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Abstract
Rectal cancer response to chemoradiation (CRT) varies from no response to a complete pathologic
response (pCR). Identifying predictive biomarkers of response would therefore be useful. We
assessed whether chromosomal copy-number alterations (CNAs) can assist in predicting pCR.
Pre-treatment tumor biopsies and paired normal surgical tissues from the proximal resection
margin were collected from 95 rectal cancer patients treated with pre-operative CRT and total
mesorectal excision in a prospective Phase II study. Tumor and control DNA was micro-dissected
and oligonucleotide array-based comparative genomic hybridization (aCGH) was used to identify
CNAs which were correlated with pCR. Ingenuity pathway analysis (IPA) was then used to
identify functionally relevant genes in aberrant regions. Finally, a predictive model for pCR was
built using Support Vector Machine (SVM) and leave-one-out cross-validation assessed the
accuracy of aCGH. Chromosomal regions most commonly affected by gains were 20q11.21–
q13.33, 13q11.32–23, 7p22.3-p22.2 and 8q23.3–q24.3, and losses, 18q11.32–q23, 17p13.3-q11.1,
10q23.1, and 4q32.1–q32.3. The 25 (26%) patients who achieved a pCR had significantly fewer
high copy gains overall than non-pCR patients (p=0.01). Loss of chromosomal region 15q11.2
was significantly associated with non-pCR (p<0.00002, Q-Bound<0.0391), while loss of 12p13.31
was significantly associated with pCR (p<0.0003; Q-Bound<0.097). IPA identified 8 genes in the
imbalanced chromosomal regions that associated with tumor response. SVM identified 58 probes
that predict pCR with 76% sensitivity, 97% specificity, and positive and negative predictive values
of 91% and 92%. Our data indicate that chromosomal CNAs can help identify rectal cancer
patients more likely to develop a pCR to CRT.

INTRODUCTION
Pre-operative chemoradiation (CRT) followed by total mesorectal excision (TME) is the
current standard of care for patients with locally advanced rectal cancer. However, not every
patient benefits equally from CRT. While some patients have a minimal response, between
15% and 25% of patients treated with pre-operative CRT achieve a pathologic complete
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response (pCR) and patients with a pCR have better long-term survival compared to patients
with resistant tumors (Garcia-Aguilar et al., 2003; Ciccocioppo et al., 2009). However, CRT
causes toxicity and increases health care costs, so identifying those patients who are more
likely to benefit from CRT is desirable and of considerable clinical interest.

Although tumor response to CRT varies with the dose and fractionation of the radiation, the
type of chemotherapy, the CRT-to-surgery interval, and the size and stage of the tumor,
substantial evidence suggests that the differences in response observed between patients are
mostly related to the biology of the tumor (Smith et al., 2006; Kuremsky et al., 2009).
However, there are currently no validated biomarkers that predict pCR. Identifying such
predictive biomarkers could help define and direct treatment for this subset of patients.

Most colorectal cancers display a form of genetic instability characterized by the
amplification and deletion of entire chromosomes or chromosomal segments (Lengauer et
al., 1998; Teixeira and Heim, 2005). Gains and loses of chromosomal segments lead to
changes in oncogenes and tumor suppressor genes that are important for the development
and progression of colorectal cancer. The hybridization of tumor DNA to normal metaphase
chromosomes, a technique known as comparative genomic hybridization (CGH), allows for
the simultaneous screening and mapping of gains and losses of specific chromosomal
segments (Grade et al., 2009; Postma et al., 2009). New high-throughput approaches, such
as array-based comparative genomic hybridization (aCGH) using oligonucleotides allow
genome-wide detection of chromosomal changes, also known as copy-number alterations
(CNAs), at a higher resolution compared to metaphase-based CGH. Oligonucleotide aCGH
is therefore one of the preferred methods to characterize the degree of aneuploidy or
chromosomal complexity in cancer.

In this study we used high density whole genome oligonucleotide aCGH to identify CNAs in
patients with advanced rectal cancer and determine whether a specific CNA profile
associates with tumor response and can predict pCR. Here, we present the CNA profiles for
95 rectal cancer patients treated with CRT and TME and describe the value of this molecular
approach for predicting pCR.

