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Abstract

Purpose—There is a wide spectrum of tumor responsiveness of rectal adenocarcinomas to 

preoperative chemoradiotherapy ranging from complete response to complete resistance. This 

study aimed to investigate whether parallel gene expression profiling of the primary tumor can 

contribute to stratification of patients into groups of responders or nonresponders.

Patients and Methods—Pretherapeutic biopsies from 30 locally advanced rectal carcinomas 

were analyzed for gene expression signatures using microarrays. All patients were participants of 

a phase III clinical trial (CAO/ARO/AIO-94, German Rectal Cancer Trial) and were randomized 

to receive a preoperative combined-modality therapy including fluorouracil and radiation. Class 

comparison was used to identify a set of genes that were differentially expressed between 

responders and nonresponders as measured by T level downsizing and histopathologic tumor 

regression grading.

Results—In an initial set of 23 patients, responders and nonresponders showed significantly 

different expression levels for 54 genes (P < .001). The ability to predict response to therapy using 

gene expression profiles was rigorously evaluated using leave-one-out cross-validation. Tumor 

behavior was correctly predicted in 83% of patients (P = .02). Sensitivity (correct prediction of 

response) was 78%, and specificity (correct prediction of nonresponse) was 86%, with a positive 

and negative predictive value of 78% and 86%, respectively.

Conclusion—Our results suggest that pretherapeutic gene expression profiling may assist in 

response prediction of rectal adenocarcinomas to preoperative chemoradiotherapy. The 

Address reprint requests to Thomas Ried, MD, Genetics Branch, Center for Cancer Research, National Cancer Institute, National 
Institutes of Health, Bldg 50, Rm 1408, 50 South Dr, Bethesda, MD 20892-8010; riedt@mail.nih.gov. 

M.G. received a stipend from the German Academic Exchange Service.

Authors’ Disclosures of Potential Conflicts of Interest
The authors indicated no potential conflicts of interest.

HHS Public Access
Author manuscript
J Clin Oncol. Author manuscript; available in PMC 2016 January 21.

Published in final edited form as:
J Clin Oncol. 2005 March 20; 23(9): 1826–1838. doi:10.1200/JCO.2005.00.406.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



implementation of gene expression profiles for treatment stratification and clinical management of 

cancer patients requires validation in large, independent studies, which are now warranted.

INTRODUCTION

Surgery is the primary treatment for rectal adenocarcinomas. In locally advanced stages of 

the disease, surgery is supported by radiation or combined-modality therapy (chemotherapy 

and radiation) to reduce the risk of local recurrence. Chemoradiotherapy can be administered 

before surgery or after tumor resection; however, the timing is still a matter of 

controversy.1–3 Preoperative regimens might be particularly attractive for the following 

reasons: (1) a priori not curatively resectable tumors can possibly be downsized to achieve 

the undisputed benefit of tumor cell–free surgical margins (R0 resection); (2) preoperative 

treatment has the potential to reduce tumor burden and, therefore, might increase the 

possibility for sphincter preservation; and (3) postoperative clinical complications preclude 

subsequent adjuvant chemoradiotherapy.

However, the response of individual tumors to adjuvant therapies, either pre- or 

postoperatively, is not uniform. This poses a considerable clinical dilemma because patients 

with a priori resistant tumors could be spared exposure to radiation or DNA-damaging 

drugs, treatments that are associated with substantial adverse effects, and surgery could be 

scheduled without delay. Alternatively, different adjuvant treatment modalities, including 

additional chemotherapeutics, could be pursued. Therefore, it would be of significant 

clinical relevance to identify predictive markers of cancer response to chemotherapy or 

combined-modality therapy. Accordingly, numerous groups have used targeted approaches 

to correlate expression levels of candidate genes in response to different chemotherapeutic 

drugs, radiation, and combinations of chemotherapy and radiation (recently reviewed by 

Pasche et al4 and Adlard et al5). For instance, thymidylate synthase (TS) and other 

fluorouracil (FU)-associated enzymes, such as thymidylate phosphorylase and 

dihydropyrimidine dehydrogenase, have been analyzed with respect to local recurrence and 

development of metastases of colorectal carcinomas after postoperative FU chemotherapy. 

