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ORIGINAL ARTICLE

Chromosomal Aberrations in Canine Gliomas Define
Candidate Genes and Common Pathways in Dogs and
Humans

Peter J. Dickinson, BVSc, PhD, Dan York, BA, PhD, Robert J. Higgins, BVSc, PhD,
Richard A. LeCouteur, BVSc, PhD, Nikhil Joshi, MS, and Danika Bannasch, DVM, PhD

Abstract

Spontaneous gliomas in dogs occur at a frequency similar to that
in humans and may provide a translational model for therapeutic de-
velopment and comparative biological investigations. Copy number
alterations in 38 canine gliomas, including diffuse astrocytomas,
glioblastomas, oligodendrogliomas, and mixed oligoastrocytomas,
were defined using an Illumina 170K single nucleotide polymor-
phism array. Highly recurrent alterations were seen in up to 85% of
some tumor types, most notably involving chromosomes 13, 22, and
38, and gliomas clustered into 2 major groups consisting of high-
grade IV astrocytomas, or oligodendrogliomas and other tumors.
Tumor types were characterized by specific broad and focal chromo-
somal events including focal loss of the INK4A/B locus in glioblas-
toma and loss of the RB/ gene and amplification of the PDGFRA
gene in oligodendrogliomas. Genes associated with the 3 critical
pathways in human high-grade gliomas (TP53, RBI, and RTK/RAS/
PI3K) were frequently associated with canine aberrations. Analysis
of oligodendrogliomas revealed regions of chromosomal losses syn-
tenic to human 1p involving tumor suppressor genes, such as
CDKN2C, as well as genes associated with apoptosis, autophagy,
and response to chemotherapy and radiation. Analysis of high fre-
quency chromosomal aberrations with respect to human orthologues
may provide insight into both novel and common pathways in glio-
magenesis and response to therapy.

Key Words: Astrocytoma; Brain tumor; Cancer genomics; Copy
number alteration; Dog; Glioma; Oligodendroglioma; Single nucle-
otide polymorphism (SNP).
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INTRODUCTION

Canine gliomas bear striking similarities to their human
tumor counterparts at many levels, including imaging, histopa-
thology, and biological behavior (1-3). The occurrence of
CNS tumors in aged dogs is similar to that in the adult human
population with an incidence of approximately 15-20 per
100 000 (4.5% of necropsy cases) in both species (2, 4-6).
Gliomas represent approximately 50% of all primary brain tu-
mors in dogs, and all major glioma types and grades seen in
humans are present in dogs; however, specific incidence varies
compared to humans. Unlike in humans, grade II/III astrocyto-
mas are more common than glioblastomas and grade I pilo-
cytic astrocytomas are rare in dogs. While astrocytic tumors
far outnumber oligodendrogliomas in human patients, oligo-
dendrogliomas are seen at a similar frequency as astrocytomas
in dogs. More than 90% of canine oligodendrogliomas are
high-grade IIl/anaplastic compared to less than 50% in hu-
mans (6-9). There is a striking breed predilection for glioma
in dogs with approximately 50% of gliomas occurring in 4
breeds of brachycephalic dog consisting of Boxers, Boston
Terriers, French Bulldogs, and Bulldogs (6, 10). Comparative
study of these naturally occurring cancers in dogs may provide
a powerful tool for improving the understanding of glioma bi-
ology across species (11), as well as a valuable model for ther-
apeutic development.

Comprehensive genomic characterization of human gli-
omas has resulted in major advances in the understanding of
glioma biology and the definition of specific subgroups as
well as core pathways (12—15). Approximately 75% of high-
grade gliomas show genomic changes in 3 major pathways,
that is, TP53, RB1, and RTK-RAS-PI3K, with copy number
alterations (CNAs) account for a majority of these changes
(12). Somatic CNAs are extremely common in cancer and
may be key drivers of cancer biology (16). Distinguishing
driver alterations from random CNAs that accumulate during
tumorigenesis is a major challenge, although integrative analy-
sis of copy number changes and gene expression as well as as-
sessment of CNAs across different cancer types has helped to
define key chromosomal events (14, 16—18). Evolutionarily
conserved CNAs have been demonstrated for a variety of tu-
mor types that occur in humans and dogs, suggesting common
underlying etiologies (11). Assessment of glioma CNAs across
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the 2 species may help provide insight into both driver versus
passenger and novel aberrations.

