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ABSTRACT
Purpose: The incidence and mortality rates of cervical
cancer are declining in the United States; however, worldwide, cervical cancer is still one of the leading causes of
death in women, second only to breast cancer. This disparity
is at least partially explained by the absence of or comparatively ineffective screening programs in the developing
world. Recent advances in expression genomics have enabled the use of DNA microarray to profile gene expression
of various cancers. These expression profiles may be suitable
for molecular classification and prediction of disease outcome and treatment response. We envision that expression
genomics applied in cervical cancer may provide a more
rational approach to the classification and treatment of the
disease.
Experimental Design: In this report, we examined the
expression profiles of cervical cancer compared with normal
cervical tissues in DNA microarrays that contained approx-
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imately 11,000 features that correspond to either human
transcripts with known function or anonymous expressed
sequence tags.
Results: Our results showed that normal cervical tissues
were completely segregated from the cancer samples using
about 40 genes whose expressions were significantly different between these specimens. In addition, clinical stage IB
and stage IIB tumors could also be classified based on their
signature expression patterns. Most importantly, some of
the tumor samples were further stratified into two major
groups based on their response to radiotherapy, and we
were able to predict the response of these patients to radiotherapy from their expression profiles.
Conclusions: Gene expression profiling by DNA microarray may be used for further molecular classification of
disease stages and prediction of treatment response in cervical cancer.

INTRODUCTION
Despite a decline in the incidence of cervical cancer in the
United States, in less developed nations, cervical cancer remains
one of leading causes of cancer mortality (1, 2). The absence of
screening programs or comparatively ineffective screening programs lead to relatively late diagnosis of the disease (3). For
advanced cervical cancer, radiotherapy remains the major treatment modality despite the comparatively low response rate (4).
Recent advances in expression genomics by DNA microarray demonstrated the potential use of expression profiles obtained from patients’ specimens for molecular classification of
cancer as well as disease outcome (5–9). Therefore, monitoring
gene expression profiles for genome-wide changes in gene
expression patterns may provide insights into the molecular
fingerprint of different diseases including cancer, diseases of the
central nervous system, and the cardiovascular system, treatments, environmental agents, and ultimately even distinguishing
responders and nonresponders to a given drug, as well as predicting toxicity and adverse effects of drugs (10, 11).
Emergence of resistance in cancer treatments, whether by
radio- or chemotherapy, remains a critical unresolved problem.
Failure to response to treatment is often the result of the empirical nature of cancer therapy or the inability to foresee or predict
the response of an individual’s cancer. Therefore, application of
expression genomics in cervical cancer to identify genetic pathways that contribute to treatment resistance will undoubtedly
provide insights into mechanisms of resistance and ultimately
help guide and improve cervical cancer treatment. DNA microarray has already been used to monitor genome-wide gene
expression changes in response to chemotherapeutic agents in in
vitro cell culture studies (12–16), to gain further understanding
about mechanisms of resistance as well as predict resistance in
tumor specimen (14).
In this report, we conducted pilot studies to compare the
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expression profiles of normal cervical tissues to cervical cancers
by DNA microarray. We also showed that the expression profiles could classify cervical cancers into two broad clinical
groups, based on the FIGO10 staging system. Most importantly,
our results further showed that response to radiotherapy can be
predicted by monitoring the expression profiles of some of these
cervical cancers, which were stratified into responders and nonresponders, based on the retrospective outcome of the treatment.

Table 1
Characteristics
FIGO stage
IB
IIA
IIB
IIIB
IVA
Tumor grade
1
2
3
Treatment
RTa
RH
RH ⫹ RT
Others
Patient status
DOD
NED
AWD
RT resistant
RT sensitive

