PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Chu S, Skidmore ZL, Kunisaki J, Walker
JR, Griffith M, Griffith OL, et al. (2021) Unraveling
the chaotic genomic landscape of primary and
metastatic canine appendicular osteosarcoma with
current sequencing technologies and bioinformatic
approaches. PLoS ONE 16(2): 0246443. https:/
doi.org/10.1371/journal.pone.0246443

Editor: Douglas H. Thamm, Colorado State
University, UNITED STATES

Received: September 15, 2020
Accepted: January 19, 2021
Published: February 8, 2021

Copyright: © 2021 Chu et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The data underlying
this study are available on NCBI (https://www.ncbi.
nim.nih.gov/sra/PRINAG80382).

Funding: This work was funded in part by a
Clinician Scientist Grant from the American Kennel
Club’s Canine Health Foundation (to SC), https:/
www.akechf.org/. MG was supported by the
National Human Genome Research Institute
(NHGRI) of the National Institutes of Health (NIH)

under Award Number ROOHG007940, https://www.

RESEARCH ARTICLE

Unraveling the chaotic genomic landscape of
primary and metastatic canine appendicular
osteosarcoma with current sequencing
technologies and bioinformatic approaches

Shirley Chu@®'*, Zachary L. Skidmore?, Jason Kunisaki?, Jason R. Walker?,
Malachi Griffith>3, Obi L. Griffith>3, Jeffrey N. Bryan'

1 Department of Veterinary Medicine and Surgery, University of Missouri, Columbia, MO, United States of
America, 2 McDonnell Genome Institute, Washington University, St. Louis, MO, United States of America,
3 Department of Medicine, Washington University, St. Louis, MO, United States of America

* chus @missouri.edu

Abstract

Osteosarcoma is a rare disease in children but is one of the most common cancers in adult
large breed dogs. The mutational landscape of both the primary and pulmonary metastatic
tumor in two dogs with appendicular osteosarcoma (OSA) was comprehensively evaluated
using an automated whole genome sequencing, exome and RNA-seq pipeline that was
adapted for this study for use in dogs. Chromosomal lesions were the most common type of
mutation. The mutational landscape varied substantially between dogs but the lesions within
the same patient were similar. Copy number neutral loss of heterozygosity in mutant TP53
was the most significant driver mutation and involved a large region in the middle of chromo-
some 5. Canine and human OSA is characterized by loss of cell cycle checkpoint integrity
and DNA damage response pathways. Mutational profiling of individual patients with canine
OSA would be recommended prior to targeted therapy, given the heterogeneity seen in our
study and previous studies.

1. Introduction

Osteosarcoma (OSA) is a rare disease in humans, but it is the 8 most common cancer in chil-
dren, and 30% of affected children succumb to their cancer within 5 years [1]. On the other
hand, OSA is estimated to occur 55 times more commonly in dogs at an incidence of 272
cases/million per year [2], compared to an incidence of 5 cases/million per year in humans
aged 0-19 years old [3]. The incidence is expected to be even higher in large/giant breed dogs
compared to the general dog population. Dogs are arguably the best animal model to study
human OSA because of the many similarities [4-8]. Both cancers are histologically similar,
metastatically aggressive, and are treated with therapies that include surgery and platinum-
based chemotherapy [5]. Risk factors for both canine and human OSA are large body size [2,
9, 10] and radiation therapy exposure [11, 12]. OSA risk is thus hypothesized to increase with
increased number of cell divisions and DNA damage respectively. Chromosomal features such
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as aneuploidy, copy number and structural variations, and genomic instability are also com-
mon in both species. TP53 is mutated in 100% of human OSAs [13] and 71-83% of canine
OSAs [14, 15]. Common pathways determined to be OSA driver pathways are also dysregu-
lated in both species, including the Wnt and PI3K/mTOR pathways [16].

Atleast 63 human OSA primary tumors and 16 metastatic tumors with paired normal sam-
ples have been sequenced with whole genome sequencing (WGS), whole exome sequencing
(WES), and RNA-seq (St. Jude PeCan database). In comparison a combined WGS, WES and
RNA-seq approach has not been done in a canine OSA primary or canine OSA metastatic
tumor to date to the authors’ knowledge [15]. Exome studies in canine OSA have been more
frequently published, with 93 primary canine OSA and 10 metastatic canine OSA exomes
sequenced to date [14, 15]. Given the complex karyotype and genetic heterogeneity of human
and canine OSA [15], sequencing of a large number of canine patients will be required to clas-
sify mutations into drivers and passengers, as well as to identify subtypes of canine OSA that
have different responses to treatments and outcomes.

WES is usually restricted to the protein coding regions, which occupy ~3% of the canine
genome [17]. WES would be sufficient for identifying small-scale coding mutations (e.g.
indels, single nucleotide variants or SNVs) and would be moderately effective but not ideal for
copy number alterations or CNAs (poor resolution and higher false positive rates). WES
would fail to capture the majority of the structural variants that make up the complex karyo-
type of OSA. WGS, WES and RNA-seq are complimentary methodologies and comprehensive
sequencing with all three overcomes the shortfalls of each individual approach [18]. This is the
first study to perform combined WGS, WES, and RNA-seq on both a primary and metastatic
lesion from each of two dogs and thus provides the most in-depth genomic study of a canine
OSA patient to date. This is also the first study to perform loss of heterozygosity (LOH) analy-
sis in dogs with OSA.

The purposes of this study were to (1) add to the growing genomic knowledgebase for
canine OSA and to describe new insights into the mutational landscape of canine OSA and
how this compares to human OSA; (2) adapt an automated comprehensive human cancer
informatics pipeline for the dog [19]; (3) identify the drivers of and characteristics of chromo-
somal instability in canine OSA; (4) compare the primary and metastatic lesions to establish a
sequence of events of tumor evolution and (5) show proof of concept of a comprehensive
genome-informed approach to identify actionable driver pathways for individual patients.

2. Results
2.1. Samples

Both patients in this study were adult large breed dogs, S1 Table. The overall survival time of
both dogs was ~1.5 years which is longer than the median survival time of ~10 months seen in
dogs with OSA treated with standard of care therapy consisting of amputation and carboplatin,
S2 Table [20]. The longer survival in this study is likely due to the selection of dogs that had a
pulmonary metastasectomy, typically only performed in the setting of oligometastasis.
Sequencing metrics are presented in S3 and S4 Tables. Tumor purity (estimated as the TP53
variant allele frequency) was too low in the metastatic lesion of the Labrador Retriever to make
conclusions about the small and large scale mutations in this sample.

2.2. Single Nucleotide Variants (SNVs)

2.2.1. TP53 was recurrently mutated via a missense mutation. Thirty-seven and twenty-
eight SNVs passed manual review in the Labrador and Sheepdog sample respectively, S1 Fig
and Table 1. The exonic SNV mutation rate was low at 0.1-0.2/Mb compared to the 1.38/Mb
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Table 1. Frequency of mutation type in each osteosarcoma sample.

Primary

SNV 17
Inversion 20
Translocation 76
Deletion 25
Duplication 15

CNA Loss 5888
CNA Gain 2191
Expressed gene fusion 3

Sheepdog Labrador Retriever

Metastatic % shared Primary Metastatic % shared
26 54% 34 22 51%

22 50% 23 17 0%

71 79% 42 16 38%

33 57% 30 22 53%

21 57% 19 7 53%
5822 61% 3475 12 0%

3155 43% 3019 286 9%

4 75% 3 N/A 0%

SNV = single nucleotide variant including indels in exons and splice sites; CNA = copy number alternation

CNAs were counted in the context of gene count.

% shared will be an underestimate in the Labrador due to low tumor purity in the metastatic lesion.

Structural variant counts and % shared will likely be an overestimate and underestimate respectively due to redundancies that result from discrepancies in SV calling in

a large genome.

https://doi.org/10.1371/journal.pone.0246443.t001

seen in a previous WES study [15]. This very low rate was likely due to the stringent manual
review criteria used in this study [21] or to differences in the populations studied. Only, TP53
was mutated in both dogs. WGS/exome/RNA data showed that the variant allele frequency
(VAF) for TP53 was 0%, 76.7-87.5% and 64.7-89.1% in the matched normal, primary and
metastatic lesion respectively in the Sheepdog. Correspondingly in the Labrador, the VAF for
TP53 was 0%, 79.1-94.4% and 11.6-33.3%. The tumor purity and the prevalence of the TP53
mutation in the tumor cell population was high in all samples except the metastatic sample in
the Labrador

Genes with SN'Vs that were predicted to have a high impact on function included, TNN
(primary and metastasis), ARHGAPI2 (primary), SNX9 (primary), SMARCAS5 (primary), and
ATP8B4 (primary) in the Labrador and GZMK (metastasis), ABCG4 (metastasis) and
DNAH14 (primary and metastasis) in the Sheepdog. Corresponding SNVs in the human
orthologs for these genes were not found in the COSMIC database for any cancer (accessed
9-Jul-2019). SMARCAS5 was identified as a potential oncogenic driver in a mouse model of
OSA [22]. SNX9, a scaffold protein involved in actin assembly and clathrin-mediated endocy-
tosis, has been implicated in mitosis, invasion and metastasis [23]. Genes in the COSMIC can-
cer census database (version 89) with a SNV included, TP53 and MYOS5A in the Labrador and
TP53, NOTCH2, ZNF521 and PICALM in the Sheepdog. All of these SNV's were predicted to
have a moderate impact on function. The PICALM SNV in the Sheepdog was a non-synony-
mous mutation in exon 9/21 (ENSCAFT00000044406.1). A PICALM-DLG2 fusion was also
detected in the primary and metastatic lesion of the Sheepdog, S2 Fig. The gene fusion co-
occurred with deletion of PICALM with ~0.5-1.5 copies. A non-synonymous SNV, p.
Asp456Tyr, was found in exon 8 of NOTCH2 (ENSCAFT00000016889.4) of the Sheepdog
metastatic lesion; this mutation has not been reported in the COSMIC database (accessed
9-Jul-2019) but has been reported in a metastatic canine OSA lesion [15]. NOTCH2 was also
amplified in the Sheepdog with the NOTCH2 SNV with ~3 copies in the primary and meta-
static lesion. NOTCH2 was also a highly expressed gene with fragments per kilobase of exon
model per million reads mapped (FPKM:s) of 40-84 in all evaluable samples.

2.2.2. Strong correlation between SNV profile of the primary and metastatic lesion.
Low tumor purity in the metastatic lesion of the Labrador precluded accurate comparisons of
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Fig 1. A metastasis specific clone is identified upon comparison of the SNV profiles in the primary and metastatic lesion. a.
Strong correlation between SNV seen in the primary compared to the metastatic lesion in the Sheepdog. VAF, variant allele frequency.
If the variant was found in the WGS and exome data the highest VAF was reported. Genes without a gene symbol were not labeled.
Note the presence of metastatic specific variants (left side of the figure). Non-synonymous SNVs are not shown. b. Clonal evolution
analysis revealed that the primary clone was also found in the metastatic lesion but was at a lower frequency than the metastatic specific
clones. The exonic synonymous and non-synonymous SNV that characterize these clones are labelled. 1: primary clone; orange. 2-4:
metastatic clones; purple, green and yellow. There were no exonic SNVs that were unique to clone 3. The estimate of the percentage of
cells in the metastatic lesion that were consistent with clone 1 was —9.4% to 5.7% (p = 0.740), clone 2 was 22.0% to 38.7% (p = 0.000),
clone 3 was 46.6% to 66.3% (p = 0.000) and clone 4 was 10.4% to 22.0% (p = 0.000).

https://doi.org/10.1371/journal.pone.0246443.9001

the SNV landscape between the primary and metastatic lesion for this patient, S3 Fig. How-
ever, in the Sheepdog there was strong correlation between the SNVs in the primary and meta-
static lesions, as well as evidence of clonal heterogeneity, Fig 1A. Of the 28 SNVs, 2 and 11 of
the SNVs were unique to the primary and metastatic lesion respectively, S5 Table. Metastasis-
specific SNVs were found in ABCB9, ABCG4, CORO6, IRGQ, GZMK, NOTCH2, OR2T35,
TMEM212, ZNF521, LOC102152223 and ENSCAFG00000029779. ABCB9 and ABCG4 are
ATP-binding cassette membrane proteins in the multidrug resistant and White subfamilies
respectively and the VAF was almost 50% in both genes in the metastatic lesion. Clonal analy-
sis revealed that the primary lesion was composed of one main clone and the metastatic lesion
was composed of 4 main clones, Figs 1B and S4 and S6 Table. The clones in the metastatic
lesion had all of the SN'V's that were found in the primary clone but with additional SN'Vs. The
predominant metastatic clone did not have a unique non-synonymous exonic SNV but was
suspected to have a chromosomal mutation that allowed it to have a competitive advantage in
the metastatic site. This metastatic clone was not found in the primary lesion by ClonEvol.

