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Abstract
In order to identify small regions of the genome whose specific copy number alteration is associated
with high genomic instability in the form of overall genome-wide copy number aberrations, we have
analyzed array-based comparative genomic hybridization (aCGH) data from 33 sporadic colorectal
carcinomas. Copy number changes of a small number of specific regions were significantly correlated
with elevated overall amplifications and deletions scattered throughout the entire genome. One
significant region at 9q34 includes the c-ABL gene Another region spanning 22q11–13 includes the
breakpoint cluster region (BCR) of the Philadelphia chromosome Coordinate 22q11–13 alterations
were observed in nine of eleven tumors with the 9q34 alteration Additional regions on 1q and 14q
were associated with overall genome-wide copy number changes, while copy number aberrations on
chromosome 7p, 7q, and 13q21.1–31.3 were found associated with this instability only in tumors
from patients with a smoking history Our analysis demonstrates there are a small number of regions
of the genome where gain or loss is commonly associated with a tumor’s overall level of copy number
aberrations Our finding BCR and ABL located within two of the instability-associated regions, and
the involvement of these two regions occurring coordinately, suggests a system akin to the BCR-
ABL translocation of CML may be involved in genomic instability in about one-third of human
colorectal carcinomas.
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1. Introduction
Genomic instability is widely observed in colorectal carcinomas, occurring in diverse
independent forms and generating various degrees of genomic damage [1–3]. Genomic
instability arising from endogenous or exogenous sources is generally viewed as essential to
the development of solid tumors, generating a wide variety of different genetic events of which
a few tend to be selected for during the course of tumor progression [1,4,5] Reports of instances
unable to detect genomic instability in tissue culture and animal cancer models of cancer, or
in individual human tumor cases, have led to the suggestion that such instability may not be
necessary for tumor development, although such failures to detect instability alternatively may
reflect incompleteness of the types of instability measurements utilized in the particular studies
[6,7].

Microsatellite instability and aneuploidy are now relatively well understood, while the genetic
and molecular mechanisms that generate intrachromosomal genomic instability in sporadic
cancers remain largely unclear Wang et al have reported a large scale screening of 100
candidate genes; about ten percent of the colorectal tumors examined contained mutations in
one of five genes, from three different cellular pathways [8] In family cancer syndromes, the
underlying defective genes function principally through destabilization of the genome, yet
outside of APC, p53 and mismatch repair genes, these same genes are rarely found mutated in
sporadic cancers [9] In sporadic colorectal cancer, a patient’s smoking history affects both the
nature and extent of genomic damage within the tumor [10].

Comparative genomic hybridization (CGH) on ordered BAC-Arrays provides a high
throughput, high resolution screening method that can be used to quantitatively measure DNA
copy number aberrations in solid tumors, and map such alterations directly on the genome This
method of genome scanning has been used to search for genomic regions frequently involved
in producing solid tumors including breast, colon, brain, esophagus, and kidney [11–18].

BAC array CGH excels for rapid genome-wide characterization of amplifications and
deletions; by quantifying the overall extent of these amplifications and deletions, we have been
able to measure that one form of genomic instability, and then identify specific regions whose
alteration is associated with the overall instability This approach also has some limitations in
the types of instability detected, in that it is unable to sense instability events significantly
smaller than the ~150 kilobase size of an individual BAC clone, and is unable to detect
inversions, translocations and other events not impacting copy number Here we report the
results of a CGH BAC-array analysis of 33 sporadic colorectal tumors in various stages, and
center our analyses using multiple statistical methods to identify specific regions whose copy
number alteration is correlated with the quantitative trait of overall genome-wide genomic
instability in each tumor.