Genomic data for gliomas in dogs are limited; however,
preliminary assessment of major candidate genes has shown
some similarities to human gliomas. Overexpression of cellu-
lar proliferation and apoptosis-associated markers such as
EGFR, PDGFRA, VEGFRI, 2, MET, IGFBP2 (9, 19-21),
ERBB2, pERK, pAKT, BCL2, BCL2LI (21), and the angio-
genic factor VEGF (22-24) have been reported. Other overex-
pressed genes also reported in canine glioma include TERT,
MMP2, 9, and ILI3RA2 (25-27). Moreover, alterations in key
components of the 3 major pathways implicated in human
gliomagenesis have been documented based on western blot
analysis of canine gliomas (28).

Previous genome wide copy number assessment of glio-
mas in dogs using comparative genomic hybridization (CGH)
profiling at 1-Mb intervals revealed extensive genomic alter-
ations with a high incidence of genomic gains particularly
chromosomes CFA (Canis familiaris) 13, 34, and 38 (29).
Clustering by histological type was not demonstrated; and
common deletions involving key glioma-related genes such as
P16/P14ARF, PTEN, and NF I or orthologous deletions to hu-
man 1p/19q were not found, although amplification of MYC
and EGFR were reported.

This study expands on this previous study utilizing a
dog Illumina 170K single nucleotide polymorphism (SNP)
array in an expanded group of dog gliomas paired with nor-
mal tissue. The broad findings from the previous CGH array
were confirmed but higher resolution allowed for the identi-
fication of chromosomal aberrations consistent with involve-
ment of the key pathways described in human gliomas.
Comparative cytogenetics also identified candidate genes as-
sociated with commonly reported large chromosomal losses
involving human chromosomes HSA (Homo sapiens) 1p/
19q as well as highly recurrent alterations in dog gliomas
that warrant further comparative analysis of orthologous hu-
man chromosomal regions.

MATERIALS AND METHODS

Samples

Primary tumor tissue was obtained at necropsy or from
surgical biopsy of clinical cases presented to the University of
California, Davis Veterinary Medical Teaching Hospital. Nec-
ropsy samples were collected within 30 minutes of death. All
samples were snap-frozen in liquid nitrogen for storage. Sam-
ples of adjacent tumor tissue were paraffin-embedded and pro-
cessed for histological analysis. All tumors were histologically
classified by a board-certified pathologist according to the
World Health Organization (WHO) classification of human
tumors of the central nervous system (30). Samples consisted
of 4 astrocytomas (grade II), 1 anaplastic astrocytoma (grade
II), 6 glioblastomas (grade IV), 5 oligoastrocytomas (2 grade
II, 3 grade IIT) 3 oligodendrogliomas (grade II), and 19 ana-
plastic oligodendrogliomas (grade IIT) (Table 1). Control tis-
sues consisted of either white blood cells collected from ethyl-
enediaminetetraacetate (EDTA) blood sample buffy coats,
normal liver, or muscle. The J3TBg canine glioma cell line

was cultured as previously described (28). Genomic DNA was
extracted from control and tumor tissues, and white blood cells
using Qiagen kits (Valencia, California).

SNP Analysis

Genome-wide SNP genotyping was performed on 38
paired samples (tumor and nontumor) as well as the cell line
J3TBg using the [llumina CanineHD BeadChip with 173 662
markers. CNAs were called using CNVPartition v 3.2.0 (Illu-
mina) algorithm implemented in Genome studio software.

TABLE 1. Tumor Sample Signalment

Sample Breed Sex Age Tumor Type

ID Years

Al Boxer M 8 Astrocytoma II

A2 Labrador MC 7 Astrocytoma II

A3 Jack Russell Terrier MC 12 Astrocytoma II

A4 Staffordshire Terrier MC 8 Astrocytoma II

AAl Boxer MC Astrocytoma IIT
GBMI1  Keeshond X FES 10 Glioblastoma

GBM2  Australian Shepherd MC 9 Glioblastoma

GBM3  Rhodesian Ridgeback FS 4 Glioblastoma

GBM4  English Bulldog M 12 Glioblastoma (SDT-3G)
GBMS  Australian Shepherd FS 2 Glioblastoma (GO6A)
GBM6  Labrador X MC 2 Glioblastoma

