
Abstract. Previous studies from our laboratory have identified
a number of genes associated with chemosensitivity to 5-
fluorouracil (5-FU) using an in vitro colon cancer cell line
model. In this study, the in vivo significance of several marker
genes in terms of prognostic potential was evaluated using
colorectal cancer patient samples. Eight marker genes were
selected based on their functional roles and significant fold
changes in expression. They are SERTA domain containing 1
(SEI1), ribonucleotide reductase M2 polypeptide (RRM2),
origin recognition complex, subunit 6 homolog-like (ORC6L),
eukaryotic translation initiation factor 4E (EIF4E), thymidylate
synthase (TS), SET and MYND domain containing 3
(SMYD3), Dickkopf homolog 4, and methyl-CpG binding
domain protein 4 (MBD4). Forty-eight snap frozen clinical
colorectal samples (24 normal and 24 paired colorectal cancer
patient samples) were selected with detailed clinical follow-
up information. cDNAs were synthesized and the expression
levels of marker genes were quantified via qRT-PCR analysis.
The statistical significance of these markers for disease prog-
nosis was evaluated using the two-tailed paired Wilcoxon
test. Survival curves were plotted according to the method of
Kaplan-Meier and compared using the log-rank test. Based
on the quantitative expression analysis, RRM2 (p=0.0001;
95% CI, 2.0-4.5), ORC6L (p=0.0001; 95% CI, 1.8-4.6), EIF4E
(p=0.0002; 95% CI, 0.3-0.9), TS (p=0.0005; 95% CI, 0.7-2.2)
and SMYD3 (p=0.0001; 95% CI, 0.8-1.5) were overexpressed
in tumor tissues. However, the expression of SEI1 was
decreased in tumors (p=0.02; 95% CI, 0.1-1.3), consistent with
the function of SEI1 as a potential tumor suppressor. Kaplan-
Meier survival analysis indicated that MBD4 is a significant
prognostic factor for patient survival (p=0.03). MBD4 was a

key protein involved in DNA methylation. The expression of
TS was associated with tumor stage as it had a significantly
higher expression level in UICC stage I and II compared to
stage IV patients (p=0.03). MBD4 may be a potential novel
prognostic marker for predicting patient survival for colorectal
cancer.

Introduction

Despite adjuvant 5-fluorouracil (5-FU)-based therapy, nearly
30% of patients with advanced colorectal cancer develop
recurrence. In order to target treatment of colorectal cancer
more effectively in the future, it will be particularly important
to identify patients who are at risk of recurrence receiving
5-FU-based therapy. Such patients could be treated with some
of the recently approved compounds such as bevacizumab,
cetuximab, oxaliplatin and irinotecan. Moreover, non-
responders to 5-FU will have the option to be treated firstly
with non-fluoropyrimidine-based drugs to improve response
and to avoid unnecessary toxic side-effects. It has been shown
that patients with 5-FU refractory colorectal cancer respond
to irinotecan (1). Cetuximab was also demonstrated to have
significant activity when given alone or in combination with
irinotecan in patients with irinotecan-refractory colorectal
cancer (2). Therefore, identification of prognostic markers
for colorectal cancer treatment is important to optimize the
treatment plan of individual patients with both early and
advanced disease. Extensive efforts and progress have been
made in the past decade by utilizing both high-throughput
genomics approaches and highly quantitative measurements
such as real-time qRT-PCR analysis particularly for the
fluropyrimidine-based drugs such as 5-FU. A number of genes
have been shown to be closely associated with response to
5-FU-based therapy, including cyclin D, TS, thymidine
phosphorylase, and dihydropyrimidine dehydrogenase (3,4).
In these studies, patients with a low expression level of TS
tended to respond better than patients with a high TS level.
However, in other studies the opposite results were observed
(5-8). It is clear that additional markers are clearly needed to
optimize the prognostic power for individual patients.

To further expand the candidate genes associated with 5-FU
treatment and TS overexpression, our group developed a
systems biology approach to systematically discover genes
at both transcriptional and post-transcriptional levels using a
pair of colon cancer cell lines (9). As a result, a number of
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genes were discovered to be closely associated with the over-
expression of 5-FU target enzyme thymidylate synthase (TS)
and 5-FU treatment using a pair of colon cancer cell lines
at multi-levels of gene regulation by high-throughput gene
expression analysis (9). In particular, a number of potential
novel post-transcriptional regulated genes have been identified
with this unique approach. This study provided us with a new
pool of candidate genes for further in vivo evaluation. In the
present study, we selected 8 genes from our comprehensive
gene expression profiling analysis (9): SERTA domain
containing 1 (SEI1), ribonucleotide reductase M2 polypeptide
(RRM2), origin recognition complex, subunit 6 homolog-like
(ORC6L), eukaryotic translation initiation factor 4E (EIF4E),
thymidylate synthase (TS), SET and MYND domain containing
3 (SMYD3), Dickkopf homolog 4 (Dkk4) and methyl-CpG
binding domain protein 4 (MBD4). The selection was based on
their critical biological functions and significant expression
differences in response to 5-FU treatment and TS over-
expression (10-16). To further validate the in vivo significance
of some of the highly significant markers that may be assoc-
iated with chemoresponse to 5-FU-based therapy, a group of
colorectal cancer patient specimens were selected. We have
confirmed that several marker genes are differentially expressed
in colorectal clinical specimens. The expression of MBD4 was
associated with patient survival. Given the absent expression
of Dkk4 in many of the normal colorectal samples, it may be
a good candidate gene for anti-tumor drug discovery.