2 Materials and Methods
2.1. Tumor tissues and DNA Extraction

The patient set and colorectal tumors used for these studies are described in Table 1 With the
exception of excluding from analysis those tumors falling in the MSI-H category, the tumors
were randomly selected from a larger set described previously which had been collected
consecutively from patients presenting to the gastrointestinal surgery service at the Roswell
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Park Cancer Institute during the period 1991–1999 [19] (One MSI tumor was examined, and
showed mininal alterations on array-CGH.) For the patient set analyzed in the present study,
the following parameters apply: 18 male, 14 female; 18 current or former cigarette smokers,
14 patients never smoked; the mean age was 62.4 (SD 12.3) Tumor stages were: stage 0, 1;
stage I, 6; stage II, 8; stage III, 7; stage IV, 10 Tissue processing and DNA extraction methods
have been described in detail [20]

2.2. BAC-Array Comparative Genomic Hybridization
DNA labeling, hybridization and subsequent image analysis were carried out exactly according
to the Nowak method detailed previously [21].

2.3 Statistical Analysis of microarray data
A loess corrected log2 ratio of the background subtracted test/control was calculated for each
clone to compensate for non-linear raw aCGH profiles in each sample BAC clones with less
than two replicates passing standard quality control steps were excluded from the analysis The
mode adjusted median log2 test/control (ALR, short for adjusted log ratio ALR) value was
calculated for each BAC clone by subtracting the mode of a non-parametric density estimate
of all spots in that array from the median of the loess corrected log2 ratios for the spots that
passed the quality control steps Regions with common copy number means were identified by
segmenting the genome, using the DNAcopy software [22,23] The ALR median absolute
deviations (MAD) were then calculated for the BACs on each segment, and the median of the
MAD score (MMAD) was taken across all segments All BACs with an ALR median absolute
deviation a MAD value greater than 4 were identified as outliers and assigned a call of gain or
loss only if the ALR value were was either greater than 5 x MMAD or less than –5 x MMAD,
respectively Segments with a median ALR value greater (less) than 1.0 (−1.0) x MMAD were
then assigned a status of gain (loss) BACs that were not assigned a status of gain or loss in this
step were assigned a status of “normal” and the standard deviation of the ALR values (SD-
ALR) associated with these BACs was calculated.

The relationship between the genome wide percentage of BACs exhibiting copy number
aberrations and BAC specific copy number aberrations crossed with smoking status was
assessed using ANOVA based F-statistics For the hthBAC the following model was fit:

yhi = αCNA,hi + βS/NS,hi + (αβ)hi + εhi

where αCNA,hi ∈{0,1,2} for the hth BAC in the ith patient exhibiting normal, loss, or gain in
relative copy number, respectively, and βS / NS, hi ∈{0,1} depending on the smoking status of
the ith patient. For each BAC with a maximum of 5 missing observations across patients, two
models were fit: (model 1) yhi was set equal to the percentage of BACs across the balance of
the genome exhibiting a relative gain in copy number for the ith patient, and (model 2) yhi was
set equal to the percentage of BACs across the balance of the genome exhibiting a relative loss
in copy number for the ith patient For each model the ‘balance of the genome’ was taken to be
all autosomes excluding the chromosome containing the hth BAC A single step MaxT algorithm
[22] was implemented to control the family wise error rate (FWER) associated with the genome
scans corresponding the fitting of each model to the eligible BACs (i.e., BACs with a maximum
of 5 missing observations) Specifically, 10,000 datasets were generated wherein the mapping
of yhi the values were permuted with respect to the patient IDs For each of the permuted datasets,
the specified models were fit for all eligible BACs and the maximum F statistics corresponding
to each model were recorded Empirical 95% thresholds were calculated using the 9500th

ordered maximum F- statistic for each model Observed F-statistics exceeding the thresholds
were considered to be significant.
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The following reduced models were fit for BACs that were deemed to be significant:

(reducedmodel 1) : yhi = αCNA,hi + βS/NS,hi + εhi

(reducedmodel 2) : yhi = αCNA,hi + εhi

(reducedmodel 3) : yhi = βS/NS,hi + εhi

The significance of interaction and, if warranted, main effect terms were assessed via the
comparison of the appropriate sums of squares across nested models.

