commitment to produce endogenous signals driving both neuronal and glial 

differentiation, as we are able to replicate this through serial passage in vitro. 

Investigations into gene regulatory networks driving the proliferation as well as the onset 

and maturation of differentiation of canine NSCs may identify novel gene interactions 

important for mammalian neurogenesis. 
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Figure 1. Canine NSCs are Isolated Throughout Gestation and Follow Temporal 

Differentiation Cues Similar to Murine NSCs. A) Canine NSCs were isolated from 

embryos at timed gestation lengths of 20, 27, 40, and 60 days. These time points 

correspond to the developmental periods of proliferation, the onset of neuronal 

differentiation, the peak of neuronal differentiaton, and the peak of astrocytic 

differentiation, respectively. The estimated gestational equivalency of murine (mu) NSCs 

is overlaid against canine (k9) NSCs. B) Canine embryos from gestational timepoints 

show maturation of the developing prosencephalon at E20 to a developing forebrain with 

craniofacial structures and eye development at E27. By E40, the telencephalon is 

developed into two cerebral hemispheres and at E60 the midbrain and telencephalon 

development are nearly complete (bar=2mm). 
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Figure 2. Canine NSCs Proliferate in vitro in Serum Free Media. Canine NSCs isolated 

from A) E20, B) E27, C) E40, and D) E60 expanded in serum free media supplemented 

with bFGF and EGF proliferate as non-adherent neurospheres. Early gestation canine 

NSCs (A and B) also exhibit an adherent, proliferative cell population (bar= 20µm). 
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Figure 3. Expression of Neuronal or Glial Markers is Restricted to Late Gestation NSCs. 

A) Canine NSCs cultured in NBE media show differential expression of sox2, which is 

expressed strongly only in E40 and E60 NSCs. Nestin is weakly expressed at E20, while 

all NSCs express vimentin. E20 and E27 NSCs are negative for either TuJ-1 or GFAP, 

while neuronal E40 NSCs express TuJ-1 and glial E60 NSCs express both TuJ-1 and 

GFAP (bar=20µm). 
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Figure 3 (Continued). Expression of Neuronal or Glial Markers is Restricted to Late 

Gestation NSCs. B)When cultured in the presence of serum, E20 and E27 maintain 

strong vimentin expression while E40 and E60 NSCs downregulate both vimentin and 

nestin while dramatically upregulating either TuJ-1 or GFAP, respectively. Serum results 

in the upregulation of TuJ-1 in rare E27 NSCs (bar=20µm). 
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Figure 4. Canine GSCs from Early Gestation Exhibit Markers of Self-Renewal in vitro. 

A) Expression of putative neural stem cell marker CD133 is restricted to E20 NSCs, 

while the state-specific embryonic antigen CD15 is expressed only after the onset of 

neurogenesis at E40. Early gestation NSCs are more clonogenic as measured by B) 

limiting dilution assay at passage 2. C) E20 and E27 NSCs also express significantly 

more telomerase activity as compared to either E40 or E60 NSCs, although serial passage 

of E27 cells rapidly reduces telomerase activity. Apoptosis as measured by D) cleaved 

caspase 3 coincides with the onset of differentiation in either serially passaged E27 NSCs 

or neuronal E40 NSCs. 
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Figure 5. Canine GSCs from Early and Late Gestation Differentially Express Proteins 

Associated with NSC Development. Both E20 and E27 NSCs express significantly less 

sox2 compared to E40 or E60 NSCs. E20 and E27 NSCs express increased levels of 

another member of the β1-sox family, sox3, as well as sox10. E27 cells specifically 

express the neuroepithelial marker sox9. BMPR-1A and its induced target BMPR-1B, 

important for the induction of neuroepithelial cells, is expressed in E20 NSCs. While 

nestin is expressed in low amount in early NSCs compared to E40 or E60, these cells do 

express high levels of vimentin and osteonectin. 
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Figure 6. NSCs Derived Early in Gestation Mature in vitro to Neuronal and Glial 