OAl Labrador MC 10 Oligoastrocytoma II
0A2 Boxer MC 9 Oligoastrocytoma IT
0OA3 Boxer MC 8 Oligoastrocytoma IIT
OA4 Pit Bull X MC Oligoastrocytoma IIT
OAS Boxer FS 10 Oligoastrocytoma IIT
o1 Labrador FS 12 Oligodendroglioma II
02 French Bulldog MC 10 Oligodendroglioma IT
[OX] English Bulldog FS 5 Oligodendroglioma IT
AO1 Boston Terrier M 6 Oligodendroglioma IIT
AO2 French Bulldog M 3 Oligodendroglioma IIT
AO3 Boxer FS 9 Oligodendroglioma IIT
AO4 Mastiff X MC 5 Oligodendroglioma IIT
AOS French Bulldog FS 5 Oligodendroglioma III
AO6 French Bulldog MC 5 Oligodendroglioma III
AO7 Rottweiler X MC 10 Oligodendroglioma IIT
AO8 Boxer FS 11 Oligodendroglioma IIT
AO9 Boxer MC 4 Oligodendroglioma IIT
AO10  Australian Shepherd MC 4 Oligodendroglioma III
AOl11 Staffordshire Terrier MC 10 Oligodendroglioma III
AO12  West Highland Terrier MC 4 Oligodendroglioma III
AO13 Boston Terrier MC 4 Oligodendroglioma IIT
AO14  Labrador MC 8 Oligodendroglioma IIT
AO15 French Bulldog MC 7 Oligodendroglioma IIT
AO16  Labrador FS 10 Oligodendroglioma III
AO17 Boxer F 13 Oligodendroglioma III
AO18  Labrador MC 10 Oligodendroglioma IIT
AO19  English Bulldog MC 10 Oligodendroglioma III
J3T Boston Terrier M 10 Astrocytoma III (cell line)

F, female; FS, female spayed; M, male; MC, male castrated; SDT-3G and GO6A are
previously published canine glioma cell lines derived from glioblastoma samples
GBM4 and GBMS (24).
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SNPs with a quality score of 0 and intensity only SNPs were
removed from subsequent analysis. A minimum probe count
of 3 was used and a minimum homozygous region of 1 Mb.
GC correction was performed later using Nexus software.

Nexus Copy Number v. 7.5.2 (Biodiscovery, Haw-
thorne, California) was used to determine structural variation
in the paired samples. The SNP-FASST2 segmentation Algo-
rithm was used to estimate the final copy number and allelic
event calls. The significance threshold for segmentation was
setat 1 x 107°, also requiring a minimum of 3 probes per seg-
ment and a maximum probe spacing of 1 Mb between adjacent
probes before breaking a segment. The log ratio thresholds for
single copy gain and single copy loss were set at 0.18
and —0.18, respectively. The log ratio thresholds for 2 or more
copy gains and homozygous losses were set at 0.6 and —1.0,
respectively. The Homozygous Frequency Threshold was set
to 0.95. The Homozygous Value Threshold was set to 0.8. The
Heterozygous Imbalance Threshold was set to 0.4. The mini-
mum loss of heterozygosity (LOH) length was set at 1 Mb and
minimum SNP probe density at 3. Probes were recentered to
the median for all samples. Systematic GC wave correction
was applied using a linear correction. Data were aligned to
CanFam3.1 (31).

Cluster Analysis
Clustering analysis of aberration profiles was done using
an average linkage hierarchical clustering algorithm.

Comparisons

Chromosomal regions reported as being significantly
different in terms of frequency of an aberration in group A
versus group B met a minimum p value of <0.05 based on a 2-
tailed Fisher Exact test as well as a minimum of 25% differ-
ence in frequencies between the 2 groups. Analysis of regions
with constant frequency, and “combined” analysis was
done by merging all contiguous regions that met the p value
threshold.

Frequency Significance Testing

Testing was done using 2 algorithms. For the Signifi-
cance Testing for Aberrant Copy number (STAC) algorithm,
areas of the genome with a statistically high frequency of aber-
ration (p < 0.05) and an aggregate cut off of 25% were identi-
fied using the global frequency statistic approach of the STAC
method (32). For the Genomic Identification of Significant
Targets in Cancer (GISTIC) algorithm, areas of the genome
with a statistically high frequency of aberration (Q-bound val-
ue <0.05 and G-score cut-off >1.0) corrected for multiple
testing using false discovery rate correction (33) were identi-
fied using the GISTIC approach (34). G score is a measure of
both frequency of occurrence and the magnitude of the copy
number change. Regions were reported as both peak regions
and extended regions that defined the widest boundaries re-
peatedly recalculated by leaving out one of the samples each
time.
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Candidate Pathway Analysis

Because of the small sample size and the specific algo-
rithms used, the likelihood of not detecting some significant
CNAs, particularly those within large aberrations was high.
Therefore, we used an additional candidate gene approach to
assess chromosomal regions associated with genes commonly
reported altered in human gliomas and other cancers (12, 35).
Data were analyzed using the Nexus Query tool and reported
for candidate genes with combined losses, LOH, or gains con-
sistent with proposed gene function and an aggregate cut off
of 15% of total samples.

