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Human colorectal cancer (CRC) is one of the better-understood systems for studying the genetics of cancer initiation and
progression. To develop a cross-species comparison strategy for identifying CRC causative gene or genomic alterations,
we performed array comparative genomic hybridization (aCGH) to investigate copy number abnormalities (CNAs), one
of the most prominent lesion types reported for human CRCs, in 10 spontaneously occurring canine CRCs. The results
revealed for the first time a strong degree of genetic homology between sporadic canine and human CRCs. First, we saw
that between 5% and 22% of the canine genome was amplified/deleted in these tumors, and that, reminiscent of human
CRCs, the total altered sequences directly correlated to the tumor’s progression stage, origin, and likely microsatellite
instability status. Second, when mapping the identified CNAs onto syntenic regions of the human genome, we noted that
the canine orthologs of genes participating in known human CRC pathways were recurrently disrupted, indicating that
these pathways might be altered in the canine CRCs as well. Last, we observed a significant overlapping of CNAs between
human and canine tumors, and tumors from the two species were clustered according to the tumor subtypes but not the
species. Significantly, compared with the shared CNAs, we found that species-specific (especially human-specific) CNAs
localize to evolutionarily unstable regions that harbor more segmental duplications and interspecies genomic rear-
rangement breakpoints. These findings indicate that CNAs recurrent between human and dog CRCs may have a higher
probability of being cancer-causative, compared with CNAs found in one species only.

[Supplemental material is available online at http://www.genome.org. The aCGH data have been submitted to the NCBI
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE19318.]

Cancer is a disease of the genome, and genomic instability is

a hallmark of cancer (Hanahan and Weinberg 2000). As cancer

progresses, more extensive genomic instability develops, and more

abnormal changes accumulate on the genome (e.g., copy number

abnormalities or CNAs, translocations, and inversions) (Albertson

et al. 2003). While some of these aberrations disrupt normal cel-

lular processes and indeed contribute to cancer development and

progression, others emerge simply as passenger alterations of

cancer genomic instability and play no role in disease etiology.

Clearly, finding genomic abnormalities is important, but identi-

fying those that are cancer-causative is even more meaningful.

A central aim of cancer research has been to identify causative

(or driver) alterations. This has become both increasingly challeng-

ing and urgent in recent years with the launch of high-throughput

cancer genome projects, such as the Cancer Genome Atlas (http://

cancergenome.nih.gov/), the International Cancer Genome Con-

sortium (http://www.icgc.org/), and others (e.g., Greenman et al.

2007; Jones et al. 2008). Researchers have been tackling this chal-

lenge by improving experimental conditions (e.g., high-resolution

microarray to refine the boundaries of amplicons to narrow down

the ‘‘driver’’ genes; see Haverty et al. 2008) and by developing more

sophisticated statistical models and functional analysis strategies

to systematically (Aebersold et al. 2009) identify significant ab-

normalities (e.g., Beroukhim et al. 2007; Greenman et al. 2007;

Jones et al. 2008).

We are developing a cross-species comparison strategy that

differs fundamentally from the current published approaches de-

scribed above (which study humans only). We hypothesize that

causative alteration candidates can be distinguished from conse-

quent candidates by examining orthologous genes or genomic loci

with tumors from multiple species having the same type of cancer.

Provided these species share similar molecular and genetic path-

ways of cancer development and progression, abnormalities that

are recurrent among different species will be deemed causative,

whereas those that are found in only one species and are located

in evolutionarily unstable sites will be considered consequent

(bystanders or passengers) (Fig. 1). In our study, evolutionarily

unstable sites are defined as regions enriched with interspecies

genomic rearrangement breakpoints (ISGRBPs) (Pevzner and Tesler

2003; Zhao et al. 2004) and segmental duplications (SDs) (Bailey

et al. 2002, 2004; Turner et al. 2007; Kidd et al. 2008).

Our hypothesis rests on the same rationale that cancer re-

searchers have been using for years: abnormalities recurrent among

different cases are more likely to be causative, compared with non-

recurrent events. The difference is we are searching for events that
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are recurrent not only among different cases within the same

species, but also among different species. Compared with single-

species approaches, this multispecies comparison strategy can

better distinguish causative events from passenger alterations of

cancer genomic instability, by taking account of the difference in

the genomic location of orthologous genes and loci caused by in-

terspecies genomic rearrangements that occurred during evolution

(Fig. 1). For instance, chromosome region 18q is often found to be

deleted in human colorectal cancer (CRC). Except for SMAD4,

which is clearly demonstrated to be a CRC driver gene (Kinzler

and Vogelstein 1996), the roles of many 18q genes in CRC de-

velopment and progression remain unclear, and it is possible that

some of these genes are deleted in human CRC simply because

they are near SMAD4. We have found that interspecies genomic

rearrangements have dispatched many such genes far away from

SMAD4 via translocations or inversions in the dog genome.

Studying dog CRCs could shed light on whether these genes are

drivers or passengers, provided we can first show that dog and

human CRCs share similar molecular and genetic pathways of

cancer development and progression.

To test this cross-species strategy, we have been conducting

a comparative study between sporadic human and canine CRCs.

Human CRC is one of the better-understood systems for studying

the genetics of cancer initiation and progression. The proposed

stepwise model of human colorectal carcinogenesis (Kinzler and

Vogelstein 1996; Rajagopalan et al. 2003) highlights the key role of

genomic instability, which occurs in the form of either chromo-

somal instability (CIN) (Lengauer et al. 1997) or microsatellite in-

stability (MSI) (Toft and Arends 1998). MSI, which is characterized

by a high level of single- or oligo-base mutations, due to defective

DNA mismatch repair (MMR) (Grady 2004), and recognized by

indel mutations in microsatellite loci (Boland et al. 1998), occurs in

;13% of human sporadic CRCs. CIN, characterized by CNAs of

relatively narrow genomic regions ranging from single loci to en-

tire chromosomes, occurs in 87% of human sporadic CRCs. Al-

though the role that CIN plays in causing cancer is unclear, the

occurrence of CNAs could result in inactivation of tumor sup-

pressors (e.g., APC, SMAD4, and TP53), as well as overactivation of

oncogenes, such as KRAS. This could, in turn, disrupt key signaling

pathways of Wnt, TGF-beta, p53, and others that play funda-

mental roles in CRC development and progression (Kinzler and

Vogelstein 1996; Gallahan and Callahan 1997; Rajagopalan et al.