2.2.3. Genome wide SNV mutational patterns. Kataegis is a phenomenon characterized
by localized hypermutation with C—T and C—G substitutions at TpCpX sites which most closely
resembles published genome wide mutational signatures 2 and 13 [24]. Kataegis was not seen in
the samples in this study but was seen in 50% of pediatric OSAs [13] and in 16% (4/24) of canine
OSAs [14], S5 Fig. Mutational signature 1 was the most common mutation signature seen in all
samples. Signature 17 was seen in the primary and metastatic lesions in the Labrador and the met-
astatic lesion of the Sheepdog. Signatures 9 and 15 were seen in the primary and metastatic lesions
in the Sheepdog. Signatures, 6, 8, 9, 24 and 25 were seen in one lesion, S6 Fig. Signature 1 is the
most common signature in cancers in general, including pediatric and canine osteosarcoma. Sig-
natures 9 and 17 have been previously reported in canine osteosarcoma [14, 15].

2.3. Chromosomal lesions

A summary of the mutations identified and gene expression in both dogs can be seen in
Table 1, S5, S7-S9 Tables and Fig 2A-2C. The Labrador had a more normal karyotype than
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Fig 2. Large scale mutations were more common than small scale mutations. SNVs, LOH, CNAs, and SV are shown. Gene labels are shown for all SNVs with a gene
name and selected genes with other types of mutations. Genes in bold indicate genes that were commonly mutated in both patients. SVs are depicted in the innermost
circle. a. Sheepdog-primary. b. Sheepdog-metastatic. c. Labrador—primary and metastatic lesions (combined due to the low tumor purity in the metastatic lesion).

https://doi.org/10.1371/journal.pone.0246443.9002

the Sheepdog. Genes were most frequently mutated via a deletion. A comparison of the genes
that were mutated via an amplification or deletion in each lesion can be seen in S7A and S7B
Fig.

Chromosome 26 was the most severely affected chromosome in both dogs, S8A and S8B
Fig. None of the amplified genes on chromosome 26 were in the COSMIC database. COSMIC
tumor suppressor genes (TSGs) that were deleted and had low expression, FPKMs of 0-4, on
chromosome 26 included FAS, SEPT5 and LZTRI in all lesions examinable and CHEK?2,
ZNRF3, NF2 and CLTCLI in both primary lesions. PTEN was deleted and moderately
expressed in all lesions. In the dog these TSGs are clustered in 3 chromosomal regions on chro-
mosome 26. The 3 regions contain the following adjacent genes, (1) CHEK2, ZNRF3 and NF2;
(2) SEPT5, CLTCLI and LZTRI; and lastly (3) PTEN and FAS. The distances between the
genes in each region are conserved with humans. The major difference in dogs compared to
humans is that in humans the region containing PTEN and FAS (chr10) is on a different chro-
mosome than the first 2 regions (chr22). The chromosomal partner for translocations involv-
ing chromosome 26 in the Sheepdog was chromosome 4 but there were no translocations
between chromosomes 4 and 26 in the Labrador. The pattern of SVs was complex and suggests
chromoanagenesis, or chromosomal regeneration. Chromoanagenesis can produce a vast
number of mutations in a single event and can lead to rapid tumor evolution. In the current
study more specifically, chromothripsis or chromosome shattering resulting from a single
event and repair via non-homologous end joining (NHE]) was suggested by the genes that
were reassembled in random order and orientation on chromosome 26 with resulting loss of
chromosomal segments. Chromothripsis is estimated to occur in 20-25% human OSAs [13,
25]. The replication-based process, chromoanasynthesis was suggested by the clusters of gene
amplifications and deletions that occurred. Chains of translocations with frequent deletions at
the breakpoints that are characteristic of chromoplexy were also seen in the Sheepdog lesions.
In addition to chromosome 26, chromosomes 12 and 20 were the most common chromo-
somes to have SVs in both dogs. Differences in SV distribution between the dogs included, a
predilection for SVs on chromosome X in the Labrador and chromosomes 17, 25, 34 and 36 in
the Sheepdog. Although similar genes were mutated via SVs in both dogs, the translocation
partners were different in the two dogs and none of the translocations on any chromosome
were recurrent in the 2 dogs.
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2.3.1. Copy number alterations and loss of heterozygosity were common. In both dogs,
there were large segments of chromosomes that were not heterozygous in the germline. This
was expected on chromosome X since both dogs were male. On the autosomes this was attrib-
uted to loci that have limited variability within a breed or individual due to inbreeding. Breed
genetics may thus limit thorough somatic LOH analysis in purebred dogs. This was especially
evident in the Sheepdog, S9 Fig.

Low tumor purity in the metastatic lesion of the Labrador precluded accurate CNA and
LOH analysis of this sample. Percent aneuploidy in the genome was 20-27%, which was simi-
lar to the estimates for canine glioma, S11 Table. A higher percentage of the genome was
affected by losses compared to gains, 12-19% compared to 5-9%. In both dogs, amplifications
were numerous and always focal with the exception of chromosome X in the Labrador (0-74
Mb). In both dogs, whole chromosomal deletions of chromosomes 16 and 21 and segmental
deletions of chromosomes 20, 26, 37 and 38 (0-13.5 Mb) were common, S10 Fig. Chromo-
somes 14 and 31 were the least affected by CNAs in both primary tumor samples and the
Sheepdog metastatic sample, SI11A and S11B Fig.

Somatic LOH patterns were shared in both patients on chromosomes 5, 12, 16, 20, 26, 37
and 38, S12 Fig and S12 Table. LOH patterns were very similar in the primary and metastatic
lesion of the Sheepdog with the exception of an additional large deletion and resulting LOH
on chromosome 2 in the metastatic lesion. Copy-number neutral LOH was seen in a 17-72
Mb region in the middle of chromosome 5 in all evaluable samples. TP53 is located in this
region, Fig 3A and 3B. A loss/duplication event in the TP53 locus likely occurred after the mis-
sense mutation in TP53. The copy-number neutral LOH likely occurred due to mitotic recom-
bination or duplication following unsuccessful repair of a dsSDNA break [26]. Functionally,
both patients were TP53™“/™“!,

2.3.2. Key genes in the PI3K/Akt and RB1 pathways were dysregulated. PTEN is located
on the chromosome with the most chromosomal lesions, chromosome 26. Deletion was noted
in all evaluable samples, with ~0.2 copies in the primary tumor from the Labrador and ~1.4
and 0.7 copies in the primary and metastatic lesion of the Sheepdog respectively, SI3A and
S13B Fig. CNAs were not detected in PIK3CA, MTOR or AKTI but an AKT2 amplification
was seen in the primary lesion in the Sheepdog and PIK3CB amplification was seen in the Lab-
rador lesions and the Sheepdog metastatic lesions. LOH and focal deletion of CDKN2B were
seen in both dogs resulting in ~0.5 copies, S14A and S14B Fig. The deleted locus in the Sheep-
dog also included CDKN2A. CNAs were not noted in CDK4, which is inhibited by CDKN2A/
B, but was highly expressed with FPKMs of 36-182 in all evaluable samples, especially the met-
astatic lesion in the Sheepdog. RBI was deleted in the primary lesion of the Labrador via a
chromosomal deletion resulting in ~1.2 copies and consequently RB1 expression was lower in
the Labrador.

2.3.3. Somatic deletions of genes that predispose human patients to hereditary cancer
risk syndromes were common. Germline losses of TP53, WRN, RBI, RECQL4 and BLM are
risk factors for hereditary OSA in people. Somatic loss of TP53 (via SNV) and WRN (via dele-
tion) were seen in all samples in this study. There were ~1-1.5 copies of WRN with LOH.
Somatic deletion of RBI was seen in the Labrador only. NF2 was deleted in both primary
tumors with ~1-1.5 copies. Somatic loss of NF2 has also been implicated in spontaneous
human OSAs, schwannomas, meningiomas, mesothelioma, glioblastoma, breast, colorectal,
skin, clear renal cell, prostatic and hepatic carcinomas. The Sheepdog primary lesion also had
an NFAT5-NF2 translocation which would be predicted to functionally delete NF2.

2.3.4. Somatic deletions of genes in chromosome fragile sites were common. In addi-
tion to the genes described above, deletions with corresponding low expression were also seen
in all evaluable samples in the following TSGs (COSMIC database), ARHGEF10, BAP1, EZH2,
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Fig 3. (aand b): Segmental copy number neutral loss of heterozygosity (CN-LOH) in the middle of chromosome 5 is shown in both dogs. TP53
was located in this segmental region of CN-LOH. Representative CNA (top panel), somatic LOH (middle panel) and germline LOH (bottom
panel) plots from the primary lesions in the Labrador and Sheepdog. The CN-LOH pattern of the metastatic lesion of the Sheepdog was similar
to the primary and is not shown. (a) Labrador. (b) Sheepdog.

https://doi.org/10.1371/journal.pone.0246443.9003

FHIT, KMT2C, and STK11. FHIT was deleted with ~1.1-1.3 copies in all evaluable samples.
FHIT is located in the most common chromosome fragile site (CFS) in people, FRA3B. Gene
fusions were noted in DLG2 and LRP1B, in this study, which are CFSs in humans and are asso-
ciated with oncogenic viral integration. These genes have not been described as fragile in the
limited canine studies [27, 28]. All evaluable samples had deletions in DMD with ~0.5 and
~1.1 copies in the Labrador primary and Sheepdog tumors respectively. DMD is in a CFS,
Xq21, in people and in dogs. DMD was previously found to be recurrently deleted in canine
OSA and has been implicated as a TSG in sarcomas in people [14, 15].

2.3.5. A Telomerase Maintenance Mechanism (TMM) was not identified. TERT was
not expressed and mutation of the TERT promoter was not seen in any of the samples in the
current study. Instead, deletion of TERT, the enzymatic subunit of telomerase, was seen in the
Sheepdog lesions. ATRX gain was seen in the Labrador primary and Sheepdog metastatic
lesions and moderate expression was seen in all samples. These changes are the opposite of
what would be expected to give cancer cells unlimited growth potential. Telomere lengths
were 0 in all tumor samples, S13 Table. The phenotypes of the tumors in this study were inter-
preted to be TERT"*¢“""*/ALT"*¢*"™, Regardless a basal level of elongation is thought to be
required to avoid apoptosis and for proliferation. The tumors in this study may have utilized a
non-defined TMM (NDTMM) or their tumors did not contain a significant number of
immortalized cells and tumor heterogeneity prevented identification of a TMM. NDTMM has
been described in canine melanoma and in 22% of human tumors, including glioblastoma,
OSA and metastases of cutaneous melanoma [29].

2.3.6. HSP90AB1, CTNNBI1, CDC5L, CDH11, and MITF were amplified and
expressed. Heat shock protein, HSP90AB1, was one of the most highly expressed genes and
was amplified in the Sheepdog lesions with ~7-9 copies. CDC5L, a pre-mRNA splicing factor
that regulates mitotic progression, was amplified in all evaluable samples with ~3-9 copies and
highly expressed in the Sheepdog and moderately expressed in the Labrador. Expression of
both genes was positively correlated with copy number. CDC5L amplification and overexpres-
sion was seen in human OSA and inhibition led to mitotic catastrophe [30]. Beta-catenin
(CTNNBI) was another of the most highly expressed genes and was amplified in the Sheepdog
lesions with ~3-4 copies. CDH11, a cadherin, that promotes beta-catenin nuclear localization
leading to activation of the canonical Wnt pathway, was also amplified with ~3 copies in each
sample and highly expressed [31]. CDH11 overexpression is seen in invasive breast carcinomas
and bone metastatic lesions but conversely high expression has been correlated with improved
prognosis in human OSA [32]. MITF was moderately expressed in all samples and also was
amplified in all samples with ~4 copies. In this chromosomal segment, FOXPI and EIF4E3
were also similarly amplified. In humans, MITF, FOXPI and EIF4E3 are also on the same chro-
mosomal segment. An ~251 kb segment of amplification on chromosome 17 was seen in both
dogs. A candidate oncogene in this region includes ARNT. This region also includes CTSK,
CTSS, GOLPH3L and HORMADI. The orthologous segment has been shown to be commonly
amplified in human OSA [16].

2.3.7. Expressed gene fusions were uncommon. All gene fusions in the primary were
also found in the metastatic lesion and had low expression. The gene fusions were as follows,
GRK3-HPS$4 in the Labrador and ITGB6-CAMK2D, EIF4E3-MITF and PICALM-DLG?2 in the
Sheepdog, S2 Fig. The metastatic lesion in the Sheepdog additionally had 1 validated gene
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fusion, MGAT5-LRP1B. Gene fusions likely led to loss of function of these genes. In all evalu-
able samples there was a deletion in DLG2.