MATERIALS AND METHODS
DNA Microarray. DNA arrays were custom printed on
3 in x 10 in nylon membrane and contained approximately
11,000 DNA elements, comprising expressed sequence tags that
either correspond to human transcripts with known function in
the GenBank database (approximately 7,000) or are anonymous
(⬎3,000).
Tissue Specimens and RNA Isolation. Patient specimens and clinical data with end points for correlation analysis
were obtained from the Department of Obstetrics and Gynecology, Prince of Wales Hospital, at The Chinese University of
Hong Kong. This study was approved by the Clinical Research
Ethics Committee at the Chinese University of Hong Kong and
the Internal Review Boards at Rutgers University. The study
involves no potential risk to the patients because these are
archival samples and were without identifier label.
RNAs were isolated using the RNeasy Kit (Qiagen) according to the manufacturer’s instructions. In brief, approximately 5 mg of pulverized tissue were homogenized in the RNA
extraction reagent with a Dounce homogenizer. Integrity of
isolated RNA was examined by gel electrophoresis.
Target Synthesis, Array Hybridization, and Image
Processing. cDNA targets were synthesized from the isolated
total RNA with [33P]dCTP by oligo(dT)-primed polymerization
using Superscript II reverse transcriptase (Life Technologies,
Inc.) as described previously (16). [33P]dCTP-labeled targets
were hybridized to the membrane arrays, washed, exposed on
phosphorimage screen for approximately 15 h, and then scanned
on a Molecular Dynamics Typhoon PhosphorImager. Scanned
images of microarrays were analyzed using Imagene (Biodiscovery), and the output intensity data were further analyzed
using custom statistical software and supervised clustering
method. The analyzed results were displayed using the Stanford
array analysis software suite Cluster and TreeView (17).
Data Analysis. To compare normal cervical tissues with
cervical cancers, the expression level for each gene was subjected to Wilcoxon’s rank-sum test, and the P was adjusted
according to Benjamini and Hochberg’s false discovery rate
(18). A logistic regression model was applied to classify the
samples as either normal or cancer using the genes with smallest
Benjamini and Hochberg’s adjusted Ps. Model gene predictors
all have Benjamini and Hochberg’s adjusted Ps of ⬍0.01.
Supervised clustering methods, involving training and testing of
cervical cancer gene expression profiles and clinical treatment

Patient data (n ⫽ 26 patients)
No. of patients (%)
11 (42.4)
8 (30.8)
5 (19.2)
1 (3.8)
1 (3.8)
3 (11.5)
16 (61.5)
7 (27)
13 (50.0)
8 (30.8)
3 (11.5)
2 (7.7)
12 (46.2)
13 (50.0)
1 (3.8)
6 (46.2)
7 (53.8)

a
RT, radiotherapy; RH, radical hysterectomy; DOD, died of disease; NED, no evidence of disease; AWD, alive with disease; RT
resistant, died of disease at time of microarray evaluation, ⬎15 months
after end of RT; RT sensitive, no evidence of disease at time of
microarray evaluation, ⬎15 months after end of RT.

response, were used to predict and correlate gene expression
patterns with treatment response.11

RESULTS
There have been limited studies on the expression genomics of cervical cancer, and most of these published reports
focused on tissue culture cell lines (19 –22). To test whether
monitoring the expression profiles of cervical cancer patients
can be applied for molecular classification of the disease and
predicting treatment outcome, we performed pilot studies on the
expression profiles of cervical cancer samples from patients.
Twenty-six grossly dissected primary tumors from cervical
cancer patients taken at the time of diagnosis and before radiotherapy were collected at the Prince of Wales Hospital, Department of Obstetrics and Gynecology, Chinese University of
Hong Kong. The patients’ characteristics are shown in Table 1.
Microscopic examination of tumor preparations verified the
presence of cancer cells in all samples.
To classify the tumor samples, we used gene expression
data from cDNA microarrays containing 10,692 elements (Fig.
1A). In the initial analysis, we compared the expression profiles
of 8 normal cervices derived from hysterectomy with 26 cervical cancer samples, randomly shuffled to test whether the expression profiles could distinguish normal cervix from cervical
cancer. As shown in Fig. 1B, our results demonstrated that,
using a permutation test based on Wilcoxon’s rank-sum test,

11
10

The abbreviation used is: FIGO, International Federation of Gynecologists and Obstetrics.

The entire microarray dataset is available for searches at http://
www.ncbi.nlm.nih.gov/geo under the data series accession number
GSE527.
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Fig. 1 Microarray analysis of cervical cancer. A, scanned image of filter array. the 10,000 human filter array, produced at the microarray facility at
The Cancer Institute of New Jersey, was hybridized with probes labeled with 5 g of total RNA isolated from cervical cancer tissues. The filter array
was washed and exposed to phosphorimage screen and then scanned on PhosphorImager. B, clustergram of expression patterns of normal cervix and
cervical cancer. Expression profiles were correctly segregated as normal and cancer clusters using Wilcoxon’s rank-sum test. Results are displayed
as a dendrogram. C, dendrogram of expression patterns of stage IB and stage IIB cervical cancers.