2003; Grady 2004; Sancho et al. 2004; Kaiser et al. 2007).

Because of its importance in human CRCs, we investigated

genomic instability in 10 spontaneously occurring dog CRCs and

reported the results here. This study yielded, for the first time,

several pieces of evidence in support of dog CRCs possibly fol-

lowing similar molecular pathways of cancer development and

progression as human CRCs. First, via array comparative genome

hybridization (aCGH) analyses, we found that reminiscent of hu-

man CRCs, between 5% to 22% of the canine genome was either

amplified or deleted in these canine tumors, and that the total

amount of altered genomic sequences directly correlated to the

tumor’s progression stage, origin, and likely MSI status. Second,

mapping of the identified dog CNAs to the better-annotated hu-

man genome revealed that the canine orthologs of many genes

involved in known human CRC development and progression

pathways were disrupted, indicating that these pathways might

also be altered in these canine CRCs. Third, we observed a signifi-

cant overlapping of CNAs between human and canine tumors, and

tumors from the two species were clustered according to the tumor

subtypes, but not according to the species. Besides these genetic

similarities between the two species, our analyses revealed that the

CNAs found in only one species (especially the human) localize to

evolutionarily unstable genomic regions that harbor more SDs and

ISGRBPs compared with CNAs found in both species. This in-

dicates that shared CNAs might be more significant in CRC etiol-

ogy compared with species-specific (especially human-specific)

CNAs.

Results

CNA identification of dog colorectal tumors

We performed aCGH analyses on a total of 10 sporadic dog co-

lorectal tumors, which covered tumors at early (adenomas) and

late (adenocarcinomas) cancer progression stages (Fig. 2), as well as

tumors of epithelial origin (adenomas and adenocarcinomas) and

nonepithelial origin (a mast cell tumor; a leiomyosarcoma that

arose from muscle cells). As summarized in Table 1, we identified

between 2000 and 10,000 CNAs per canine tumor genome, with

sizes ranging from 17 kb to 1.7 Mb with an average of 40–60 kb

(varied with the tumors; see Fig. 3 for the identified CNAs for one

tumor). These CNAs have a total probe number of between 5 and

208, with log2-ratio means ranging from 0.15 to 2.36. To validate

our aCGH analyses, we performed quantitative polymerase chain

reaction (qPCR) analyses on a small fraction of CNAs identified,

including regions within a number of genes (e.g., GSK3B, APC,

SMAD3, SMAD2, SMAD4, TGFB2, TGFBR2, PTEN, and TP53), as

well as two deleted regions on chromosomes 5 and 9. Through

t-tests (see Methods), we confirmed deletions in APC, PTEN,

SMAD3, SMAD2, SMAD4, TP53, and the regions on chromosomes

5 and 9, as well as amplifications in TGFB2 and GSK3B (P-values

Figure 1. (A) Cross-species comparison for causative (or driver) aber-
ration identification. Once we demonstrate that the same types of cancer
from the human and the dog share similar molecular and genetic path-
ways of cancer development and progression, we will consider abnor-
malities recurrent between the two species as driver candidates (solid gray
area), and those found in only one species and falling in evolutionarily
unstable sites (EIN sites) as passenger candidates (small squared areas).
Those in the parallel-lined areas need further studies. (B) The advantage of
the human–dog comparison strategy over the human-only strategy for
cancer driver gene identification. The cross-species comparison strategy
can make use of the difference in the genomic location of orthologous
genes between the human and the dog, a result of evolutionary genomic
rearrangements that occurred since the two species diverged more than
75 million years ago. This shows that two genes, which are nearby in the
human genome but distant in the dog genome, are both disrupted in the
human cancer (boxed with broken lines). However, in the dog cancer,
only one gene is disrupted, which will be considered as driver, and the
other is intact (boxed with unbroken lines), which will be deemed as
passenger.
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ranged from 0.001 to <0.1), indicating the accuracy of our aCGH

analyses.

The amount of CNAs directly correlated with the tumor’s progression stage,
origin, and MSI status

As shown in Table 1, the total amount of CNAs identified varied

significantly among the 10 tumor genomes; as a result, the am-

plified/deleted regions ranged between 5% and 22% of the ge-

nome. Reminiscent of human CRCs, we found that this variation

correlated well with the progression stage, the origin, and likely

the MSI status of the tumors. First, tumors with fewer CNAs are at

early stages (;146–285 Mb for adenomas), whereas tumors with

a greater number of CNAs are at late stages (;350–550 Mb for

adenocarcinomas) (Table 1). Second, our study revealed that, for

tumors of similar stages, those with an epithelial origin harbor

more CNAs than those arising from smooth muscle cells (138 Mb)

and mast cells (197 Mb). Finally, our analyses indicate that the

presence of MSI is associated with fewer CNAs. As shown in Fig-

ure 4, one of the eight microsatellite loci was found altered in an

adenoma, which therefore should be classified as MSI-low. Even

though this adenoma is more advanced than the other two ade-

nomas (which are MSI-none) based on the histopathological

properties, it has the fewest CNAs (146 Mb vs. 285 and 253 Mb).