MATERIALS AND METHODS
Patients

This study included patients with clinical stage II (T3–4, N0) or stage III (any T, N1–2)
invasive adenocarcinoma of the rectum with a distal tumor border within 12cm of the anal
verge, as measured on rigid proctoscopic exam, who were enrolled in the Timing of Rectal
Cancer Response to Chemoradiation study, a multi-institutional clinical trial investigating
the effect of increasing the CRT-to-surgery interval, and adding chemotherapy, modified
FOLFOX-6 (mFOLFOX-6) during the waiting period (ClinicalTrials.org Identifier:
NCT00335816). This trial was designed in a series of sequential Phase II trials or study
groups (SGs), each with a progressively longer CRT-to-surgery interval and increasing
cycles of pre-operative mFOLFOX-6. This study was approved by an Institutional Review
Board (IRB) at each participating institution as well as a central IRB, and informed written
consent was obtained from each patient prior to enrollment in the trial. Patients included in
the present study were pooled from SG1 (n=43) and SG2 (n=52). Further details of patient
eligibility for this trial are presented elsewhere (Garcia-Aguilar et al., 2011).

Treatment protocol
Patients in both groups were treated with CRT; 5-Fluorouracil (FU) 225mg/m2/day for 7
days in continuous infusion and a total of 50.4Gy of radiation. Patients in SG1 underwent
TME an average of 6 weeks after completing CRT (standard of care). Following CRT,
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patients in SG2 with no evidence of stable disease received 2 cycles of additional
chemotherapy (mFOLFOX-6); leucovorin 200mg/m2 or 400mg/m2 plus oxaliplatin 85mg/
m2 by 2h infusion, followed by bolus of 5-FU 400mg/m2 and a 46h infusion of 5-FU
2,400mg/m2. Patients in SG2 underwent TME an average of 11 weeks after completing
CRT. The clinical outcomes for these patients are presented elsewhere (Garcia-Aguilar et
al., 2011).

Tumor response to CRT
Pathologic complete response was defined as the complete absence of tumor cells from the
rectal wall and regional lymph nodes. Tumor pathology was assessed by two independent
pathologists and graded according to the recommendations of the American Joint Committee
of Cancer (AJCC) (Edge et al., 2010). For the purposes of the study, response was classified
as either pCR or non-pCR based on the above criteria.

Sample preparation, whole genome amplification and oligonucleotide aCGH
Tumor DNA from each patient was obtained from pre-treatment biopsy tissue and control
DNA was obtained following treatment from paired normal surgical tissue from the
proximal resection margin. To extract DNA, 10–20 slides per patient sample from formalin-
fixed paraffin-embedded (FFPE) tumor biopsy and normal tissue were de-paraffinized,
hydrated, and stained with 0.2% methylene blue. A 27.5 gauge needle was then used to
manually micro-dissect cells under inverted microscopy. Genomic DNA was then extracted
using the QIAamp DNA FFPE Tissue kit (Qiagen Inc., Valencia, CA) according to
manufacturer’s instructions with the following modifications; an extension of digestion time
at 56°C from 1 hour to 48 hours, and the addition of three 20µl aliquots of Proteinase-K at 4,
20, and 28 hours during digestion. DNA was quantified by measuring absorbance, and 100–
200ng of DNA was amplified using the GenomePlex Complete Whole Genome
Amplification (WGA)-2 kit (Sigma Cor., Cream Ridge, NJ). WGA-DNA was purified with
the GenElute PCR Clean-Up kit (Sigma Cor., Cream Ridge, NJ) and quantified. Amplicon
size was determined by running 2µl of WGA-DNA on a 2% agarose gel. Amplified WGA-
DNA with an average size of 200–300 base-pairs was used for aCGH.

The Agilent microarray platform was used for oligonucleotide aCGH (Human Genomic
CGH 244A Microarrays), with 8.9kb overall median probe-spacing covering more than
236,000 coding and non-coding human DNA sequences. aCGH assays were conducted
according to manufacturer’s instructions (Agilent Cor., Santa Clara, CA). Briefly, for each
sample, 2µg of WGA-DNA was labeled with the non-enzymatic Universal Linkage System
(ULS). Equal amounts of tumor biopsy and paired normal surgical specimen DNA were
labeled with ULS-Cy5 and ULS-Cy3, respectively. The labeled samples were purified using
Agilent-KREApure columns, and then combined with the hybridization mixture in a
SureHyb chamber. Hybridization of arrays was carried out at 65°C for 40 hours. Arrays
were then washed in Wash Buffer-1 and Wash Buffer-2. Scanning and image analysis were
performed on an Agilent scanner. Agilent Feature Extraction Software (v.9.5) was used for
data extraction from raw microarray image files.