High levels of TS are associated with decreased disease-free survival and poorer overall 

outcome in colorectal carcinomas.6–10

In contrast to colon carcinomas for which adjuvant treatment includes exclusively 

chemotherapy, preoperative treatment of locally advanced rectal carcinomas can be based on 

either radiation alone or combination therapy (chemotherapy and radiation). Therefore, 

measuring expression levels of TS may not be sufficient for response prediction in rectal 

carcinomas treated with combined-modality therapy. This prompted the exploration of 

additional or alternative markers, such as p53, p27, p21, bcl2, Ki-67, PCNA, MSH2, and 

surviving for response prediction.11–26 However, the predictive value of at least some of 

these markers remains controversial.11–13,22

The value of gene expression profiling based on microarray technologies for the prediction 

of drug response was tested in several model systems, including the NCI-60 cancer cell line 

panel,27,28 in tumor xenografts,29 in 30 established colorectal cancer cell lines,30 in primary 

tumors,31 and during treatment.32 Gene expression profiling also showed value in prediction 
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of recurrence in Dukes’ B colon carcinomas.33 The results of these studies provide evidence 

that, at least for some tumors and a subset of drugs, pretherapeutic gene expression profiles 

might predict treatment response. This prompted us to explore whether gene expression 

profiles of primary rectal carcinomas could offer insight into specific transcriptional patterns 

that determine response to preoperative chemoradiotherapy. To address this question, we 

ascertained, under strictly standardized conditions, diagnostic biopsies from 30 patients with 

locally advanced rectal carcinomas (determined by rectal ultrasound as uT3 and uT4) who 

are participants of a prospective randomized phase III trial (CAO/ARO/AIO-94, German 

Rectal Cancer Trial).34 Global gene expression profiles were evaluated using microarrays. 

Class-comparison statistics were used to correlate the expression results with tumor 

downsizing after preoperative chemoradiotherapy and with morphologic tumor regression 

according to a grading system35,36 that was used in the German Rectal Cancer Trial.37 The 

robustness of the analysis was rigorously assessed using an established statistical method (ie, 

leave-one-out cross-validation [LOOCV]) and validated on an independent, oligonucleotide-

based microarray platform.

PATIENTS AND METHODS

Patients, Samples, and Treatment

All patients are participants in a multicenter, randomized prospective phase III clinical trial 

(CAO/ARO/AIO-94, German Rectal Cancer Trial) aimed at determining the relative 

benefits of preoperative versus postoperative chemoradiotherapy.34 Preoperative 

chemoradiotherapy, the histologic diagnosis, and surgical resection of carcinomas were 

standardized as part of the clinical trial. For the study here, we prospectively collected 

biopsies from 30 patients assigned to the preoperative treatment arm adhering to the 

guidelines set by the local ethical review board. Pretherapeutic staging was performed, 

including complete medical history and physical evaluation, digital rectal examination, 

endorectal ultrasound, rigid rectoscopy with two tumor biopsies, colonoscopy, abdominal 

ultrasound, abdominal and pelvic computed tomography, and chest x-ray. Endoscopic 

ultrasound was performed by two experienced surgeons (B.M.G. and C.L.), and staging was 

based on the degree of tumor infiltration through the rectal wall (T level) according to 

standard criteria.38–40 In previous studies, we showed that T level assessment as performed 

by pretherapeutic rectal ultrasound (uT) correlates well with the histomorphologic diagnosis 

of resected tumor specimens.38 Only patients with uT level 3 (n=29) and uT level 4 (n=1) 

carcinomas located within 16 cm from the anocutaneous verge were included. Two 

pretherapeutic biopsies were taken from representative adjacent areas of the tumors, one of 

which was examined by a pathologist (L.F.). The second biopsy was used for RNA 

extraction.

All 30 patients subsequently received a total dose of 50.4 Gy of radiation (single dose of 1.8 

Gy, delivered in 28 fractions using a three- or four-field box technique with individually 

shaped portals) accompanied by FU (1,000 mg/m2/d on days 1 through 5 and days 28 

through 33) as a 120-hour continuous intravenous application.34

Standardized surgery was performed, including total mesorectal excision,41 after an interval 

of approximately 6 weeks after chemoradiotherapy. The histologic work-up of surgical 
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specimens was performed according to International Union Against Cancer (UICC) 

standards.42 The experimental design is summarized in Figure 1, and the clinical data are 

listed in Table 1. Additionally, three matched pairs of preoperative biopsies and resected 

tumor specimens from patients of the adjuvant treatment arm were analyzed to establish the 

degree of similarity between the biopsy and resected specimen.