Whole-Genome Sequencing

Validation of selected tumor CNAs with chromosomal
losses was done using single-end sequence reads using an Illu-
mina HiSeq 2000 (Illumina, San Diego, California). The reads
were aligned to the canFam3 genome using Burrows—Wheeler
aligner and sequencing density (bases per 10kb) for the de-
fined loci was calculated using R (version 3.2.1).

RESULTS

The most striking overall feature of canine glioma copy
number analysis was the consistently high incidence of
alterations involving specific chromosomes. Gains involving
chromosomes 13 and 38 were seen in up to 68% of gliomas
combined and over 85% of oligodendrogliomas for specific
loci. Alterations at all loci on chromosomes 13 and 38 were
seen in at least 30% of all samples. Similarly, specific gains on
chromosomes 7, 20, and 35 were seen in at least 50% of all
samples and specific losses on chromosomes 12 and 22 were
present in approximately 50% and 60% of samples, respec-
tively (Fig. 1). The majority of CNAs were single copy gains
or losses. Thirty-two high copy gains and 12 homozygous
copy losses were defined involving 13 and 6 tumors, respec-
tively (Supplementary Data Content 1). Homozygous losses in
10/12 events encompassed well-defined tumor suppressor
genes including CDKN2A, CDKN2B (encoding P16, P14*RF,
and P15), MTAP, PTEN, NFI, TUSCI, TUSC2, RASSFI,
WWOX, and DKKI. Potential oncogenes within high copy
number gain regions included CDH7, BYSL, CCND3, CDCS5L,
TPBG, RIMS2, MAFA, SHCBP1, LAMAS, ANKRD17, GLI4,
ZFP41,PSCA, MAP3K7, MAPK15, PUF60, and NRBP2.

Clustering Analysis

Hierarchical cluster analysis by aberration profile
revealed 2 major clusters. One cluster was composed of only
astrocytomas consisting of 5/6 glioblastomas and 2/4 grade 11
astrocytomas. The second cluster contained all 22 oligoden-
drogliomas, all 5 oligoastrocytoma samples, 2 grade II astro-
cytomas, and 1 grade III astrocytoma (Fig. 2). No matched
normal sample was available for the J3TBg cell line sample;
however, analysis of unpaired data for all samples resulted in
a similar dendrogram with the J3TBg cell line clustering with
the GBM samples (data not shown).
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FIGURE 1. Genome plot of copy number events for all samples.

e Ul

i .—.-‘u!lhll""'l'""—l-.-."l"l'r—l-l l"'.'_‘ .

| -

-u 1 im o nd |

i [ I| n

Hlln -Ifhu-u T e MRS -Iﬂ T |l O TR AT ST TR nLlf-nH ﬁu it ol
| i

¥

ml H. I-i #i*n I: 2 B m

- W qlll (T |L FIIIII T

"

CRAECEE

o e
B« et -
I. -n:r.ll"l I:";IL.‘“'I lill .

i o1

A4
A0S
§ A0t

il AO5

fl 03

02
_| | O/AS

#l AO14
A017
AO4
AO15
AO10
A1
AO19
AA1
AO13
o/a1
AOS

i Ao2

AO9
AO18
§ oAz

0/A2

AO7
AO16
AO12

il 7011
§ A03
8 O/A4

fl GBM4
A2
il GBM5
g A3

7

# GBM1

]
§l GBM2

§ GBM3

§l GBMG

FIGURE 2. Dendrogram for hierarchical clustering of glioma samples showing 2 major clusters. O, oligodendroglioma, AO,
anaplastic oligodendroglioma, A, astrocytoma, O/A, oligoastrocytoma, GBM, glioblastoma.

Comparisons

Comparative analysis of aberration profiles was done
using the oligodendroglioma and glioblastoma samples. Sig-
nificant copy number event differences between the 2 tumor
types are shown in Fig. 3 (see Supplementary Data Content 2
for details). Significantly different broad events were seen
predominantly involving gains on chromosomes 13, 35, and
38 in oligodendrogliomas. Multiple focal aberrations were
seen in glioblastomas involving gains on chromosome 14, 18,
and 23, and losses on chromosome 25. Additional focal

aberrations that were significantly different between tumor
types included losses on chromosomes 1, 2, 3, 10, 11, 13, 15,
27, and 33, gains on chromosomes 4, 8, 11, and 19 in glioblas-
tomas, and focal gains on chromosomes 16 and 20 and loss on
chromosome 22 in oligodendrogliomas.