3. Discussion

A comprehensive human genome analysis pipeline (The GMS or Genome Modeling System)
was successfully adapted for canine tumors [19]. This system allows for rapid, automated, and
reproducible analysis of somatic alterations and sample meta-data tracking for project man-
agement. This study provides the first published data on WGS, WES and RNA-Seq in a pri-
mary and metastatic canine osteosarcoma sample from the same patient, adding to the
growing genomic database in canine osteosarcoma. Comprehensive genomic analyses from
the dogs in this study supports the many parallels between human and canine OSA, identifies
key differences, provides evidence that the metastatic subclones have an even higher degree of
heterogeneity than the primary lesion, characterizes the nature of genomic instability in canine
OSA and identifies putative targetable drivers in canine OSA.

Similar to human OSA, SNVs were not common in canine OSA samples. The numbers
were consistent with a similar study in pediatric OSA, where 25.2 mutations were seen per
case (range 5-103) [13]. In addition, only a few of these SNVs were recurrent in canine OSA.
Comparison of the SNV profiles in canine OSA studies illustrate the marked genetic heteroge-
neity in this disease. NOTCH2 SNV have been seen in many cancers, including diffuse large B
cell lymphoma, marginal zone lymphoma and bladder cancer, where NOTCH2 can function
as an oncogene or a tumor suppressor gene (COSMIC, accessed 9-Jul-2019). However, only
one NOTCH?2 SNV has been reported in human OSA and only one in canine OSA as far as the
authors are aware [15]. Consistent with this study, the NOTCH SNV in the canine case was
also in a metastatic lesion. NOTCH receptor activation in osteoblasts inhibits differentiation
but is also crucial for bone development and homeostasis. NOTCH2 also specifically enhances
osteoclastogenesis [33]. NOTCHI and NOTCH2 overexpression has been found in human
OSA and NOTCHI1 can induce OSA in murine models [33]. In a previous canine OSA exome
study, SETD2 was the second most frequently altered gene with a frequency of SNVs of 21%
and CNAs of 0% and in a subsequent canine OSA study with WGS 42% of samples had a pre-
dicted deleterious mutation in SETD2 [14, 15]. SETD2 point mutations were not found in our
study. Nine additional statistically significantly mutated genes were identified in this previous
study, TANGO2, PRORSDIP, MAGEAY, LOXHD]I, HISTIH2AH, F6XVW9, OR4D5, MYTIL
and RPLI8. SNVs were not seen in these genes in the current study or in a recently published
study [15]. Mutations in these genes are likely passenger mutations or common in only a sub-
set of canine OSA cases. The low numbers of SNVs and expressed gene fusions in these two
patients and in other studies would be expected to result in few neoantigens potentially limit-
ing the efficacy of some immune therapies, although other sources of neoantigens that were
not detected with the current methods are possible.

TP53 mutations are the most common genetic alteration in human cancers, with missense
SNVs being the most common mechanism (>75%) [34]. In contrast, while mutations in TP53
have been seen in 100% of human OSA patients, most were by translocation, especially in
intron 1 [13]. Human sporadic OSA is the only tumor that has been found to have a transloca-
tion in intron 1 of TP53 [35]. This translocation was not seen in this study and has not been
described in a canine tumor to date. However, TP53 missense mutations were found in 71-
83% of canine OSAs in two recent studies [14, 15]. The SNV in the Labrador sequenced here
has been described before [15] while the SNV in the Sheepdog has not been described in
canine OSA. The SNV in the Lab was analogous to a Y220C mutation in the human genome,
which is one of the ten most common TP53 mutations found in human cancers [36]. The SNV
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in the Sheepdog was analogous to the L194P mutation in the human genome, which is not one
of the top fifty TP53 mutations in human cancers but this mutation has been seen in diverse
human cancers [37-39]. Both SNVs in TP53 were in the DNA-binding domain which is the
most common location for TP53 alterations in humans and in dogs [40-43]. Mutations in the
DNA-binding domain are thought to compromise the ability of this transcription factor to
transactivate downstream genes that arrest the cell cycle, repair damaged DNA and induce
apoptosis. Mutations thus lead to genomic and chromosomal instability. Germline loss of
TP53 in humans is known to be a risk factor for OSA [44]. TP53 is also thought to have a pro-
tective role in mesenchymal stem cells against developing osteosarcoma [45].

Other drivers previously implicated in canine and human OSA, observed here as large-scale
alterations include TP53, WRN, PTEN, CDKN2A/B and DLG2. PTEN is an inhibitor of the
PI3K/Akt pathway that is crucial for cell growth and survival especially in times of stress.
PTEN mutations are recurrent and are found in 56% of human OSAs [16, 46]. Similar to
human tumors, PTEN deletions in both dogs were predicted to lead to permanent activation
of the PI3K/Akt pathway [47]. Tumor responses to an mTOR inhibitor and pan-AKT inhibitor
have been seen in a PDTX mouse model of human OSA with either PTEN loss or AKT1 gain
[46]. Ridaforolimus maintenance was shown to minimally but significantly increase progres-
sion free survival in adults with metastatic osteosarcomas or soft tissue sarcomas [48]. An NIH
clinical trial with rapamycin therapy following standard of care treatment has recently been
completed in canine OSA and the results are pending. Deletion in CDKN2B was seen in all
samples and deletion in RBI was seen in the Labrador. Homozygous deletion of CDKN2A/B in
mesenchymal stem cells was an early event in human OSA [49]. Deletion in PTEN and
CDKNZ2A are also the most common deletions in metastatic solid tumors in people [50]. In
previous studies, deletions in CDKN2A/B were seen in 72% of dogs and in 15-19% human
OSA patients tested [14, 51-53]. Deletions in CDKN2A/B are also common in canine histio-
cytic sarcoma, 62.8%, T-cell lymphoma, 55.6%, and canine fibrosarcoma, 100% [54-56].
Germline variants in the CDKN2A/B loci have also been previously associated with risk of
developing OSA in high-risk dog breeds [57] and also of developing histiocytic sarcoma in
Bernese Mountain dogs [58]. A germline SNV may predispose the locus to a chromosomal
lesion. Further, CDK4 overexpression in this study was likely a consequence of CDKN2B dele-
tion. CDK4/6 inhibitors have been approved for estrogen receptor positive, HER2- metastatic
breast cancers with concurrent anti-estrogen therapy and may be effective in the Sheepdog
with wild-type RB1. DLG2, Disks Large Homolog 2, encodes a multi-domain scaffold protein
in the Hippo signaling pathway that is important for defining epithelial polarity during cell
division and loss of function of DLG2 contributes to cell cycle progression and invasion in can-
cer cells [59]. DLG2 was deleted in all evaluable samples in this study and has been shown to
be one of the most highly recurrent mutations in canine and pediatric OSA and was shown to
be a TSG in a cross-species study in mice, humans and dogs [59]. Mutations in DLG2 in OSA
have been exclusively via SVs.

Chromosomal instability observed here in canine OSA could be explained by the loss of cell
cycle checkpoint integrity (e.g. WRN, CDKN2A/B and RBI), apoptotic (e.g. FAS) and DNA
damage response pathways (e.g. TP53, CHEK2 and WRN), SVs in CFSs and short telomeres.
WRN encodes a DNA helicase in the RECQ family that activates the ATR CHEK1-induced S-
phase checkpoint in response to ssDNA breaks and repair via homologous recombination ver-
sus NHE] [60]. Loss of WRN thus leads to NHE] mediated erroneous joining of chromosomal
segments resulting in chromosomal instability and deletions [61]. Chromosome fragile sites
are commonly large genes and are preferential sites for viral integration and chromosomal
lesions in cancer [62]. The tumors in this study had chromosomal lesions in common human
CFSs. FHIT is recurrently deleted in metastatic solid tumors in people [50]. Deletion of FHIT
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has been implicated as the origin of genomic instability in preneoplastic lesions via induction
of replicative stress that leads to dsDNA breaks [63]. Telomere lengths measured as terminal
restriction fragments (TRFs) of 12-23 kb have been estimated in canine PBMCs and mesen-
chymal tissues [64, 65]. Short telomeres in cells that have lost protective mechanisms (e.g. cell
cycle checkpoint and p53) can lead to telomere crisis, breakage-fusion-bridges cycles and
resulting chromosomal lesions. Telomere lengths in pediatric bone tumors are most com-
monly maintained by ALT [66, 67] and have been estimated with TRF to be 11.4 kb in primary
tumors (compared to 9.7 kb in PBMCs) and 8.8. kb in the metastatic lesions [68]. In contrast
73% of canine OSAs were classified as TERT?**** with TRAP (Telomeric Repeat Amplifica-
tion Protocol) [69]. The discordance between the TMM in canine and human OSA may be
due to differences between the results from TRAP and TERT expression analyses or to differ-
ences in the biology of OSA between species. Telomere lengths in canine OSA have not been
previously measured. The extremely low lengths seen in the OSA samples in this study could
be due to a characteristic of canine OSA or alternatively individual differences, age, or incon-
sistencies in TRF versus the in silico predictor model used in this study. To determine the
cause of the short telomere lengths and the absence of a TMM seen in this study, future studies
specifically evaluating telomerase activity and TRF and further analysis of the accessory genes
in the TERT and ALT pathways in canine OSA are recommended.

Chromosomal instability was most evident on chromosome 26 as it was shattered and reas-
sembly resulted in numerous chromosomal lesions. This suggests that the method of dsSDNA
repair led to random chromosomal fusions. CHEK2, ZNRF3 and NF2 were deleted in both pri-
mary lesions and have been implicated in human OSA [53, 70-74]. CHEK2 is a crucial kinase
in the DNA damage checkpoint cascade that stabilizes p53 when dsDNA breaks are detected.
ZNRF3 is part of the E3 ubiquitin ligase family and inhibits cell growth and suppresses inva-
sion and induces apoptosis via regulation of the Wnt pathway. LZTRI, PTEN and FAS were
deleted in all lesions. Germline loss of LZTR1, leucine-zipper-like transcriptional regulator 1,
is a cause of a type of neurofibromatosis, like NF2 [75]. CLTCL1 was deleted in both primary
lesions. Decreased CLTCL1, clathrin, has been identified as an early change in breast carcino-
mas [76] and as a driver in oral squamous cell carcinoma [77]. FAS is the extracellular receptor
for the death receptor pathway that leads to apoptosis or immune destruction. FAS is fre-
quently downregulated in human OSA [78-80]. Localization of these TSGs onto one chromo-
some could contribute to the increased risk of OSA in dogs compared to humans.

Chromosomal instability likely resulted in intra and inter-individual genetic heterogeneity
and led to the evolution of the clone in the primary lesion into 4 predominant subclones in the
metastatic lesion of the Sheepdog. Together with the fact that more SN'Vs were present in the
metastatic versus primary lesion, 3 possible theories may explain the dominant metastatic
clone. The first and most likely is that there was selection and clonal expansion of rare tumor
cells with increased metastatic potential at the primary site. The rarity of this subclone in the
primary eluded detection with the methods in this study. An alternative explanation is metas-
tasis of the clone in the primary lesion to the lungs and further mutation, which could be ran-
dom, at the metastatic site, and outgrowth of clones that survived chemotherapy treatment or
that had a survival advantage in the new microenvironment. The last possibility is spatial het-
erogeneity within the tumor. Deeper sequencing of the primary tumor, functional studies of
the metastasis-specific genes, sequencing of different regions of the tumor and additional
paired tumor and metastatic lesions (including sequencing of multiple metastatic lesions)
would be required to determine which theory is correct.

Upregulated genes and pathways that may be targetable in the patients in this study
included, HSP90AB1, EP300 and the Wnt pathway. HSP90ABI is commonly overexpressed in
cancers including human OSA [46, 81]. HSP90ABI functions as a chaperone to stabilize
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proteins during translation, and stabilize mutant, denatured or unstable proteins thus prevent-
ing their degradation. It has been considered crucial for tumor cell survival. In the Sheepdog
the gene amplification and accompanying higher expression (than the Labrador) may have
offered a selective advantage for the tumor cells and thus may be a driver mutation in the
Sheepdog. Inhibition of HSP90ABI was effective in a canine OSA cell line [82] suggesting that
an HSP90 inhibitor may be effective for tumors with amplification and overexpression of
HSP90ABI. STA-1474, an HSP90 inhibitor, has exhibited efficacy in dogs with mast cell
tumors, an anti-tumor response in canine OSA cell lines and showed a partial response in 1/10
dogs and stable disease in 2/10 dogs with metastatic osteosarcoma [82-84]. CTNNBI is the key
protein that activates the Wnt signaling pathway. Activation of the Wnt pathway leads to cell
proliferation and the maintenance of stemness by turning on expression of many target genes
including, MYC, CCND1, COX2, S100A6, CD44, LEFI and matrix metalloproteinases. High
expression of COX2 and SI00A6 were seen in both dogs in this study and in a previous canine
OSA RNA-seq study [85]. Activation of the Wnt pathway has been implicated in many cancers
including colon, breast, brain and liver cancers [86]. The Wnt pathway is also crucial for osteo-
blast lineage determination by mesenchymal stem cells and thus is crucial for skeletal develop-
ment [87]. Overexpression of CTNNBI has been reported in 81% and 67% of canine primary
and metastatic OSA lesions respectively and 70% of human OSA via IHC [88, 89]. Currently
there are no FDA-approved drugs that specifically target the Wnt pathway but the results of
early phase trials are pending [90]. MITF is a transcription factor that is crucial for the develop-
ment and proliferation of melanocytes. MITF has not been implicated in OSA but is amplified,
is a driver gene in human melanoma via the RAS/MEK pathway, and MITF inactivation leads
to chemosensitivity [91]. In melanoma cell lines MITF amplification is commonly accompa-
nied by CDKN2A inactivation and BRAF mutation. In this study both dogs had MITF amplifi-
cation and the Sheepdog had a CDKN2A deletion and a BRAF amplification and thus
considered as a potential driver in this study. MITF activity has been linked to acquired resis-
tance to MAPK inhibitors [92] and thus it is predicted that MAPK inhibitors will be ineffective
in tumors with MITF amplification. MITF is a downstream target of EP300, a histone acetyl-
transferase and an oncogene in a subset of melanomas. EP300 was amplified in the metastatic
lesion of the Sheepdog. There are no current MITF targeted therapies. Instead EP300 targeted
therapy have shown potential in preclinical models of MITF overexpressing melanomas [92].
EP300 therapy may have been effective in the metastatic lesion of the Sheepdog with MITF and
EP300 amplification.