3. Results
We scanned the genome for regions that were correlated with a tumor’s overall level of genomic
instability as revealed by array-CGH, in order to help us learn where the gene(s) underlying
this form of genomic instability might be located To accomplish this, we: (i) utilized array
CGH (aCGH) to identify regions of relative gain and loss in copy number, (ii) fit a series of
linear models to detect relationships between local copy number aberrations (CNAs) and the
relative amount of copy number aberrations occurring on the balance of the genome, and (iii)
interrogated the statistically significant results in the previous step for biological
meaningfulness

Table 2 provides a listing of BACs correlated with overall genomic instability in the form of
copy number aberrations at an adjusted p-value <0.10 Of the BACs listed, only those located
on 7p yielded model fits which contained interaction terms that were significant with a type I
error rate (marginal) of 0.05 Models associated with BACs located on 7q, 13q, and 14q
contained main effect terms for smoking status which were significant at a marginal level of
0.05 A smoking status effect was significant at a marginal level of 0.05 for a single BAC located
on chromosome 22, (RP11-1113I2), but was significant at a marginal level of 0.10 for several
other BACs on that chromosome The BAC CNA (i.e., αCNA,hi ) main effect was significant at
a marginal level of 0.05 for all BACs listed in Table 2

We also found five cases where altered clones were associated with the total number of genome-
wide aberrations, be it gain or loss. Three of the regions (on chromosomes 1 and 7) were
associated with genome-wide amplifications One of the other regions, chromosome 13q21.1-
q31.3, has been seen as a common site for somatic deletions in a variety of malignant tumors
Interestingly, of the 12 tumors showing alteration of this region, only two showed deletions
The other clone (RP11-422P24) is located on chromosome 1q21.3, an early-replicating region
that is highly amplified in human sarcomas and contains genes frequently amplified or
overexpressed in gastroesophageal junction carcinomas [24] Of the thirteen tumors showing
altered copy numbers of this clone, four were amplified and nine were deleted Both cases
suggest that the association may not be causative, but rather the region itself is highly
susceptible to change after an instability phenotype is established and may include genes
necessary for tumor progression but not for the actual induction of genome instability The
S100A proteins located at 1q21.3 are overexpressed in the majority of gastric cancers,
independently indicating that they may be important for gastric tumorigenesis [25].

Regions were defined using the nearest clones proximal and distal to the clones of interest For
example, on our array chip, the nearest clones to the chromosome 9 set of three clones were
RP11-550J21, located 391Kb upstream of RP11-247A12, and RP11-83J21, located 429Kb
downstream of RP11-618A20 Since these flanking clones did not show the significant level
of deletion, they became the boundaries, defining our region of interest as 2.14Mb total.
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Chromosomes 9 and 22
Figure 1 shows a graphical representation of significant BACs on chromosome 9 (figure 1a)
and chromosome 22 (figure 1b). The dashed horizontal lines correspond to the empirical 95%
thresholds calculated as described in the methods section; bold points above the dashed line
correspond to statistically significant BACs (adjusted p-value <0.05) Plots located in the right
column of Figure 1 contain the % CNA values segregated by smoking status (points offset to
the left for non-smokers and to the right for smokers) and by relative copy number state for a
given BAC.

The small deleted region encompassing three highly significant BAC clones on chromosome
9q, and three adjoining clones that nearly reach statistical significance, includes the c-ABL
gene ABL is an attractive candidate for being a major factor in genomic instability, in that it
forms a complex with ATM following genotoxic stress, resulting in the blockade of DNA
repair, cell cycle arrest, and/or the induction of apoptosis [26] ABL also phosphorylates the
DNA repair proteins DNA-PK and Rad51 [27].