Response Classification

Response classification of primary tumors to preoperative therapy is problematic. This is 

reflected by the fact that several classifications exist, two of which we have used here. First, 

response was evaluated as downsizing of the primary rectal cancer by comparing the uT 

category (determined by rectal ultrasound) with the histopathology after completion of 

preoperative chemoradiotherapy. This response classification is referred to as T level 

downsizing and was defined as the reduction of tumor infiltration by at least one T level. We 

thought that using an established response classification system was an acceptable 

intermediate end point. Once 5-year survival rates become available, we will establish 

correlations between the results presented here and survival. Furthermore, T level 

downsizing is an important clinical parameter with direct impact on patient management and 

prognosis with respect to sphincter preservation and R0 resections rates.

Second, histopathologic tumor regression was based on a semiquantitative classification 

system as proposed earlier.35,36 As previously reported,22 tumors were considered 

responsive when assigned to the regression grades 3 and 4 because these grades are defined 

by the almost complete (grade 3) or complete (grade 4) absence of remaining tumor cells. 

All other grades were classified as nonresponsive. The clinical data and tumor response 

classifications are listed in Table 1.

RNA Isolation and Expression Profiling

After rectal ultrasound, tumor biopsies were ascertained and stored immediately in 

RNAlater (Ambion, Austin, TX). Tumor material was in the range of 5 mg to 80 mg. RNA 

extraction was performed using TRIZOL (Invitrogen, Carlsbad, CA) following standard 

procedures. High-quality RNA could be successfully extracted from all samples. To 

generate enough RNA for repeat hybridizations, mRNA was amplified using the RiboAmp 

RNA amplification kit (Arcturus, Mountain View, CA) for the cDNA arrays and the Amino 

Allyl MessageAmp aRNA Kit (Ambion) for the oligonucleotide arrays, which resulted in 

antisense mRNA amounts that averaged 50 μg. RNA was labeled indirectly incorporating 5-

(3-Aminoallyl)-2′-deoxy-uridine-5′-triphosphate, followed by chemical coupling of Cy3 

(Amersham, Piscataway, NJ). Control cRNA was generated by amplification of a reference 

mRNA pool (Stratagene, La Jolla, CA) and labeled using Cy5 (Amersham). RNA 

quantification and labeling efficiency was determined using the Nanodrop quantification 

device (Nanodrop, Rockland, DE).

Expression profiling was carried out on the National Cancer Institute cDNA (9,984 features) 

and oligonucleotide (22,231 features) arrays as follows: 5.0 μg of Cy3-labeled test cDNA/

cRNA and 5.0 μg of Cy5-labeled control cDNA/cRNA were hybridized at 42°C overnight in 

specifically designed hybridization cassettes (TeleChem International, Sunnyvale, CA). 
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After hybridization, slides were washed and scanned on an Axon scanner using GenePixPro 

(3.0) software (Axon Instruments, Union City, CA). Spot quality was assessed according to 

criteria in GenePixPro (3.0) software. Background subtraction and normalization was 

performed on extraction of the data from the Center for Information Technology/National 

Institutes of Health microarray database, mAdb (http://nciarray.nci.nih.gov/). Spots with a 

size of less than 10 μm or an intensity less than 100 in both the red and green channels were 

eliminated, as were genes with more than 50% of missing data. This a priori filtering to 

remove genes with unreliable signals resulted in a final tally of 9,059 genes on the cDNA 

arrays and 12,291 genes on the oligonucleotide arrays. An initial set of 23 tumors was 

hybridized to cDNA arrays. To establish the reproducibility on different platforms, 10 of 

these 23 samples and an additional set of seven tumors were hybridized to oligonucleotide 

arrays.

