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Summary

Sporadic gliomas in companion dogs provide a window on the interaction between
tumorigenic mechanisms and host environment. We compared the molecular profiles of
canine gliomas with those of human pediatric and adult gliomas to characterize
evolutionarily conserved mammalian mutational processes in gliomagenesis. Employing
whole genome-, exome-, transcriptome- and methylation-sequencing of 81 canine
gliomas, we found alterations shared between canine and human gliomas such as the
receptor tyrosine kinases, p53 and cell cycle pathways, and IDH1 R132. Canine
gliomas showed high similarity with human pediatric gliomas per robust aneuploidy,
mutational rates, relative timing of mutations, and DNA methylation patterns. Our cross-
species comparative genomic analysis provides unique insights into glioma etiology and

the chronology of glioma-causing somatic alterations.

Significance

Diffuse gliomas are the most common malignant brain tumors, with high-grade tumors
carrying a dismal prognosis. Preclinical models have proven themselves as poor
predictors of clinical efficacy. Spontaneous glioma in dogs provides an attractive
alternative model, because of their comparable tumor microenvironment and tumor life
history. We determined the similarities and differences between human and canine
gliomas through genomic profiling, and leveraged our datasets to identify conserved
somatic drivers, mutational processes and temporal ordering of somatic glioma events
across species. We show that canine gliomas resemble human gliomas at (epi-)genetic

levels and are more reminiscent of pediatric than adult disease, thus rationalizing
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sporadic canine glioma as a preclinical model tailored to measuring treatment efficacies

in patients with canine or human glioma.

Keywords: adult glioma, pediatric glioma, canine glioma, comparative genomics,

comparative oncology, life history, mutagenesis, computational biology
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78 INTRODUCTION

79  The natural history of cancer is marked by temporal acquisition of diverse genetic and
80 epigenetic aberrations. The inevitable intratumoral and inter-patient heterogeneity

81 among evolving cancer cells poses a major obstacle in our understanding of cancer

82  evolution and designing effective treatment strategies (Alizadeh et al., 2015). Recent
83 developments in high-throughput lineage tracing, organoid cultures, and patient-derived
84  xenografts have provided better resolution of heterogeneity and driver events.

85 Nonetheless, in the absence of natural host response, preclinical in vitro and rodent

86 models are unable to fully recapitulate a spontaneously evolving tumor’s life history.

87  This limitation challenges the accuracy of predicting therapeutic responses in these

88  preclinical models, especially response to immunotherapies (Buque and Galluzzi,

89  2018).

90 Somatic evolution of cancers may follow convergent patterns across mammalian
91 species by selecting cells that carry beneficial mutations in highly conserved regions,
92 i.e., genes and their regulatory noncoding regions enabling one or more cancer

93 hallmarks (Hanahan and Weinberg, 2011). Unlike induced cancer models, comparative
94 genomics of spontaneous tumors across species provides a unique advantage to

95 identify defects in such shared, evolutionarily constrained regions (Lindblad-Toh et al.,
96 2011) and to evaluate the importance of host context in the tumor’s evolution. In

97 addition to their natural tumorigenesis, spontaneous cancers in dogs are marked by the
98 presence of a fully functional tumor microenvironment (Khanna et al., 2006; LeBlanc et
99 al.,, 2016). Cancer cells are subject to clonal selection and drift, and the resulting tumor

100 is molded by selection pressure from the tissue context (DeGregori, 2017; Fortunato et
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101 al.,, 2017). This Darwinian adaptation may select for somatic alterations in evolutionarily
102  conserved regions in both dogs and humans that are relevant to tumorigenesis.

103 Sporadic gliomas occur in companion dogs at frequencies similar to those in

104 humans (Snyder et al., 2006; Song et al., 2013). Genomic characterization of canine
105 glioma has a distinct merit, in that the age distribution at the time of diagnosis is

106  comparable with that seen in human pediatric disease, but the animals are in the adult
107  stage of life. This seeming conundrum in fact creates an opportunity to compare

108 somatic drivers and their relative timing in canine glioma with those in human glioma.
109  Studies involving comparative genomics of spontaneous canine cancers have already
110 enabled identification of breed-specific, disease-risk loci under strong evolutionary

111  constraints and with known roles in human cancer, e.g., germline FGF4 retrogene

112  expression in chondrodysplasia (Parker et al., 2009), somatic BRAF V600E mutation in
113  canine invasive transitional cell carcinoma of the bladder (Decker et al., 2015b),

114  recurrent somatic SETD2 mutations in canine osteosarcoma (Sakthikumar et al., 2018),
115 and TP53 pathway alterations in canine melanoma (Hendricks et al., 2018; Wong et al.,
116  2019). Earlier studies in canine gliomas have characterized somatic copy number

117  alterations syntenic with those in human adult gliomas (Dickinson et al., 2016), and

118 have identified genetic susceptibility factors near genes such as CAMKK2, P2RX7, and
119 DVL2 (Mansour et al., 2018; Truve et al., 2016).

120 Here, we have performed comparative genomic, transcriptomic, and epigenetic
121  profiling across three population structures, canine glioma, human adult and human
122  pediatric glioma, in order to study somatic evolutionary traits of glioma across two

123  species and in different age groups. We leveraged genomic profiles to infer molecular
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124  life history in order to understand cross-species convergent evolution of glioma (Aktipis
125 etal., 2013; Stearns, 1992).

126 RESULTS

127 Human glioma driver events are frequently found in canine disease We performed
128 whole genome, exome, transcriptome, and methylation sequencing (370 libraries) on
129  canine gliomas (n=81) and germline (n=57) samples from 81 dogs, with all samples
130 obtained via necropsy. Using the recently updated criteria for diagnostic

131  histopathological classification (Koehler et al., 2018), 42 cases were classified as

132 oligodendroglioma, 24 cases as astrocytoma, 10 cases as glioblastoma, and 5 cases as
133 of undefined glioma pathology (Table S1). We defined a common set of 77 cases where
134  whole genome and exome data was available with minimum of 30X coverage in exome
135 regions (Table S1, STAR Methods). From mutation calls derived from all 77 cases, we
136  detected somatic mutational driver events in all 77 canine gliomas using dNdS

137  (Martincorena et al., 2017), MuSIiC2 (Dees et al., 2012), and a semi-supervised

138  comparison with known cancer drivers in human adult and human pediatric cancers
139 (Bailey et al., 2018; Grobner et al., 2018; Ma et al., 2018)(Figure 1A, Table S2 and S3,
140 STAR Methods). Mutations in genes associated with human pediatric (Mackay et al.,
141  2017) and adult glioma (Brennan et al., 2013; Ceccarelli et al., 2016) such as the TP53,
142 PDGFRA, PIK3CA and EGFR were observed (Figure S1A). Recurrent hotspot and

143 mutually exclusive mutations with high oncogenic impact according to the Catalogue of
144  Somatic Mutations in Cancer (COSMIC) database (Tate et al., 2019) were observed in
145  PIK3CA H1047R/L (n=8), PDGFRA K385I/M (n=6), IDH1 R132C (n=3), and SPOP

146 P94R (n=1; 1 shared with PIK3CA H1047R) (Figure 1B). These mutations were also
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147  identified as being under positive selection or as significantly mutated genes using the
148  dNdS (Martincorena et al., 2017) approach (Table S2) and thus indicating driver

149  mutations of canine gliomas. Mutations affecting the IDH1 R132 codon are a defining
150 characteristic of low-grade adult gliomas (TCGA_Network et al., 2015) and were

151 detected infrequently in pediatric and canine gliomas (n = 3/77). Overall, 39/77 (51%) of
152  canine gliomas carried at least one significantly mutated gene. This proportion was

153  similar to published findings in human pediatric tumors (57%, chi-square p-value: 0.12)
154  (Grobner et al., 2018) but contrasted with the frequency at which adult gliomas contain
155 at least one significantly mutated gene alteration (93%, chi-square p-value: 1.090e-08).
156  To demonstrate similarity between canine gliomas and human gliomas, we summarized
157 the level of coding mutations in gene sets reflecting previously reported cancer

158 hallmarks (Table S4). We tallied weighted pathway contributions per cohort (canine,
159  adult, pediatric) by the number of coding mutations within each cohort and genes per
160 pathway. Adult glioma is commonly separated into subtypes on the basis of IDH

161  mutation as well as chromosome arm 1p and 19q deletion, resulting in three subtytpes:
162 1. IDH wild type (IDHwt); 2. IDH-mutant with codeletion (IDHmut-codel) and 3. IDH-
163  mutant without codeletion (IDHmut-non-codel)(Louis et al., 2016). We have adopted
164 these three categories for comparisons between canine glioma and human adult

165 glioma. We found that canine and pediatric gliomas showed most concordance, with
166  adult gliomas showing increased frequency of gene mutations in cancer hallmarks such
167 as deregulating cellular energetics (attributed to lack of the IDH-mutant subtype),

168 genomic instability, and resisting cell death (Figures 1C, S1B). Canine gliomas showed

169 the most significant difference in avoiding immune destruction hallmark compared to
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human pediatric and adult IDHmut-non-codel cohort (Table S5). Epigenetic drivers were
observed in all populations, most commonly in pediatric gliomas (72/217, 33%),
followed by canine gliomas (n= 22/73, 30%), and adult IDH1-wild type gliomas (95/374,
25%)(Figure 1C). Telomere maintenance is the defining characteristic of human adult
gliomagenesis (Barthel et al., 2018) but is not prevalent in canine (Figure S1C, S1D) or
in pediatric high-grade gliomas (5/326, 1.5%)(Mackay et al., 2017). Correspondingly,
neither significant changes in telomerase length nor expression changes in telomere
pathway genes within canine tumors were observed (Figure S1E).