The correlation described above was more quantitatively

measured with a multiple linear regression model yi = b0 + b1xi1 +

b2xi2+ b3xi3 + ei, where ei is the random error, and yi, xi1, xi2, and xi3

represent the total CNA amount, stage, cellular origin, and MSI

status of the ith tumor (i = 1, 2, 3. . ., 10), respectively, with their

values indicated in Supplemental Table s1. We found that the

tumor T3 (Table 1) is an outlier in this analysis; if excluding T3,

the observed data in Supplemental Table s1 were predicted by

ŷ =� 226:5 + 271x1 + 372:5x2 + 123x3, with a coefficient of deter-

mination R2 = 0.99 (the adjusted R2 = 0.98) and P < 0.0001. The

analysis also confirmed that the amount of CNAs was indeed sig-

nificantly related to the tumor stage (P < 0.0001), the cellular origin

(P < 0.0001), and the MSI status (P = 0.0001). We understand that

we had a small sample size here (only nine tumors). According to

Knofczynski (2008), the sample size requirement of multiple

linear regressions varies with R2 and, for R2 > 0.9, a good predica-

tion with three variables requires at least nine samples. Hence, our

analysis satisfied this minimal sample size requirement.

Tumor clustering

We also performed clustering analyses using pairwise overlapping

CNAs. Both the minimum spanning tree (MST) (Kruskal 1956;

Prim 1957; Cormen et al. 2001) and top-down clustering strategies

(Liu et al. 2006) (see Methods), as well as hierarchical clustering

(Hastie et al. 2009), yielded the same structures as shown in Figure

5. Reminiscent of human CRCs, the dog tumors of similar subtypes

were clustered together. For instance, the late-stage tumors were

grouped together, splitting from early-stage tumors in the tree. In

addition, tumors with nonepithelial origins or those that are likely

to be MSI-low are separate from those that arose from colon epi-

thelial cells and were MSI-none. We found that grouping of sub-

types in the cluster was mostly caused by the differences in the

total CNA size among the subtypes (Supplemental Fig. s1), con-

sistent with the multiple linear regression results described above.

However, within the same subtype of adenocarcinomas, tumors

Figure 2. Cryosectioning and H&E staining of dog colon tumor and
normal tissue samples. The images represent a normal colon tissue (top),
an adenoma (middle), and an adenocarcinoma (bottom).

Table 1. CNAs identified in 10 dog colorectal tumors

Dog tumorsa
Total

CNA no.
Average

probe no.
Average
log2 ratio

Average CNA
size (kb)

Total CNA size on
dog genome (Mb)

Total CNA size on
human genome (Mb)

Total no.
of genes

T1, large adenoma, MSI-low 2391 11 0.188 61 146 151 2136
T4, adenoma 5708 9 0.201 50 285 315 3783
T6, adenoma 5880 8 0.205 43 253 277 3555
T3, adenocarcinoma 7022 9 0.211 50 349 382 4305
T8, adenocarcinoma 9998 10 0.234 54 545 599 6577
T9, adenocarcinoma 9389 11 0.236 58 550 601 6739
T10, adenocarcinoma 9588 10 0.238 54 514 559 6347
T11, adenocarcinoma 9107 11 0.228 60 551 609 5715
T5, metastasic mast cell tumor 4974 8 0.193 40 197 218 3066
T7, Leiomyosarcoma 3486 8 0.191 39 138 152 2198

Chromosomes X, Y, M, and UN were not included.
aAdenomas (T1, T4, and T6) are early-stage tumors, with T1 being more advanced than T4 and T6 and exhibiting a weak MSI phenotype. Adenocar-
cinomas (T3 and T8–T11) are late-stage tumors. Both adenomas and adenocarcinomas originated from colon epithelial cells. A metastatic mast cell tumor
(T5) is a late-stage tumor originated from mast cells, and leiomyosarcoma (T7) is a late-stage tumor originated from smooth muscle cells.

Copy number abnormalities in dog colon tumors
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clustered based on not only the total CNA size, but also the CNA

pattern (Supplemental Fig. s1).

Genes and pathways disrupted in the dog colorectal tumors

Mapping of dog CNAs onto the human genome

The human genome is better annotated than the dog genome.

Consequently, to more accurately determine which genes are af-

fected by the CNAs identified above, we mapped the dog CNAs

onto the orthologous sites of the human genome. This was done

by converting the dog genomic sequence coordinate of each CNA

to the corresponding human coordinate, using a high-resolution

human–dog genomic synteny map anchored by bacterial artificial

chromosome (BAC) clones that we previously built (Zhao et al.

2004; Ji and Zhao 2008). Depending on the tumors, between

97.3% and 98.2% of the CNAs were successfully placed onto

the human genome (Table 1; for one example, see Fig. 3). The

remaining unmapped CNAs were either

found to fall in the rearrangement break-

point regions (74%–88%) or were within

or near the telomeric regions where the

dog–human synteny is not yet resolved

(12%–26%; see Supplemental Table s2 for

more information). This precluded their

accurate localization on the human ge-

nome. Importantly, the unmapped CNAs

do not encode genes, and thus they will

not affect the analysis results described

below.

Known human CRC pathways were likely
to be disrupted recurrently in dog tumors

Using the mapping information de-

scribed above, we found about 2000-

4000 genes for early-stage/nonepithelial/

probable MSI-low tumors and 5000–7500

genes for the late stage epithelial tumors

(or adenocarcinomas) (Table 1). For 73%–

86% of these genes, we were able to an-

notate their functions and classify them

using the Gene Ontology (GO) system

at the biological process level. This anal-

ysis assigned signal transduction, tran-

scription, cell differentiation, cell death

or proliferation, and/or other biological

functions to these genes (see Supple-

mental Fig s2).

Importantly, we asked if any of these

genes participate in pathways known to

be involved in human CRC development

and progression (Kinzler and Vogelstein

1996; Gallahan and Callahan 1997;

Rajagopalan et al. 2003; Grady 2004;

Sancho et al. 2004; Kaiser et al. 2007).