Statistical analysis
Patient characteristics—To determine differences in clinical pathological features
between pCR and non-PCR patients, Student’s t test was used to compare means of
continuous variables, and the two-sided Fisher’s exact test or the Fisher-Freeman-Halton
exact test using Monte Carlo was chosen for categorical variables.

Characterizing chromosomal CNAs—Nexus copy-number software (v.4.0)
(BioDiscovery Inc., El Segundo, CA), was used to identify chromosomal CNAs using the

Chen et al. Page 3

Genes Chromosomes Cancer. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rank segmentation algorithm, a modified version of the circular binary segmentation (CBS)
algorithm. Briefly, a numerical value based on the median log-ratio of all probes in the
region (where the minimum number of probes per segment was 5, p=10−6) was assigned to
chromosomal alterations as follows: chromosomal single copy gain (+0.2), chromosomal
amplification or high copy gain of ≥2 (+0.6), chromosomal single copy loss, (−0.2), and
homozygous chromosomal loss (−1). Copy-number changes were determined for each
sample, and the fraction of genome alteration (FGA) was calculated to reflect the degree of
genomic instability. The FGA was determined by dividing the overall altered segment size
by the genome size using the NCBI hg18 database (Build 36.1) comprising 3,080,436,051
base-pairs.

Identifying CNA signatures in patients with and without a pCR—Unsupervised
hierarchical cluster analysis was used to analyze the distribution of whole-genome CNA
profiles. The CNAs that differed between pCR and non-pCR patients were identified using
Nexus copy-number software (p<0.05, differential threshold >25%). To assess CNA
differences between pCR and non-pCR patients, the two-sided Fisher’s exact test was used
and Q-bound was utilized to correct for multiple testing by performing false discovery rate
(FDR) analysis, defined as the proportion of false positives among all positives (Benjamini
and Hochberg, 1995; Storey and Tibshirani, 2003). A Q-bound score of <0.25 was
considered statistically significant to minimize the false negative rate and prevent missing
valuable biological findings (Storey and Tibshirani, 2003).

Identification of functionally relevant genes—Identification of the functionally
relevant genes contained in the CNA regions that were associated with tumor response was
determined using Ingenuity Pathway Analysis (IPA) (v.8.7) (Ingenuity Systems, Redwood
City, CA).

Predictive model for pCR—Predictive biomarkers for pCR were derived using a
combination of methods including feature (candidate biomarker) selection, classification
model-fitting and cross-validation, as described previously (Shi et al., 2006; Deng and
Campagne, 2010). Differential features were selected from all probes on the aCGH array
based on two criteria: FDR - the adjusted p values using the Benjamini and Hochberg
method (Benjamini and Hochberg, 1995) based on the p values of the Student’s t test
between patients with and without a pCR, and probe signal fold-change between patients
with and without a pCR. The features were fed into the linear-kernel Support Vector
Machine (SVM) classifier to train the classification model based on the selected features
(Bang and Davidian, 2010). Leave-one-out cross-validation was performed to evaluate the
classification performance on test samples. ROCR package (Sing et al., 2005) was used to
calculate performance measures such as sensitivity, specificity, positive and negative
predictive values, and to plot the performance measures using the receiver operating
characteristic (ROC) curve. The area under the ROC curve (AUC) was calculated to
quantitatively summarize the performance of the model. The final predictive model
contained 58 features using the following feature selection cutoffs: FDR threshold ≤0.25;
log2 fold-change ≥0.4. Gene annotations for the flanking regions (8kb) of the selected
features were carried out using the R biomaRt (interface to the BioMart database) package
in bio-conductor (Gentleman et al., 2004).

RESULTS
Patient characteristics and tumor response

A total of 95 patients, 43 in SG1 and 52 in SG2, were included in the aCGH analysis. Patient
demographics and tumor characteristics stratified by tumor response (pCR versus non-pCR)
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and SG are shown in Table 1. Twenty-five out of 95 (26%) patients achieved a pCR; 8
(19%) patients in SG1 and 17 (33%) patients in SG2. There was no significant difference in
tumor response rate between SG1 and SG2 (p=0.161). Patients with a pCR were slightly
younger and had a higher proportion of stage III tumors compared to patients with non-pCR
but the difference did not reach statistical significance. Other demographics such as age, and
tumor characteristics such as tumor histology were similar between the two groups.