We compared somatic alteration rates across the canine and human pediatric
and adult cohorts using coding mutation rates from 4,761 patients (Bailey et al., 2018;
Ceccarelli et al., 2016; Grobner et al., 2018; Ma et al., 2018) (STAR methods). The
somatic mutation rate of canine glioma (0.25 coding mutations per megabase; 95% CI:
0.13-0.37) was similar to that of human pediatric gliomas (Figure 1D), including high-
grade canine gliomas had comparable mutation rates to that of pediatric high-grade
gliomas (0.26 coding mutations per megabase; Wilcoxon p-value: 0.21 or lesser; Figure
S1G), but significantly lower than in human adult IDH1/2-mutant and IDH wild-type
gliomas (0.66 and 1.89 coding mutations per megabase, respectively; Wilcoxon p-
values of 2.2E-16 or lesser). Low mutation burden has been linked to fewer mutations in
cancer-driving genes (Martincorena et al., 2017) and may explain the relative paucity of
significantly mutated genes observed in canine gliomas, including weaker positive
selection (q > 0.1) for known and mutated cancer genes (n=78; Figure S1H). These

results demonstrate that the landscape of somatic single-nucleotide variants is similar to
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192  human glioma, and that canine glioma aligns more closely with human pediatric glioma
193  than with adult disease.

194

195 Aneuploidy is a major driver of canine and pediatric high-grade glioma We

196  compared the DNA copy number landscape of glioma across species with a focus on
197 the >50% of canine gliomas without evidence of significantly mutated genes. No focal
198 copy number amplifications were detected among canine gliomas. Human glioma tumor
199  suppressor gene CDKN2A/B was homozygously deleted in 7/56 (13%, 6/7

200 astrocytomas), and PTEN in 2/56 (4%) of canine glioma genomes (Figures 2A, S2A).
201  Together, 54/77 (70%) patients with canine glioma contained somatic mutations and
202 focal copy alterations in known human glioma drivers. Contrasting with the limited

203  presence of focal DNA copy number alterations was the high frequency of arm-level
204  copy gains (canine chromosomes 7q, 13q, 16q, 20q, 34q, 359, and 38q) and arm-level
205 losses (canine chromosomes 1q, 5q, 12q, 229, and 26q) (Figure S2B). The most

206 frequent arm-level alteration comprised the shared syntenic regions of glioma drivers
207 PDGFRA, KIT, MYC (Figure S2C) and typically resulted in more than four copies of
208 these genes (canine 13q+; 19/77 cases, 25%). Other common arm-level alterations
209 included PIK3CA (canine 34qg+) and the HIST1 cluster (canine 35qg+) as well as

210 hemizygous loss of heterozygosity of tumor suppressor genes, TP53, RB1, and PTEN
211 (Figure 2A).

212 We quantified prevalence of aneuploidy across the canine, human pediatric and
213 adult glioma populations (Taylor et al., 2018). For copy-number estimation, matched

214 tumor-normal whole genome sequencing profiles from canine (n=57) and pediatric
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215 gliomas (n=50)(Ma et al., 2018), and Affymetrix SNP6 profiles for adult gliomas

216 (n=969)(Ceccarelli et al., 2016) were analyzed (STAR Methods). Aneuploidy metric was
217  based on the proportion of copy-number segmented genome, which is non-diploid

218 (STAR Methods). Canine gliomas, independent of tumor grade, and pediatric high-

219 grade gliomas showed comparable aneuploidy (25% and 20% of genome aneuploidy,
220 respectively), which was significantly higher than that in human low-grade pediatric

221  glioma (near-euploid genome) and adult glioma (9-18% of genome aneuploid) (Figure
222 2B). We then searched for aneuploidy within syntenic regions, which may be subject to
223 selection pressure during gliomagenesis. We mapped canine chromosome arms to their
224 human counterparts and used unsupervised hierarchical clustering of the most variable
225 syntenic aneuploid regions to identify regions of shared aneuploidy (Figure 2C). The
226  analysis revealed three aneuploidy clusters. The first cluster consisted of arm-level

227  aneuploidy of human 7p (EGFR) and 10q (PTEN) arms characteristic of human adult
228 IDH1 wild-type (100%, 89% respectively) and pediatric high-grade gliomas (57%, 23%)
229 for which the canine, pediatric high-grade, and pediatric low-grade gliomas showed

230 10%, 18% and 0% alterations, respectively. None of three IDH1 mutant canine gliomas
231 shared these syntenic aberrations, suggesting a mutually exclusive pattern as observed
232 in human gliomas. The second cluster consisted of human 2q/6p, which contains the
233  ACVR1 and the HIST1 genes that are frequently mutated in pediatric high-grade

234 gliomas, with significant enrichment within H3.1K27M diffuse intrinsic pontine glioma,
235 along with mutations in RTK pathway genes (PIK3CA, PIK3R1)(Mackay et al., 2017),
236  which showed loss of the syntenic human 2qg/canine 36q region (containing ACVR1)

237  within 44%, 23% and 23% of canine high-grade, canine low-grade, and pediatric high-
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grade gliomas, respectively. In contrast, this alteration was not observed in human
pediatric or adult IDH mutant glioma but was present in 12% of IDH wild-type adult
gliomas. Similarly, human chromosome arm 6p/canine chromosome arm 35q,
containing the HIST1 gene cluster, was frequently amplified in canine high-grade glioma
(75%) and low-grade glioma (67%) and pediatric high-grade gliomas (29 %) but not in
pediatric low-grade or adult gliomas. The third cluster consisted of human 1p/19q
codeletions seen commonly in adult IDH1 mutant gliomas but observed in 15-30% of
cases in canine respectively human pediatric cohorts. Comparing the aneuploidy score
among canine gliomas with high vs. low coding mutational rate showed significant
(Figure 2D; Wilcoxon p-value: 0.006) increases in aneuploidy among patients with a
high mutational rate, suggesting that an underlying mutational process promotes

genomic instability during gliomagenesis.

DNA damage-related mutational processes shape somatic driver landscape and
maintain genomic instability We leveraged known mutational signatures from adult
(COSMIC v2, 1 to 30) and pediatric cancers (T1 to T12) to estimate and compare
underlying mutational processes across canine and human gliomas (Alexandrov et al.,
2013; Grobner et al., 2018; Ma et al., 2018). The most enriched signatures across all
canine gliomas (Figure S3A) were associated with aging (COSMIC signature 1,
pediatric signature T1), mismatch repair deficiency (COSMIC signature 15), APOBEC-
AID (COSMIC signature 2, 9), homologous repair defect signatures (COSMIC signature
8, pediatric signature T3), and signatures with unknown relevance, COSMIC signature

12, T10, and T11. Among the nine canine gliomas with the highest mutation rates
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261 (median coding mutation rate of 0.55 per megabase)(Figure 3A), there was significant
262  (Wilcoxon p-value: 0.025) enrichment of two additional mismatch repair signatures (T9
263 or COSMIC signature 3, 6)(Figure S3B). A frameshift indel in mismatch repair gene

264  MSHG6 was detected in one case with an outlier mutation frequency (coding mutation
265 rate of 5.04 per MB)(Figure S3C). Among the remaining cases (median coding mutation
266 rate of 0.25 per MB), homologous repair defect or ‘BRCAness’ signatures (COSMIC
267  signature 3 or pediatric signature T3, COSMIC signature 8 or pediatric signature T6)
268 were the second most prominent signatures after clock-like signatures (COSMIC

269 signature 1, 5). Homologous repair defect signatures have been reported to be enriched
270 in pediatric high-grade gliomas with higher genomic instability (Grobner et al., 2018).
271  The known human signatures were validated by clustering de-novo constructed

272 signatures for all three cohorts (canine, human adult, and pediatric gliomas).

273 Independent of cohort type, we observed significant cosine similarity (more than 0.8;
274  Figure 3B, Figure S3D) of de-novo signatures with known homologous repair defect
275 mutational processes (COSMIC signature 3/pediatric signature T3, COSMIC signature
276  8/pediatric signature T6 among others), further implying a role for these mutational

277  processes in cross-species gliomagenesis.

278 Next, we determined the relative contribution of mutational processes (with

279  deconvoluted signatures as a proxy) in generating mutations within significantly mutated
280 genes to identify the dominant mutational process(es) active during tumor evolution

281  (Figure 3C). Although clock-like processes (COSMIC signature 1, 5) largely contributed
282  to an age-related increase in mutations, including in driver genes, we found that

283  homologous repair defect signatures (COSMIC signature 3, 8) contributed (27%, 21/77
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284  cases) to driver mutations across all three cohorts, emphasizing that homologous repair
285 defect can not only serve as a potential source for driver mutations but also fuel

286  progressive genomic instability along with observed high aneuploidy (Blank et al., 2015;
287 Targa and Rancati, 2018) in high-grade gliomas across all three cohorts.