Some of the most common differences involved gains
on chromosome 13 including amplification of oncogenes
PDGFRA, KIT, MYC, and KDR that were exclusive to oligo-
dendrogliomas and present in approximately 70% (15/22) of
tumors. Focal losses on chromosome 11 involving the INK4A
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locus were present in 50% (3/6) of glioblastomas but only 5%
(1/22) of oligodendrogliomas. A focal loss on chromosome 22
including the RB/ locus was also seen exclusively in approxi-
mately 50% (13/22) of oligodendrogliomas. The most fre-
quent aberration seen in glioblastomas involved a focal loss on
chromosome 10 in 83% (5/6) of tumors including the TGFA
locus.

Frequency Analysis

Detailed GISTIC analyses are presented in Supplemen
tary Data Content 3; detailed STAC analyses are presented in
Supplementary Data Content 4.

In glioblastomas, GISTIC analysis identified significant
aberrations including whole chromosomal gain of chromo-
some 34 and focal loss of chromosome 11 containing the
INK4A locus. STAC analysis, which is designed to highlight
focal versus broad events, also defined the focal INK4A locus
loss as significant, in addition to focal losses on chromosomes
2,3, 10, 13, 15, 17, 21, 23, 26, 28, 33, 35, 36, and 37. Candi-
date tumor suppressor genes encompassed by these deletions
included CDKN2A, CDKN2B, MTAP, FAS, FOXL2, WDFYI,
NCAPG, TRIM40, and PAK?2.

In oligodendrogliomas, GISTIC analysis identified
significant focal loss on chromosome 15 (containing the
CDKN2C and FAF genes) and focal gains on chromosomes 1
and 20. Significant broad events with G scores >3 were seen
involving gains on chromosomes 7, 13, 16, 35, and 38 and
losses on chromosomes 5, 12, and 22. More focal aberrations
defined in common with both STAC and GISTIC analysis in-
cluded losses on chromosomes 5 and 15 syntenic to human
chromosome 1p, and loss on chromosome 1 syntenic to human
chromosome 19q (Fig. 4). Additional aberrations in common
included losses on chromosomes 12, 22, 23, 33, 36, and 37,
and gains on chromosomes 16, 20, and 34. Candidate onco-
genes and tumor suppressor genes associated with more focal
gains and losses, respectively, defined by GISTIC and STAC
included the oncogenes AREG, EREG, EPGN, CXCL3,
SHC2, DISPI, and CHLI and tumor suppressor genes TP73,
CDKN2C,FAF1,PCDHIIX,CDCI16, PF4,ZNF382, ZNF829,
ZFP82, CUL2, and DACH?2. Genes deleted on chromosome 5
(syntenic to HSA1p) associated with apoptosis, autophagy, or
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response to radiation or chemotherapy included ATG4C,
USPI,GNBI, and CDKI1A/B (Fig. 4).

In astrocytomas, GISTIC analysis identified significant
focal gains and losses on chromosome 1 that were also defined
by STAC. Additional focal regions identified by STAC that
were also defined by GISTIC with extended regions included
losses on chromosomes 2, 5, 8, 12, 22, 33, and 37. No losses
involving the INK4A locus were present. Candidate oncogenes
and tumor suppressor genes included the oncogenes CDH7
and tumor suppressor genes CDCI4B, APC, TMEMI32A,
ANP32A, CDKN2C, FAF1, EPB4114A, NCAPG, FGFRLI,
GAK, LXN, RARRESI, FOXL2, WDFY1, and DACH?2.

In oligoastrocytomas, STAC analysis identified signifi-
cant gains on chromosomes 7 and 13, and losses on chromo-
somes 26, 36, and X. Candidate oncogenes and tumor suppres-
sor genes included the oncogenes AREG, EREG, EPGN,
CXCL3, and PPBP and tumor suppressor genes FAS, VBPI,
and SPRY3.

RB1 Pathway

Copy number loss/LOH of RB1 or genes encoding asso-
ciated proteins P16, P15, and P18 was present in over 70%
(27/38) of glioma samples, with RB/ gene loss present in 27%
(3/11) of astrocytomas, 60% (13/22) of oligodendrogliomas,
and 80% (4/5) of oligoastrocytomas. Amplification of CDK4
or CDK6 genes was present in only one sample (GBM1)
(Fig. 5A).

TP53 Pathway

Copy number loss/LOH of TP53 or genes encoding
P14ARF or P21 was present in 37% (14/38) of glioma sam-
ples. Amplification of the TP53 inhibitor MDM?2 was not pre-
sent but MDM4 was amplified in 42% (16/38) of samples.
Loss of the TP53 family member gene TP73 was exclusive to
oligodendrogliomas and was present in 36% (8/22) of this tu-
mor type. Loss of the INK4A/B locus encoding the P15, P16,
and P14AREF proteins was associated with homozygous loss in
4/5 cases (Fig. 5A).
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the right of the chromosomes. Deletions for all regions
occurred in 36% (8/22) of oligodendrogliomas.