Chromosomal copy number alterations
The mean number of gains and losses for all 95 patients and for patients with and without a
pCR are presented in Table 2. Patients with a pCR had a lower number of total gains and
losses, a lower number of single copy gains and losses, and a lower FGA compared to non-
pCR patients but these differences did not reach statistical significance. However, the
number of high copy gains was significantly lower in patients who achieved a pCR
(p=0.01).

Figure 1 illustrates the specific chromosomal regions where gains and losses were most
frequent in the 95 patients assayed. Copy-number gains most frequently affected
chromosomal regions 20q11.21–q13.33 (68%), 13q11.32–23 (57%), 7p22.3-p22.2 (36%)
and 8q23.3–q24.3 (36%), while losses were most frequently observed in chromosomal
regions 18q11.32–q23 (60%), 17p13.3-q11.1 (39%), 10q23.1 (38%) and 4q32.1–q32.3
(37%).

Chromosomal regions associated with pCR
Chromosomal regions associated with pCR were identified by comparing the CNA profiles
of patients with and without a pCR. A total of 304 regions were found to be different
between pCR and non-pCR patients with a minimal differential threshold of >25% and a p
value of <0.05 (Supplementary Table 1). When p values were corrected for multiple testing
and a Q-bound of <0.25 was considered as the threshold for statistical significance, 65
regions remained associated with pCR (Supplementary Table 2). The majority of these
regions were close to one another and given the extensive sequence coverage provided by
high density arrays, CNA region boundaries could be accurately defined. Thus, CNAs could
be combined to form a number of large consecutive sequences. After combining the
consecutive CNAs, loss of chromosomal regions 15q11.2–q26.3, 11q24.3–q25 and 8p12
occurred less frequently in patients with a pCR compared to non-pCR patients, while loss of
chromosomal region 12p13.31 occurred more frequently in patients with a pCR compared to
non-pCR patients (Table 3).

Ingenuity pathway analysis
The chromosomal regions that differed between pCR and non-pCR patients contain a total
of 473 genes, but only 285 of them were significantly different after the p values were
corrected for multiple testing (Q-bound <0.25). IPA biomarker filter analysis identified 8 out
of the 285 genes as potential candidates of response, diagnosis, prognosis and therapeutic
efficacy associated with tumor response (Table 4). Loss of all of these genes except SCG5
was more frequent in pCR patients compared to non-pCR patients.

We also utilized IPA core analysis to determine the signaling and metabolic pathways,
molecular networks, and biological processes that were most significantly changed in our
dataset. Through this approach we identified 3 candidate canonical pathways containing new
potential candidate genes that were significantly enriched in the regions associated with
pCR; the GABA receptor signaling pathway (GABRG3, GABRA5, GABRB3; p=0.001), the
glycolysis/gluconeogenesis pathway (GAPDH, ENO2, TPI1; p=0.011), and the glutamate
receptor signaling pathway (GNB3, HOMER2; p=0.03).
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Performance of pCR prediction
To determine how accurately oligonucleotide aCGH can predict pCR, a biomarker model
was built using SVM. Fifty eight probes were selected using FDR and fold-change cutoffs
(FDR; threshold ≤0.25; log2 fold-change ≥0.4). Using leave-one-out cross-validation aCGH
predicted pCR with a sensitivity of 76%, a specificity of 97%, a positive predictive value of
91%, and a negative predictive value of 92%. Tumor response was predicted accurately by
aCGH in 87 out of 95 (92%) patients (Figure 2a) and the performance of the model was
plotted as an ROC curve with the AUC value of 0.96 (Figure 2b).

To identify additional novel genes associated with pCR, we used gene annotation software
to identify the genes in the flanking regions (8kb) of the 58 selected probes contained in our
predictive model. Through this analysis we identified 32 genes as potential candidate genes
related to tumor response (Supplementary Table 3).