The major limitation to the current study was the small sample size, which prevented more
generalized conclusions about canine and human OSA. The predicted functional conse-
quences of the identified mutations were not confirmed in downstream analysis and would be
recommended prior to clinical treatment decisions. Another limitation of this study is that
both dogs had a better prognosis than the median dog with OSA and thus the genomic charac-
teristics found in this study may not be applicable to all dogs with OSA.

4. Conclusions

Canine and human OSA share many genetic similarities, such as chromosomal instability
leading to SVs and genetic heterogeneity between patients and to a lesser degree between the
primary and metastatic lesions within a patient. Key drivers of OSA in this study that were
shared with human OSA included TP53, PTEN, CDKN2A/B, WRN and DLG2. CDKN2A/B
deletion is more commonly observed in canine OSA (and other canine cancers) compared to
human cancers. A SNV, SV or chromatin feature in the CDKN2A/B loci may contribute to vul-
nerability to mutation in dogs. Other differences to human OSA were that a TMM was not
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seen in this study and TP53 loss was by a missense mutation with accompanying LOH in dogs
compared to a translocation in human OSA. Potentially actionable pathways and genes identi-
fied in this study included, HSP90AB1, CDK4, NOTCH2, EP300, mTOR and Wnt pathways.
Due to the genetic heterogeneity and complexity of OSA, comprehensive genetic screening
would be warranted before initiating targeted therapy in a patient. Continued efforts in com-
prehensive sequencing of canine OSA patients are warranted to determine if genetic heteroge-
neity defines subtypes in canine OSA that differ in response to treatment and prognosis and to
determine how heterogeneity contributes to the development of metastatic disease.

5. Materials and methods
5.1. Samples

Tissues were obtained from the Animal Cancer Tissue Repository at Colorado State University
(CSU) from client-owned dogs that were diagnosed and treated for osteosarcoma with limb
amputation, chemotherapy and pulmonary metastasectomy. Informed client consent was
obtained prior to tissue banking. Biobanking at the Flint Animal Cancer Center at CSU was
approved by the CSU Veterinary Teaching Hospital Clinical Review Board. Matched normal
tissue for each case was obtained from normal skeletal muscle. Tissues for DNA analysis were
snap frozen and stored at -80°C. Tissues for RNA analysis were stored in RN Alater at 4°C.

5.2. Library preparation and sequencing

TruSeq stranded ribosome-depleted libraries were constructed from 500ng total RNA and sin-
gle indexed. External RNA Controls Consortium (ERCC) spike-in was added to the RNA
libraries (Invitrogen, 4456740). Exome capture utilized the Nimblegen Exome-Plus reagent
(Nimblegen, 4000022470), covering ~152 Mb, as previously described [17]. The whole genome
and exome libraries from each sample were pooled and sequenced on one lane of the Illumina
HiSeqX as 2 x 151 bp reads (eWGS). The RNA libraries were pooled and sequenced on 2 lanes
of the HiSeq2500 1T platform as 2 x 125 bp reads.

5.3. Overview of bioinformatic analysis

The McDonnell Genome Institute’s (MGI) cancer informatics pipelines, namely the Genome
Modeling System (GMS), was adapted for the canine genome, S14 Table [19]. The GMS is an
analysis information management system which automates all major genome analysis steps
including alignment, QC, variant calling of all types, expression analysis and more, using a
large number of external tools. Briefly, existing WGS/WES/RNA cancer genomic workflows
originally intended to run H. sapien data were modified to work with C. lupus familiaris sam-
ples. This largely entailed replacing the reference sequence and altering/removing human spe-
cific parameters. Additionally workflows were shortened and only used for QC, alignment and
variant calling. Variant annotation, CNV, and SV calling were performed ad-hoc as parts of
the original workflow were not conducive to modification. We have developed publicly avail-
able versions of these pipelines, using the common workflow language and docker containers.
The non-human pipelines (with options for canine analysis) are available at: https://github.
com/genome/analysis-workflows/tree/master/definitions/pipelines

The workflow is outlined below and is detailed in S14 Table. Briefly, WGS and WES align-
ments were performed with BWA-MEM (0.7.1) [93] and duplicates were marked with Picard
(1.113) (http://broadinstitute.github.io/picard/). Single nucleotide variants (SNVs) and inser-
tions and deletions (indels) were identified with multiple callers and filtered as described
below. Remaining variants were annotated with VEP (Variant Effect Predictor) using the
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canine reference canFam3.1 (Ensembl version 83) and retained if the observed consequence
was predicted to result in a change in translation. Variants were also removed if they were
found in the Dog Genome SNP Database. Differential expression analysis was performed via
DESeq?2 and p-value correction with the Benjamini-Hochberg procedure. Structural variants
(SVs) were detected with Manta [94]. Copy number alterations (CNAs) were detected with
CopyCat. All coding variants were manually reviewed. All chromosomes were analyzed except
the Y chromosome and mitochondrial DNA.

5.4. Variant calling and filtering

Variants were identified via the somatic validation pipeline within the Genome Modeling Sys-
tem [19]. Briefly, SN'Vs were identified via SAMtools (r982) [95], VarScan2 (2.3.6) [96] and
Strelka (1.0.11) [97] with identical parameters for WGS and WES samples unless otherwise
noted. Similarly, insertions and deletions were identified via GATK-Somatic-Indel (5336)
[98], Pindel (0.5) [99], VarScan2-Somatic and Strelka. Variant read counts were obtained via
bam-readcount (0.7; -b 20 -q 20) and WES variants were removed if they met the following cri-
teria: tumor VAF < 2.5%, tumor variant reads < 4, tumor coverage < 10, normal VAF > 10%
and normal coverage < 10. WGS variants were filtered in a similar manner and were removed
if they met the following criteria: tumor VAF < 10%, tumor VAF < = 15% in related samples,
tumor variant reads < 10 in WGS samples or tumor variant reads < = 15 in WES samples,
tumor or normal coverage < = 20x and 40x for WGS and WES samples respectively, normal
VAF > = 1% or normal variant reads > = 2 in any WGS or WES sample. Remaining variants
were annotated via VEP (2.7,—pick) using Ensembl (version 83) and retained if the observed

» « "o«

consequence were any of the following: "coding_unknown”, “essential_splice_site", “essen-
tial_splice_site, coding_unknown, intronic", “essential_splice_site, intronic", “essential_spli-
ce_site, within_non_coding_gene", “essential_splice_site, within_non_coding gene",
“frameshift_coding", “frameshift_coding, non_synonymous_coding", “frameshift_coding,
splice_site", “frameshift_coding, splice_site, intronic", “non_synonymous_coding", “non_sy-
nonymous_coding, splice_site", “splice_site, intronic", “splice_site, intronic, within_non_co-
ding_gene", “splice_site, synonymous_coding", “splice_site, within_non_coding_gene,

"o«

within_non_coding_gene", “stop_gained", “stop_gained, frameshift_coding", “stop_gained,
splice_site", “stop_lost", “within_mature_mirna". Variants were then removed if they were
found in the Dog Genome SNP Database (DoGSD version 1; PMID: 25404132) [100]. The
impact of a SNV was determined by VEP using standard criteria. Specifically, impact was
determined to be high if the SNV resulted in a gain of a stop codon, frameshift or non-synony-
mous mutation in an essential splice site.

Additional ad-hoc filtering of SNVs included requirement of a location on chromosomes
1-38 or X, >7 variant reads of support and >4% VAF in the WGS, exome or RNA data for the
tumor or metastatic lesion and <4 reads of support in the WGS or exome data for the normal
sample. Manual review was done for variants that passed ad-hoc filtering and were genic
according to a previously published SOP [21]. Variants passing filters were used to identify
COSMIC signatures via deconstructSigs (1.8.0) using default settings, with the exception that
trinucleotide frequencies were normalized based on their presence across CanFam3.1.

5.5. RNA-seq analysis

Alignments were performed with TopHat (2.0.8) and FPKM values were calculated with Cuf-
flinks (2.1.1). Differential expression analysis was performed for tissue type (metastasis versus
tumor) via the R package DEseq2 (1.14.1). Briefly Htseq (0.5.4p1) was used to obtain read
counts on a gene level and genes with a cumulative read count < 1 across all samples were
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removed. High, moderate and low expression cut-offs were defined as follows, FPKM value in
the individual sample that ranked in the top <2.5%, 2.5%-22%, and >22% for all genes
respectively.

5.6. Structural variant and expressed fusion detection

Structural variant (SV) detection was performed with Manta [94]. Genes affected by SVs were
annotated with biomaRt [101]. Ensembl gene names were recorded for the entire region
affected by deletion, duplication, or inversion and for the breakpoints (plus 10kb flanking base
pairs) for translocations. Fusion prediction was performed with Pizzly [102]. Gene fusions
with >5 split or paired reads of support were considered for manual review using Svviz [103].
Gene fusions failed manual review if either gene was in a scaffold, both genes belonged to the
same gene family, the second gene was adjacent to the first gene (read through), there was no
SV that could explain the gene fusion, or a BLAST of reads of one gene aligned to the other
fusion partner.

5.7. Loss of heterozygosity (LOH)

Somatic LOH was defined by first identifying a set of germline SNPs (normal bam files) with a
VAF between 0.4% and 0.6% (minimum 20x coverage). The VAF for these variants was then
calculated from tumor samples and plotted. Segmentation analysis was performed to identify
regions of somatic LOH, defined as a mean absolute difference from baseline (0.5) of 0.1.
These regions (plus 10kb flanking base pairs) were annotated with biomaRt. Germline LOH
was assessed and plotted alongside somatic LOH using common canine SNP sites as regions
for bam-readcount (normal bam files). The VAF was calculated from ref and variant allele
counts for any SNPs with coverage > 20x. Regions of germline LOH represent blind spots for
somatic LOH as they contain no heterozygosity to be lost.

5.8. Copy-number detection

Custom annotation scripts were used to estimate mapability and gc content for the canine
(canFam3.1) reference genome as described in the copyCat documentation (https://github.
com/chrisamiller/copyCat). Next, the GMS tool ‘bam-windows’ was run to estimate coverage
across the genome (window size = 10,000). Gap and entry_point files were obtained from the
University of California Santa Cruz (UCSC) genome browser. These inputs were used with the
copyCat software (https://github.com/chrisamiller/copyCat) to estimate absolute CN values
and identify copy-number segments and segment values. Genes were annotated to CN seg-
ments with biomaRt.

5.9. Telomere length analysis

Telomere length was estimated with Telomerecat (1.0) with standard parameters [104].

5.10. Germline LOH

Point mutations classified as germline from VarScan2 (2.3.6) were obtained from WGS data
for both samples. Mutations were then binned across chromosomes such that each bin corre-
sponds to an approximately 500,000 base pair window and the frequency of mutations in each
bin was calculated. Genomic regions where a bin exhibited a mutational frequency less than 5
were considered as LOH owing to the decrease in frequency of heterozygous single nucleotide
polymorphisms (SNPs) in that area.
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5.11. Clonal evolution

Somatic variants were obtained from WGS and WES sequencing data as described above. Var-
iants were further filtered to SNPs and were required to meet the following criteria: (1) No
normal support in either the WGS or WES data, (2) Must have WES coverage greater than or
equal to 80x depth in both the tumor and metastasis samples, (3) Must have greater than or
equal to 7 variant supporting reads in the tumor or metastasis samples. Variants within a geno-
mic space that exhibited LOH or was otherwise copy-altered were removed and remaining
variants passed to sciClone (1.1.0) for clustering. Resulting clusters were then manually
curated and outlier variants removed. The clustered variants were then passed to clonevol
(0.99.1) in order to infer clonal evolution.