Statistical Analysis

The statistical analyses were performed using the BRB Array-Tools package for microarray 

analysis developed at the Biometric Research Branch of the National Cancer Institute 

(Bethesda, MD)43 and MATLAB from The Mathworks (Natick, MA). The two technical 

replicate expression profiles of the same tumor specimen were highly consistent (correlation 

coefficient > 0.95) and were averaged for analysis. A class-comparison analysis was applied 

to determine which genes were differentially expressed between the two classes. For this, we 

used a two-sample t test with a randomized variance model.44 The randomized variance 

model assumes that the variance of the expression of each gene is randomly drawn from an 

inverse-gamma distribution and enables sharing of variance information among genes 

without assuming that all genes have the same variance. We used a stringent statistical 

significance threshold of P<.001 for the identification of genes differentially expressed 

between responders and nonresponders. This controls for the number of genes tested. Tests 

were performed for 9,059 genes, which passed the filtering criteria, and the expected 

number of false-positive genes was thus nine. Because 54 genes were found to be significant 

at P<.001 for T level downsizing, the false discovery rate was 16.67%.

We applied diagonal linear discriminant analysis45 to predict response. The genes that are 

differentially expressed at a P<.001 level were used as predictive features in the classifiers. 

Complete LOOCV was used to estimate the prediction accuracy for each classification 

method. With LOOCV, one sample is left out, and the remaining samples are used to build a 

classifier, which is then used to classify the left-out sample. Both feature selection and 

classifier design was repeated each time a different sample was left out, thus this analysis 

was repeated 23 times. The fraction of samples that are classified correctly is an estimate of 

the classification accuracy. LOOCV is a more efficient method of estimating prediction 

error than the split-sample approach of dividing the data once into a training set and a 

validation set. LOOCV provides unbiased estimates of prediction error that are as valid as 

those for the split-sample approach as long as the entire model building process is repeated 

for each leave-one-out training set.46,47

The significance of the classification results is calculated by permuting the class labels of 

the samples and then finding the fraction of times this relabeling resulted in higher LOOCV 

Ghadimi et al. Page 5

J Clin Oncol. Author manuscript; available in PMC 2016 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://nciarray.nci.nih.gov/


classification accuracy. We permuted 10,000 times, which resulted in P = .021. The method 

takes into account the sample size and is suitable for small sample numbers.48

Ten samples out of the 23 hybridized on cDNA were also hybridized to oligonucleotide 

arrays. This set of 10 was used to calculate a normalization to make the oligonucleotide data 

comparable to the cDNA data. We found that there is a consistent gene-specific bias 

between the oligonucleotide and cDNA measurements of gene expression (ie, for any 

particular gene, there is a difference in the log-expression ratios measured using cDNA and 

oligonucleotide that is consistent across samples, but depends on the specific gene). If O(g,s) 

denotes the gene expression measured using oligonucleotide arrays for gene g (there are 

6,939 common genes between the cDNA and oligonucleotide arrays) and sample s, and 

C(g,s) denotes the corresponding measurement using cDNA arrays, then:

where B(g) is the gene-specific bias for gene g, and η is random noise with zero mean. This 

implies that the change in platform from cDNA array to oligonucleotide array introduces an 

additive gene-specific effect in the measured log ratios. We obtained an estimate of B(g) for 

each gene as follows:

where  and  are the means of C(g,s) and O(g,s) over the 10 samples hybridized to 

both platforms.

A set of seven independent tumors was hybridized to oligonucleotide arrays only. The 

estimate for the bias  was added to the oligonucleotide data to make it possible to use 

the classifier developed on cDNA data to be used to classify the oligonucleotide data.

The list of genes with significantly different expression (P<.001) established in the cDNA 

array set of 23 patients and the diagonal linear discriminant classifier based on these samples 

were then used to predict treatment response for the seven patients in the oligonucleotide set. 

The summary of the data analysis scheme is presented in Figure 2.

RESULTS

Response Classification of Rectal Adenocarcinomas to Preoperative Chemoradiotherapy

To identify molecular signatures of responsiveness to preoperative chemoradiotherapy, we 

analyzed gene expression profiles from 30 rectal adenocarcinoma biopsies from participants 

of a randomized clinical trial (CAO/ARO/AIO-94, German Rectal Cancer Trial). The flow 

of sample collection, clinical diagnosis, and experimental design is depicted in Figure 1. 

Before biopsy sampling, initial tumor staging was performed by rectal ultrasound. The 

majority of patients were diagnosed with cUICC III (n = 22) carcinomas, whereas the 

remaining eight patients were diagnosed with cUICC II carcinomas. In all instances, duplet 

biopsies were ascertained and submitted to either histopathologic evaluation or expression 
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profiling. Preoperative chemoradiotherapy, the histologic diagnosis, and surgical resection 

of carcinomas were standardized as part of the clinical trial. Histopathologic evaluation of 

the tumor biopsies revealed that all of the rectal cancers included in our analysis were 

adenocarcinomas. The clinical data and response classifications are listed in Table 1. 