These included well-characterized signal-

ing pathways of Wnt, TGF-beta, TP53, and

MAPK, as well as pathways controlling

cell growth and apoptosis, and cell cycle

(see http://www.genome.jp/kegg/pathway/

hsa/hsa05210.html). Among the 647 total

genes included in these pathways, we

found that significantly more genes were disrupted in the dog tu-

mors than predicted by the random model (P = 0.0004), which

assumed that overlaps between disrupted genes and the pathway

members were totally random (Table 2A). Table 2B lists those genes

that were recurrently disrupted among the dog tumors, identified

following a strategy described by Beroukhim et al. (2007) (see

Methods). These results indicate that the human CRC pathways

were also likely to be disrupted in dog CRCs, demonstrating the

genetic and molecular similarities of CRCs between these two

species.

Comparing dog CNAs to human CNAs

Human and dog tumors of similar subtypes were clustered together

Using Roche NimbleGen’s 2.1-million human oligo arrays, we

performed aCGH analyses on a human adenocarcinoma (a Dukes

B tumor) that is MSI-none, as well as another adenocarcinoma

Figure 3. (A) CNAs identified in the genome of a dog adenocarcinoma (T11). The identified CNAs
(3396 gains and 5711 losses) amount to 551 Mb (22% of the dog genome) (Table 1). Each line rep-
resents a dog chromosome with its chromosome number indicated on the right. Vertical lines shown
above/below the chromosomes represent gains/losses, respectively, with their length calculated based
on

ffiffi

l
p

m, where l and m are the total probe number and the mean log2 ratio of the CNA. Except for CNAs
that are larger than 1 Mb in size, the width of the vertical lines is not drawn to scale with the chro-
mosome length. (B) Mapping dog CNAs onto the human genome. A total of 9107 CNAs and 541.6 Mb
(98.2% of the total) of the same dog tumor shown above were mapped onto the human genome,
amounting to 609 Mb on the human genome.
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(also a Dukes B tumor) that is MSI-high (at least two MSI loci

disrupted). Consistent with the literature reports, we found sig-

nificantly more CNAs in the MSI-none tumor than the MSI-high

tumor (312 vs. 20.5 Mb). In addition, for the MSI-none tumor,

we identified amplifications in the 5p, 8q, 13q, and 20q regions,

as well as deletions in the 8p, 11q, 14q, 15q, 17p, 18q, and 21q

regions. Those are consistent with previous aCGH studies (e.g.,

Douglas et al. 2004; Nakao et al. 2004; Camps et al. 2006). Like the

dog analyses described before, these results also demonstrate the

accuracy of our aCGH analyses.

Importantly, we found that ;12%–33% of CNAs of the hu-

man MSI-none tumor colocalized with the dog CNAs on the hu-

man genome, which are significantly higher than those predicted

(3%–8%) by assuming that the human tumors and the dog tumors

are completely unrelated and their CNA overlap is totally random

(P < 10�4; see Supplemental Table s3). This close relationship was

also demonstrated by the clustering analyses. As shown in Figure

5B, the human MSI-none adenocarcinoma was near the canine

MSI-none adenocarcinomas, whereas the human MSI-high tumor

was near the canine MSI-low tumor (although this grouping was

mostly caused by the difference in the total CNA size, similar to the

dog tumors described previously). Thus, the tumors were clustered

according to the tumor subtype, but not according to the species

(Fig. 5B). These results provide another piece of evidence demon-

strating the molecular and genetic similarity between human and

canine CRCs.

Human-specific CNAs locate in evolutionarily more unstable regions
compared with the shared CNAs

To better differentiate the CNAs shared between the two species

from species-specific CNAs, we investigated the evolutionary ge-

nomic instability of these regions by determining the amount of

ISGRBPs (mouse, rat, and dog genomic rearrangement breakpoints

on the human genome) and SDs in them. We found that the

shared CNAs contain two to three times fewer ISGRBPs and up to

three times fewer SDs compared with the human-specific CNVs

(Supplemental Table s4). To ensure that this enrichment was not

caused by mapping failures, we mapped the human CNAs onto the

dog genome using the same synteny file described previously. We

found that human-specific CNAs were mapped with the same ef-

ficiency as the total CNAs (Supplemental Table s5), indicating that

the enrichment was unlikely an artifact caused by mapping issues.

To further expand this analysis by including more human

tumors, we searched literature and databases for findings reported

by other groups. We found that such studies were mostly per-

formed with BAC arrays (e.g., Camps et al. 2008), but not with

high-density oligo arrays such as we applied here. We thus focused

on the BAC data and extracted the CNA information from 53

human CRC tissue samples reported in the NCBI’s SKY/M-FISH

and CGH database (Knutsen et al. 2005), selecting those CNAs that

were recurrent among $11 tumors ($20% of the total sample size).

Unfortunately, the human CNAs were reported in chromosomal

cytogenetic bands only. Consequently, we converted the corre-

sponding human sequence coordinates of the dog CNAs that had

been successfully mapped onto the human genome (see above)

into the smallest possible cytogenetic bands. Then, we identified

those cytogenetic bands where $20% of their genomic sequences

were amplified or deleted in at least two dog tumors ($20% of the

total sample size) to compare with the selected human CNAs.

As summarized in Table 3, we found that ;64% of the human

CNAs and 56% of the dog CNAs colocalize in the genome. These

included well-known aberration sites in human CRCs, such as

those in 7p, 7q, 17p, 17q, and 18q. In addition, we found that the

Figure 4. MSI assay of the dog tumors. A total of eight dog micro-
satellite loci were analyzed as described in the text, with the top five being
homologs of frequently used human MSI markers (Boland et al. 1998) and
the bottom three being dinucleotide markers used by McNiel et al. (2007)
to determine MSI status in canine mammary gland neoplasia. The extra
band that the tumor displayed for the locus CPA5 was indicated by an
arrow. T, tumor; N, its matching normal.