5.12. Identification of candidate drivers

Candidate driver mutations were prioritized if a mutation of similar predicted consequence
was seen in COSMIC, human OSA or other canine or human cancers, the mutation was seen
in both patients in this study and/or shared in the primary and metastatic lesion. Secondarily,
mutations were prioritized if consistent changes were seen in the different sequencing plat-
forms or analysis approaches (e.g. copy number gain with high expression and vice versa, SNV
with LOH).

Supporting information

S1 Fig. Filtering algorithm for SN'Vs located in exons. eWGS: exome + WGS. VAF: variant
allele frequency.
(DOCX)

S2 Fig. Few structural variants resulted in expressed gene fusions. Exon numbers are
labelled. (a) GRK3-HPS4 was caused by an inversion in the Labrador primary and metastatic
lesion. A proposed structural recombination is shown. (b) PICALM-DLG2 was caused by a
deletion in the Sheepdog primary and metastatic lesion.

(DOCX)

S3 Fig. Moderate correlation was seen between the SN'Vs in the primary compared to the
metastatic lesion in the Labrador. Low tumor purity in the metastatic lesion likely decreased
the correlation. VAF: variant allele frequency. If the variant was found in the WGS and exome
data the highest VAF was reported. The gene names for selected VAFs were labeled.

(DOCX)

S4 Fig. Four clones were seen in the metastatic lesion. Only the SNV that were used to cre-
ate the model of tumor evolution are shown.
(DOCX)

S5 Fig. Kataegis was not seen in the canine OSA lesions in this study. Rainfall plot showing
the intermutation distance versus genomic position for validated SNVs. Chromosomes are
labelled above the figure.

(DOCX)

S6 Fig. Mutational signature 1 and an unknown signature was seen in all canine OSA
lesions. Signature 17 was seen in the primary and metastatic lesions in the Labrador. Signa-
tures 9 and 15 were seen in the primary and metastatic lesions in the Sheepdog. Signatures, 6,
8,9, 24 and 25 were seen in one lesion.

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 16/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s006
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

S7 Fig. Inter and intra-individual comparison of the genes affected by copy number alter-
ations. (a) Amplification (b) Deletion.
(DOCX)

S8 Fig. Chromosome 26 was the most affected chromosome by structural variants. SVs in
the primary and metastatic lesions are shown. None of the translocations involving chr26 were
found in both dogs. Only the chromosomes with a translocation involving chr26 in any lesion
are shown. (a) Sheepdog (b) Labrador.

(DOCX)

S9 Fig. Germline LOH was common and was extensive in the Sheepdog.
(DOCX)

$10 Fig. CNAs were common and genes were more likely to be affected by large deletions
than other types of mutations. Summary of CNAs for all lesions are shown. Areas with copy
number gains are in red and losses are in blue. Low tumor purity in the Labrador metastatic
lesion precluded adequate CNA analysis of this sample. The first row is the metastatic lesion
from the Labrador, the second row is the primary lesion from the Labrador, the third row is
the metastatic lesion from the Sheepdog and the fourth row is the primary lesion from the
Sheepdog.

(DOCX)

S11 Fig. Chromosome 14 was least affected by chromosomal lesions compared to other
chromosomes (normal in the Sheepdog). Representative CNA (top panel), somatic LOH
(middle panel) and germline LOH (bottom panel) plots from the primary lesions in the Labra-
dor and Sheepdog. CN = copy number; VAF = variant allele frequency. (a) Labrador (b)
Sheepdog.

(DOCX)

$12 Fig. Chromosomal segments with deletions commonly had LOH. A notable exception
was chromosome 5 which had copy number neutral LOH. Summary of LOH for all lesions are
shown. Areas with LOH (high VAF or variant allele frequency difference) are represented in a
lighter color. Low tumor purity in the Labrador metastatic lesion precluded adequate LOH
analysis of this sample.

(DOCX)

$13 Fig. Chromosome 26 was the most affected chromosome by SVs. (a) Representative
CNA (top panel), somatic LOH (middle panel) and germline LOH (bottom panel) plots from
the primary lesion in the Labrador. (b) Close up view of CNAs for PTEN in the Sheepdog pri-
mary lesion (top panel), Sheepdog metastatic lesion (middle panel) and Labrador primary
lesion (bottom panel).

(DOCX)

S14 Fig. Focal biallelic deletion was seen in CDKN2A/B. (a) CNA (top panel), somatic LOH
(middle panel) and germline LOH (bottom panel) plots from the primary lesions in the Sheep-
dog and Labrador. Chromosome 11 in the Sheepdog was not affected by CNA or LOH except
for a focal deletion in the CDKN2 locus. (b) Close up view of CNAs in the CDKN2 locus in the
Sheepdog primary lesion (top panel) and Labrador primary lesion (bottom panel). CDKN2A
was not affected by a CNA or LOH in the Labrador.

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 17/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s014
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

S1 Table. Signalment and diagnostic information for the dogs that were sequenced in this
study.
(XLSX)

$2 Table. Treatment and outcome for the dogs that were sequenced in this study.
(XLSX)

S3 Table. Sequencing coverage, metrics and tumor purity for each sample.
(XLSX)

$4 Table. (a) Samtools flagstat alignment metrics for each RNA/DNA sample. (b) Picard Col-
lectRnaSeqMetrics alignment metrics for each RNA sample.
(XLSX)

S5 Table. Manually reviewed somatic exonic small scale variants in the tumor samples
sequenced are listed (synonymous SNVs are not shown).
(XLSX)

S6 Table. List of variants from each subclone cluster in the primary and metastatic samples
from the Sheepdog.
(XLSX)

S7 Table. Genes affected by somatic copy number alterations in the tumor samples
sequenced are listed.
(XLSX)

S8 Table. Somatic structural variants identified with Manta in the tumor samples
sequenced are listed.
(XLSX)

S9 Table. Manually reviewed somatic expressed gene fusions in the tumor samples
sequenced are listed.
(XLSX)

$10 Table. Gene expression from RNA-seq of tumor samples. Values are expressed as
FPKM.
(XLSX)

S11 Table. Estimation of aneuploidy in the tumor samples sequenced.
(XLSX)

$12 Table. Somatic loss of heterozygosity in the tumor samples sequenced.
(XLSX)

S$13 Table. Telomere Lengths in the samples sequenced as determined by Telomerecat.
(XLSX)

$14 Table. Genome Modeling System pipeline.
(XLSX)

Acknowledgments

We would like to thank Nimblegen for the donation of the canine exome capture reagent.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 18/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s022
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s023
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s024
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s025
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s026
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s027
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246443.s028
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE The genomic landscape of primary and metastatic canine appendicular osteosarcoma

Author Contributions

Conceptualization: Shirley Chu, Obi L. Griffith, Jeffrey N. Bryan.
Data curation: Shirley Chu, Jason R. Walker.

Formal analysis: Shirley Chu, Zachary L. Skidmore, Jason Kunisaki.
Funding acquisition: Shirley Chu, Jeffrey N. Bryan.

Investigation: Shirley Chu, Zachary L. Skidmore, Malachi Griffith, Obi L. Griffith, Jeffrey N.
Bryan.

Methodology: Shirley Chu, Obi L. Griffith.

Resources: Jason R. Walker.

Software: Jason R. Walker.

Supervision: Jason R. Walker, Malachi Griffith, Obi L. Griffith, Jeffrey N. Bryan.
Validation: Shirley Chu.

Visualization: Shirley Chu, Zachary L. Skidmore, Jason Kunisaki.

Writing - original draft: Shirley Chu.

Writing - review & editing: Shirley Chu, Zachary L. Skidmore, Malachi Griffith, Obi L. Grif-
fith, Jeffrey N. Bryan.

References

1. Anninga JK, Gelderblom H, Fiocco M, Kroep JR, Taminiau AH, Hogendoorn PC, et al. Chemothera-
peutic adjuvant treatment for osteosarcoma: where do we stand? Eur J Cancer. 2011; 47(16):2431—
45, https://doi.org/10.1016/j.ejca.2011.05.030 PMID: 21703851

2. Egenvall A, Nodtvedt A, von Euler H. Bone tumors in a population of 400 000 insured Swedish dogs
up to 10y of age: incidence and survival. Can J Vet Res. 2007; 71(4):292-9. PMID: 17955904

3. Ottaviani G, Jaffe N. The epidemiology of osteosarcoma. Cancer Treat Res. 2009; 152:3—13. https://
doi.org/10.1007/978-1-4419-0284-9_1 PMID: 20213383

4. Makielski KM, Mills LJ, Sarver AL, Henson MS, Spector LG, Naik S, et al. Risk Factors for Develop-
ment of Canine and Human Osteosarcoma: A Comparative Review. Vet Sci. 2019; 6(2). https://doi.
org/10.3390/vetsci6020048 PMID: 31130627

5. Simpson S, Dunning MD, de Brot S, Grau-Roma L, Mongan NP, Rutland CS. Comparative review of
human and canine osteosarcoma: morphology, epidemiology, prognosis, treatment and genetics.
Acta Vet Scand. 2017; 59(1):71. https://doi.org/10.1186/s13028-017-0341-9 PMID: 29065898

6. FengerJM, London CA, Kisseberth WC. Canine osteosarcoma: a naturally occurring disease to inform
pediatric oncology. ILAR J. 2014; 55(1):69-85. https://doi.org/10.1093/ilar/ilu009 PMID: 24936031

7. Morello E, Martano M, Buracco P. Biology, diagnosis and treatment of canine appendicular osteosar-
coma: similarities and differences with human osteosarcoma. Vet J. 2011; 189(3):268—77. https://doi.
org/10.1016/j.tvjl.2010.08.014 PMID: 20889358

8. Mueller F, Fuchs B, Kaser-Hotz B. Comparative biology of human and canine osteosarcoma. Antican-
cer Res. 2007; 27(1A):155-64. PMID: 17352227

9. Mirabello L, Pfeiffer R, Murphy G, Daw NC, Patino-Garcia A, Troisi RJ, et al. Height at diagnosis and
birth-weight as risk factors for osteosarcoma. Cancer Causes Control. 2011; 22(6):899-908. https://
doi.org/10.1007/s10552-011-9763-2 PMID: 21465145

10. Misdorp W, Hart AA. Some prognostic and epidemiologic factors in canine osteosarcoma. J Natl Can-
cer Inst. 1979; 62(3):537—45. https://doi.org/10.1093/jnci/62.3.537 PMID: 283283

11.  Gillette SM, Gillette EL, Powers BE, Withrow SJ. Radiation-induced osteosarcoma in dogs after exter-
nal beam or intraoperative radiation therapy. Cancer Res. 1990; 50(1):54—7. PMID: 2403417

12. Berrington de Gonzalez A, Kutsenko A, Rajaraman P. Sarcoma risk after radiation exposure. Clin Sar-
coma Res. 2012; 2(1):18. https://doi.org/10.1186/2045-3329-2-18 PMID: 23036235

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 19/24


https://doi.org/10.1016/j.ejca.2011.05.030
http://www.ncbi.nlm.nih.gov/pubmed/21703851
http://www.ncbi.nlm.nih.gov/pubmed/17955904
https://doi.org/10.1007/978-1-4419-0284-9%5F1
https://doi.org/10.1007/978-1-4419-0284-9%5F1
http://www.ncbi.nlm.nih.gov/pubmed/20213383
https://doi.org/10.3390/vetsci6020048
https://doi.org/10.3390/vetsci6020048
http://www.ncbi.nlm.nih.gov/pubmed/31130627
https://doi.org/10.1186/s13028-017-0341-9
http://www.ncbi.nlm.nih.gov/pubmed/29065898
https://doi.org/10.1093/ilar/ilu009
http://www.ncbi.nlm.nih.gov/pubmed/24936031
https://doi.org/10.1016/j.tvjl.2010.08.014
https://doi.org/10.1016/j.tvjl.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20889358
http://www.ncbi.nlm.nih.gov/pubmed/17352227
https://doi.org/10.1007/s10552-011-9763-2
https://doi.org/10.1007/s10552-011-9763-2
http://www.ncbi.nlm.nih.gov/pubmed/21465145
https://doi.org/10.1093/jnci/62.3.537
http://www.ncbi.nlm.nih.gov/pubmed/283283
http://www.ncbi.nlm.nih.gov/pubmed/2403417
https://doi.org/10.1186/2045-3329-2-18
http://www.ncbi.nlm.nih.gov/pubmed/23036235
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Chen X, Bahrami A, Pappo A, Easton J, Dalton J, Hedlund E, et al. Recurrent somatic structural varia-
tions contribute to tumorigenesis in pediatric osteosarcoma. Cell Rep. 2014; 7(1):104—12. https://doi.
org/10.1016/j.celrep.2014.03.003 PMID: 24703847

Sakthikumar S, Elvers |, Kim J, Arendt ML, Thomas R, Turner-Maier J, et al. SETD2 is recurrently
mutated in whole-exome sequenced canine osteosarcoma. Cancer Res. 2018. https://doi.org/10.
1158/0008-5472.CAN-17-3558 PMID: 29724721