288

289 Comparative molecular timing analysis highlights context-specific early and late
290 drivers of gliomagenesis We inferred the sequential order of somatic alterations

291 during gliomagenesis by estimating clonality of glioma driver events (Figure 3D) (Jolly
292 and Van Loo, 2018; Shinde et al., 2018). In brief, significantly mutated genes were

293 timed as occurring early (clonal) to late (subclonal) during tumor evolution based on
294  their cancer cell fraction after accounting for tumor purity, ploidy, and copy number

295 status (Methods). We observed clonal PDGFRA and EGFR mutations as the only

296 shared and early event across all three cohorts. Subsequent whole chromosome 13
297 amplification bearing the PDGFRA mutant allele marked the emergence of the most
298 recent common ancestor (MRCA) in six canine gliomas (Figure S3E), which grew to be
299 adominant clone at the time of diagnosis. IDH1 mutation marks an initiating event in
300 IDH1-mutant human gliomas (Barthel et al., 2018). Correspondingly, IDH1 mutations
301 were ubiquitously timed as an initiating event (CCF > 0.9) in three canine and three

302 human adult IDH1 mutant cases, and as an early event in one case of pediatric glioma
303 (CCF =0.83). We observed NF1 frame-shift mutations mostly as a late event across all
304 cohorts whereas PIK3CA mutations appeared as an early event for canine and human
305 pediatric gliomas. Although the relatively uniform timing patterns of these known glioma

306  drivers suggest convergent evolution in varied contexts, i.e., presence of hotspot
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307 mutations in shared drivers (PDGFRA, PIK3CA) during clonal evolution of glioma

308 across two species and different age-groups, we also observed an oscillating pattern of
309 timing and consequent underlying natural selection for a set of epigenetic drivers in the
310 lysine methyltransferase (MLL) family (Rao and Dou, 2015). MLL3 (KMT2C) gene

311 mutations were clonal events in canine and pediatric gliomas but subclonal in adult

312 gliomas, whereas ARID5B mutations showed the inverse pattern (Figure 3D). MLL

313  family genes include some of the most commonly mutated genes in pediatric cancers,
314  including gliomas (Huether et al., 2014; Sturm et al., 2014) but not in adult gliomas

315 (Bailey et al., 2018).

316

317 Canine gliomas are classified as pediatric glioma by DNA methylation We

318 hypothesized that epigenetic deregulation in canine gliomas may carry a tumor-specific
319 methylation pattern reflecting underlying tumor pathology, as has been observed across
320 human brain tumors (Capper et al., 2018). We leveraged reduced representation

321  bisulfite sequencing of canine gliomas to generate genome-wide DNA methylation

322  profiles in order to classify canine gliomas according to a classification model widely
323  used for human brain tumors (Capper et al., 2018). As the human brain tumor classifier
324  was developed using the lllumina human 450k array platform, we developed a logistic
325 regression model to enable classification of the sequencing-based canine DNA

326 methylation profiles. We found that the model classified 35/45 (78%) of canine samples
327 as pediatric glioma (Figure 4). Six of 45 (13%) samples were classified as IDH wild-type
328 adult glioma, and 4/45 (9%) samples were classified as IDH-mutant adult glioma. Of the

329 three samples carrying an IDH1 R132 mutation, one was classified as IDH-mutant adult
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330 glioma, with a classification probability of 99%, while a second IDH-mutant sample had
331 arelatively high classification probability for IDH-mutant adult glioma (40%), in parallel
332 with a 57% pediatric glioma classification probability. The third sample had a low

333 classification probability for IDH-mutant adult glioma (13%) and was classified as

334  pediatric glioma with an 84% probability. Although the majority of canine samples were
335 classified as pediatric glioma, no samples in the dataset were below the age of sexual
336 maturity in canines, which is reached between 10 months and two years of age

337 (Thompson et al., 2017). Adult human high-grade glioma tends to be restricted to the
338 cerebral hemispheres, whereas pediatric high-grade gliomas occur throughout the

339 central nervous system with about half of pediatric high-grade gliomas occurring in

340 midline locations (Mackay et al., 2017). Of ten midline canine tumors (six cerebellar,
341 four midline), eight were classified by DNA methylation as pediatric glioma and two

342  cases were labeled as adult IDH1-mutant.

343 DNA methylation profiles have been used to estimate molecular age (Pai et al.,
344  2011). We used this approach to compare the level of age acceleration in canine and
345 human glioma. No significant difference was observed in inferred DNA methylation age
346  between canine tumors classified as adult glioma versus those classified as pediatric
347 among tumors with a classification probability greater than 50% (5.945 vs 5.958, p-
348 value 0.9125), consistent with the lack of correlation observed between canine

349 methylation classification and chronological age. The normalized mean age acceleration
350 was significantly higher for human pediatric glioma samples (2.5) than either human
351 adult glioma (0.8) or canine glioma samples (-0.18) (Figure S4). Unlike human samples,

352 the DNA methylation-inferred age did not correlate with chronological age for canine
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samples (Pearson correlation coefficient = 0.21), which may reflect limitations in the
aging clock model derived for canids, rather than biological differences in canine tumor
methylation. The DNA methylation profile of canine glioma further corroborates the
evidence that glioma in dogs is generally more similar to human pediatric glioma than

human adult glioma.

Immune microenvironment

As spontaneous tumors arising in immune-competent hosts, canine gliomas represent
an excellent resource through which to improve our understanding of how the immune
system responds to and affects brain tumor development. To obtain a baseline
understanding of how the canine glioma microenvironment compares with that of adult
and pediatric gliomas, we inferred the relative immune cell fractions from human adult
(n=703), pediatric (n=92), and canine glioma (n=40) RNAseq derived gene expression
profiles by using the leukocyte gene signature based CIBERSORT deconvolution
method (Newman et al., 2015) (Figure 5). Notably, there are many key shared
immunological features between the human and canine gliomas such as the relative
scarcity of CD8 T cell markers (albeit higher in high-grade gliomas), a predominance of
monocyte and macrophage infiltration markers, and similar degrees of CD4 T cell, NK,
and myeloid-derived suppressor cell markers, indicating that dogs with spontaneously
arising gliomas may be excellent models for the testing of immune therapeutics
although there may be increased toxicities associated with histamine reactions to some
agents in canines. Canine gliomas exhibited two fundamental immunological differences

relative to the human glioma counterpart by having significant expression of B cells and
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eosinophil markers (g-value < 0.05). B-lymphocyte derived plasma cells were also
common among canine gliomas as well human adult gliomas, but notably absent in
human pediatric tumors. The relative immune cell fractions found in each glioma type
were well correlated with one another, with the low-grade pediatric glioma exhibiting the

lowest correlation with high-grade canine glioma (Rho = 0.83).

DISCUSSION

Comparative genomic oncology is a robust approach for identifying evolutionarily
conserved drivers and for studying the natural history of spontaneous tumors in an
immune competent host, e.g., in domestic dogs (Decker et al., 2015a; Frampton et al.,
2018; Tollis et al., 2017). Our cross-species analysis using comprehensive molecular
profiling of sporadic gliomas highlights two key findings. First, convergent evolution of
gliomas dominates between canine, human pediatric and adult gliomas, with shared
molecular traits such as shared hotspot and mutually exclusive mutations in PDGFRA
and PIK3CA, and in genes associated with for example the p53 and cell cycle
pathways. This is further supported by aneuploidy being prevalent among canine and
human pediatric high-grade gliomas, which are potentially under selection pressure
within shared syntenic regions of the genome. Also, DNA damage-related mutational
processes such as homologous recombination defects constitute a major source for
progressive genomic instability, and generate somatic variations upon which natural
selection acts to produce shared molecular and histopathological features of glioma.
Second, the molecular landscape of canine gliomas resembles that of human gliomas

based on the observed pattern of somatic alterations among non-shared drivers and
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399 DNA methylation patterns. Convergent evolution can reflect a footprint of adaptation to
400 similar selective pressures (Fortunato et al., 2017). While such convergence is well-
401 appreciated in human cancers, and in particular treatment-resistant cancers

402 (Venkatesan et al., 2017), our observation of such molecular and phenotypic

403  convergence across two species provides a strong indicator of variations under

404  selective pressures exerted by the tissue or ecological context (DeGregori, 2017,

405  Schneider et al., 2017). We note that convergent evolution should not discount a

406  possibility of drivers unique to canine gliomas, especially within the context of germline
407  variants (Mansour et al., 2018; Truve et al., 2016) and noncoding regulatory regions
408 (Lindblad-Toh et al., 2011; Villar et al., 2015). Characterization of such species-specific
409 drivers can be of much value to identify evolutionary lynchpins, which if abrogated can
410 drive oncogenesis with similar histopathological and clinical traits. Further studies are
411 needed to help understand how the time point at which tissue sample used in our

412  comparative analysis were obtained, necropsy for canine samples and at diagnosis for
413  human samples, impacts our results.