Figure 5. (A) Clustering of the dog tumors. The tree was constructed
by MST or top-down clustering as described in the text (both strategies
yielded the same tree), with the sample information for each tumor shown
on the right. The number for each branch represents the distance d(X,Y)
between the two clusters X and Y involved, calculated by dðX;YÞ =
+Ti2X;Tj2Ydij= Xj j Yj j;where dij is the distance between a tumor Ti of cluster
X and a tumor Tj of cluster Y calculated as described in the text, and Xj j and
Yj j are the total number of tumors inside clusters X and Y, respectively. (B)
Clustering of tumors from both humans and dogs. The tree was con-
structed as described above, using the overlapping information of CNAs
either identified on (for the human tumors T2551 and T3912) or mapped
onto (for the dog tumors, see Fig. 3) the human genome. MSI-L: MSI-low;
MSI-H: MSI-high.
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ISGRBP density was 3.66 3 10�7 per base for the shared CNAs,

5.16 3 10�7 per base for the human-specific CNVs, and 4.58 3

10�7 per base for the dog-specific CNVs. Similarly, the shared CNVs

were found to harbor fewer SDs (2%) compared with those that

are human-specific (5.4%) or dog-specific (2.9%). Thus, consistent

with the results of the oligo arrays described above, species-specific

CNAs locate in evolutionarily more unstable regions compared

with shared CNAs.

Discussion
Animal cancer models (rodents, zebrafishes, dogs, cats, and others)

have been used extensively in human cancer research (e.g., Moser

et al. 1993; Vail and MacEwen 2000; Rosol et al. 2003; Hansen and

Khanna 2004; Hinoi et al. 2007; Maser et al. 2007). Sporadic canine

cancers should make excellent models for studying the corre-

sponding human cancers for a number of reasons. First, they are

naturally occurring and heterogeneous, unlike most genetically

modified or xenograft rodent cancer models. Second, there are

numerous anatomic and clinical similarities between humans and

dogs with the same type of cancer (Vail and MacEwen 2000;

Michell 2004; Argyle 2005, 2009; Khanna et al. 2006; Paoloni

and Khanna 2007, 2008; LeRoy and Northrup 2009). Third, the

dog genome has been sequenced, and an

accurate version of the dog genomic se-

quence assemblies is available (Lindblad-

Toh et al. 2005), facilitating many experi-

mental and bioinformatics analyses. For

these reasons, we have focused on using

sporadic dog CRCs to develop a novel

cross-species comparative genomics and

oncology strategy to identify causative

CRC alteration candidates (Fig. 1).

Consistent with the reported ana-

tomic and clinical similarities, our initial

characterization of genomic instability in

10 spontaneously occurring dog tumors

revealed for the first time the genetic and

molecular similarities between sporadic

human and dog CRCs. All 10 canine tumors investigated exhibited

CIN, with the extent of CIN correlating with the tumor’s pro-

gression stage, origin, and likely MSI status reminiscent of human

CRCs. However, the MSI phenotype was found in only one canine

tumor. This is consistent with human sporadic CRCs, where the

majority (87%) display CIN and the minority (13%) display MSI. In

addition, our analyses indicate the corresponding human CRC

pathways may also be altered in the dog cancers and that tumors

from the two species were clustered according to the tumor sub-

types, but not according to the species. These observations indicate

that human and dog CRCs might share similar molecular and ge-

netic pathways of cancer development and progression. This

possibility is further supported by ongoing analyses that focus on

investigating the expression alteration of bona fide CRC genes,

such as APC, SMAD4, and TP53 in the dog tumors (their expression

indeed altered by quantitative reverse transcription PCR analyses,

P-values ranged from 0.001 to <0.1). Of course, more studies are

needed. For instance, for the dog MSI study, the eight dog micro-

satellite loci (Fig. 4), of which five are homologs of standard human

MSI markers (Boland et al. 1998) and three are dinucleotide

markers used to characterize MSI in canine mammary gland neo-

plasia (McNiel et al. 2007), have not been extensively tested. Im-

portantly, we do not know whether disruption of the dog locus

shown in Figure 4, which belongs to one of three dinucleotide

markers, is due to defective MMR or not. Hence, it would be re-

vealing to examine the MMR system in the probable MSI+ dog

tumor. It would also be informative to conduct expression micro-

array analyses to identify additional genes and pathways that are

altered in dog CRCs, similar to those performed with mouse tu-

mors by Kaiser et al. (2007). Of course, more dog tumors merit

investigation.

We discovered that the species-specific CNAs localize to ge-

nomic regions that are evolutionarily more unstable (having more

ISGRBPs and SDs) compared with the CNAs shared between the

two species. For instance, although the human genomic region

8p23.1 (6.2–12.7 Mb) was found to be frequently disrupted in

human CRCs (e.g., Camps et al. 2008), we did not find any changes

in the corresponding region in the 10 dog tumors investigated

(Table 3). Various studies have reported that 8p23.1 belongs to an

evolutionarily hypervariable region, enriched with SDs and in-

versions that are specific to apes. For example, we recently iden-

tified nine complete/truncated copies of a 300-kb LTR-retro-

transposon-like element clustered in this region; these copies have

likely facilitated inversions observed among different primate spe-

cies (Ji and Zhao 2008) and even among different normal human

individuals (Deng et al. 2008). Interestingly, a recent sequencing

Table 2A. Observed and predicted numbers of disrupted genes
that participate in known human CRC pathways

Tumora Observed no. Predicted no.b

T1 82 68
T4 144 121
T6 124 114
T3 146 138
T8 226 211
T9 265 216
T10 242 204
T11 228 183
T5 116 98
T7 86 70
T2551 157 146
T3912 30 27

The one-tail t-test indicates that observed gene numbers are significantly
more than predicted values (P = 0.0004).
aT1–T11 are dog tumors (see Table 1 for more detailed description),
whereas T2551 is a human MSI-none adenocarcinoma, and T3912 is
a human MSI-high adenocarcinoma.
bThe predicted gene numbers were calculated by assuming that overlap
between disrupted genes of each tumor and the human CRC pathway
gene members (647 total) is completely random.