Gardner HL, Sivaprakasam K, Briones N, Zismann V, Perdigones N, Drenner K, et al. Canine osteo-
sarcoma genome sequencing identifies recurrent mutations in DMD and the histone methyltransferase
gene SETD2. Commun Biol. 2019; 2:266. https://doi.org/10.1038/s42003-019-0487-2 PMID:
31341965

Perry JA, Kiezun A, Tonzi P, Van Allen EM, Carter SL, Baca SC, et al. Complementary genomic
approaches highlight the PISBK/mTOR pathway as a common vulnerability in osteosarcoma. Proc Nat!
Acad Sci U S A. 2014; 111(51):E5564-73. https://doi.org/10.1073/pnas. 1419260111 PMID:
25512523

Broeckx BJ, Hitte C, Coopman F, Verhoeven GE, De Keulenaer S, De Meester E, et al. Improved
canine exome designs, featuring ncRNAs and increased coverage of protein coding genes. Sci Rep.
2015; 5:12810. https://doi.org/10.1038/srep12810 PMID: 26235384

Rusch M, Nakitandwe J, Shurtleff S, Newman S, Zhang Z, Edmonson MN, et al. Clinical cancer geno-
mic profiling by three-platform sequencing of whole genome, whole exome and transcriptome. Nat
Commun. 2018; 9(1):3962. https://doi.org/10.1038/s41467-018-06485-7 PMID: 30262806

Griffith M, Griffith OL, Smith SM, Ramu A, Callaway MB, Brummett AM, et al. Genome Modeling Sys-
tem: A Knowledge Management Platform for Genomics. PLoS Comput Biol. 2015; 11(7):e1004274.
https://doi.org/10.1371/journal.pcbi.1004274 PMID: 26158448

Selmic LE, Burton JH, Thamm DH, Withrow SJ, Lana SE. Comparison of carboplatin and doxorubicin-
based chemotherapy protocols in 470 dogs after amputation for treatment of appendicular osteosar-
coma. J Vet Intern Med. 2014; 28(2):554—63. https://doi.org/10.1111/jvim.12313 PMID: 24512451

Barnell EK, Ronning P, Campbell KM, Krysiak K, Ainscough BJ, Sheta LM, et al. Standard operating
procedure for somatic variant refinement of sequencing data with paired tumor and normal samples.
Genet Med. 2019; 21(4):972-81. https://doi.org/10.1038/s41436-018-0278-z PMID: 30287923

Moriarity BS, Otto GM, Rahrmann EP, Rathe SK, Wolf NK, Weg MT, et al. A Sleeping Beauty forward
genetic screen identifies new genes and pathways driving osteosarcoma development and metasta-
sis. Nat Genet. 2015; 47(6):615-24. https://doi.org/10.1038/ng.3293 PMID: 25961939

Bendris N, Schmid SL. Endocytosis, Metastasis and Beyond: Multiple Facets of SNX9. Trends Cell
Biol. 2017; 27(3):189-200. https://doi.org/10.1016/j.tcb.2016.11.001 PMID: 27989654

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al. Signatures of muta-
tional processes in human cancer. Nature. 2013; 500(7463):415-21. https://doi.org/10.1038/
nature12477 PMID: 23945592

Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, et al. Massive genomic rearrange-
ment acquired in a single catastrophic event during cancer development. Cell. 2011; 144(1):27—40.
https://doi.org/10.1016/j.cell.2010.11.055 PMID: 21215367

Tuna M, Knuutila S, Mills GB. Uniparental disomy in cancer. Trends Mol Med. 2009; 15(3):120-8.
https://doi.org/10.1016/j.molmed.2009.01.005 PMID: 19246245

Stone DM, Stephens KE. Bromodeoxyuridine induces chromosomal fragile sites in the canine
genome. Am J Med Genet. 1993; 46(2):198-202. https://doi.org/10.1002/ajmg.1320460220 PMID:
8484410

Stone DM, Jacky PB, Hancock DD, Prieur DJ. Chromosomal fragile site expression in dogs: |. Breed
specific differences. Am J Med Genet. 1991; 40(2):214-22. https://doi.org/10.1002/ajmg.1320400219
PMID: 1910263

Barthel FP, Wei W, Tang M, Martinez-Ledesma E, Hu X, Amin SB, et al. Systematic analysis of telo-
mere length and somatic alterations in 31 cancer types. Nat Genet. 2017; 49(3):349-57. https://doi.
org/10.1038/ng.3781 PMID: 28135248

Mu R, Wang YB, Wu M, Yang Y, Song W, Li T, et al. Depletion of pre-mRNA splicing factor Cdc5L
inhibits mitotic progression and triggers mitotic catastrophe. Cell Death Dis. 2014; 5:e1151. https://doi.
org/10.1038/cddis.2014.117 PMID: 24675469

Satriyo PB, Bamodu OA, Chen JH, Aryandono T, Haryana SM, Yeh CT, et al. Cadherin 11 Inhibition
Downregulates beta-catenin, Deactivates the Canonical WNT Signalling Pathway and Suppresses
the Cancer Stem Cell-Like Phenotype of Triple Negative Breast Cancer. J Clin Med. 2019; 8(2).
https://doi.org/10.3390/jcm8020148 PMID: 30691241

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 20/24


https://doi.org/10.1016/j.celrep.2014.03.003
https://doi.org/10.1016/j.celrep.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24703847
https://doi.org/10.1158/0008-5472.CAN-17-3558
https://doi.org/10.1158/0008-5472.CAN-17-3558
http://www.ncbi.nlm.nih.gov/pubmed/29724721
https://doi.org/10.1038/s42003-019-0487-2
http://www.ncbi.nlm.nih.gov/pubmed/31341965
https://doi.org/10.1073/pnas.1419260111
http://www.ncbi.nlm.nih.gov/pubmed/25512523
https://doi.org/10.1038/srep12810
http://www.ncbi.nlm.nih.gov/pubmed/26235384
https://doi.org/10.1038/s41467-018-06485-7
http://www.ncbi.nlm.nih.gov/pubmed/30262806
https://doi.org/10.1371/journal.pcbi.1004274
http://www.ncbi.nlm.nih.gov/pubmed/26158448
https://doi.org/10.1111/jvim.12313
http://www.ncbi.nlm.nih.gov/pubmed/24512451
https://doi.org/10.1038/s41436-018-0278-z
http://www.ncbi.nlm.nih.gov/pubmed/30287923
https://doi.org/10.1038/ng.3293
http://www.ncbi.nlm.nih.gov/pubmed/25961939
https://doi.org/10.1016/j.tcb.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27989654
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.1016/j.cell.2010.11.055
http://www.ncbi.nlm.nih.gov/pubmed/21215367
https://doi.org/10.1016/j.molmed.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19246245
https://doi.org/10.1002/ajmg.1320460220
http://www.ncbi.nlm.nih.gov/pubmed/8484410
https://doi.org/10.1002/ajmg.1320400219
http://www.ncbi.nlm.nih.gov/pubmed/1910263
https://doi.org/10.1038/ng.3781
https://doi.org/10.1038/ng.3781
http://www.ncbi.nlm.nih.gov/pubmed/28135248
https://doi.org/10.1038/cddis.2014.117
https://doi.org/10.1038/cddis.2014.117
http://www.ncbi.nlm.nih.gov/pubmed/24675469
https://doi.org/10.3390/jcm8020148
http://www.ncbi.nlm.nih.gov/pubmed/30691241
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Nakajima G, Patino-Garcia A, Bruheim S, Xi 'Y, San Julian M, Lecanda F, et al. CDH11 expression is
associated with survival in patients with osteosarcoma. Cancer Genomics Proteomics. 2008; 5(1):37—
42. PMID: 18359978

Zanotti S, Canalis E. Notch Signaling and the Skeleton. Endocr Rev. 2016; 37(3):223-53. https:/doi.
org/10.1210/er.2016-1002 PMID: 27074349

Kato S, Han SY, Liu W, Otsuka K, Shibata H, Kanamaru R, et al. Understanding the function-structure
and function-mutation relationships of p53 tumor suppressor protein by high-resolution missense
mutation analysis. Proc Natl Acad Sci U S A. 2003; 100(14):8424-9. https://doi.org/10.1073/pnas.
1431692100 PMID: 12826609

Ribi S, Baumhoer D, Lee K, Edison, Teo AS, Madan B, et al. TP53 intron 1 hotspot rearrangements
are specific to sporadic osteosarcoma and can cause Li-Fraumeni syndrome. Oncotarget. 2015; 6
(10):7727-40. https://doi.org/10.18632/oncotarget.3115 PMID: 25762628

Baugh EH, Ke H, Levine AJ, Bonneau RA, Chan CS. Why are there hotspot mutations in the TP53
gene in human cancers? Cell Death Differ. 2018; 25(1):154—60. https://doi.org/10.1038/cdd.2017.180
PMID: 29099487

Jordan JJ, Inga A, Conway K, Edmiston S, Carey LA, Wu L, et al. Altered-function p53 missense muta-
tions identified in breast cancers can have subtle effects on transactivation. Mol Cancer Res. 2010; 8
(5):701-16. https://doi.org/10.1158/1541-7786.MCR-09-0442 PMID: 20407015

Ticha |, Hojny J, Michalkova R, Kodet O, Krkavcova E, Hajkova N, et al. A comprehensive evaluation
of pathogenic mutations in primary cutaneous melanomas, including the identification of novel loss-of-
function variants. Sci Rep. 2019; 9(1):17050. https://doi.org/10.1038/s41598-019-53636-x PMID:
31745173

Poulain S, Roumier C, Bertrand E, Renneville A, Caillault-Venet A, Doye E, et al. TP53 Mutation and
Its Prognostic Significance in Waldenstrom’s Macroglobulinemia. Clin Cancer Res. 2017; 23
(20):6325-35. https://doi.org/10.1158/1078-0432.CCR-17-0007 PMID: 28754818

Mendoza S, Konishi T, Dernell WS, Withrow SJ, Miller CW. Status of the p53, Rb and MDM2 genes in
canine osteosarcoma. Anticancer Res. 1998; 18(6A):4449-53. PMID: 9891508

van Leeuwen IS, Cornelisse CJ, Misdorp W, Goedegebuure SA, Kirpensteijn J, Rutteman GR. P53
gene mutations in osteosarcomas in the dog. Cancer Lett. 1997; 111(1-2):173-8. https://doi.org/10.
1016/s0304-3835(96)04529-6 PMID: 9022143

Johnson AS, Couto CG, Weghorst CM. Mutation of the p53 tumor suppressor gene in spontaneously
occurring osteosarcomas of the dog. Carcinogenesis. 1998; 19(1):213-7. https://doi.org/10.1093/
carcin/19.1.213 PMID: 9472714

Kirpensteijn J, Kik M, Teske E, Rutteman GR. TP53 gene mutations in canine osteosarcoma. Vet
Surg. 2008; 37(5):454—60. https://doi.org/10.1111/1.1532-950X.2008.00407.x PMID: 18986312

Mirabello L, Yeager M, Mai PL, Gastier-Foster JM, Gorlick R, Khanna C, et al. Germline TP53 variants
and susceptibility to osteosarcoma. J Natl Cancer Inst. 2015; 107(7). https://doi.org/10.1093/jnci/
djv101 PMID: 25896519

He Y, de Castro LF, Shin MH, Dubois W, Yang HH, Jiang S, et al. p53 loss increases the osteogenic
differentiation of bone marrow stromal cells. Stem Cells. 2015; 33(4):1304—19. https://doi.org/10.
1002/stem.1925 PMID: 25524638

Sayles LC, Breese MR, Koehne AL, Leung SG, Lee AG, Liu HY, et al. Genome-Informed Targeted
Therapy for Osteosarcoma. Cancer Discov. 2019; 9(1):46—63. https://doi.org/10.1158/2159-8290.CD-
17-1152 PMID: 30266815

Porta C, Paglino C, Mosca A. Targeting PI3K/Akt/mTOR Signaling in Cancer. Front Oncol. 2014; 4:64.
https://doi.org/10.3389/fonc.2014.00064 PMID: 24782981

Demetri GD, Chawla SP, Ray-Coquard |, Le Cesne A, Staddon AP, Milhem MM, et al. Results of an
international randomized phase Ill trial of the mammalian target of rapamycin inhibitor ridaforolimus
versus placebo to control metastatic sarcomas in patients after benefit from prior chemotherapy. J Clin
Oncol. 2013; 31(19):2485-92. https://doi.org/10.1200/JC0O.2012.45.5766 PMID: 23715582

Mohseny AB, Szuhai K, Romeo S, Buddingh EP, Briaire-de Bruijn |, de Jong D, et al. Osteosarcoma
originates from mesenchymal stem cells in consequence of aneuploidization and genomic loss of
Cdkn2. J Pathol. 2009; 219(3):294—-305. https://doi.org/10.1002/path.2603 PMID: 19718709

Priestley P, Baber J, Lolkema MP, Steeghs N, de Bruijn E, Shale C, et al. Pan-cancer whole-genome
analyses of metastatic solid tumours. Nature. 2019. https://doi.org/10.1038/s41586-019-1689-y
PMID: 31645765