Response classification was based on T level downsizing and histopathologic regression 

grading.36,49 With respect to T level downsizing, only patients who showed at least one T 

level reduction were considered responsive (patients 1 to 9 from the cDNA array set and 

patients 24, 25, 27, 28, and 30 from the oligonucleotide array set). Thus, 14 of the 

prospectively collected samples were from patients who were later classified as responders, 

and 16 patients showed no T level response. Regarding the regression grading, patients with 

grades 3 and 4 were considered responders (patients 1 to 8 and 10 to 13 from the cDNA 

microarray set and patients 24, 27, and 28 from the oligonucleotide array set), which left us 

with an equal number of responders and nonresponders.

Gene expression profiling: class comparison—Gene expression profiles of the first 

23 tumor biopsies were established using cDNA arrays (9,984 features). For each biopsy, 

technical repeat hybridizations were performed, and the coefficient of correlation was 

determined to be more than 95%. This excellent correlation allowed us to average the 

replicates for each patient before evaluation. Using class-comparison analysis, we identified 

a list of 54 genes that were differentially expressed at significance levels (P < .001) between 

responsive and nonresponsive tumors based on T level down-sizing (Table 2). In the group 

of responders, 41 genes showed lower expression relative to the group of nonresponders. 

The list of genes includes calmin, kinectin 1, copine III, villin-like, motilin, cdc42 (binding 

protein A), myosin IA, cyclin T1, interleukin 12A, SMC1, platelet derived growth factor C, 

and a number of genes that encode proteins involved in signaling and membrane transport 

and proteins with varying enzymatic properties (thiolase, lipase, peptidase and protease 

activity). The results of a hierarchical cluster analysis of the 54 genes are presented 

pictorially in Figure 3, along with the gene annotation and fold change between the groups. 

To corroborate the significance of finding these genes in our analysis, we have also 

determined that the likelihood that 54 genes would be significantly (P < .001) changed by 

chance to be exceedingly low (P = .008).

Using the regression grading classification, only four genes (REGL, ACVR2B, SMARCC1, 

and ZNF134) and one expressed sequence tag (EST) were differentially expressed (P < .

001) between responders and nonresponders. Because the probability of five genes being 

differentially expressed by chance is high (P=.31), we concluded that there was no evidence 

for differential expression between the histopathologic response and nonresponse samples.

Gene expression profiling: class prediction—We then wished to evaluate the 

usefulness of gene expression profiling for response prediction. This was achieved by using 

an established LOOCV strategy. Classification results for T level downsizing were derived 

using a diagonal linear discriminant45 analysis. Four patients were incorrectly classified; two 

belonged to the nonresponse group but were classified as responders (patients 15 and 21), 

and two belonged to the response group but were classified as nonresponders (patients 1 and 

2). Therefore, the estimate of the class prediction accuracy using LOOCV results in 83% 
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correct assignment as to either responders or nonresponders (P=.02). This P value, which 

indicates a low probability of obtaining this classification result by chance, was calculated 

using a permutation method that takes the sample size into account (see Patients and 

Methods). Table 3 shows the correlation between class prediction and T level downsizing. 

The sensitivity of the test (percentage of responders who were predicted correctly as 

responders) was 78%. The specificity (ie, patients who were correctly classified as 

nonresponders to preoperative chemoradiotherapy) was 86%. The positive predictive value 

(percentage of patients classified as responders who were true responders) was 78%, and the 

negative predictive value (percentage of patients classified as nonresponders who were true 

nonresponders) was 86%. Because only five genes were differentially expressed when using 

the histopathologic regression grading classification, no further LOOCV was attempted.

We then wanted to explore whether gene expression profiling for response prediction was 

independent of the microarray platform used. Therefore, we hybridized a newly obtained set 

of seven tumors to oligonucleotide arrays. Thirty-nine of the 54 genes identified as 

statistically significant using the cDNA arrays had corresponding features on the 

oligonucleotide arrays. Thus, our diagonal linear discriminant classifier was trained using 

the expression of these 39 genes from the 23 tumors hybridized to cDNA arrays. This cDNA 

classifier was able to correctly predict the response of six out of seven patients (86%; Table 

3) and, thus, attests to the robustness of microarray profiling and to the biologic relevance of 

the genes identified here. The flow of the different statistical tools used for class 

comparison, class prediction, and cross-platform assessment is summarized in Figure 2.