Table 2B. Recurrently disrupted dog homologs of genes participating in known human CRC
pathways

Pathways Genesa

Apoptosis BCL2, FADD, PIK3R3
Cell cycle ABL1, ANAPC10, MAD1L1, MCM5, PRKDC
MAPK signaling CACNA1C, CACNA1D, CACNA1I, CACNA2D3, CACNA2D4, CACNB2, FGF10,

FGF12, FGF14, MAP2K5, MAP3K7IP1, MAP3K7IP2, MECOM, NTRK2, PDGFRA,
PPM1B, RAPGEF2, RASGRF1, RPS6KA2, RPS6KA5, STK3, TAOK1, ZAK

P53 signaling APAF1, CCND1, MDM4, PPM1D, PTEN, TP73
TGF-beta signaling ACVR1, ACVR2A, BMP6, BMPR1B, GDF6, LTBP1
Wnt signaling CTBP2, DKK2, MAPK10, NKD1, NLK, PLCB1, PLCB2, PLCB4, PPP2R5E

aShown here are significantly disrupted genes with the desired FDR setting to 0.2 (the cutoff P-value was
0.013), following a strategy for recurrent event identification described by Beroukhim et al. (2007) (see
Supplemental materials).
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effort reported that, in the genome of the breast cancer cell line

MCF7, dispersed rearrangement breakpoint regions are significantly

enriched with SDs (5.23), whereas clustered breakpoint regions are

not (Hampton et al. 2009). It would be interesting to know if clus-

tered breakpoint regions harbor more cancer-driver alterations than

dispersed rearrangement breakpoint regions.

Our finding raises the possibility that the human-specific CNAs

may be a consequence of cancer development and progression,

rather than a cause. This is because these genomic regions are in-

trinsically more unstable and are thus more prone to changes when

the genome becomes increasingly more unstable as cancer prog-

resses, compared with other genomic sites. Thus, these human-

specific CNAs may be less significant than the shared CNAs in CRC

etiology, especially if both species are clearly shown to follow similar

molecular and genetic pathways of cancer development and pro-

gression. Certainly more dog CRCs should be investigated if we are

to more accurately define the shared- and species-specific CNA sets.

Although much more work still needs to be done, this study dem-

onstrated the promise of using sporadic dog CRCs to identify bona

fide CRC gene and other genomic abnormality candidates. However,

to effectively achieve this goal, we must emphasize that significantly

more dog and human tumors should be compared and the identified

driver alteration candidates should be verified with further experi-

mental studies such as those described by Yang et al. (2008).

Methods

Canine colorectal tissue samples
Frozen samples of canine colorectal tumors and normal colon tis-
sues were obtained from the Veterinary Teaching Hospital of the
University of Georgia College of Veterinary Medicine, the William
R. Pritchard Veterinary Medical Teaching Hospital of the University
of California-Davis School of Veterinary Medicine, as well as the
Animal Cancer Tissue Repository at the Colorado State Universality.
Tissue samples were obtained during surgery. After washing in
phosphate-buffered saline, they were snap-frozen in liquid nitrogen
for 10 min and then stored at �80°C until further analyses.

Tissue sample cryomicrodissection and DNA extraction

With a cryostat, we first cut a tissue sample into two or three pieces,
depending upon its size; then from the fresh-cut side of the largest
piece, we sectioned typically three 10-mm slices, which were stained
with hematoxylin and eosin Y (Fig. 2). Based on the staining results,
we used a surgical knife to dissect the sections from the tissues that
are enriched with tumor cells to minimize normal cell contamina-
tion or normal colon epithelial cells to minimize other types of cells,
such as cells of muscle, fat, and connective tissues. Finally, genomic
DNA was extracted from the dissected tissues using a Qiagen Tissue
DNeasy purification kit.

Table 3. Comparison of CNAs between human and dog CRCs

Shared CNAs Human unique CNAs Dog unique CNAs

1q31.2-32.3, 1q42.12, 1q42.2-42.3 1q24.1-31.1, 1q41-42.11, 1q42.13, 1q43-44 1p36.32-36.12, 1p35.2-32.1, 1p31.1,
1p21.2-13.3, 1p13.1-12, 1q21.2-23.1

2q24.1-32.3, 2q34-35 3q25.33-26.1, 3q26.33, 3q27.2-27.3 2p25.2-16.1, 2p14-13.2, 2p12, 2q12.3,
2q14.1-14.3, 2q21.3-23.3, 2q33.2,
2q36.1-37.3

3q24-25.32, 3q26.2-26.32, 3q27.1 4p16.3, 4p15.32-15.31, 4p15.1-14,
4q13.2-21.1, 4q21.3, 4q31.21

3p26.3, 3p26.1-24.2, 3p23-21.33,
3p21.2-21.1, 3p14.2, 3p12.3-12.2,
3q12.1-13.12, 3q13.2-21.1, 3q21.3-23,
3q28-29

4p16.2-15.33, 4p15.2, 4p13-12, 4q12-13.1,
4q21.2, 4q22.1-31.1, 4q31.22-35.1

5p15.2, 5p14.1, 5p13.1-12, 5q23.1-23.2 5q12.1-12.2, 5q13.3-14.2, 5q15-21.2,
5q22.2, 5q31.1-33.1, 5q34-35.2

5p15.3, 5p15.1-14.2, 5p13.3-13.2, 5q23.3 6p21.33, 6p21.2, 6p12.2, 6p11.2-11.1,
6q11.1, 6q14.2-14.3, 6q21-22.1, 6q22.32,
6q23.2, 6q25.1, 6q26

9p13.2, 9q21.12, 9q21.31-21.32, 9q22.31,
9q31.1-31.2, 9q32-34.3

6p25.3-22.1, 6p21.32-21.31, 6p21.1-12.3,
6p12.1, 6q11.2-14.1, 6q15-16.3,
6q22.2-22.31, 6q22.33-23.1, 6q23.3-24.3,
6q25.2-25.3, 6q27