414 The molecular life history of a tumor is marked by multiple, often successive
415 aberrations in genes (Armitage and Doll, 1954; Nowell, 1976). Accordingly, cancer is
416 largely a disease of old age except in cases with early exposures to mutagens, i.e.,
417  germline or acquired defects in one or more hallmarks of cancer (Hanahan and

418 Weinberg, 2011). The median age of occurrence for canine gliomas in our cohort was 9
419 years, i.e., dogs in their adult stage of life. However, we demonstrate that canine

420 gliomas have a significantly lower somatic mutation rate, and consequently, a lower

421  number of significantly mutated genes than adult human gliomas. Canine gliomas
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422  harbor significantly higher aneuploidy than adult human high-grade gliomas, which is
423  more similar to human pediatric high-grade gliomas (Grobner et al., 2018; Mackay et al.,
424  2017). We find additional support for aneuploidy as a major driver in canine and

425  pediatric high-grade gliomas in the observation of aneuploidy in regions of shared

426  synteny containing the HIST1 and ACVR1 genes, known pediatric glioma drivers

427  (Grobner et al., 2018; Mackay et al., 2017), and in noting shared homologous repair
428 defects as a mutational process that could drive genomic instability (Blank et al., 2015;
429 Targa and Rancati, 2018). Recent efforts to engineer aneuploidy have provided better
430 understanding on the functional role of aneuploidy and how it can be targeted in cancer
431 (Bakhoum and Cantley, 2018; Taylor et al., 2018). Canine high-grade gliomas carrying
432  aneuploidy, especially among syntenic regions carrying the HIST1 and ACVRL1 genes,
433  can be utilized as a preclinical model for such functional screening as well as to validate
434  recent studies showing its role in immune evasion (Bakhoum et al., 2018; Davoli et al.,
435  2017).

436 Tissue context and tumor microenvironment are critical factors for tumorigenesis,
437  and current models are unable to accurately represent the development of spontaneous
438 tumors. This renders preclinical evaluation ineffective and increases costs of clinical
439 trials and results in minimal yields for patients. Preclinical trials of dog glioma patients
440 enable identification of evolutionarily constrained and potentially targetable drivers, but
441  they simultaneously benefit dogs with glioma by offering treatment options that

442  otherwise are prohibitive due to associated healthcare costs (LeBlanc et al., 2016).

443  Future efforts leveraging results from the comparative genomics of glioma to study

444  immune-mediated host responses can shed light on the complex interplay between the
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tumor and host immune response and also aid in optimizing ongoing parallel canine
clinical trials (Addissie and Klingemann, 2018) in order to improve an otherwise limited
response to immunotherapies in canine and human gliomas. With respect to the
immune microenvironment, differences in immune cell gene expression patterns
between species could confound immune cell comparisons by under- or overestimating
the presence of specific immune cell types. Despite these potential differences,
comparative transcriptomic analyses of mouse and human immune cells have shown
that the cells in each species exhibit a high degree of global conservation with one
another, and signatures derived from murine immune cells have provided accurate
immune infiltration estimates in human cancer types (Shay et al., 2013; Varn et al.,
2017). Thus, the estimates in this study provide a baseline for how the relative fractions
of major immune cells compare among adult, pediatric, and canine gliomas. Moving
forward, signatures derived from canine immune cells will be of value in examining the
presence of more specific immune cell types.

In summary, our study shows that the comparative molecular life history of
gliomas details conserved drivers of glioma at both the genetic and epigenetic levels,
with aneuploidy as a major hallmark of high-grade disease. Our results effectively
position preclinical models of spontaneous canine glioma for use in understanding
glioma drivers, and evaluation of novel therapies targeting aneuploidy,
immunotherapies, with relevance to all human gliomas and pediatric disease in

particular.
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Figure 1: Comparative somatic landscape of canine and human gliomas — A) Somatic variants in canine gliomas. Top
bar plot shows patient-wise frequency of somatic variants and right sided barplot shows gene-wise frequency of somatic
variant types. Bottom annotations show relevant patient-specific annotations. Coding mutations of all COSMIC cancer
genes is in figure S1A. UN: Undefined B) Gene lollipop plots showing recurrent hotspot mutations for three genes:
PIK3CA, IDH1, and SPOP. All of hotspot mutations are validated COSMIC mutations in human cancers. C) Hallmark
enrichment of coding mutations in cancer genes across human adult (IDHwt, IDHmut-codel, IDHmut-noncodel), pediatric
(PG) and canine (CG) gliomas. Y-axis represents proportion of patients in the respective cohort harboring mutations in
selected five hallmarks. Two-sided Fisher’s exact test used for comparison of proportions between cohorts. P-values less
than the threshold (p < 0.05) are shown (*: <.05, **: < .01, ***: < .001, ****: <0.0001). Hallmark plots showing all
hallmarks is in figure S1B. D) Somatic mutation rate across canine and human brain tumors: Boxplot showing somatic
mutation rates as coding mutations per megabase in loglp or log(x+1) scale. X-axis shows each of 11 different types of
pediatric brain tumors (Grobner 2018), canine glioma (Oligo, Astro, Undefined), and adult gliomas separated by IDH1/2
mutation and 1p/19q codeletion status (far right). PA: pilocytic astrocytoma; ATRT: Atypical Teratoid Rhabdoid Tumor;

EPD_ST: ependymoma supratentorial; ETMR: embryonal tumors with multilayered rosettes; MB: medulloblastoma; HGG:

high grade glioma. Tumors are sorted in ascending order by increasing mutation rate. Extended mutation rate plots are in
figure S1F.
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Figure 2: Aneuploidy is a major driver of high-grade gliomas — A) Focal somatic copy alterations in canine gliomas (n
= 57). Squared symbol in cell suggests either amplification (>4 copies) or deep deletion based on GISTIC2 gene-level table
(Methods). Top bar plot shows patient-wise frequency of somatic variants and copy number alterations and right sided
barplot shows driver-wise frequency of somatic variant types, including copy number alterations. Bottom annotations show
relevant patient-specific annotations. UN: Undefined B) Comparative aneuploidy score: Boxplots showing fraction of
genome with aneuploidy (Y-axis) for human adult glioma, separated by IDH-mutation and 1p/19q codeletion status;
pediatric (PEDS), and canine (CG) cohorts, further divided as low grade (LGG) or high grade (HGG). Pairwise p-value are
calculated using Wilcoxon non-parametric test. C) Aneuploidy metrics across shared syntenic regions of canine and human
genome: Heatmap showing comparative aneuploidy across three cohorts. Each column shows the aneuploidy fraction (% of
aneuploid genome) for a given shared syntenic region with label corresponding to human chromosome arm. Each of
seven rows represent subgroups of canine and human gliomas based on histopathology (for canine and pediatric) and IDH-
mutation and 1p/19q codeletion status. Numbered boxes on the dendrogram represents three aneuploidy cluster described
in the main text. D) Boxplot comparing coding mutation rate to aneuploidy score for canine gliomas: Pairwise p-value are

calculated using Wilcoxon non-parametric test.
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Figure 3: Molecular life history analysis using mutational signatures and timing analysis — A) Deconvolution of known human
mutational signatures on canine glioma somatic variant data: Stacked barplots shows relative contribution of known human
mutational signatures in individual canine patients. Signature contributions were aggregated based on their grouping into proposed
mechanism. Only top signatures with relative contribution more than third quartile per sample is shown in the plot. Plot on the left
side shows 9 cases with highest mutational frequency (based on outlier mutational profile, STAR methods) and plot on the right side
shows 9 representative cases with median signature contribution within inter-quartile range. Table S6 provides mapping between
signature and proposed mechanisms. Signatures with no proposed mechanism are grouped into the unknown category. B) Hierarchical
clustering of cosine similarities between known human mutational signatures and de-novo signatures constructed using available
whole genome data from canine (CG), pediatric (PG), and adult (AG) data. Higher cosine similarity (red color) indicates higher
resemblance of de-novo signature to known mutational signature. Only one of three cluster group is shown here and the complete
clustering is in figure S3D. C) Horizontal stacked barplots represent percentage contribution of signature groups (X-axis) for somatic
driver mutations (Y-axis) found in canine and human gliomas. Each of seven signature groups are combination of one of more known
human signatures (Table S6). APOBEC_AID: activation-induced cytidine deaminases; HR defect: homologous repair defect; MMR:
mismatch repair; S16_S25 and S18 Neuroblastoma: signatures previously described by Grobner et al. D) Molecular timing of
somatic drivers across canine and human gliomas: Stacked density plots, one per each of three cohorts, shows probability (X-axis) of
a driver event (Y-axis) being a late event in tumor evolution and value of <0.5 being an earlier event. Density plots for each driver
event were calculated based on pairwise winning probability (where win is defined a early event) as used in sports statistics (Bradley-