The association of genomic instability with the 22q11 to 22q13 region may be due to its
structure, and not by encoding a particular gene product This region is known to contain many
low copy repeat sequences prone to rearrange and recombine, and constitutional
rearrangements involving this breakpoint cluster region are known to be associated with a
number of genomic disorders [28] Rearrangements in this region are associated with other
cancers; the best known is the Philadelphia chromosome of CML (and ALL), where 9q34 is
translocated with 22q11 [29] Gains and losses of these regions of chromosomes 9 and 22 for
each colorectal tumor are listed in Table 3.

We investigated if something akin to the rearrangement in the Philadelphia chromosome might
be occurring in colorectal cancers, not necessarily as a simple translocation per se, but in more
general terms of coordinate involvement of the two regions Of the ten colorectal tumors that
showed copy number aberrations of the region on 9q34, nine also showed coordinate aberration
on chromosome 22q11–13, and none of the twenty tumor DNAs with no copy number
aberration of the 9q34 reqion showed any alteration in the 22q11–13 region (table 4) This
association was highly significant, with a Fisher’s exact test p< 0.000001; this result indicates
that some form of coordinate involvement of the two regions is occurring.

The general features of the cases described in Table 4 were very similar to the patient set of
all cases studied The mean age was 64.1 (12.1), compared with 62.4 (12.3) for the whole set
Tumor stages I-II-III-IV partitioned as 3/2/3/3, compared with 6/8/7/10. Gender was 7 male
and 4 female, compared with 18 male and 14 female Smoking status of never-former-current
was 6/5/0, compared with 18/11/3. Patient outcomes did not significantly differ for tumors
with the involvement of 9 and 22.

Chromosome 7
Amplification of a relatively large region of chromosome 7p was also correlated with genome-
wide amplification (figure 2a) If amplification of the entire region were advantageous in the
progression to malignancy, then one would expect to see these regions amplified in the majority
of tumors, not just those with elevated genome-wide amplification rates Nearly two-thirds of
the tumors assayed showed amplification of this region of 7p (20/31 tumors). Of these twenty
showing the amplified region, fifteen were from patients with a smoking history.

Aberrant expression of several genes simultaneously can allow for a more efficient progression
to malignancy Frequent amplification of this region could be due to the selection of an event
advantageous for progression to malignancy, reflecting targeted instability This model’s fit for
the BACs in this region on 7p contain statistically significant (at level 0.05) interaction terms
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comprised of smoking and aberration state of 7p The models show that tumors with copy
number gains of the 7p BACs exhibit an increase in genomic gains when compared to tumors
that do not contain gains of those BACs; the increase in genomic gains is a function of smoking
status, as smokers exhibit a higher rate of genome-wide instability [10].

HUS1 lies within the amplified region at 7p13; considerable evidence ties HUS1 with genomic
instability This gene is essential for a functional DNA damage checkpoint response, and cells
lacking HUS1 are hypersensitive to ionizing radiation and UV [30,31]. Weiss et al have
reported how inactivation of HUS1 in mice results in increased chromosomal abnormalities
[32] Hus1 forms a checkpoint complex with rad9 and rad1 that is involved in DNA repair
itself [33].

A second region on 7q came close to statistical significance for being associated with genomic
instability WNT2 is within this region, and may be involved through association with the APC
pathway Mutations in APC can promote chromosomal anomalies through involvement with
kinetochores, but no direct evidence associates WNT2 with genomic instability [34].

Chromosome 14
A significant region on chromosome 14q32 includes the potentially relevant cell regulatory
genes XRCC3 and PACS2 (figure 2b) XRCC3 is a RecA/Rad51-related protein family member
that participates in homologous recombinational DNA repair Mutations in the apoptotic
regulatory gene PACS2 have been found in colorectal cancer; its loss causing defective
apoptosis could enable extensive DNA damage to accumulate without triggering apoptosis
[35].

Regions associated with elevated overall fractional allelic loss rates
BAC-array comparative genomic hybridization compares hybridization signal intensity for
each arrayed BAC to the mean hybridization signal intensities for all BACs analyzed for the
sample Thus in predominantly aneuploid colorectal tumors, reduced signal intensity cannot be
interpreted as reduction to a single allele for a given region.