7p22.3-22.2, 7p21.3, 7p15.3, 7p14.3,
7p14.1-12.3, 7p12.1-11.1, 7q11.1-21.12,
7q21.2, 7q31.32, 7q32.1-32.2, 7q33-35,
7q36.2

10p15.2-14, 10p12.33-12.32, 10q21.3-23.2,
10q23.32, 10q24.1-24.31, 10q24.33-25.1,
10q25.3-26.2

7p22.1, 7p21.2-21.1, 7p15.2-15.1, 7p14.2,
7p12.2, 7q21.13, 7q21.3-31.31, 7q31.33,
7q32.3, 7q36.1, 7q36.3

8p23.2-23.1, 8p21.1, 8q11.1-11.21, 8q11.23,
8q12.2, 8q13.1, 8q21.11, 8q22.3, 8q24.12,
8q24.21

11q12.1-14.1, 11q24.1-24.2

8p23.3, 8p22-21.2, 8p12-11.21, 8q11.22,
8q12.1, 8q12.3, 8q13.2-13.3, 8q21.12-22.2,
8q23.1-24.11, 8q24.13, 8q24.22-24.3

9p24, 9p22.2 12q12, 12q13.12-13.13, 12q13.3-14.2,
12q23.3-24.31

9p23-22.3, 9p22.1-21.1 11p14.1, 11p12-11.2, 11q21, 11q22.3-23.1 14q11.2, 14q23.3
11p15.5-14.2, 11p13, 11q22.1-22.2,

11q23.2-23.3
12p13.33, 12q14.3, 12q21.2 15q13.3, 15q15, 15q21.3-22.1, 15q22.31,

15q22.33-24.2, 15q25.1, 15q25.3-26.1
12p13.32-11.21, 12q15-21.1, 12q21.3

13q12.2, 13q13, 13q14.2-14.3,
13q21.2-22.2, 13q31.1-33.2

13q11-12.13, 13q12.3, 13q14.11-14.13,
13q21.1, 13q22.3, 13q33.3-34

16p13.3-16p13.2, 16p12.2-12.1, 16q12.1,
16q13-23.2, 16q24

14q12-22.3, 14q23.2, 14q24.1,
14q24.3-32.33

14q23.1, 14q24.2 20q13.33

17p13, 17q11.2-21.2, 17q21.33-22, 17q23.2 17p12-11.2, 17q21.31-21.32, 17q23.1,
17q23.3-25.3

21q21.1-22.12, 21q22.3

18p11.31-11.22, 18q12.3-21.2, 18q22.2,
18q23

18p11.32, 18p11.21-11.1, 18q11.1-12.2,
18q21.31-22.1, 18q22.3

22q11.21, 22q11.23-13.31, 22q13.33

19p13.3-13.13, 19p13.11, 19q13.12-13.2,
19q13.32

19p13.12, 19p12-11, 19q11-13.11,
19q13.31, 19q13.33-13.42

20p12.1, 20q11.22-13.32 20p11.21-11.1
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MSI assay

MSI analysis was performed with five dog microsatellite markers
that share high sequence homology with corresponding human
microsatellite markers used to test MSI in human CRCs (Boland
et al. 1998): mononucleotides dBAT25 and dBAT26, and di-
nucleotides dD8S87, dD17S787, and dD20S100. Further, we in-
cluded three additional dinucleotide markers (CPH14, CPH5, and
AHTK209), based on a previous study of canine mammary gland
neoplasia (McNiel et al. 2007). The primers used to amplify these
markers were listed in Supplemental Table s6.

PCR reactions were carried out in a 10-mL reaction volume
containing 25 ng of genomic DNA, 25 mM primers, and 5 mL of 23

iQ supermix (Bio-Rad). The reactions were performed under the
following conditions: 95°C for 5 min, 30 cycles of 94°C for 30
sec, 55°C for 30 sec, and 72°C for 30 sec, and a final extension at
72°C for 10 min. The PCR products were resolved on a 10% poly-
acrylamide denaturing gel containing 5.7 M urea and visualized by
silver staining using a Silver Staining Plus kit from Bio-Rad.

Human DNA samples purified from paired normal/tumor
tissues and associated pathology information were provided by
Dr. Timothy J. Yeatman from the H. Lee Moffitt Cancer Center and
Research Institute in Florida. The MSI assay was performed with
standard microsatellite loci described by Boland et al. (1998) fol-
lowing the procedure described above.

Dog array comparative genomic hybridization (aCGH)

The aCGH hybridization, as well as data collection and initial
analysis, were conducted at Dr. Michael E. Zwick’s laboratory at
Emory University, following the standard protocol contained
within the CGH ‘‘NimbleChip Arrays User’s Guide.’’ A detailed
description of the protocol is provided in the Supplemental ma-
terials. Test and reference samples were hybridized to standard
385 K canine CGH arrays manufactured by Roche NimbleGen Sys-
tems, Inc. Each array was fabricated from a single chip design con-
taining ;385,000 probes of ;50-bp-long oligos selected from unique
sequences in the canFam2 genome. This design provides an average
resolution of one probe every 5–6 kb across the canine genome.

Human aCGH experiments were performed as described
above, except that the Roche NimbleGen’s human high density
arrays were used. Each of these arrays contained ;2.1 million oligo
probes, providing a resolution of one probe every 1 kb across the
human genome, on average.

CNAs were identified by analyzing the log2 ratios using
a software program called SEG, which we recently developed in
order to more effectively decipher high density oligo aCGH data
for CNA finding. SEG consists of two major steps: Change-point
identification at the chromosomal level and CNA identification at
the whole genome level. For change-point finding, SEG first re-
quires a user-input of the minimal probe numbers that a CNA
should have (which we set to 5 for oligo aCGH data because we
relied on signals from at least five continuous probes, but not in-
dividual probes to reduce false-positives). With this input, SEG
determines the maximum change points for a chromosome and
assigns these initial changes points. Then, SEG shifts these tem-
porarily assigned change points to their correct position by re-
cursively minimizing variations within each segment and re-
moving insignificant change points by merging neighboring
segments where the log2-ratio means are not significantly different
(we set the significance level to 0.01). Once change points are
identified for all chromosomes, SEG uses a false discovery rate
(FDR)-controlled procedure (Benjamini and Hochberg 1995) to
determine which segments are amplified or deleted at the whole
genome level. For this study, we set the desired FDR to 0.05, the
cutoff total probe number to 5, and the cutoff log2-ratio mean to

0.25 for CNA identification. The SEG program can be obtained
from http://www.bmb.uga.edu/szhao.