DISCUSSION

A recently published report on the results of a randomized phase III clinical trial 

(CAO/ARO/AIO-94, German Rectal Cancer Trial) provided convincing evidence that 

preoperative chemoradiotherapy of rectal adenocarcinomas reduces local recurrence (6% 

after 5 years) when compared with postoperative (13% after 5 years) multimodality 

treatment.37 Given these results, neoadjuvant therapy has now been adapted as the therapy 

of choice by the participating clinics. However, not all tumors respond uniformly, and 

despite promising results, a priori resistance to chemoradiotherapy poses a thorny problem 

because patients with nonresponsive tumors could either be spared from possible side effects 

of cytotoxic treatment and radiation or be subjected to alternative treatment modalities.50,51 

Therefore, developing tools for response prediction has become exceedingly important. 

Thus, we collected, prospectively, diagnostic biopsies from 30 patients from the German 

Rectal Cancer Trial with locally advanced rectal adenocarcinomas.

We acknowledge that there is a trade-off between sample size and the accrual of tumor 

specimens under strictly standardized diagnostic and therapeutic procedures. For the pilot 

study here, our patients were limited to those who were recruited to the German Rectal 

Cancer Trial and who were treated at only one of the participating clinical centers (because 

sample collection, surgery, and neoadjuvant treatment are identical, and post-therapy follow-

up is significantly simplified). Our sample size is taken into account when calculating the P 

value for the classification accuracy. Although we have begun to test the robustness of our 

approach by evaluating the performance of the classifier on a different array platform, the 
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ultimate test of the robustness and clinical applicability would require multicenter sample 

accrual and processing. Therefore, we have initiated such a study.

Using T level downsizing, the results of our gene expression analyses resulted in a classifier 

with high accuracy (83%), with only four of 23 patients incorrectly classified when using 

LOOCV. A similar accuracy (86%) was achieved with the independent set of seven patients, 

despite the difference in microarray platform; thus, utilization of gene expression profiling 

by microarray analysis seems robust enough to be independent of the particular platform 

used. Our inability to achieve higher accuracy could be due to several reasons, including 

tumor heterogeneity or the possibility that contamination of these particular biopsies with 

either normal rectal epithelium or adenomatous or stromal tissue could have partially 

obscured the detection of gene expression profiles more specific to rectal tumor cells. The 

latter does not seem likely, however, because we have established on frozen sections that the 

tumor cell content in the biopsies was greater than 90%. Incorrect tumor staging based on 

pretherapeutic rectal ultrasound could also result in incorrect classification of T level 

response. Finally, genes contributing to tumor response and, thus, useful for classification 

might not be represented on the arrays used in our study, or responsiveness of these tumors 

depends on post-translational modifications, which can obviously not be detected by gene 

expression analysis on nucleotide arrays.

The 54 genes that had expression levels that were most significantly changed (P < .001) 

represent members of several cellular pathways and map to multiple different chromosomes. 

Of particular interest are genes that encode proteins involved in DNA damage repair 

pathways, such as SMC1, which is involved in the S-phase checkpoint mediated by 

ATM.52,53 A number of genes were involved in microtubule organization. For instance, 

calmin has homology to calponin and dystrophin.54 Cdc42BPA is a member of the Rho 

GTPase subfamily and triggers microtubule reorganization and cytoskeletal remodeling 

through GSK-3 and APC, which are two proteins involved in Wnt signaling.55,56 Filamin B 

is an integrator of cell mechanics and signaling and acts in the Rho signaling apparatus,57 

villin proteins are involved in actin metabolism,58 and kinectin 1 is a binding partner of 

kinesin and belongs to a class of molecular motors involved in mitoses, axoplasmic 

transport, and secretion.59 The preponderance of genes involved in microtubule organization 

cannot be explained by relative abundance of members of such gene families alone (http://

nciarray.nci.nih.gov/).

Using the histopathologic regression grading, we only identified five genes that were 

differentially expressed (P<.001) between the two groups of responders and nonresponders. 