DISCUSSION
Our results indicate that CNAs detected by aCGH may help identify rectal cancer patients
with and without a pCR in response to CRT. We found that patients with a pCR had
significantly fewer high copy gains compared to non-pCR patients and that loss of
chromosomal region 15q11.2 was found to be significantly associated with non-pCR, while
loss of 12p13.31 was significantly associated with pCR. Finally, we built a pCR prediction
model that contained 58 probes and predicted pCR with a high degree of accuracy.

Our oligonucleotide aCGH analysis of 95 patients prior to CRT treatment revealed that
chromosomal gains occurred most commonly at 20q11.21–q13.33, 3q11.32–23, 7p22.3-
p22.2 and 8q23.3–q24.3, and losses were present at 18q11.32–q23, 17p13.3-q11.1, 10q23.1
and 4q32.1–q32.3. The number and frequency of copy-number gains in our patients were
almost identical to the gains that have been reported previously in other series of colorectal
cancer patients (Ried et al., 1996; Meijer et al., 1998; De Angelis et al., 1999; Nakao et al.,
2004; Camps et al., 2008). With respect to copy-number losses, 18q and 4q have been
reported in most series (Ried et al., 1996; Meijer et al., 1998; De Angelis et al., 1999; Nakao
et al., 2004; Camps et al., 2008), but losses of 17p and 10q were more frequent in our
patients compared to other series (Ried et al., 1996; Meijer et al., 1998; De Angelis et al.,
1999); these differences may be explained by the type of specimen used, differences in the
method used to assess CNAs, or the location of the tumors.

Formalin fixation and the process of preservation can introduce modifications into nucleic
acids such as cross-linking, fragmentation, and base changes that may limit the use of CGH
(Srinivasan et al., 2002). These alterations in DNA integrity secondary to fixation and
preservation have minimal impact on the low resolution offered by metaphase CGH (5–
10Mb), which was the CGH methodology used in the initial studies reporting on CNAs in
colorectal cancer (Ried et al., 1996). However, DNA integrity is more important when using
high density aCGH that utilizes hundreds of thousands of long oligonucleotides and
provides resolution in the range of 6.5kb–30kb. Consequently, most aCGH CNA studies in
colorectal cancer have utilized fresh frozen tissue (Ried et al., 1996; Meijer et al., 1998; De
Angelis et al., 1999; Nakao et al., 2004; Camps et al., 2008). The problem of tissue
preservation in rectal cancer patients treated with CRT is further magnified by the small size
of most diagnostic biopsies, and the need to enrich the cancer-cell population by micro-
dissection. Bearing all of this in mind, recent direct comparison has in fact shown that
oligonucleotide aCGH using FFPE tissues captures the majority of the CNAs detected in
frozen tissue (Johnson et al., 2006; van Beers et al., 2006; Tuefferd et al., 2008; Hostetter et
al., 2010). In our study we performed oligonucleotide aCGH using FFPE samples and WGA
products and demonstrated that the limited DNA extracted from small FFPE biopsy

Chen et al. Page 6

Genes Chromosomes Cancer. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specimens followed by whole genome amplification can produce sufficient DNA for aCGH
testing without obvious bias, and that this approach detects CNAs that are consistent with
previous reports (Ried et al., 1996; Meijer et al., 1998; De Angelis et al., 1999; Nakao et al.,
2004; Camps et al., 2008). Our study therefore further verifies that small biopsy FFPE
specimens can serve as a valuable resource for genome-wide studies such as aCGH and
importantly that the differences we observed in the frequency of some CNA losses between
our study and other reports is not likely due to our use of FFPE tissue.

It is well documented that the tumor location can influence the mutation profile of the
tumor. In general, tumors in the colon have a higher level of microsatellite instability (MSI),
(up to 15%), compared to tumors in the rectum. In contrast, tumors in the rectum have a
higher proportion of TP53 gene mutations and less MSI (Kim et al., 1994; Iacopetta et al.,
2006; Gafà et al., 2000; Soong et al., 2000; Samowitz et al., 2001; Young et al., 2001). This
may explain some of the copy-number differences we observed in our series, compared to
others, as all of our patients had rectal cancer, while most other series included patients with
colon and rectal cancers.

A comparison of pCR and non-pCR patient CNA profiles revealed that patients with a pCR
have fewer CNA events compared to patients without a pCR, but the differences between
pCR and non-pCR tumors were only statistically significant for high copy gains. These data
suggest that an increase in the CNAs, a feature previously associated with tumor progression
in colorectal cancer (Korn et al., 1999; Ghadimi et al., 2003; Diep et al., 2006), may also be
associated with rectal cancer resistance to CRT.