Progenitor Cells. While E27 NSCs are largely lineage negative in early passage, they A) 

gradually acquire the ability to differentiate into neurons over serial passage, and B) 

demonstrate the acquition of GFAP co-expression by passage 12. C) By late passage 

these cells co-express significant levels of both TuJ-1 and GFAP (bar=10µm). 
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Figure 7. Serial Maturation in vitro Coincides with Sox2 Upregulation. While early 

passage, lineage negative E27 NSCs express low levels of sox2 and TuJ-1 (arrows), cells 

at passage 8 acquire sox2 expression as they begin to differentiate into neurons 

(arrowheads). By late passage, cells ubiquitously express both sox2 and TuJ-1 

(bar=5µm). 
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Figure 8. Cytokine Signaling through SMAD and STAT3 Pathways Regulate the Onset 

of Gliogenesis in Canine NSCs. While E20 NSCs exhibit a lack of STAT3 

phosphorylation in response to CNTF stimulation at either 10 or 60 minutes, E27 cells at 

passage 2 exhibit STAT3 phosphorylation at 10 minutes but lack sustained activation at 

60 minutes. In contrast, late passage E27 NSCs display similar cytokine mediated STAT3 

phosphorylation to differentiation competent E40, E60, and adult canine NSCs. 
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Figure 9. Differential MAP Kinase Activation Coincides with Neurogenesis in Canine 

NSCs. While E27 NSCs at passage 2 express little endogenous p38 phosphorylation, 

treatment of the neurogenic cytokine BMP2 induces p38 activation. At the time E27 

NSCs spontaneously differentiate to neurons at passage 6, they are capable of 

endogenously phosphorylating p38. E27 cells also preferentially phosphorylate ERK2 

over ERK1, in contrast to E40 NSCs. 
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Figure 10. E27 NSCs are Resistant to Serum Induced Differentiation. A) Exposure of 

E40 NSC to FBS rapidly induces a phenotypic switch to neuronal or glial morphology 

and halts proliferation, while E27 cells continue to proliferate and form neurospheres 

(bar=10µm). While proliferative, E27 NSCs cultured in FBS B) express TuJ-1 at a much 

earlier rate than those maintained in NBE conditions (bar= 5µm). Consistent with this 

accelerated onset of neurogenesis, C) E27 cells in FBS more rapidly acquire sustained 

STAT3 phosphorylation in response to CNTF. D) Thus, while E20 and E27 cells are 

initially only able to respond to the proliferative cues in serum, these NSCs are able to 

differentiate as they mature in vitro. 
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Figure 11. Analysis of Global Gene Expression Reveals Significantly Different Gene 

Expression in E27 NSCs at Early Passage. A) Unsupervised principle component analysis 

(PCA) of global gene expression between E40, E60, and E27 NSCs over serial passage 

indicates that E27 NSCs from passage 2 through 12 cluster together, while E27 at 

passage 14 and 22 cluster alongside E40 and E60. These differentiation-competent cells 

also demonstrate a similar treatment effect to serum, where FBS-cultured E40, E60, 

E27p14, and E27p22 dramatically alter their gene expression profiles. In contrast, 

differentiation resistant E27 NSCs at early passage cluster similarly in either NBE or 

FBS, highlighting their resistance to differentiation.  
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Figure 11 (Continued). Analysis of Global Gene Expression Reveals Significantly 

Different Gene Expression in E27 NSCs at Early Passage. B) Unsupervised hierarchical 

clustering of the same data further defines subclusters of NSCs and demonstrates the 

similarities between early passage E27 NSCs compared to late passage E27, E40, and 

E60 NSCs. 
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Figure 12. E27 NSCs are able to Differentiate along Chondrogenic Cell Fates. E27 NSCs 

cultured in TGF-β3 for prolonged periods of time express the proteoglycan aggrecan both 

intra- and extracellularly, suggesting significant plasticity in differentiation potential of 

these early NSCs. 
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6) SUMMARY AND CONCLUSIONS 

 

This study addressed the following aims: 

 

1) Determine the functional similarities between glioma stem cells isolated from 

human GBMs and canine glioma tumors and characterize the molecular events 

driving tumor formation. 

2) Characterize the progressive genomic alterations within canine glioma stem 

cells over serial xenograft tumor formation and compare them to human GBMs 

through high-density array-based comparative genomic hybridization to identify 

shared copy number alterations. 

3) Determine if canine glioma stem cells may be isolated from low-grade gliomas 

and other tumors of neuroepithelial origin and compare the functional and 

molecular similarities to glioma stem cells isolated form high-grade canine 

gliomas and human glioma stem cells. 