expression of each gene was compared between normal cervix
and cervical cancer, and all of the samples were correctly
classified by their expression profiles as either normal or cancer.
Cervical cancer is clinically staged according to the FIGO
system into four stages. In our study, due to a limited sample
size and insufficient distribution of the samples into the four
stage groups, we decided to classify the disease molecularly
based on the expression profiles of 16 patients with either stage
IB (11 samples) or stage IIB (5 samples) cervical cancer. Our
results showed that the two distinct clinical stages could be
correctly classified based on their expression profiles (Fig. 1C).
Furthermore, we found that only 4 of 100 genes in this analysis
overlapped with those identified from the above-mentioned
analysis between normal cervix and cervical cancer (data not
shown).
We next asked whether the expression profiles could predict treatment response in the cervical cancer patients who had
been given radiotherapy. On further stratification of the 26
patients (Table 1), 13 patients who were given radiotherapy as
primary treatment were selected for further analysis for radiotherapeutic sensitivity (responder) or resistance (nonresponder).
The 13 patients were stratified into two groups based on treatment outcome. Patients who received radiotherapy but died
from the disease were considered resistant to treatment, and
patients who are alive with no evidence of disease 36 months
after treatment were considered sensitive to radiotherapy. Patients who did not respond to radiotherapy had a mean survival
time of 22.2 months, whereas the group sensitive to radiotherapy had a mean survival time of 66.5 months. All of the patients
in the radiotherapy-resistant group had since died from the
disease, whereas patients in the radiotherapy-sensitive group
were all still alive at the time this study was conducted.
Supervised clustering analysis was used to analyze our
samples of 13 patients. At the beginning of data analysis, one
responsive patient and one resistant patient were reserved as the
test samples. The other 11 training samples were used to build
the model. The gene expression profile from these 11 patients’
tissue and their corresponding clinical treatment outcome
records (i.e., responsive and nonresponsive) are the two sets of
inputs used in the supervised clustering data analysis. These
inputs were analyzed to identify the cause of their differences in

treatment outcomes. The optimized result was then used to build
the treatment prediction model. The four reserved blinded samples were then used to determine the accuracy of the prediction
model. The genes used in the prediction model can correctly
classify all 13 samples as either radiotherapy sensitive or radiotherapy resistant based on their gene expression profiles (Fig. 2).
The predictive performance of the model was evaluated by
randomly dividing the samples into training and testing samples.
Each time, all 13 patients’ microarray data were randomly
re-separated into training and testing sets, and the entire training
and testing processes were repeated. After repeating the procedure (test sample selection, data analysis, and testing) 100 times,
the average predication accuracy was determined to be 97%.
To further test the validity of our data analysis, our result
was compared with randomized data sets by assigning each of
the 13 samples arbitrarily to different clinical groups (radiotherapy sensitive or radiotherapy resistant), in which a responsive
sample could be randomly assigned to either the radiotherapysensitive or the radiotherapy-resistant group. These artificially
created groups were generated to have an approximately equal
number of true positive and negative samples in each group and
then subjected to supervised clustering analysis to create the
best models to discriminate one group from another. The data
were repeatedly created and analyzed ⬎30 times. Our results in
Table 2 showed that: (a) self-included and self-excluded results
were similar to the true clinical data, however, self-excluded
results were much worse than self-included results in randomized test; and (b) self-excluded prediction accuracy of true
clinical data (96.0%) was 4.47 SDs better than the mean randomized results (52.2%), thus suggesting that our results did not
occur stochastically (P ⬍ 0.00001).
To understand the prediction model, the top 100 genes used
by the model were extracted for bioinformatics searches and
found to represent a wide spectrum of cellular functions (Table
3) including genes with transcription, cell adhesion, membrane
and cytoskeletal, and signal transduction functions.

DISCUSSION
DNA microarray has been used to profile gene expression
in some human clinical cancer specimens (5–9, 23–27). Recent
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Fig. 1. Continued.

reports further showed that monitoring breast cancer gene expression yielded signature expression profiles that could predict
clinical prognostic outcome in these patients (5, 9). We showed
in this study that expression profiling by DNA microarray in
cervical cancer could be an important tool for molecular clas-

sification of the disease as well as for prediction of treatment
responsiveness in cervical cancer, which has not been examined
to date. The expression profiles of cervical cancer were distinguishable from those of normal cervix (Fig. 1B). With the
expression profiles, we were also able to classify the specimens
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Fig. 2 Discriminant analysis and prediction of response to radiotherapy in cervical cancer. Analysis of array data was performed by supervised
pattern-matching methods. The results for the 300 genes that most correctly classified the samples into radiotherapy-resistant and radiotherapysensitive groups were further subjected to cluster analysis and are displayed as dendrogram. Mean survival time after radiation treatment for the two
groups of patients: radioresistant, 22.2 months; radiosensitive, 66.5 months.