Mohseny AB, Tieken C, van der Velden PA, Szuhai K, de Andrea C, Hogendoorn PC, et al. Small dele-
tions but not methylation underlie CDKN2A/p16 loss of expression in conventional osteosarcoma.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 21/24


http://www.ncbi.nlm.nih.gov/pubmed/18359978
https://doi.org/10.1210/er.2016-1002
https://doi.org/10.1210/er.2016-1002
http://www.ncbi.nlm.nih.gov/pubmed/27074349
https://doi.org/10.1073/pnas.1431692100
https://doi.org/10.1073/pnas.1431692100
http://www.ncbi.nlm.nih.gov/pubmed/12826609
https://doi.org/10.18632/oncotarget.3115
http://www.ncbi.nlm.nih.gov/pubmed/25762628
https://doi.org/10.1038/cdd.2017.180
http://www.ncbi.nlm.nih.gov/pubmed/29099487
https://doi.org/10.1158/1541-7786.MCR-09-0442
http://www.ncbi.nlm.nih.gov/pubmed/20407015
https://doi.org/10.1038/s41598-019-53636-x
http://www.ncbi.nlm.nih.gov/pubmed/31745173
https://doi.org/10.1158/1078-0432.CCR-17-0007
http://www.ncbi.nlm.nih.gov/pubmed/28754818
http://www.ncbi.nlm.nih.gov/pubmed/9891508
https://doi.org/10.1016/s0304-3835%2896%2904529-6
https://doi.org/10.1016/s0304-3835%2896%2904529-6
http://www.ncbi.nlm.nih.gov/pubmed/9022143
https://doi.org/10.1093/carcin/19.1.213
https://doi.org/10.1093/carcin/19.1.213
http://www.ncbi.nlm.nih.gov/pubmed/9472714
https://doi.org/10.1111/j.1532-950X.2008.00407.x
http://www.ncbi.nlm.nih.gov/pubmed/18986312
https://doi.org/10.1093/jnci/djv101
https://doi.org/10.1093/jnci/djv101
http://www.ncbi.nlm.nih.gov/pubmed/25896519
https://doi.org/10.1002/stem.1925
https://doi.org/10.1002/stem.1925
http://www.ncbi.nlm.nih.gov/pubmed/25524638
https://doi.org/10.1158/2159-8290.CD-17-1152
https://doi.org/10.1158/2159-8290.CD-17-1152
http://www.ncbi.nlm.nih.gov/pubmed/30266815
https://doi.org/10.3389/fonc.2014.00064
http://www.ncbi.nlm.nih.gov/pubmed/24782981
https://doi.org/10.1200/JCO.2012.45.5766
http://www.ncbi.nlm.nih.gov/pubmed/23715582
https://doi.org/10.1002/path.2603
http://www.ncbi.nlm.nih.gov/pubmed/19718709
https://doi.org/10.1038/s41586-019-1689-y
http://www.ncbi.nlm.nih.gov/pubmed/31645765
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Genes Chromosomes Cancer. 2010; 49(12):1095-103. https://doi.org/10.1002/gcc.20817 PMID:
20737480

Nielsen GP, Burns KL, Rosenberg AE, Louis DN. CDKN2A gene deletions and loss of p16 expression
occur in osteosarcomas that lack RB alterations. Am J Pathol. 1998; 153(1):159-63. https://doi.org/
10.1016/S0002-9440(10)65556-3 PMID: 9665476

Kovac M, Blattmann C, Ribi S, Smida J, Mueller NS, Engert F, et al. Exome sequencing of osteosar-
coma reveals mutation signatures reminiscent of BRCA deficiency. Nat Commun. 2015; 6:8940.
https://doi.org/10.1038/ncomms9940 PMID: 26632267

Hedan B, Thomas R, Motsinger-Reif A, Abadie J, Andre C, Cullen J, et al. Molecular cytogenetic char-
acterization of canine histiocytic sarcoma: A spontaneous model for human histiocytic cancer identifies
deletion of tumor suppressor genes and highlights influence of genetic background on tumor behavior.
BMC Cancer. 2011; 11:201. https://doi.org/10.1186/1471-2407-11-201 PMID: 21615919

Aguirre-Hernandez J, Milne BS, Queen C, O’Brien PC, Hoather T, Haugland S, et al. Disruption of
chromosome 11 in canine fibrosarcomas highlights an unusual variability of CDKN2B in dogs. BMC
Vet Res. 2009; 5:27. https://doi.org/10.1186/1746-6148-5-27 PMID: 19643034

Thomas R, Seiser EL, Motsinger-Reif A, Borst L, Valli VE, Kelley K, et al. Refining tumor-associated
aneuploidy through 'genomic recoding’ of recurrent DNA copy number aberrations in 150 canine non-
Hodgkin lymphomas. Leuk Lymphoma. 2011; 52(7):1321-35. https://doi.org/10.3109/10428194.
2011.559802 PMID: 21375435

Karlsson EK, Sigurdsson S, Ivansson E, Thomas R, Elvers |, Wright J, et al. Genome-wide analyses
implicate 33 loci in heritable dog osteosarcoma, including regulatory variants near CDKN2A/B.
Genome Biol. 2013; 14(12):R132. https://doi.org/10.1186/gb-2013-14-12-r132 PMID: 24330828

Shearin AL, Hedan B, Cadieu E, Erich SA, Schmidt EV, Faden DL, et al. The MTAP-CDKN2A locus
confers susceptibility to a naturally occurring canine cancer. Cancer Epidemiol Biomarkers Prev.
2012; 21(7):1019-27. https://doi.org/10.1158/1055-9965.EPI-12-0190-T PMID: 22623710

Shao YW, Wood GA, Lu J, Tang QL, Liu J, Molyneux S, et al. Cross-species genomics identifies
DLG2 as a tumor suppressor in osteosarcoma. Oncogene. 2019; 38(2):291-8. https://doi.org/10.
1038/s41388-018-0444-4 PMID: 30093633

Palermo V, Rinalducci S, Sanchez M, Grillini F, Sommers JA, Brosh RM Jr., et al. CDK1 phosphory-
lates WRN at collapsed replication forks. Nat Commun. 2016; 7:12880. https://doi.org/10.1038/
ncomms12880 PMID: 27634057

Oshima J, Huang S, Pae C, Campisi J, Schiestl RH. Lack of WRN results in extensive deletion at non-
homologous joining ends. Cancer Res. 2002; 62(2):547-51. PMID: 11809708

Gao G, Smith DI. Very large common fragile site genes and their potential role in cancer development.
Cell Mol Life Sci. 2014; 71(23):4601-15. https://doi.org/10.1007/s00018-014-1753-6 PMID: 25300511

Saldivar JC, Miuma S, Bene J, Hosseini SA, Shibata H, Sun J, et al. Initiation of genome instability and
preneoplastic processes through loss of Fhit expression. PLoS Genet. 2012; 8(11):e1003077. https://
doi.org/10.1371/journal.pgen.1003077 PMID: 23209436

Nasir L, Devlin P, McKevitt T, Rutteman G, Argyle DJ. Telomere lengths and telomerase activity in
dog tissues: a potential model system to study human telomere and telomerase biology. Neoplasia.
2001; 3(4):351-9. https://doi.org/10.1038/sj.ne0.7900173 PMID: 11571635

Benetos A, Kimura M, Labat C, Buchoff GM, Huber S, Labat L, et al. A model of canine leukocyte telo-
mere dynamics. Aging Cell. 2011; 10(6):991-5. https://doi.org/10.1111/j.1474-9726.2011.00744.x
PMID: 21917112

Yazawa M, Okuda M, Setoguchi A, Nishimura R, Sasaki N, Hasegawa A, et al. Measurement of telo-
merase activity in dog tumors. J Vet Med Sci. 1999; 61(10):1125-9. https://doi.org/10.1292/jvms.61.
1125 PMID: 10563290

Shay JW, Bacchetti S. A survey of telomerase activity in human cancer. Eur J Cancer. 1997; 33
(5):787-91. https://doi.org/10.1016/S0959-8049(97)00062-2 PMID: 9282118

Sotillo-Pineiro E, Sierrasesumaga L, Patinno-Garcia A. Telomerase activity and telomere length in pri-
mary and metastatic tumors from pediatric bone cancer patients. Pediatr Res. 2004; 55(2):231-5.
https://doi.org/10.1203/01.PDR.0000102455.36737.3C PMID: 14630995

Kow K, Thamm DH, Terry J, Grunerud K, Bailey SM, Withrow SJ, et al. Impact of telomerase status on
canine osteosarcoma patients. J Vet Intern Med. 2008; 22(6):1366—72. https://doi.org/10.1111/j.1939-
1676.2008.0175.x PMID: 18761602

Miller CW, lkezoe T, Krug U, Hofmann WK, Tavor S, Vegesna V, et al. Mutations of the CHK2 gene
are found in some osteosarcomas, but are rare in breast, lung, and ovarian tumors. Genes Chromo-
somes Cancer. 2002; 33(1):17-21. https://doi.org/10.1002/gcc.1207 PMID: 11746983

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 22/24


https://doi.org/10.1002/gcc.20817
http://www.ncbi.nlm.nih.gov/pubmed/20737480
https://doi.org/10.1016/S0002-9440%2810%2965556-3
https://doi.org/10.1016/S0002-9440%2810%2965556-3
http://www.ncbi.nlm.nih.gov/pubmed/9665476
https://doi.org/10.1038/ncomms9940
http://www.ncbi.nlm.nih.gov/pubmed/26632267
https://doi.org/10.1186/1471-2407-11-201
http://www.ncbi.nlm.nih.gov/pubmed/21615919
https://doi.org/10.1186/1746-6148-5-27
http://www.ncbi.nlm.nih.gov/pubmed/19643034
https://doi.org/10.3109/10428194.2011.559802
https://doi.org/10.3109/10428194.2011.559802
http://www.ncbi.nlm.nih.gov/pubmed/21375435
https://doi.org/10.1186/gb-2013-14-12-r132
http://www.ncbi.nlm.nih.gov/pubmed/24330828
https://doi.org/10.1158/1055-9965.EPI-12-0190-T
http://www.ncbi.nlm.nih.gov/pubmed/22623710
https://doi.org/10.1038/s41388-018-0444-4
https://doi.org/10.1038/s41388-018-0444-4
http://www.ncbi.nlm.nih.gov/pubmed/30093633
https://doi.org/10.1038/ncomms12880
https://doi.org/10.1038/ncomms12880
http://www.ncbi.nlm.nih.gov/pubmed/27634057
http://www.ncbi.nlm.nih.gov/pubmed/11809708
https://doi.org/10.1007/s00018-014-1753-6
http://www.ncbi.nlm.nih.gov/pubmed/25300511
https://doi.org/10.1371/journal.pgen.1003077
https://doi.org/10.1371/journal.pgen.1003077
http://www.ncbi.nlm.nih.gov/pubmed/23209436
https://doi.org/10.1038/sj.neo.7900173
http://www.ncbi.nlm.nih.gov/pubmed/11571635
https://doi.org/10.1111/j.1474-9726.2011.00744.x
http://www.ncbi.nlm.nih.gov/pubmed/21917112
https://doi.org/10.1292/jvms.61.1125
https://doi.org/10.1292/jvms.61.1125
http://www.ncbi.nlm.nih.gov/pubmed/10563290
https://doi.org/10.1016/S0959-8049%2897%2900062-2
http://www.ncbi.nlm.nih.gov/pubmed/9282118
https://doi.org/10.1203/01.PDR.0000102455.36737.3C
http://www.ncbi.nlm.nih.gov/pubmed/14630995
https://doi.org/10.1111/j.1939-1676.2008.0175.x
https://doi.org/10.1111/j.1939-1676.2008.0175.x
http://www.ncbi.nlm.nih.gov/pubmed/18761602
https://doi.org/10.1002/gcc.1207
http://www.ncbi.nlm.nih.gov/pubmed/11746983
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zhou C, Jiang CQ, Zong Z, Lin JC, Lao LF. miR-146a promotes growth of osteosarcoma cells by tar-
geting ZNRF3/GSK-3beta/beta-catenin signaling pathway. Oncotarget. 2017; 8(43):74276-86.
https://doi.org/10.18632/oncotarget.19395 PMID: 29088784

Stemmer-Rachamimov AO, Nielsen GP, Rosenberg AE, Louis DN, Jones D, Ramesh V, et al. The
NF2 gene and merlin protein in human osteosarcomas. Neurogenetics. 1998; 2(1):73—4. https://doi.
org/10.1007/s100480050054 PMID: 9933303

Petrilli AM, Fernandez-Valle C. Role of Merlin/NF2 inactivation in tumor biology. Oncogene. 2016; 35
(5):537-48. https://doi.org/10.1038/onc.2015.125 PMID: 25893302