Receptor Tyrosine Kinase Pathways

PDGFRA, KDR, and KIT were amplified in approxi-
mately 50% of gliomas, most consistently associated with
large chromosomal gains on CFA13 in oligodendrogliomas.
FGFRI was amplified in approximately 30% (11/38) of glio-
mas, predominantly oligodendrogliomas. EGFR was ampli-
fied in only 1 glioblastoma; however, amplification of EGFR
ligands such as EREG, NRGI, and EPGN was present in
35%—-50% of glioma samples (Fig. 5B) Alterations in down-
stream pathways involving PI3K, AKT, and the RAS/RAF/
MAPK pathways were common and included amplifications
in PI3K, AKT, and RAF (Fig. 5B, C). Copy number losses of
the tumor suppressor PTEN, including homozygous loss, were
seen in approximately 15% (6/38) of gliomas, whereas loss of
NF1 was restricted to a homozygous loss in 1 glioblastoma.
Copy number loss or LOH was also seen in the RTK pathway
associated tumor suppressors PHLPP2 and SPRY?2 (Fig. 5C).

Additional Pathways
Additional common alterations involving transcription
factors, and the WNT and Hedgehog pathways included am-

plifications of MYC, ATF6, FZD6, GLI4, and DISP1, and copy
number loss/LOH involving APC. Copy number loss or LOH
involving the “death receptor” FAS was seen in approximately
35% (13/38) of gliomas. Amplification of EPHAS was seen in
over 60% (24/38) of gliomas (Fig. 5C).

Validation

CNAs were validated in 2 glioblastoma samples (GBM4,
5) using whole-genome sequencing and comparison of se-
quencing depth with homozygous deletion calls. All homozy-
gous deletions called by Nexus were confirmed by decreased
sequence density at the corresponding genomic loci (Fig. 6).

DISCUSSION

Spontaneously occurring gliomas in dogs have long been
proposed as a large animal translational model for both deliv-
ery strategies and targeted therapies. The latter is in large part
dependent on dog tumors having similar molecular genetic ab-
normalities to those in their human tumor counterparts. Global
profiling of human gliomas, mostly glioblastomas, has identi-
fied key pathways and lineage-dependent subtypes (eg, pro-
neural, mesenchymal, classical, and neural) (14, 36, 37). The
small number of canine glioblastomas analyzed in this study
precludes direct comparisons with human subtypes; however,
1 study in humans investigating an unbiased full range of glio-
mas by gene expression defined essentially the same 2 major
glioma groups as in this study, specifically an O group charac-
terized by oligodendroglioma and grade II, III astrocytomas,
and a G group predominantly composed of glioblastomas (36).
Although specific genes and mechanisms may vary, at a gen-
eral pathway level, the data presented also suggests that the 3
major pathways implicated in human gliomagenesis are also
likely implicated in canine tumors.

Alterations in TP53 pathway signaling in humans may
occur through a variety of mechanisms including mutation of
TP53 and altered expression of TP53-related proteins. The
current TP53-related data demonstrate the potential for alter-
ations of core glioma pathways to occur through different
mechanisms across different species. The occurrence of TP53
gene mutations in dog gliomas is rare (9, 38), although muta-
tions in humans have been reported in approximately 20% of
high-grade oligodendrogliomas and 30% of glioblastomas
(12, 39, 40). Loss of the INK4A/B locus encoding the TP53-
related protein P14“RF is also a common finding in human
gliomas (12, 40). It was also a defining alteration for dog glio-
blastomas in this series. By contrast, amplification of the TP53
inhibitor MDM?2, which is commonly reported in human tu-
mors (12, 41), was not seen in the dog gliomas. Although over
40% of dog gliomas had amplification of MDM4, a much less
frequently reported alteration in human gliomas. Amplifica-
tion of MDM4 has been previously reported in specific
populations of anaplastic oligodendrogliomas in humans, as-
sociated with amplification of PIK3C2B and without TP53
mutations (42, 43); that was also the case in the dog tumors.
This finding may reflect the much higher incidence of anaplas-
tic oligodendrogliomas (>90%) in dogs compared to human
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A Retinoblastoma Pathway TP53 Pathway

CFA 22 CFA 11 CFA 11 CFA15 CFA10 CFA14 CFAS CFAMN CFA12  CFA10  CFA38 CFAS
RB1 CDKN2A CDKN2B CDKN2C CDK4 CDK6 TP53 CDKN2A CDKN1A MDM2 MDM4 TP73