Terry model). Winning probabilities were subtracted from 1 to display early events on the left side of the plot.
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Figure 4: Classification of canine gliomas using human brain tumor methylation classifier — Heatmap displaying
results of L2-regularized, logistic regression classification of canine methylation profiles. Each column of the heatmap
represents sample, and each row in the top panel is the probability that that sample falls under a given subtype
classification. The classification with the highest probability in a given sample has a symbol with symbol color, size, and
shape denoting sample histology, tumor grade, and anatomical location, respectively. Panels below the probability heatmap
show the tumor purity, and somatic mutation rate, and age for the samples. The horizontal line on the age subpanel denotes

the age of maturity for canines (2 years).
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Figure 5: Gene expression based deconvolution of canine and human gliomas to infer immune microenvironment:
Relative enrichment of estimated immune cells based on gene expression data — CIBERSORT based deconvolution of
immune cells proportion in canine and human pediatric and adult gliomas. Signatures are based on human derived immune

cell signature.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Patient and tissue samples

Tissue samples from canine patients with gliomas were acquired with material transfer
agreements from Auburn University College of Veterinary Medicine, Colorado State
University, Texas A&M College of Veterinary Medicine & Biomedical Sciences, UC
Davis School of Veterinary Medicine and Virginia-MD College of Veterinary Medicine.
Tissue samples from resected tumor (n=77) and matched normal tissue (n=57 or paired
cases) were collected at the surgical treatment or immediately following euthanasia.
There were also four additional dog patients where we had adequate DNA and RNA for
methylation (n=45) and RNA-seq (n=40) profiling but unable to do WGS/Exome
sequencing because of failed library preparation (see Table S1). Matched normal tissue
were from post-necropsy sample of contra-lateral healthy brain tissue (n=32), white
blood cells (n=11), and remaining 14 samples from other tissues. Samples were
archived in snap-frozen (n=33/57 paired cases; n=7/20 tumor-only cases) and Formalin-
Fixed Paraffin-Embedded (FFPE, n=24/57 paired cases; h=13/20 tumor-only cases)
state. Samples were then shipped to sequencing core facilities for sample preparation,
guality control and sequencing (see Methods below).

METHODS DETAILS

Published data sources: For comparison to human glioma, we downloaded both - raw
sequencing data and processed tables for human pediatric and adult gliomas with
appropriate controlled-data access agreements where needed. We used published
mutation rates (Figure 1D) and mutational signatures (Figure 3) from pan-cancer
datasets from adults (n=3,281) and pediatric (n=961) cohorts (Alexandrov et al., 2013;
Bailey et al., 2018; Grébner et al., 2018). For aneuploidy and molecular life history
analysis (details below), we downloaded raw sequencing data and analyzed whole
genomes from 53 pediatric gliomas (Ma et al., 2018; St. Jude Cloud Pediatric Cancer
Genome Project, hitps://pecan.stjude.cloud), SNP6 data from adult gliomas — IDHwt
(n=517), IDHmut-codel (n=171), and IDHmut-noncodel (n=281) cases (Ceccarelli et al.,
2016), as well as whole genomes from 23 adult GBMs (Brennan et al., 2013). For
coding mutation rate calculation, we used a subset of TCGA glioma set where
exome/whole genome based variant calls were available: IDHwt (n=371), IDHmut-non-
codel (n=268), and IDHmut-codel (n=169).

Sample preparation, Quality controls (QC) and Sequencing strategies: DNA/RNA
extraction - Genomic DNA and total RNA of fresh frozen tissue and FFPE tissue from
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paraffin scrolls were were extracted simultaneously using AllPrep DNA/RNA Mini Kit
(Qiagen) and AllPrep DNA/RNA FFPE Kit (Qiagen) according to the manufacturer’s
instructions, respectively. Additional DNase treatment was performed on-column for
RNA purification. WGS sample preparation - 200-400ng of DNA was sheared to 400bp
using a LE220 focused-ultrasonicator (Covaris) and size selected using Ampure XP
beads (Beckman Coulter). The fragments were treated with end-repair, A-tailing, and
ligation of Illumina compatible adapters (Integrated DNA Technologies) using the KAPA
Hyper Prep Kit (lllumina) (KAPA Biosystems/ Roche). For FFPE samples, 5 to 10 cycles
of PCR amplification were performed. Quantification of libraries were performed using
real-time qPCR (Thermo Fisher). Libraries were sequenced paired end reads of 151bp
on lllumina Hiseq X-Ten (Novogene). WES sample preparation - Sample were prepared
as described above in the WGS sample preparation, targeting 200bp with PCR
amplification. Target capture was performed using SeqCap EZ Canine Exome Custom
Design (canine 140702_canFam3_exomeplus_ BB_EZ HX1 probe set) (Broeckx et al.,
2015) (Roche Nimblegen). Briefly, WGS libraries were hybridized with capture probes
using Nimblegen SepCap EZ Kit (Roche Nimblegen) according to manufacturer’s
instruction. Captured fragments were PCR amplified and purified using Ampure XP
beads. Quantification of libraries were performed using real-time gPCR (Thermo
Fisher). Libraries were sequenced paired end of 76bp on Hiseq4000 (lllumina). RNA-
seq sample preparation - RNA-seq libraries were prepared with KAPA Stranded mRNA-
Seq kit (Kapa Biosystem/ Roche) according to manufacturer’s instruction. First, poly A
RNA was isolated from 300ng total RNA using oligo-dT magnetic beads. Purified RNA
was then fragmented at 85°C for 6 mins, targeting fragments range 250-300bp.
Fragmented RNA is reverse-transcribed with an incubation of 25°C for 10mins, 42°C for
15 mins and an inactivation step at 70°C for 15mins. This was followed by second
strand synthesis at 16°C, 60 mins. Double stranded cDNA (dscDNA) fragments were
purified using Ampure XP beads (Beckman). The dscDNA were then A-tailed, and
ligated with illumina compatible adaptors (IDT). Adaptor-ligated DNA was purified using
Ampure XP beads. This is followed by 10 cycles of PCR amplification. The final library
was cleaned up using AMpure XP beads. Quantification of libraries were performed
using real-time qPCR (Thermo Fisher). Sequencing was performed on Hiseq4000
(Ilumina) generating paired end reads of 75bp. Reduced Representation Bisulfite
Sequencing (RRBS) sample preparation - Library preparation for RRBS was performed
using Premium RRBS Kit (Diagenode) according to manufacturer’s instructions. Briefly,
100ng of DNA was used for each sample, which was enzymatically digested, end-
repaired and ligated with an adaptor. Subsequently, 8 samples with different adaptors
were pooled together and subjected to bisulfite treatment. After purification steps
following bisulfite conversion, the pooled DNA was amplified with 9-14 cycles of PCR
and then cleaned up with Ampure XP beads. Quantification of libraries were performed
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using real-time qPCR (Thermo Fisher). Libraries were sequenced single end 101bp on
Hiseq2500 (lllumina).

Sequencing alignments, QC, and fingerprinting: DNA alignments - DNA alignments
for whole genome (WGS) and exome sequencing was done using bwa-mem (version
0.7.15-r1140) (Fleshner and Chernett, 1997) with -M -t 12 argument and against
CanFama3.1 reference genome from UCSC, https://genome.ucsc.edu/cqi-
bin/hgGateway?db=canFam3 (md5: 112bc809596d22c896d7e9bcbe68ede6). For each
sample, fastq files were aligned per read group and then merged using Picard tools
(v2.18.0, http://broadinstitute.github.io/picard) SortSam command to make an interim
bam file. Final, analysis-ready bam file per sample — tumor and normal bam, if available
— was created by series of steps following best practices guidelines from GATK4
(version 4.0.8.1) (DePristo et al., 2011), namely MarkDuplicates, Indel Realignment,
and Base Quality Score Recalibration (BQSR). Alignment QC metrics were calculated
using GATK4 DepthOfCoverage (for WGS) and CollectHSMetrics (for exome) as well
as Qualimap (version 2.2.1) (Okonechnikov et al., 2016) bamqc for merged bam files.
Coverage statistics were also based on regions of interest (ROIs) which consisted of
exonic region-level annotations for biotypes: protein-coding gene, microrna, lincrna, and
pseudogene from Ensembl gene annotations for canine genome (v91 and higher). We
flagged samples as failed QC if merged bam file has a genome-wide coverage of < 30%
or > 75% of ROIs have 30% or lesser coverage. Accordingly, three samples (of three
cases) failed QC step and they were removed from all analyses. Note that 77 cases in
patient tissues and samples section represent all cases which passed QC at WGS,
exome, RNA-seq, and methylation level data preprocessing. RNA alignments - Raw
fastq files from paired-end RNA-seq assay for 41 tumor samples and 3 matched normal
tissue samples were first preprocessed through fastp (version 0.19.5) (Chen et al.,
2018) to perform read-based quality pruning, including adapter trimming. Resulting fastq
files were then used as input for kallisto quant (version 0.45.0) — a pseudoalignment
based method to quantify RNA abundance at transcript-level in transcripts per million
(TPM) counts format. We then used sleuth R package (version 0.30.0) (Pimentel et al.,
2017) to output model-based, gene-level normalized TPM matrix which was also
corrected for potential batch effects due to RNA-seq data derived from two sequencing
core facilities and tissue archival (snap-frozen vs FFPE). Detailed workflow, including
command-line parameters for model fitting are in extended methods section. RRBS
alignments - Raw fastq files from RRBS assay for 45 tumor samples were processed
through FastQC (version 0.11.7,
https://www.bioinformatics.babraham.ac.uk/projects/fastqc) and Trim Galore (version
0.5.0, https://github.com/FelixKrueger/TrimGalore) for quality control, filtering low
guality base calls, and adapter trimming. Trimmed reads were then mapped to a
bisulfite converted reference genome (canFam3.1, obtained from Ensembl release 85)
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using the Bismark Bisulfite Mapper (v0.19.1) with the Bowtie2 short read aligner (v2.2.3)
(Krueger and Andrews, 2011), allowing for one non-bisulfite mismatch per read.
Cytosine methylation calls were made for the mapped reads using the Bismark
methylation extractor (version 0.19). The resulting methylation values were obtained as
B-values, calculated as the ratio of methylated to total reads at a given CpG site. DNA
fingerprinting — DNA fingerprinting for each of WGS and exome tumor-normal and
tumor-only bam files was done using NGSCheckMate tool (version 1.0.0) (Lee et al.,
2017). Germline snps in protein-coding regions was used as a variant reference panel
to allow simultaneous fingerprinting of WGS and exome libraries. NGSCheckMate does
sample pairing QC based on shared germline variants found in samples (tumor and
normal tissue from the same patient) and also model difference between samples (or
libraries) based on sequencing depth-dependent variation in allelic fraction of reference
variants. Fingerprint results for WGS and exome samples from 77 canine glioma did not
show mixture of tumor-normal or cross-patient sample contamination (See Figure S1l).