We compared data from our previous determinations of genome wide loss of heterozygosity
(the fractional allelic loss rate, FAL) utilizing 348 markers for each tumor [20], with our BAC-
array analyses of these same tumors First we identified those BAC clones that showed frequent
significant copy number aberrations, using the criteria of greater than three standard deviation
change in array signal intensity, and where this was seen in twenty percent or more of the
tumors examined on the BAC-arrays Thirteen BACs met these criteria Then we examined the
FAL values of tumors which had significant copy number aberrations for these BAC clones
One clone on 7q and six clones on 20q were associated with elevated fractional allelic loss
rates The region on 20q includes the Aurora A kinase STK6 associated with centrosomal
function, and which has been previously implicated in the aneuploidy form of genomic
instability [36].

4. Discussion
Our analysis of BAC-array CGH data for colorectal cancers has identified several regions
associated with elevated overall rates of amplifications or reductions in copy numbers Since
array CGH data is normalized to the mean hybridization signal intensity for each particular
tumor DNA, and non-MSI colorectal tumors tend to be heterogeneous and polyploid [2],
reductions in copy number may still leave the tumors diploid (or greater) for the particular
region showing copy number reduction.
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The 9q34 and 22q11–13 regions were coordinately altered in approximately one-third of the
sporadic colorectal carcinomas examined The coordinate alteration of these particular regions
is suggestive of the BCR-ABL translocations of CML and ALL; the overall abundance of
genomic alterations and other translocations in colorectal tumors may have heretofore obscured
the involvement of these two particular regions [2,19]. Several findings are consistent with
these two regions together being major factors in genomic instability Engineered expression
of BCR-ABL fusion gene gives rise to intrachromosomal genomic instability when introduced
into cell lines and transgenic mice [37–39] Imatinib (Gleevec) reduces the rate of genomic
instability in cell lines expressing BCR-ABL [40] These results together may reflect that it is
BCR-ABL itself that fosters the further evolution of chronic myelogeneous leukemia to the
more aggressive and genomically damaged acute lymphocytic leukemias [41]. Our results with
colorectal cancers showing that coordinate alterations in the BCR and ABL regions are
associated with elevated instability would appear consistent with this same system being
involved with genomic instability of a solid tumor system Further investigation of this
possibility is appropriate.

Coordinate involvement of two genes in solid tumors, arising from a specific translocation,
has a precedent in the recent report by Tomlins et al [42] In this case fusion of TMPRRSS2
and ETS was found to be a recurrent event in prostate cancer, although amidst the similar high
background genomic noise of this tumor system, the translocation only became evident upon
detailed analysis of expression array data. Translocations of 9q34 with 22q11–13 are known
to be not limited to CML and ALL, and have been reported in several solid tumors where it
often a frequent, recurring event These include oral squamous cell carcinona [43], lung
carcinoma [44], lipoma [45], retinoblastoma [46], osteosarcoma [47], chondrosarcoma [48],
and Ewing’s sarcoma [49] Li-Fraumeni cells passaged in tissue culture recurrently select for
translocations of the same regions after long term passage [50]. With the highly complex
karyotypes of most solid tumors, little attention has been paid to the 9;22 translocation in these
other systems.

An alternative explanation for our observation of coordinate involvement of the 9q34 and
22q11–13 regions might arise from the presence of a 76 kilobase duplicon present 1.4 Mb 5’
of ABL and 150 Kb 3’ of BCR [51] FISH studies using a BAC clone derived from the region
of chromosome 9 containing the duplicon showed hybridization to both chromosomes 9 and
22 However this possibility is very difficult to reconcile with our observed involvement of
regions larger than a single BAC clone, particularly on chromosome 22, and with those cases
where copy number gain was observed at 9q34 but loss was seen at 22q11–13.