T

B RTK Pathway
CFA16 CFA18 CFA13 CFA13 CFA13 CFA16 CFA13 CFA34 CFA20 CFA38 CFA26  CFA9
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PDGFRA FGFR1 EGFR VEGFR2 KIT EREG NRG1 EPGN PIK3CA PIK3R2 PIK3C2B PTEN NF1

FIGURE 5. (A-C) Copy number alterations (CNAs) for selected cancer pathway genes are shown for all samples. Copy number
gains are shown in blue and losses or loss of heterozygosity (LOH) in red. A, astrocytoma, GBM, glioblastoma, OA,

oligoastrocytoma, O, oligodendroglioma, AO, anaplastic oligodendroglioma, CFA, Canis familiaris.
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FIGURE 5. Continued

tumors and specifically the predominance of anaplastic oligo-
dendrogliomas in this sample set.

Simultaneous disruption of RB1 and TP53 pathways by
a variety of mechanisms is seen in approximately 50% of hu-
man anaplastic oligodendrogliomas (41) and over 70% of glio-
blastomas (12, 13). CNAs involving RB1 and TP53 pathways
were seen in 79% and 76% of canine gliomas, respectively;
combined with previous protein expression data (28), this sup-
ports involvement of these key pathways in a large proportion
of canine gliomas. The major differences compared to human
RB1 pathway copy number data appear to be a higher inci-
dence of RBI and CDKN2C(P18) copy number loss (44, 45),
fewer losses involving CDKN2A/B (P16, P15) (12, 41), and a
low incidence of CDK4 and CDK6 amplification in canine tu-
mors with only 1 CDK6 gain in a glioblastoma sample.

As with TP53 and RB1 pathways the RTK-RAS-PI3K
key pathways were frequently associated with CNAs, and spe-
cies differences in specific genes affected were also present. Of
note were the high frequency gains associated with PDGFRA,
VEGFRA, FGFRI, KIT, AKT3, RAF1, and MYC in 50%—-80%
of anaplastic oligodendrogliomas. PDGFRA amplification is re-
ported variably in different glioma types and grades in humans,
but has been specifically associated with the proneural classifi-
cation that usually encompasses the oligodendrocytic pheno-
type (14, 37, 46, 47). Overexpression of PDGFRA mRNA and
protein has been shown previously for canine high-grade glio-
mas, further emphasizing the potential role of PDGFRA in glio-
magenesis in dogs (19, 20). Although EGFR overexpression
has been reported in canine oligodendrogliomas and astrocyto-
mas (9, 19-22), gene amplification commonly seen in human

astrocytomas (12), and to a lesser degree in oligodendrogliomas
(48, 49), does not appear to be the most likely mechanism for
altered expression in dogs based on the current data.

Given the similarity of CNAs across cancer types (16),
it is unsurprising that similarities exist across species within
the same tumor types. The current and previously published
canine data caution that major mechanistic and gene-specific
species differences such as lower levels of EGFR, MDM?2 am-
plification, NF1 deletion, or IDHI gene mutation exist (50).
The current data do, however, support the involvement of sim-
ilar core pathways in human and canine gliomas and the use of
canine tumors in translational pathway-targeted studies. Inte-
grated analysis of larger data sets, including mutational, epige-
netic, and expression analyses (13, 14, 18, 51), are needed to
define the biological significance of common CNAs, the oc-
currence of specific molecular subtypes relevant to human gli-
omas, and the validity of more focused pathway targets that
may vary between the 2 species.

Beyond validation of canine gliomas as a translational
model, cross-species analysis of genomic alterations in similar
tumor types my provide insight into both common and novel
mechanisms of gliomagenesis and responses to therapy. It is
well established that genomic alterations in specific tumors
may be evolutionarily conserved across species (11, 52, 53),
and the karyotypic differences between the 2 species (dogs
have 38 vs 22 autosomes in humans, with the largest chromo-
some CFA1 being smaller than HSA 12) may allow for more
focused analysis of orthologous regions of chromosomal alter-
ations within large human candidate regions. See Supplemen
tary Data Content 5 for comparisons.
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FIGURE 6. Specific CNAs in selected tumors were validated by
whole-genome sequencing. Sequencing depth plots for CFA 11
homozygous deletions encompassing the INK4A/B locus are
shown for GBM4 (top panel) and GBMS5 (bottom panel). Nexus
graphical representations of SNP density plots and homozygous
deletion calls (double red bars) with corresponding deletion
start and end points are shown as inserts.