Somatic variant calling: Somatic variant calls were called on the merged whole
genome and exome bam files using three callers: GATK4 (version 4.0.8.1) (McKenna et
al., 2010) Mutect2 (Cibulskis et al., 2013), VarScan2 (version 2.4.2), and LoFreq
(version 2.1.3.1) (Wilm et al., 2012). Matching and fingerprint validated WGS and
exome files per sample were merged using Picard tools (v2.18.0,
http://broadinstitute.github.io/picard), MergeSamFiles command. Three somatic callers
were then run in either paired tumor — matched normal (n=57) or tumor-only (n=20)
mode. Mutect2 was first run in panel-of-normals (PON) mode using 57 matched normal
samples. Resulting PON file was used for calling somatic variant calls using Mutect2 in
both, paired and tumor-only mode along with options: --germline-resources
58indiv.unifiedgenotyper.recalibrated_95.5 filtered.pass_snp.fill_tags.vcf.gz —af-of-
alleles-not-in-resource 0.008621. Tumor-only Mutect2 mode was run using default
arguments and paired Mutect2 calls had following arguments: --initial-tumor-lod 2.0 --
normal-lod 2.2 --tumor-lod-to-emit 3.0 --pcr-indel-model CONSERVATIVE. Throughout
the process of using GATK4 based tools, including Mutect2, we followed best practices
guidelines (DePristo et al., 2011) where practical for canine genome, e.g., in contrast to
human genome, population level resources are limited for canine genome. VarScan2
paired mode was run with a command: somatic and arguments: --min-coverage 8 --min-
coverage-normal 6 --min-coverage-tumor 8 --min-reads2 2 --min-avg-qual 15 --min-var-
freq 0.08 --min-freg-for-hom 0.75 --tumor-purity 1.0 --strand-filter 1 --somatic-p-value
0.05 --output-vcf 1. VarScan2 tumor-only mode was run using command: mpileup2cns
and arguments: --min-coverage 8 --min-reads2 2 --min-avg-qual 15 --min-var-freq 0.08 -
-min-freg-for-hom 0.75 --strand-filter 1 --p-value 0.05 --variants --output-vcf 1. LoFreq
paired mode was run using command: somatic and arguments: --threads 4 --call-indels
--min-cov 7 —verbose and tumor-only mode was run using command: call and
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arguments: --call-indels --sig 0.05 --min-cov 7 --verbose -s. Resulting raw somatic calls -
single nucleotide variants (SNV) and small insertions and/or deletions (Indels) - from
three callers were then subject to filtering based on caller-specific filters and hard filters.
Briefly, Mutect2 calls were subject to extensive filtering based on germline risk, artifacts
arising due to sequencing platforms, tissue archival (FFPE), repeat regions, etc. See
extended methods and
https://software.broadinstitute.org/gatk/documentation/article?id=11136). VarScan2
somatic filters were applied as per developer’s guidelines (Koboldt et al., 2013). Hard
filters were based upon filtering out variants present in dbSNP and PONSs created via
GATK4 Mutect2. Filtered somatic calls from three callers (in VCF version 4.2 format)
were then subject to consensus somatic calls using SomaticSeq (version 3.1.0) (Fang
et al., 2015) in majority voting mode with priority given to Mutect2 filtered (PASS) calls
followed by consensus voting based on calls present in VarScan2 and LoFreq filtered
calls. Resulting consensus VCF file for 77 cases were finally converted to Variant Effect
Predictor (VEP version 91) (McLaren et al., 2016) annotated vcfs and Mutation
Annotation Format (MAF, https://docs.gdc.cancer.gov/Data/File _Formats/MAF _Format)
using vcf2maf utility (https://github.com/mskcc/vcf2maf). Annotated VCFs and MAFs
were used for all of downstream analyses.

Significantly mutated genes (SMGs) analysis: SMG analysis in canine gliomas
(Figure 1A, 1C, 2A) with paired tumor-normal samples (n=57) was performed using
dNdS (Martincorena et al., 2017) and MuSIiC2 (version 0.2) (Dees et al., 2012). We
excluded tumor-only cases for being conservative in SMG analysis and minimize false-
positives. Also, MuSiC2 required matched normal tissue required matched normal
tissue for SMG analysis. Detailed parameters for SMG analysis are in extended
methods. Detailed output from both methods in respectively in table S2 and table S3.

Cancer hallmark analysis: Cancer hallmarks were defined according to published ten
hallmarks (Hanahan and Weinberg, 2011) and one additional hallmark, i.e. epigenetic
(Imielinski et al., 2012). A pool of known glioma and pan-cancer driver genes (Ceccarelli
et al. 2016; Grobner et al., 2018; Bailey et al. 2018) were mapped to hallmarks following
a previously published computer-assisted manual curation method (Table S4) (lorio et
al., 2018). Total five cohorts were defined, i.e. IDHwt- (n=371), IDHmut-codel (n=169)
and IDHmut-noncodel (n=268) subgroups in human adult gliomas (AG) (Ceccarelli et al.
2016), human pediatric glioma (PG) (Grobner et al. 2016) and canine glioma (CG). For
each of the five cohorts coding mutations were mapped to eleven hallmarks and
coverage adjusted relative proportions of patients harboring an alteration in a given
hallmark were calculated. For comparisons between cohorts a two-sided Fisher's exact
test was applied (Table S5).
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Telomere length estimation: Telomere length (TL) estimation (Figures S1C, S1D)
was done using telomerecat (version 3.2) (Farmery et al., 2018) tool given it does not
assume fixed number of telomeres (per chromosomes) and hence, can better model
(Farmery et al., 2018) telomere length in samples with aneuploidy like canine gliomas.
Using bam2telbam command, we first extracted telomeric reads from WGS bam files of
tumor and matched normal samples. Telomere length per tumor and matched normal
samples were then estimated using telbam2length command which counts number of
telomeric reads containing the sequence “TTAGGG” or “CCCTAA” for two or more
times. Additional arguments, -N 10 and -e were used to run length simulation and cohort
wise error correction (snap-frozen vs FFPE) for accurate estimation of telomere length.
Telomere length for human pediatric and adult tumors were taken from published
studies (Barthel et al., 2017; Parker et al., 2012). Gene expression of core telomere
pathway genes (TERT, ATRX, DAXX) was calculated from processed RNA-seq data
(Figure S1E).

Quantifying somatic mutation rates: Somatic mutations (SNVs and Indels) rate was
estimated within coding genes and adjusted based on relative per-base coverage with
minimum coverage of 30X in coding regions (Figure 1D). Coding mutation rates for
human pediatric (n=961) and adult cancers (n=3,800, includes 811 adult gliomas) were
taken from published studies (Ceccarelli et al., 2016; Grobner et al., 2018; Ma et al.,
2018).

Somatic copy number segmentation and GISTIC2 based significance: Somatic
copy-numbers were called for paired tumor-normal cases (n=56) using HMMCopy tool
(version 1.22.0) using author’s recommendations. In brief, GC counts and mappability
files for CanFam3.1 genome were generated with 1000 bp window size. Read counts
for each of tumor and normal bam files were generated using 1000 bp window size.
Resulting count, mappability and count files were feed into HMMCopy algorithm
(http://bioconductor.org/packages/release/bioc/html/HMMcopy.html) and segmentations
were called using Viterbi algorithm. Segmented copy number calls were used to
generate Integrated Genome Viewer (IGV) copy-number plots and GISTIC2 (version
2.0.22) based somatic copy number significance (Mermel et al., 2011), including calling
gene-level deep deletions, loss-of-heterozygosity (LOH), and amplifications (Figure 2A)
as well as inferring aneuploidy metrics (Figure 2B, 2C, 2D). Segmented copy number
for pediatric gliomas (n=53) were called by using cloud-based TitanCNA workflow
(https://dxapp.verhaaklab.com/dnanexus _ngsapp). Segmented copy number for adult
gliomas were derived from SNP6 based platform from the TCGA Broad Firehose
platform (version stddata__2016_01_28) with following download urls:
http://gdac.broadinstitute.org/runs/stddata 2016 01 28/data/GBM/20160128/gdac.bro
adinstitute.org GBM.Merge _snp__genome_wide _snp 6 _broad mit edu_Level 3
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segmented scna_minus _germline_cnv_hgl9 seq.Level 3.2016012800.0.0.tar.gz and
http://gdac.broadinstitute.org/runs/stddata 2016 01 28/data/LGG/20160128/gdac.bro
adinstitute.org LGG.Merge snp genome wide snp 6 broad mit edu Level 3 s
egmented scna _minus_germline_cnv_hgl9 seg.Level 3.2016012800.0.0.tar.gz Only
primary tumor cases from TCGA GBM (n=577) and TCGA LGG (n=513) cohort were
used for downstream analyses, i.e., pathway analysis (Figure 1C) and aneuploidy
metrics (Figure 2B, 2C, 2D).