Using the Fisher’s exact test we identified a large number of chromosomal regions of
significant difference between pCR and non-pCR patients, but when the data was sorted by
the Q-bound value (the FDR of the p value), only four chromosomal regions remained
different. Loss of 15q11.1–q26.3, 11q24.3–q25, and 8p12 were more common in non-pCR
patients compared to pCR patients, while loss of 12p13.31 was more common in pCR
patients. The Q-bound value suggests that it is unlikely that these aberrations were identified
by chance. The study by Grade et al., also analyzed the association of CNAs with tumor
response in rectal cancer patients treated with CRT (Grade et al., 2009). They found that
gains of chromosomal regions 7q32–q36 and 7q11–q31, and amplification of 20q11–q13
were associated with tumor response, but that the probability of detecting these CNAs by
chance was high (p=0.21). However, their study only included 51 patients, less than half
than in our series. Furthermore, in their study, response was defined as tumor down-staging
which is less precise and less biologically relevant than pCR. Finally, they only analyzed
chromosomal imbalances in 260 chromosome bands, rather than the ~244,000 probes used
in our study.

The unsupervised hierarchical cluster analysis initially failed to discriminate pCR from non-
pCR profiles using all probes across the genome, likely due to the high variability of DNA
copy-number profiling in rectal cancer. In addition, the total number of probes (~244,000)
was much greater than the number of samples (n=95) in this study. Therefore, to build a
model that predicted pCR versus non-pCR, a feature selection procedure was performed to
narrow down the number of features (probes) by using adjusted p values coupled with mean
fold-change. In building our model we adopted measures to ensure that the model was not
over-fit or self-fulfilling. Two of the most common causes of over-fitting a high-dimension
model such as the model used in our study, are sample size limitation and the leaking of
training samples to test samples during model validation. To combat sample size limitation,
we collected and analyzed a large cohort of rectal cancer patients (n=95); to our knowledge
this is the largest rectal cancer patient series studied by oligonucleotide aCGH. Additionally,
we used leave-one-out cross validation, an approach which maximizes preservation of the
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training sample size. Finally, we applied rigorous feature selection and cross-validation
procedures to minimize the risk of leaking information, to ensure that the training samples
were completely hidden from the test samples during all iterations of feature selection and
cross-validation. Using this approach we identified 58 probes that might predict pCR. Our
predictive model built on those 58 probes from significant aberrant regions could be used to
identify pCR with high accuracy (92%) and distinguish between patient samples with and
without pCR with high specificity (97%). These are promising results suggesting that aCGH
could be used to predict pCR to CRT. However, these studies need to be validated in an
independent cohort of patients.

Several studies have demonstrated that genomic alterations can lead to corresponding gene
expression changes in colorectal cancer using integrated gene expression profiling and CNA
profiling (Lips et al., 2008; Camps et al., 2009). The CNAs covering large regions may
affect the expression of one or more genes by altering gene levels, unmasking recessive
alleles, disrupting the gene-coding sequence or promoting alternatively-spliced or fusion
genes, and perturbing long-range gene regulation (Kleinjan and van Heyningen, 2005).
While correlation of altered gene expression with CNA profile was not experimentally
verified in our study, we used IPA to identify functionally relevant genes and pathways
contained in the CNA regions that were associated with pCR. Among the eight candidate
genes, we identified at least three, GAPDH, ENO2 and TPI1, that have been previously
observed to be up-regulated in colorectal cancer (Yeh et al., 2008), and down-regulation of
TNFRSF1B has been shown to predict chemosensitivity to 5-FU in colorectal cancer (Lin et
al., 2007). However, to validate our results, we need to study the expression of the genes of
interest that we identified to determine if in fact their expression is altered and has an effect
on response to CRT.