The most commonly reported CNAs in human glioblasto-
mas involve chromosome 7 gain (with or without EGFR ampli-
fication), loss of 9p (with or without CDKN2A loss), and loss of
chromosome 10 (often with PTEN loss) (54-59). The current
data largely support previous findings for broad events in canine
gliomas (29), including amplifications syntenic to HSA7
(CFA16), although not associated with EGFR amplification as
previously reported. Additionally, the higher resolution analysis
identified CDKN2A (HSA 9, CFA1l), PTEN (HSA 10, CFA
26), and 1p/19q syntenic losses (CFA 5, 15, 1). Given the very
high frequency of genomic alterations seen in specific chromo-
somes in these highly inbred animals, for example, broad gains
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on CFA 13, 35, and 38 in oligodendrogliomas and CFA 14, 18,
and 23 in glioblastoma, it is reasonable to speculate that further
comparison to syntenic human regions may reveal key glioma-
related genes within these regions (eg, CFA13: HSA 4pq, 8q,
15q; CFA 35: HSA6q; CFA38: HSA1q).

The most commonly reported alteration in human oligo-
dendroglioma involves loss of 1p and 19q either alone or com-
bined (60), although other commonly reported losses include
gains on chromosomes 4, 7, 8q, 12, and 16 (42, 54, 60-69).
Codeletions involving 1p19q have been consistently associ-
ated with a better response to chemotherapy and radiation
therapy in humans, with increased progression free and overall
survival (70-72). Polysomy of human 1q and 19p has con-
versely been associated with a poorer prognosis (73). Addi-
tionally, 1p19q deletion has been associated anatomically with
tumors arising in the frontal lobes or bilaterally but not with
tumors arising from the temporal/insular lobes or diencepha-
lon (62, 74). Due to the larger number of small acrocentric
chromosomes in dogs, HSA 1p is represented on canine
chromosomes 2, 5, 6, 15, and 17 (Fig. 4). Although detailed
therapeutic and prognostic data are not available for oligoden-
drogliomas in dogs, orthologous losses may be informative
with respect to biologically significant genes within large hu-
man 1p deletions. Contrary to earlier studies, approximately
60% of canine oligodendrogliomas (14/22) had losses syntenic
to regions of HSA 1p involving focal losses on chromosomes
CFA 5 and CFA 15. These regions encompass candidate
tumor suppressor genes potentially associated with glioma-
genesis and previously reported in human tumors including
FAS-associated factor (FAF), TP73, and CDKN2C (75, 76), as
well as several genes specifically on CFA 5 (CDK1IB, GNBI,
ATG4C, and USP1), with potential roles in improved response
to therapy. Knockdown of the cell cycle protein CDK11B has
been shown to increase sensitivity to doxorubicin in liposar-
coma and osteosarcoma (77), and the guanidine nucleotide
binding protein GNB1 may be an important component of the
antiapoptosis pathway (78). ATG4 is required for the autopha-
gic response, which is frequently activated in tumor cells
treated with chemotherapy or radiation and may have both
anti- and protumor functions. Autophagy has been shown to
contribute to resistance of glioma cells to antiangiogenic
agents, and inhibition of autophagy sensitizes carcinoma cells
to radiation therapy (79, 80). Ubiquitination of proteins such
as PCNA and FANCD2 is critical for the DNA damage
response and is reversed by hydrolases such as USP1. Down-
regulation of USP1 has recently been shown to increase apo-
ptosis in temozolamide-treated glioma cells and suppression
of USPI has been suggested as a means to enhance the cyto-
toxic potential of temozolamide (81).

Eight oligodendrogliomas with deletions syntenic to
HSA 1p also had concurrent CFA 1 losses involving regions
syntenic to HSA 19q. The deleted region involved a KRAB
zinc finger protein cluster including ZNF420, ZNF382,
ZNF829, and ZFPS82. Zinc finger proteins are some of the
most abundant proteins in the eukaryotic genome and often
act as DNA binding transcription factors. Epigenetic silencing
of ZNF342, also on HSA19q has been implicated in oligoden-
drogliomagenesis, and ZNF382 (KS1) and ZFP82 (ZNF545)
are both proapoptotic tumor suppressor genes that repress
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multiple oncogenes. ZNF829 is hypermethylated and downre-
gulated in colorectal cancers (82) and ZNF420 (APAK) is
known to have important regulatory effects over TP53-medi-
ated apoptosis (83, 84).

In conclusion, high-resolution copy number analysis of

canine gliomas suggests that key pathways in human glioma
are represented in their dog counterparts although specific af-
fected genes may vary. Comparative analysis of genomically
unstable canine chromosomal regions syntenic to HSA 1p/19q
in oligodendrogliomas demonstrates the potential to define
candidate tumor suppressor genes and genes that may be rele-
vant to therapeutic response in human tumors. Expanded com-
parative analysis of orthologous alterations across the dog gli-
oma genome is ongoing to define further the key genes in
gliomagenesis.
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