Allele specific copy-number analysis: We derived allele-specific copy numbers and
copy-number based clonality inference (including purity and ploidy estimates) using
TitanCNA algorithm (version 1.19.1) (Ha et al., 2014). Snakemake (version 5.2.1) based
workflow(Koster and Rahmann, 2018) was implemented using default arguments and
genome-specific germline dbSNP resource (see under extended methods)
(https://github.com/gavinha/TitanCNA/tree/master/scripts/snakemake) for WGS paired
tumor-normal samples from 56 canine patients. For pediatric gliomas (n=53) and adult
gbms with WGS data (n=23), allele-specific copy-number calls were used from
TitanCNA workflow. Allele-specific copy-numbers were used for mutational signature
and molecular timing analysis (Figure 3).

Aneuploidy metrics: The simplest metric of aneuploidy was computed by taking the
size of all non-neutral segments divided by the size of all segments. The resulting
aneuploidy value indicates the proportion of the segmented genome that is non-diploid.
In parallel, an arm-level aneuploidy score modeled after a previously described method
was computed (Taylor et al., 2018). Briefly, adjacent segments with identical arm-level
calls (-1, 0 or 1) were merged into a single segment with a single call. For each
merged/reduced segment, the proportion of the chromosome arm it spans was
calculated. Segments spanning greater than 80% of the arm length resulted in a call of
either -1 (loss), 0 (neutral) or +1 (gain) to the entire arm, or NA if no contiguous segment
spanned at least 80% of the arm's length. For each sample the number of arms with a
non-neutral event was finally counted. The resulting aneuploidy score is a positive
integer with a minimum value of 0 (no chromosomal arm-level events detected) and a
maximum value of 38 (total number of autosomal chromosome arms — given all of
canine chromosomes are either acrocentric or telocentric).

Syntenic regions and clustering based on aneuploidy metrics: Shared syntenic
regions between CanFam3.1 and hgl9 reference genome were downloaded from
Ensembl BioMart (version 94) database using orthologous mapped Ensembl gene ids.
Arm-level synteny was based on arm-level aneuploidy scores of shared syntenic
regions in the respective, canine and human genomes. Hierarchical clustering of
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syntenic arms was then carried out for each of canine, human pediatric and adult cohort
(Figure 2C).

Mutational signature analysis: Mutational signature analysis was performed in two-
parts. First, de-novo signatures (Figure 3B) were constructed for canine (n=77), human
pediatric (h=53) and adult cohort (n=23) using somatic snvs from whole-genome data.
Signatures were constructed using non-negative matrix factorization (hmf R package,
version 0.21.0) with brunet approach and 100 iterations with expected range of
signatures between 2 to 10. Optimal signatures were then selected using
nmfEstimateRank function to match number of de-novo signatures (clusters) — 1 where
inflection point for cophenetic correlation coefficient was observed. Accordingly, three
de-novo signatures were found in canine and human pediatric gliomas while five in adult
glioblastoma cohort. In the second part, known human mutational signatures from
COSMIC (v2, n=30) and published pediatric cancer signature from two studies, T1 to
T11 (Ma et al., 2018) and P1 (Grobner et al., 2018) were pooled together and used to
deconvolute (MutationalPattern R package, version 1.6.2) mutational trinucleotide
context (n=96) from somatic snvs in each of three cohorts. Somatic ultra-hypermutation
cases from pediatric (n=3) and adult cohort (n=1) were excluded from signature
analysis. Cosine similarities of known signatures with de-novo signatures was then
calculated and clustered using hierarchical clustering (Figure 3B). Absolute and relative
contribution of known signatures per sample was then quantified using fit_to_signatures
function which finds the linear combination of signatures that closely resembles 96
context based mutational matrix by solving the nonnegative least-squares constraints
problem. We then selected top contributing signatures per cohort based on signatures
which contributed per sample to higher than 3™ quartile of median value of each
signature’s contribution (rowMedian) per cohort (Figure S3A). Top contributing
signatures were further calculated using outlier profling on canine patients showing
highest mutational load (>3 quartile of median coding mutation rate per megabase)
and plotted in Figure 3A. Signatures contributing to driver mutations (Figure 3C) were
calculated based on first getting relative proportion of trinucleotide context per snv and
then finding known signatures with maximum value for the same trinucleotide context.
Known signatures were combined to a single group where they are shown in literature
as potential underlying process, e.g., aging group is associated with COSMIC signature
1 and 5, and show significant cosine similarity (> 0.9) with pediatric signatures T1 and
T4, respectively. Table S6 provides mapping between signature and known/proposed
mechanisms, if any.

Molecular timing analysis and natural history of tumors: Probabilistic estimation of
relative timing of driver mutations (among 73 observed somatic snvs in cancer driver
genes) was based on existing methods (Gerstung et al., 2017; Jolly and Van Loo, 2018)
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with several steps carried out using Palimpsest R package (version 1.0.0;
https://github.com/FunGeST/Palimpsest) (Shinde et al., 2018) and custom R scripts
based on published approach(McGranahan et al., 2015): First step involved
categorizing somatic drivers into clonal vs subclonal events using estimated cancer cell
fraction (CCF) which is estimated fraction of cancer cells with a somatic snv. CCF per
somatic snv was a product of variant allelic fraction (VAF) of a somatic snv, adjusted by
local copy number of gene locus and whole tumor sample (ploidy) as well as purity
estimate (tumor cell content) inferred from TitanCNA algorithm (Detailed under copy
number estimation section above). A clonal (early) vs subclonal (late) mutation was then
classified based on upper boundary of CCF was above 0.95 (clonal) or not (subclonal).
Second, we timed copy number gain and copy-neutral LOH regions based on VAF of
somatic snvs in these copy regions, i.e., early mutations prior to copy gain will have
higher VAF relative to VAF of late mutations after copy gain. Third, we ordered
mutations in four sequential categories: early clonal, early subclonal, late clonal, and
late subclonal. We note here that early subclonal and late clonal categories are result of
underlying parallel and/or convergent evolution of multiple clones (Venkatesan and
Swanton, 2016) and/or a technical limitation (given ~60X depth of merged bam files and
lack of spatial sequencing data) in resolving polyclonal structure of a tumor sample
(Deshwar et al., 2015). We then tally frequency of each of these four categories per
somatic driver mutation and get the average frequency of each category per driver
mutation at cohort (canine, pediatric, adult) level. These average frequencies are
converted to winning tables, similar to sports statistics where each driver mutation
competes with remaining driver mutations with winning being an early somatic event
based on order of events using clonality (Jolly and Van Loo, 2018) (step 3). Finally, a
winning table is then passed to Bradley-Terry model (BradleyTerryScalable R package,
version 0.1.0.9000; https://cran.r-
project.org/web/packages/BradleyTerryScalable/vignettes/BradleyTerryScalable.html) to
estimate winning probability (driver event being an early event) based on a Bayesian
maximum a posteriori probability (MAP) estimate. Resulting winning probability per
driver mutation is subtracted from 1 to plot multiple density plots (ggridges R package,
version: 0.5.1.9000) with X-axis now showing a probability of event being a late event
(Figure 3D). We note that density plots are based on kernel density estimates and thus,
may extend their tails (probability distribution) beyond 1 or less than zero
(https://serialmentor.com/dataviz/histograms-density-plots.html).

Class prediction using methylation data: To compare the methylation patterns of
human and canine glioma, the LIBLINEAR library was used to fit an L2-regularized
logistic regression classifier. Model training and validation was performed on the human
glioma samples and normal controls in the GSE109381 dataset (Capper et al., 2018),
with the methylation status of CpGs located in regions of the human genome
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orthologous to canine CpG islands used to predict DNA methylation-based subtypes of
glioma. The methylation categories designated as regression outcome variables were
derived from the World Health Organization classification of gliomas: IDH-wildtype adult
glioma, IDH-mutant, 1p/19g-intact adult glioma, IDH-mutant, 1p/19g-codeleted adult
glioma, adult normal control, pediatric glioma, and pediatric normal control. After model
fitting, the logistic regression classifier was applied to the canine samples, using the -
values of CpGs orthologous to the selected 11,495 Illlumina 450K probes as input data.
For classifier CpG sites in the canine samples with no methylation observations, f3-
values were predicted using the DNA module of the DeepCpG algorithm, a deep
learning algorithm that predicts methylation state based on local DNA sequence context
(Angermueller et al., 2017). The logistic regression classifier outputs the probability that
a sample matches a given methylation category. Category probabilities were calculated
for the canine samples, and these probabilities were compared with sample age,
anatomical location, tumor grade, tumor purity, and mutation rate (Figure 4).