Multiple linear regression analysis was performed using the
statistic software JMP8 (http://www.jmp.com; SAS Institute). To
perform the analysis, we assigned a value of either 0 or 1 to the
tumor stage (0 for adenomas and 1 for adenocarcinomas), the
cellular origin (0 for nonepithelial origin and 1 for epithelial ori-
gin), and the MSI status (0 for MSI+ and 1 for MSI�) of each tumor
(see Supplemental Table s1).

qPCR analysis

qPCR reactions were performed in triplicate with each well con-
taining 10 mL of iQ SYBER Green Supermix from Bio-Rad, 500 nM
primers each, and 10 ng of genomic DNA in a total reaction vol-
ume of 20 mL, with an iCycler iQ Real-Time PCR machine. The
amplification condition was: 95°C for 10 sec, 65°C for 45 sec, and
78°C for 20 sec, for a total of 40 cycles. The Ct value (the threshold
cycles: the number of cycles at which the earliest measurable
fluorescence signal can be detected in the qPCR assay; a higher
Ct value means fewer templates) was collected for each reaction.
Then, a t-test was conducted to determine if the Ct (normalized
based on the total genomic DNA) difference between the tumors
and normal samples was significant or not for each gene at a cho-
sen significance level.

Tumor clustering

Tumors were clustered using the CNAs identified above as follows.
For any two tumors Ti and Tj of the 10 tumors studied, Ci and Cj

represented the total genomic size of CNAs in Ti an Tj, respectively,
andCij represented the genomic size of the shared CNAs between Ti

and Tj. We defined the similarity between Ti and Tj by

sij =
Cij

Ci + Cj � Cij

and the distance between Ti and Tj by

dij = 1�
Cij

Ci + Cj � Cij
:

Minimum spanning tree (MST) tumor clustering

We constructed a weighted complete graph G of 10 vertices with
each vertex representing a tumor and the distance connecting
tumors Ti and Tj being dij calculated above. Then, we applied the
Kruskal’s algorithm (or the Prim’s algorithm) to find the MST of
G (Kruskal 1956; Prim 1957; Cormen et al. 2001). Last, we con-
structed the final tree T from the MST by first setting the root of
T to represent the cluster harboring all the tumors. Then, starting
from this cluster, we recursively divided each cluster into two
subclusters using the longest distance between the two tumors
within the MST of each cluster until each terminal cluster con-
tained only one tumor.

Top-down clustering

We also clustered the tumors using the top-down clustering algo-
rithm (Steinbach et al. 2000) developed by Liu et al. (2006). First,
we performed bisection clustering by initially choosing the two
tumors with the lowest similarity as the seeds of two initial clus-
ters and next assigning the remaining tumors to one of these
clusters whose seed has a higher similarity to the tumor. Then, we
refined these two clusters by recursively moving each tumor from
one cluster to another and also exchanging tumors between the
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clusters. Each movement was evaluated by the two criteria named
internal compactness (IC) and internal separation (IS) as defined by

IC = +
2

r = 1

+i < j;Ti ;Tj2Cr
sij

br
and

IS =
+Ti2C1 ;Tj2C2

sij

b1b2
;

where C1, C2 represents the two clusters that, respectively, harbor
a total number of b1, b2 tumors. Since both measures were com-
puted with the pairwise similarity among the tumors, higher
values of IC and lower values of IS would represent better clustering
quality. Consequently, in our current implementation, if IC/IS was
larger after the movement, we would keep the new clusters; oth-
erwise, we would discard the movement and keep the original
clusters. Similar to how the two initial clusters were established,
we recursively applied these bisection clustering and cluster re-
finement processes to each cluster found in the previous round,
until there was only one tumor left in each of the terminal clusters.

Data sources and data integration

The dog aCGH data analyses are based on the canFam version 2.0
and the human genome NCBI build 36.1. Canine CNAs were
mapped to the human genome using the BAC clone-based human–
dog synteny map that we previously constructed (Zhao et al. 2004;
Ji and Zhao 2008). The genes inside the mapped dog CNAs were
identified using the KnownGene database downloaded from the
University of California Santa Cruz (UCSC) genome site (http://
www.genome.ucsc.edu). Through database cross-linking, functions
of the identified genes were annotated based on the GOA database,
version 1.109 (http://www.ebi.ac.uk/GOA/). The subsequent GO
slim and classification analysis at the biological process level
was achieved by Blast2Go, version 2.35 (http://www.blast2go.de/).
Information on known human CRC-related pathways was ob-
tained from KEGG (Kyoto Encyclopedia of Genes and Genomes)
release 50.0 (http://www.genome.jp/kegg). Genes recurrently dis-
rupted in dog tumors (Table 2B) were identified by collectively
considering the magnitude of a CNA (the value of the log2 ratios),
as well as the percentage of the tumors having this CNA following
a procedure described by Beroukhim et al. (2007) (see Supple-
mental material). Previously published CNAs of human CRCs from
BAC aCGH studies were downloaded from the NCBI’s SKY/M-FISH
and CGH database at http://www.ncbi.nlm.nih.gov/sky. Human
and dog SD data, as well as human cytogenetic band and genomic
sequence coordinate conversion data, were obtained from the
annotation data set at the UCSC genome sites. Dog, mouse, and
rat genomic synteny breakpoint data on the human genome
were obtained from previous studies (Zhao et al. 2004; Ji and Zhao
2008).
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