The regions we report here reflect statistically significant associations with instability as
revealed by comparative genomic hybridization on ordered BAC-arrays Additional molecular
studies are now essential to evaluate the roles of the identified candidate regions and genes
Testing the hypothesis that translocation of 9q34 and 22q11–13 often occurs in colorectal
cancer is more complex than it might first appear Translocation currently is generally
established with spectral karyotyping or multi-probe FISH, and then verified with PCR using
two primers near the translocation point for each of the participating chromosomes The tumors
used for this study were all stored frozen at –70C for more than seven years, precluding use of
this approach on these specimens This issue is now being examined in detail in further studies
utilizing freshly collected tissues and the approaches outlined, along with direct examination
of the ABL gene product and RNA.
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Figure 1.
A graphical representation of significant BACs located on chromosomes 9 and 22 The x-axes
for figures located in the left column represent the genomic location of BACs in that particular
chromosome; the y-axes for these figures correspond to the F-statistic values for the overall
model The x-axes for the figures located in the right column represent the relative copy number
state of the identified BACs; the y-axes for these figures correspond to the estimated rates of
overall copy number aberration (% CNA) on the balance of the genome Horizontal dashed
lines correspond to the empirical 95% thresholds; highlighted points correspond to statistically
significant BACs The BACs in the right-hand columns are representative of the significant
regions of the corresponding chromosomes to their left (e.g. RP11-247A12 for chromosome
9q34) Points in the right hand column are offset according to smoking status: non-smokers
(Δ) and smokers ([]) The crosses (+) indicate the fitted means.
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Figure 2.
A graphical representation of significant BACs located on chromosomes 7 and 14, otherwise
as in figure 1 As seen in the right hand panel for chromosome 7, the patients’ smoking histories
particularly impact the selection of amplifications and deletions on chromosome 7.
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Table 1
Characteristics of Patients and Tumors

Tumor # Patient Age Gender Smoking History** Tumor Stage
3023 63 M 0 1
3031 58 F 2 1
3033 61 M 1 4
3043 69 M 1 3
3118 65 F 0 1
3120Δ 36 F 2 1
3125 49 F 1 4
3127 80 M 1 2
3137 71 F 0 0
3141 72 F 1 4
3143 70 M 0 3
3147 77 F 0 4
3153 66 M 1 3
3155 71 M 0 2
3157 76 F 0 1
3177 76 F 0 4
3180 59 F 1 2
3182 61 M 1 3
3187 54 F 0 3
3199 44 M 1 2
3213 59 M 1 3
3936 79 M 0 2
6374 83 F 0 2
6376 72 F 0 1
6378 72 M 0 1
6386 45 M 0 4
6388 60 M 2 2
6392 66 F 1 4
12008 38 M 0 2
12018 41 F 0 4
12020 48 M 2 4
12024 48 M 0 4
12026 45 M 0 3
*
0, never smoked; 1, former smoker; 2, current smoker

Δ
Microsatellite unstable tumor, excluded from further analysis.
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Table 3
Coordinate involvement of 9q34 and 22q11-13 in colorectal carcinomas, listed by assigned tumor number*.

chromosome 9q34 chromosome 22q
copy loss copy gain normal copy loss copy gain normal

3023 3127 3033 3023 3199 3033
3031 3147 3118 3031 3118
3043 3199 3125 3043 3125
3141 12026 3137 3127 3137
3157 3143 3141 3143
3182 3153 3157 3153
3187 3155 3187 3155

3177 12026 3177
3180 3180
3213 3182
3936 3213
6374 3936
6376 6374
6378 6378
6388 6388
6392 6392
12008 12008
12018 12018
12020 12020
12024 12024

*
Copy number changes of 9q34 and 22q11–13 were determined as gains or losses using the statistical criteria defined in the Methods Tumor numbers are

as in table 1.
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Table 4
Coordinate arrayCGH Events on Chromosomes 9q and 22q*

altered 9q34 normal 9q34
altered 22q 9 0
normal 22q 1 19
*
This table summarizes the results presented in Table 3.
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