Kim M, Kim S, Lee SH, Kim W, Sohn MJ, Kim HS, et al. Merlin inhibits Wnt/beta-catenin signaling by
blocking LRP6 phosphorylation. Cell Death Differ. 2016; 23(10):1638—47. https://doi.org/10.1038/cdd.
2016.54 PMID: 27285107

Evans DGR, Salvador H, Chang VY, Erez A, Voss SD, Druker H, et al. Cancer and Central Nervous
System Tumor Surveillance in Pediatric Neurofibromatosis 2 and Related Disorders. Clin Cancer Res.
2017; 23(12):e54—e61. https://doi.org/10.1158/1078-0432.CCR-17-0590 PMID: 28620005

Sens-Abuazar C, Napolitano EFE, Osorio CA, Krepischi AC, Ricca Tl, Castro NP, et al. Down-regula-
tion of ANAPC13 and CLTCLA1: Early Events in the Progression of Preinvasive Ductal Carcinoma of
the Breast. Transl Oncol. 2012; 5(2):113-23. https://doi.org/10.1593/tl0.11280 PMID: 22496928

Al-Hebshi NN, Li S, Nasher AT, EI-Setouhy M, Alsanosi R, Blancato J, et al. Exome sequencing of oral
squamous cell carcinoma in users of Arabian snuff reveals novel candidates for driver genes. IntJ
Cancer. 2016; 139(2):363-72. https://doi.org/10.1002/ijc.30068 PMID: 26934577

Lafleur EA, Jia SF, Worth LL, Zhou Z, Owen-Schaub LB, Kleinerman ES. Interleukin (IL)-12 and IL-12
gene transfer up-regulate Fas expression in human osteosarcoma and breast cancer cells. Cancer
Res. 2001; 61(10):4066—71. PMID: 11358827

Lafleur EA, Koshkina NV, Stewart J, Jia SF, Worth LL, Duan X, et al. Increased Fas expression
reduces the metastatic potential of human osteosarcoma cells. Clin Cancer Res. 2004; 10(23):8114—
9. https://doi.org/10.1158/1078-0432.CCR-04-0353 PMID: 15585647

Worth LL, Lafleur EA, Jia SF, Kleinerman ES. Fas expression inversely correlates with metastatic
potential in osteosarcoma cells. Oncol Rep. 2002; 9(4):823-7. PMID: 12066216

Haase M, Fitze G. HSP90AB1: Helping the good and the bad. Gene. 2016; 575(2 Pt 1):171-86.
https://doi.org/10.1016/j.gene.2015.08.063 PMID: 26358502

McCleese JK, Bear MD, Fossey SL, Mihalek RM, Foley KP, Ying W, et al. The novel HSP90 inhibitor
STA-1474 exhibits biologic activity against osteosarcoma cell lines. Int J Cancer. 2009; 125(12):2792—
801. https://doi.org/10.1002/ijc.24660 PMID: 19544563

London CA, Acquaviva J, Smith DL, Sequeira M, Ogawa LS, Gardner HL, et al. Consecutive Day
HSP90 Inhibitor Administration Improves Efficacy in Murine Models of KIT-Driven Malignancies and
Canine Mast Cell Tumors. Clin Cancer Res. 2018; 24(24):6396—407. https://doi.org/10.1158/1078-
0432.CCR-18-0703 PMID: 30171047

London CA, Bear MD, McCleese J, Foley KP, Paalangara R, Inoue T, et al. Phase | evaluation of STA-
1474, a prodrug of the novel HSP90 inhibitor ganetespib, in dogs with spontaneous cancer. PLoS
One. 2011; 6(11):27018. https://doi.org/10.1371/journal.pone.0027018 PMID: 22073242

Simpson S, Dunning M, de Brot S, Alibhai A, Bailey C, Woodcock CL, et al. Molecular Characterisation
of Canine Osteosarcoma in High Risk Breeds. Cancers (Basel). 2020; 12(9). https://doi.org/10.3390/
cancers12092405 PMID: 32854182

Hajra KM, Fearon ER. Cadherin and catenin alterations in human cancer. Genes Chromosomes Can-
cer. 2002; 34(3):255-68. https://doi.org/10.1002/gcc. 10083 PMID: 12007186

Hill TP, Spater D, Taketo MM, Birchmeier W, Hartmann C. Canonical Wnt/beta-catenin signaling pre-
vents osteoblasts from differentiating into chondrocytes. Dev Cell. 2005; 8(5):727—-38. https://doi.org/
10.1016/j.devcel.2005.02.013 PMID: 15866163

Stein TJ, Holmes KE, Muthuswamy A, Thompson V, Huelsmeyer MK. Characterization of beta-cate-
nin expression in canine osteosarcoma. Vet Comp Oncol. 2011; 9(1):65-73. https://doi.org/10.1111/].
1476-5829.2010.00236.x PMID: 21303455

Haydon RC, Deyrup A, Ishikawa A, Heck R, Jiang W, Zhou L, et al. Cytoplasmic and/or nuclear accu-
mulation of the beta-catenin protein is a frequent event in human osteosarcoma. Int J Cancer. 2002;
102(4):338—42. https://doi.org/10.1002/ijc.10719 PMID: 12402302

Krishnamurthy N, Kurzrock R. Targeting the Wnt/beta-catenin pathway in cancer: Update on effectors
and inhibitors. Cancer Treat Rev. 2018; 62:50-60. https://doi.org/10.1016/j.ctrv.2017.11.002 PMID:
29169144

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 23/24


https://doi.org/10.18632/oncotarget.19395
http://www.ncbi.nlm.nih.gov/pubmed/29088784
https://doi.org/10.1007/s100480050054
https://doi.org/10.1007/s100480050054
http://www.ncbi.nlm.nih.gov/pubmed/9933303
https://doi.org/10.1038/onc.2015.125
http://www.ncbi.nlm.nih.gov/pubmed/25893302
https://doi.org/10.1038/cdd.2016.54
https://doi.org/10.1038/cdd.2016.54
http://www.ncbi.nlm.nih.gov/pubmed/27285107
https://doi.org/10.1158/1078-0432.CCR-17-0590
http://www.ncbi.nlm.nih.gov/pubmed/28620005
https://doi.org/10.1593/tlo.11280
http://www.ncbi.nlm.nih.gov/pubmed/22496928
https://doi.org/10.1002/ijc.30068
http://www.ncbi.nlm.nih.gov/pubmed/26934577
http://www.ncbi.nlm.nih.gov/pubmed/11358827
https://doi.org/10.1158/1078-0432.CCR-04-0353
http://www.ncbi.nlm.nih.gov/pubmed/15585647
http://www.ncbi.nlm.nih.gov/pubmed/12066216
https://doi.org/10.1016/j.gene.2015.08.063
http://www.ncbi.nlm.nih.gov/pubmed/26358502
https://doi.org/10.1002/ijc.24660
http://www.ncbi.nlm.nih.gov/pubmed/19544563
https://doi.org/10.1158/1078-0432.CCR-18-0703
https://doi.org/10.1158/1078-0432.CCR-18-0703
http://www.ncbi.nlm.nih.gov/pubmed/30171047
https://doi.org/10.1371/journal.pone.0027018
http://www.ncbi.nlm.nih.gov/pubmed/22073242
https://doi.org/10.3390/cancers12092405
https://doi.org/10.3390/cancers12092405
http://www.ncbi.nlm.nih.gov/pubmed/32854182
https://doi.org/10.1002/gcc.10083
http://www.ncbi.nlm.nih.gov/pubmed/12007186
https://doi.org/10.1016/j.devcel.2005.02.013
https://doi.org/10.1016/j.devcel.2005.02.013
http://www.ncbi.nlm.nih.gov/pubmed/15866163
https://doi.org/10.1111/j.1476-5829.2010.00236.x
https://doi.org/10.1111/j.1476-5829.2010.00236.x
http://www.ncbi.nlm.nih.gov/pubmed/21303455
https://doi.org/10.1002/ijc.10719
http://www.ncbi.nlm.nih.gov/pubmed/12402302
https://doi.org/10.1016/j.ctrv.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29169144
https://doi.org/10.1371/journal.pone.0246443

PLOS ONE

The genomic landscape of primary and metastatic canine appendicular osteosarcoma

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ramaswamy S, et al. Integrative genomic
analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature.
2005; 436(7047):117-22. https://doi.org/10.1038/nature03664 PMID: 16001072

Kim E, Zucconi BE, Wu M, Nocco SE, Meyers DJ, McGee JS, et al. MITF Expression Predicts Thera-
peutic Vulnerability to p300 Inhibition in Human Melanoma. Cancer Res. 2019; 79(10):2649-61.
https://doi.org/10.1158/0008-5472.CAN-18-2331 PMID: 30910803

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat-
ics. 2009; 25(14):1754-60. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Chen X, Schulz-Trieglaff O, Shaw R, Barnes B, Schlesinger F, Kallberg M, et al. Manta: rapid detection
of structural variants and indels for germline and cancer sequencing applications. Bioinformatics.
2016; 32(8):1220-2. https://doi.org/10.1093/bioinformatics/btv710 PMID: 26647377

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map for-
mat and SAMtools. Bioinformatics. 2009; 25(16):2078-9. https://doi.org/10.1093/bioinformatics/
btp352 PMID: 19505943

Reble E, Castellani CA, Melka MG, O’Reilly R, Singh SM. VarScan2 analysis of de novo variants in
monozygotic twins discordant for schizophrenia. Psychiatr Genet. 2017; 27(2):62-70. https://doi.org/
10.1097/YPG.0000000000000162 PMID: 28125460

Saunders CT, Wong WS, Swamy S, Becq J, Murray LJ, Cheetham RK. Strelka: accurate somatic
small-variant calling from sequenced tumor-normal sample pairs. Bioinformatics. 2012; 28(14):1811—
7. https://doi.org/10.1093/bioinformatics/bts271 PMID: 22581179

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis
Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.
2010; 20(9):1297-303. https://doi.org/10.1101/gr.107524.110 PMID: 20644199

Ye K, Schulz MH, Long Q, Apweiler R, Ning Z. Pindel: a pattern growth approach to detect break
points of large deletions and medium sized insertions from paired-end short reads. Bioinformatics.
2009; 25(21):2865-71. https://doi.org/10.1093/bioinformatics/btp394 PMID: 19561018

Bai B, Zhao WM, Tang BX, Wang YQ, Wang L, Zhang Z, et al. DoGSD: the dog and wolf genome SNP
database. Nucleic Acids Res. 2015; 43(Database issue):D777-83. https://doi.org/10.1093/nar/
gku1174 PMID: 25404132

Durinck S, Spellman PT, Birney E, Huber W. Mapping identifiers for the integration of genomic data-
sets with the R/Bioconductor package biomaRt. Nat Protoc. 2009; 4(8):1184—91. https://doi.org/10.
1038/nprot.2009.97 PMID: 19617889

Melsted P, Hateley S, Joseph IC, Pimentel H, Bray N, Pachter L. Fusion detection and quantification
by pseudoalignment. bioRxiv. 2017:166322.

Spies N, Zook JM, Salit M, Sidow A. svviz: a read viewer for validating structural variants. Bioinformat-
ics. 2015; 31(24):3994-6. https://doi.org/10.1093/bicinformatics/btv478 PMID: 26286809

Farmery JHR, Smith ML, Diseases NB-R, Lynch AG. Telomerecat: A ploidy-agnostic method for esti-
mating telomere length from whole genome sequencing data. Sci Rep. 2018; 8(1):1300. https://doi.
org/10.1038/s41598-017-14403-y PMID: 29358629

PLOS ONE | https://doi.org/10.1371/journal.pone.0246443 February 8, 2021 24/24


https://doi.org/10.1038/nature03664
http://www.ncbi.nlm.nih.gov/pubmed/16001072
https://doi.org/10.1158/0008-5472.CAN-18-2331
http://www.ncbi.nlm.nih.gov/pubmed/30910803
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btv710
http://www.ncbi.nlm.nih.gov/pubmed/26647377
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1097/YPG.0000000000000162
https://doi.org/10.1097/YPG.0000000000000162
http://www.ncbi.nlm.nih.gov/pubmed/28125460
https://doi.org/10.1093/bioinformatics/bts271
http://www.ncbi.nlm.nih.gov/pubmed/22581179
https://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
https://doi.org/10.1093/bioinformatics/btp394
http://www.ncbi.nlm.nih.gov/pubmed/19561018
https://doi.org/10.1093/nar/gku1174
https://doi.org/10.1093/nar/gku1174
http://www.ncbi.nlm.nih.gov/pubmed/25404132
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1038/nprot.2009.97
http://www.ncbi.nlm.nih.gov/pubmed/19617889
https://doi.org/10.1093/bioinformatics/btv478
http://www.ncbi.nlm.nih.gov/pubmed/26286809
https://doi.org/10.1038/s41598-017-14403-y
https://doi.org/10.1038/s41598-017-14403-y
http://www.ncbi.nlm.nih.gov/pubmed/29358629
https://doi.org/10.1371/journal.pone.0246443