CIBERSORT based expression analysis to study tumor microenvironment:
Processed RNA-seq expression matrices from canine (n=40; 25 HGG, 14 LGG, 1
unknown grade), adult (n=703; 529 LGG, 174 GBM), and pediatric glioma (n=92; 42
LGG, 50 HGG) were each run as separate jobs into the CIBERSORT webserver
(https://cibersort.stanford.edu) and processed in relative mode using the following
parameters: Signature Genes: LM22 CIBERSORT default, Permutations run: 100,
Quantile normalization disabled (Newman et al., 2015). The resulting cellular fraction
tables were then collapsed from 22 cell types into 11 based on lineage, using groupings
from a prior publication (Gentles et al., 2015).
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Figure S1A: Somatic coding mutations in COSMIC cancer genes (n = 78) — Oncoprint heatmap showing

columns show each of 52 of 77 mutated dog patients. Each row is a known cancer gene in COSMIC database.
Colored boxes represent type of somatic variant. Top bar plot shows patient-wise frequency of somatic variants
and right sided barplot shows driver-wise frequency of somatic variant types. Bottom annotations show relevant

patient-specific annotations.
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Figure S1B: Hallmark enrichment of coding mutations in cancer driver genes across human adult
(IDHwt, IDHmut-codel, IDHmut-noncodel), pediatric (PG) and canine (CG) glioma -

Eleven hallmarks are presented. Y-Axis represents proportion of patients in the respective cohort harboring
mutations in mutations in the hallmarks (different colors). Two-sided Fisher’s exact test used for comparison of

proportions between cohorts. Respective p-values are presented in Table S5.
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Figure S1C-E: Telomere length estimation in canine gliomas — C) Telomere length (TL) estimation (see
Methods) for paired tumor-normal cases from patients with canine gliomas (n=55). Remaining two cases had
errored estimates and were excluded. Y-axis shows TL as log2 ratio of estimated length of telomere in tumor /
TL in normal. Cases are split by tumor grade. TL ratio from pediatric and adult gliomas were compared from
Parker et al. 2012 and Barthel et al. 2017, respectively (see Methods). D) Scatter plot with spline smoothing
showing correlation of telomere length from the matched normal samples (n=55) with dog age (years) and
stratified by tissue archival (FFPE or snap-frozen). No significant correlation was observed in both, snap-frozen
and FFPE cohorts. E) Gene expression as total count per million RNA copies of core telomere pathway genes
(TERT, DAXX, ATRX) in canine gliomas (n=40). Violin plots shows expression of these genes factored by
tissue archival (FFPE or snap-frozen) and tumor grade (GBM, High vs low grade). No significant difference in

expression was observed in among tumor grades.
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Figure S1F-G: Somatic mutation rate across canine and human pediatric and adult tumors — F) Boxplot
showing somatic mutation rates as coding mutations per megabase in log1p scale. X-axis shows each of
different types of pediatric brain tumors (Grobner 2018), canine glioma (Oligo, Astro, Undefined), and adult
GBM (right end of the plot). Tumors are sorted in ascending order by increasing mutation rate. G) Boxplot with
pairwise differences in somatic mutation rates, including Wilcoxon p-values for canine (n=53) and human
pediatric high-grade (57 K27M midline and 64 of other etiology) gliomas vs adult gliomas stratified by IDH1/2
mutations and 1p/19q codeletion (371 IDHwt, 268 IDHmut-non-codel, and 169 IDHmut-codel).
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Figure S1H: Somatic coding mutations, including copy number aberrations (SCNA) in COSMIC cancer
genes (n = 78) — Oncoprint heatmap showing columns show all of 81 dog patients (including 4 blacklisted
cases) to show complete somatic landscape among cancer genes in COSMIC database. Each row is a known
cancer gene in COSMIC database. Colored boxes represent type of somatic variant, including SCNAs
(Amplifications and Deletions). Top bar plot shows patient-wise frequency of somatic variants and right sided
barplot shows driver-wise frequency of somatic variant types. Bottom annotations show relevant patient-specific

annotations.
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Figure S1lI: DNA fingerprinting of WGS and exome libraries — This figure related to STAR methods section
on sequencing alignments, QC, and fingerprinting. Heatmap showing hierarchical clustering (average linkage
method) of pairwise correlation matrix between any two sequencing libraries of 77 tumor and 57 normal
samples. Higher correlation (red color) between samples suggest sequencing libraries (WGS and exome)
originating from the same tissue (tumor or normal) and the same canine patient, and thus grouped into a highly
correlating cluster of four samples for paired cases (n=57) or two for tumor-only cases (n=20). Relevant patient-
specific annotations are shown in column annotations (top). Correlation matrix is based on the shared germline

variants and sequencing depth-based modeling (see Methods for details). TSS: Tissue Source Site
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Figure S2A: Focal deep deletions in tumor suppressor genes — Integrated Genomics Viewer (IGV) plot
showing focal deep or homozygous (GISTIC2 based peak of < -1.1) deletions in PTEN (n=3) and CDKN2A/B
(n=8) regions. Total 11 / 56 (of 57 paired tumor-normal cases; one sample was blacklisted for copy number

analysis) dog patients have deep or homozygous deletions in these two genes.
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Figure S2B-C: Genome wide somatic copy number alterations — B) WGS inferred DNA copy number on
paired cases of canine gliomas (n=56 of 57 paired tumor-normal cases; one sample was blacklisted for copy
number analysis). IGV plot showing genome-wide copy number changes (red is amplification, blue is deletion)
for each of 38 autosomes in 56 dog patients (in rows). Corresponding segmented data is given in table S4. Plot
shows frequent gain of chromosomes 7, 13, 16, 20, 34, 35, 3 and frequent loss of chromosomes 1, 5, 12, 22,
26. C) Plot shows GISTIC2 based significant focal and broad peaks. X-axis shows GISTIC2 inferred p-values
with significant broad or arm-level peaks in multiple chromosomal regions and genes, including in shared

syntenic regions of known drivers of human pediatric gliomas.
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Figure S3A: Deconvolution of known human mutational signatures on canine non-hypermutant glioma
cases (n=68) — Stacked barplots shows relative contribution of known human mutational signatures in
individual canine patients. Only top signatures with relative contribution more than third quartile per sample is
shown in the plot. Signatures where underlying mechanism is known are colored identically. Table S6 provides
mapping between signature and known/proposed mechanisms, if any. Classification of hypermutation vs non-

hypermutation was based on outlier profile analysis (see STAR Methods).
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Figure S3B: Mutational signature contribution based on hypermutation class — each of seven boxplots
with calculated Wilcoxon p-value shows contribution of known human mutational signatures in individual canine
patients stratified by mutational load. Classification of hypermutation vs non-hypermutation was based on
outlier profile analysis (see Methods). Known human mutational signatures were grouped into seven categories

based on known or proposed underlying mechanisms (see Table S6).
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Figure S3C: MSH6 frameshift variant in the hypermutatnt canine patient (i_8228) — IGV plot shows
sequencing read alignment at MSH6 locus on canine chromosome 10, showing somatic frameshift variant in

reads from tumor sample in contrast to reads from matched normal sample.
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Figure S3D: Cosine similarity clustering matrix between known human signatures vs de-novo signatures in
canine, adult and pediatric gliomas. See text under molecular life history section and methods for details
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Figure S3E: Molecular life history of canine gliomas — Two representative patients of canine gliomas
showing driver mutation followed by amplification of PDGFRA on chromosome 13qg which marks the
emergence of most common recent ancestor (MRCA). Case 1 (top) i_5CES5, Case 2 (bottom) i_D026. Relative
timing of events is shown for number of chromosomal alterations (only amplifications in these two cases). Gene
names are suffixed with their known relevance as a driver in either human adult or pediatric or shared driver (as
in these two cases). Gene names are also colored based on type of mutational signature contributing most to
mutations in that gene (Signature 8 in these two cases). Pie charts shows relative contribution of mutational
signatures before (early) and after (late) emergence of MRCA with respective number of mutations tallied on
the straight line. Tallied mutations are coding mutations which can be timed while total number of mutations in
these two cases are show in in stacked barplots and colored based on relative contribution of mutational

signatures in early vs late phase of inferred tumor evolution.
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Figure S4: DNA methylation age of human and canine glioma — Scatterplot displaying DNA methylation
(DNAm) vs. chronological age of human adult, human pediatric, and canine glioma samples, respectively. The
colored line in each plot represents the linear fit from regressing DNAm age on chronological age, and the
dotted line represents the linear fit for DNAmM age equal to chronological age. The statistics displayed at the top
of each subplot are the Pearson correlation coefficient (PCC) of the correlation between DNAmM and
chronological age, the p-value for the PCC calculation, normalized mean age acceleration, and the standard

deviation of normalized age acceleration, respectively.
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