There are a number of limitations to our study that deserve mention. While our aCGH
analysis was based on the largest rectal cancer cohort reported thus far, the patient group
was not completely homogeneous; there were two treatment arms in our study and while all
patients received pre-operative CRT, some patients also received additional chemotherapy
which may have influenced their clinical outcome. Additionally, as mentioned above, it will
be important to validate the expression of the genes contained within the CNA regions in
independent studies with fresh tissue to determine if indeed their expression profile is altered
in patients, based on their response to CRT. Finally, we compared DNA from pre-treatment
tumor to post-treatment DNA from normal surgical margins. This raises the issue of whether
the post-treatment control tissue may have been affected by the CRT and additional
neoadjuvant chemotherapy. However, the control tissue was obtained from the proximal
resection margin, which is usually outside the radiation field and there is no data indicating
that CNAs arise following chemotherapy treatment of normal tissue. Furthermore, we have
recently shown that mutations in KRAS and TP53, two genes which play a role in the
pathogenesis of rectal cancer, remain largely unchanged after CRT in these patients (Chen et
al., 2011).

In conclusion, locally advanced rectal cancer has a specific pattern of CNAs that can now be
analyzed using high-throughput techniques in tumor samples obtained during diagnostic
biopsies. Some CNAs are specifically more common in tumors that respond to CRT
compared to non-responsive tumors. These CNAs contain genes that belong to pathways
involved in colorectal cancer response to therapy. This technology may therefore help to
predict rectal cancer response to CRT with a high degree of accuracy, identifying both a
subset of rectal cancer patients likely to achieve a pCR to CRT who may not need radical
surgery, and similarly predicting which patients are likely to respond CRT, therefore
potentially avoiding CRT-related toxicity in patients not expected to respond.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overall frequency of copy number alterations (CNAs) detected by oligonucleotide array-
based comparative genomic hybridization (aCGH) in 95 rectal cancer patients. The most
common alterations were gains in chromosomes 20, 13, 8 and 7 and losses in chromosomes
18, 8, 17 and 4.
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Figure 2.
a: 58 probes were used to build a predictive model using Support Vector Machine (SVM) to
predict pathologic complete response (pCR). Sample identification - Red: Loss; Green:
Gain; Yellow: pCR; Blue: Non-pCR.
b: Receiver-Operator Characteristics (ROC) curve using the true positive rate and false
positive rate to evaluate the prediction ability of pathologic complete response (pCR) using
58 probes selected from significant discriminated genomic aberrant regions between pCR
and non-pCR patients. The area under the curve (AUC) value for the performance of the
prediction is 0.96.
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Table 1

Patient Demographics and Disease Characteristics Stratified by pCRa Status and Study Group

Demographic or disease characteristic pCR
(n=25)

Non-pCR
(n=70)

p value

Age, yearsb 54.4 (10.57) 57.24 (12.53) 0.278

Gender 0.815

    Male 13 (25%) 40 (75%)

    Female 12 (29%) 30 (71%)

Histological grade 0.662

    Well differentiated 3 (18%) 14 (82%)

    Moderately differentiated 22 (33%) 54 (66%)

    Poorly differentiated 0 (0%) 2 (100%)

Clinical stage 0.101

    II 3 (13%) 21 (87%)

    III 22 (31%) 49 (69%)

Study group (SG)c 0.161

    SG1 (n=43) 8 (19%) 35 (81%)

    SG2 (n=52) 17 (33%) 35 (67%)

a
Pathologic complete response.

b
Mean is presented with the standard deviation shown in parentheses.

c
SG1 had surgery 6 weeks after the completion of CRT (standard of care); SG2 had surgery 11 weeks after the completion of CRT, and had 2

cycles of modified FOLFOX-6 during the waiting period.
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Table 2

Mean Numbers of CNAa Events for the Entire Patient Cohort and Stratified by pCRb Status

CNA event Entire cohortc
(n=95)

pCR tumorsc
(n=25)

Non-pCR tumorsc
(n=70)

p valued

FGAe 31.04% (15.85) 28.48% (15.90) 31.95% (15.84) 0.35

Total gains and losses 117.59 (99.15) 98.52 (73.72) 124.4 (106.41) 0.19

One copy gain 49.86 (40.11) 41.2 (28.12) 52.96 (43.35) 0.13

High copy gain 8.56 (13.29) 4.48 (6.14) 10.01 (14.81) 0.01 *

One copy loss 58.14 (51.44) 51.68 (50.68) 60.44 (51.88) 0.46

Homozygous loss 1.03 (1.83) 1.16 (2.61) 0.99 (1.48) 0.75

a
Copy number alteration.

b
Pathologic complete response.

c
Standard deviation shown in parentheses.

d *
Statistically significant.

e
Fraction of genomic alteration.
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