correctly in their disease stages according to the FIGO system
(Fig. 1C). Most importantly, our results further showed that
response to radiotherapy could be predicted based on the signature expression patterns of cervical cancer.
A major caveat in this study is the small sample size.
However, this is a pilot study, and efforts are ongoing to
continue this research and acquire more samples for future
studies to further validate the predictors that we identified in this
report. Despite the above-mentioned drawback, our results, nevertheless, showed clearly that expression profiling by DNA
microarray in cervical cancer provides a genomics platform for
molecular classification and prognostication of treatment response for the disease.
Another potential concern of our prediction of treatment
response is that the number of genes on the array (10,692
features) is much larger than the sample size (13 samples).
Therefore, it is possible that a small number of samples may
show correlation with gene expression stochastically. To address this issue, we tested our analytical methods by comparing
the observed clinical data with randomized data. Our results
demonstrated that self-excluded accuracy of the observed clinical radiotherapy outcome was better than randomized analysis
(Table 2), thus confirming the validity of our analysis.
The signature expression profiles we identified in this
report include genes that are differentially expressed between
normal cervix and cervical cancer, which encompass a number
of genes of diverse biological functions (data not shown). Another signature profile was also identified that differentiated the

Table 2

tumors between stage IB and stage IIB (data not shown). Interestingly, there are few overlaps in the genes between these two
signature profiles. It is possible that the genes that are required
to distinguish stage IB from stage IIB tumors are not necessarily
the same genes that are differentially expressed between normal
cervix and cervical cancer. Further research is required to increase the sample size so that tumors of different stages are
equally represented in each stage to clearly define the signature
profiles distinctly associated with each clinical stage for accurate classification.
Most significantly, our results showed that signature expression profile derived from supervised clustering analysis can
be predictive of response to radiotherapy in these patients, thus
suggesting that patients whose expression profiles predicted
them to be nonresponders should be given alternative treatments. Comprising these predictors is also a large number of
genes with diverse physiological functions (Table 3), which
include transcription factors, proteins with cytoskeletal, membrane, and cell structural functions. Interestingly, the gene damage-specific DNA binding-protein 1 (28) seemed to be generally
expressed in higher levels in patients who did not respond to
radiation therapy (Table 3). Clearly, increased expression of one
gene in the DNA damage response and repair pathway is probably insufficient to account for resistance to radiotherapy observed in these patients. It is unclear at present whether the other
genes may also have roles in conferring radiotherapeutic resistance. Further analysis of a larger group of cervical cancer
patient samples treated with radiotherapy will be required to

Prediction accuracy of array data analysis by supervised clustering methods compared with randomized data sets
Analysis of clinical data

Cervical cancer

Analysis of randomly grouped data
Self-included prediction
accuracy

Self-excluded prediction
accuracy

Self-included
prediction
accuracy

Self-excluded
prediction
accuracy

Mean value

SD

Mean value

SD

99.4

96.0

91.9

1.6

52.2

9.8
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Table 3

Genes differentially expressed between patients who responded (sensitive) or failed to respond (resistant) to radiotherapy
Ratio
a

Gene name & category
DNA damage response
Damage-specific DNA-binding protein 1
Transcription factors
T-box 19
ZNF33A zinc finger protein 33a (KOX 31)
Serum response factor
Nuclear receptor corepressor 1
Immune modulatory
IFN-regulatory factor 2
IFN-␣-inducible protein (clone IFI6-16)
Interleukin 10 receptor ␤
Actin-associated and cytoskeletal proteins
Highly similar to kininogen L
KIAA0220 protein, actin cytoskeleton organization
KIAA0336 gene product, similar to mouse myosin heavy chain
KIAA0514 gene product, proline-rich actin-binding protein family
KIAA0966 protein, similar to SAC1, suppressor of actin mutations 1 homologue
Ras family of proteins
N-Ethylmaleimide-sensitive factor
RAB7
Similar to mouse putative Rho/Rac GEF
a

Accession no.

Resistant/sensitive

AA608557

2.5

AI630980
N57658
AA487973
T99086

2.4
2.1
2.7
2.2

AA416883
AA448478
AA486393

3.2
2.1
2.3

H69834
R91822
R00035
AI139146
R69354

2.3
2.7
2.5
2.1
2.3

H38086
AI202933
AI042352

2.9
2.4
2.5

Accession numbers are from GenBank database.

confirm our finding and to further elucidate the direct role of
these genes in resistance to radiotherapy, or, indirectly, how
their expression may be associated with such resistance. In
addition, the utility of these genes as specific markers for
predicting responsiveness to radiotherapy will also need to be
confirmed in future studies.
The current one-size-fits-all approach in the clinical treatment of cancers does not take into account whether patients may
or may not respond to radiotherapy. It is certain that expression
profiling by DNA microarray in human cancer will be a genomics approach that can provide pharmacogenomics information
that can more accurately predict outcome, thereby bringing an
end to the practice of trial and error and the one-size-fits-all
approach in cancer therapy today. Our results further imply that
patients whose tumor expression profiles exhibit a pattern associated with resistance to radiotherapy should be given alternative or supplementary modality of treatment that may result in
improved responsiveness or cure, thus personalizing treatment
for individuals based on their gene expression patterns.
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