Because the probability of this number of genes being differentially expressed by chance 

was high (P = .31), we abstained from further statistical analyses. A possible explanation 

could be our definition of response because we defined grade 3 and 4 patients as responders 

according to previously published studies.22 However, it might be more reasonable to divide 

the groups into complete responders (regression grade 4) and nonresponders or partial 

responders (grades 0 to 3). This was not possible in our study because of the unequal 

distribution of biopsies (only three patients were assigned response grade 4).
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Several key proteins involved in the repair of radiation-induced DNA damage and enzymes 

involved in thymidine metabolism have been analyzed in the past regarding their potential to 

predict tumor response in individual patients.4,5 For instance, the expression levels of TS are 

usually inversely correlated with response to adjuvant FU treatment. However, the potential 

of TS expression levels to predict response to preoperative combined-modality therapy 

remains less conclusive. One possible explanation could be that many more studies were 

conducted regarding response prediction to postoperative chemotherapy than to preoperative 

therapy. Second, one could surmise that radiation, rather than chemotherapy, constitutes the 

main treatment component of preoperative chemoradiotherapy. A number of groups 

established correlations of expression levels of the tumor suppressor genes p53, p21, and 

p27 as well as bcl2, Ki-67, MSH2, survivin, TS, and PCNA with therapy response.11–26 

However, conflicting conclusions were reached as to the predictive power of any one of 

these genes, some of which were included on our arrays. These discrepancies can be a result 

of different study designs, different pretherapeutic staging classifications, nonstandardized 

treatments, different definitions of response, and different methodologies for determination 

of gene expression levels. The expression levels of these genes were not significantly 

different (P > .1) in groups of responders or nonresponders in our study.

In this study, we demonstrate that analysis of even a limited subset of patients from the 

randomized German Rectal Cancer Trial37 by gene expression profiling may contribute to 

the clinical stratification of responders and nonresponders. We have validated the robustness 

of our approach using different array platforms; however, we feel that, from a clinical 

perspective, our results should be confirmed with larger patient cohorts.
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Fig 1. 
Pictorial presentation of specimen accrual, clinical diagnosis, and experimental design. 

cUICC refers to pretherapeutic clinical staging of tumors. ypUICC refers to histopathologic 

assessment of the resected specimens after completion of preoperative therapy. UICC, 

International Union Against Cancer; FU, fluorouracil.
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Fig 2. 
Flow of statistical analyses for cDNA and oligonucleotide data. Gray ovals represent data, 

rectangles represent statistical procedures, and round-edged boxes indicate results. The 

figure shows the three main statistical analyses performed. Class prediction (red) and class 

comparison (blue) for cDNA data and cross-platform normalization for the classification of 

oligonucleotide data (green) is shown.
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Fig 3. 
Hierarchical cluster analysis of 23 patients based on the 54 most significantly changed genes 

(P < .001) when using T level downsizing. Red indicates increased expression, and green 

indicates decreased expression. Gene symbols and fold change between the groups are listed 

to the right. Values less than 1 reflect downregulation in the class of responders, whereas 

values more than 1 reflect upregulation. P, patient.
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Table 3

Prediction Accuracy Using Microarrays

Array and Patient No. Response Class Label No. of Genes in Classifier Diagonal Linear Discriminant Correct?

cDNA*

      1 R 89 No

      2 R 48 No

      3 R 41 Yes

      4 R 45 Yes

      5 R 36 Yes

      6 R 39 Yes

      7 R 40 Yes

      8 R 47 Yes

      9 R 43 Yes

 10 NR 41 Yes

 11 NR 39 Yes

 12 NR 35 Yes

 13 NR 53 Yes

 14 NR 38 Yes

 15 NR 66 No

 16 NR 54 Yes

 17 NR 47 Yes

 18 NR 40 Yes

 19 NR 44 Yes

 20 NR 43 Yes

 21 NR 84 No

 22 NR 46 Yes

 23 NR 56 Yes

Oligonucleotide†

 24 R 39 Yes

 25 R 39 Yes

 26 NR 39 Yes

 27 R 39 Yes

 28 R 39 No

 29 NR 39 Yes

 30 R 39 Yes

Abbreviations: R, responders; NR, nonresponders.

*
Percentage correctly classified: 83%.

†
Percentage correctly classified: 86%.
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