4) Isolate canine embryonic neural stem cells from multiple timepoints through 

gestation to establish periods of temporally regulated neuronal and glial 

differentiation, and compare the differentiation-resistant neural stem cells isolated 

early in gestation to canine and human glioma stem cells. 

 

 

 



  273 

 

These questions were answered as follows: 

 

1) Canine gliomas are driven by glioma stem cells that are functionally identical to 

human glioma stem cells. We are able to propogate these cells using the same 

methodologies and they express similar stem cell markers, are able to differentiate 

along multiple cell lineages, and efficiently form serially transplantable tumors in 

immunocompromised mice using orthologous xenografts. 

2) Canine GSCs exhibit progressive genomic copy number alterations over serial 

xenograft formation that correlate with increased xenograft tumor malignancy. 

This is analagous to malignant progression in human secondary glioblastoma 

formation, and is strongly associated with highly conserved genomic 

amplifications and deletions relevant to human GBM. 

3) Tumor stem cells may be isolated from canine low-grade glial and other 

neuroepithelial tumors. These cells share significant similarities to high-grade 

canine and human GSCs, although low-grade GSCs express significantly less 

stem-cell related markers and are often less tumorigenic using xenograft models. 

4) Canine embryonic neural stem cells isolated from 20, 27, 40, and 60 days 

gestation indicate temporally regulated maturation through expansion, neuronal, 

and then glial differentiation phases, similar to other mammalian neural stem 

cells. NSCs isolated early in gestation share significant similarities to GSCs, 
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including expression of stem cell markers and an intrinsic resistance serum-

induced differentaition. 

 

The cancer stem cell hypothesis attributes tumorigenicity to a specific sub-population of 

cells within the tumor.  In many cases, these cancer stem cells share certain functional 

properties with normal tissue-restricted and embryonic stem cells. Others and we have 

demonstrated the existence of a subpopulation of tumor-derived glioma cells that self-

renew, have the potential for both glial and neuronal differentiation and posses 

significantly increased tumorigenic potential in immunocompromised orthotopic 

xenograft mice models. Many key questions persist, however, regarding the relatedness 

of these “glioma stem cells” (GSCs) to normal neural stem cells and their exact role in 

GBM progression in patients. A spontaneous non-human glioma model that adequately 

recapitulates the disease would significantly enhance finding answers to these questions.  

 

The domestic dog represents a unique and potentially powerful opportunity for the study 

of spontaneously occurring intracranial tumors, particularly in glioma. It has long been 

recognized that canine glial tumors are remarkably similar in growth and histologic 

appearance when compared to their human counterpart. Canine gliomas range from grade 

I pilocytic to grade IV GBMs, faithfully reproducing the salient histopathologic features 

of each grade of human gliomas. In this respect, the dog essentially represents the only 

non-human animal that is currently suitable for comparative study of naturally occurring 

gliomagenesis. Finally, brachycephalic dog breeds exhibit a significantly higher 
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incidence of gliomas providing an excellent opportunity for studying polymorphic gene 

variation controlling disease susceptibility. 

 

Here, we report the isolation and characterization of GSCs from a canine anaplastic 

astrocytoma and demonstrate their remarkable similarities to human glioma GSCs. These 

GSCs exhibit shared markers of neural stem cells, are capable of differentiating along 

both glial and neuronal cell lineages and form invasive serial xenografts when 

orthotopically transplanted into immunocompromised mice. Most importantly, these 

xenografts progress in malignancy over serial xenotransplantation and this transformation 

is associated with stepwise genomic aberration of key oncogenes implicated in the 

progression of low-grade human astrocytomas to secondary GBMs. Most notably, canine 

glioma GSCs with an initial genomic deletion of p16/ARF further develop deletion of 

PTEN and deregulation of p53 pathway through genomic amplification and 

overexpression of MDM2 and MDM4; events functionally equivalent to those seen in the 

progression to secondary human GBMs. Thus, this study documents for the first time the 

key role of specific, serial genetic aberrations across species in two naturally occurring 

analogous tumor types and is the first study to demonstrate that these genetic aberrations 

are accrued within the GSC population during the progression of glial neoplasm. 

 

 

 