Materials and methods

Patients and samples. A total of 48 snap frozen colorectal
patient specimens were selected (24 paired normal and
tumor). These patients had undergone surgical resection of
primary colorectal adenocarcinoma at the Department of
General, Visceral and Transplantation Surgery, University of
Ulm, Germany. Patient consent forms were obtained from
every patient according to the institutional regulations. The
characteristics of these patients are shown in Table I. Some
of these patients were treated with adjuvant 5-FU-based
chemotherapy and others were treated with palliative high-
dose 5-FU/FA (Table I). 

RNA isolation and cDNA synthesis. Total RNAs were
isolated using a previously published protocol (17). In brief,
TRIzol reagent (Invitrogen, CA) was used to isolate total
RNA from snap frozen tissues. RNA was treated with DNase I
(Promega, WI). The integrity of total RNA was determined
by 1% formaldehyde-agarose gel electrophoresis. cDNA
synthesis was carried out with the cDNA synthesis kit
(Applied Biosystems Inc, CA) using 1 μg of total RNA as the
template and random primers at 25˚C for 10 min and 37˚C
for 2 h of reverse transcription. 

Real-time qRT-PCR analysis. Real-time qRT-PCR analysis was
performed on selected genes based on a previously published
procedure (17). Real-time qRT-PCR analysis was performed
on the experimental mRNAs (n=3). The PCR primers and
probes for EIF4E, MBD4, SEI1, SMYD3, TS, ORC6L, Dkk4,
RRM2, and internal control gene GAPDH were purchased
from Applied Biosystems Inc. qRT-PCR was performed on

an ABI 7500HT instrument under the following conditions:
40 cycles of 50˚C for 2 min, 95˚C for 10 min, 95˚C for 15 sec
and 60˚C for 1 min (n=3). 

Statistical analysis. Expression analysis of each gene was
performed between each pair of normal and tumor samples to
identify any potential tumor markers by the Wilcoxon test using
MedCalc® for Windows version 8.1.1.0 (MedCalc software,
Mariakerke, Belgium). The expression of these genes was
also evaluated by grouping samples to different stages of the
disease using the paired Wilcoxon test. Patient survival data
were analyzed by the method of Kaplan and Meier. The log-
rank test was used to evaluate the significance for patient
survival. For important prognostic factors, the hazard ratio
with corresponding 95% CI and the P-value were calculated. 

Results

Overexpressed genes in colorectal cancer that may serve as
a tumor marker. First the expression levels of eight selected
genes (EIF4E, MBD4, SEI1, SMYD3, TS, ORC6L, Dkk4,
and RRM2) were quantified by real-time qRT-PCR analysis
approach. The level of expression of each individual gene was
normalized with the house-keeping gene GAPDH. Next we
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Table I. Clinical features of the 24 patients in the series
studied.
–––––––––––––––––––––––––––––––––––––––––––––––––
Characteristics Frequency Percentage
–––––––––––––––––––––––––––––––––––––––––––––––––
Age (years)
Mean (range) 62 (30-93)

Gender
Male 14 58.3
Female 10 41.7

Anatomic site
Ascending colon 3 12.5
Transverse colon 2 8.3
Descending colon 4 16.7
Sigmoid colon 3 12.5
Rectum 12 50.0

Histology
Adenocarcinoma 24 100

UICC stage
I 4 16.7
II 4 16.7
III 8 33.3
IV 8 33.3

Survival (months)
Mean (range) 30 (0-75)
0-20 3 12.5
20-50 20 83.3
>50 1 4.2

–––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 1. Expression analysis of SEI1 (A), RRM2 (B), ORC6L (C), EIF4E (D), TS (E), SMYD4 (F), Dkk4 (G), and MBD4 (H) in colorectal cancer. Gene
expression values were expressed as ΔΔCT normalized with the GAPDH internal reference control gene (n=3).
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compared the expression levels of each candidate gene from
tumor samples to the corresponding normal counterparts.
Surprisingly, most of the selected marker genes were sig-
nificantly different between the tumors and corresponding
normal samples. As shown in Fig. 1, the average expression of
SEI1 (Fig. 1A) in normal samples was nearly 2-fold (p=0.02,
95% CI) higher than in tumor samples. RRM2 was highly
overexpressed in tumors compared to normal samples (5.6-
fold with p=0.0001, 95% CI) (Fig. 1B). ORC6L was also
significantly overexpressed by nearly 6-fold (p=0.0001) in
tumors compared to normal samples (Fig. 1C). The level of
EIF4E was higher in tumors (average value, 1.45) vs. normal
samples (average value, 0.84) (Fig. 1D). The 5-FU target
enzyme TS was overexpressed by >2-fold in tumors compared
to normal specimens (Fig. 1E). The average expression of
SMYD3 was 1.84 which is >2-fold higher in tumors compared
to normal samples with an average value of 0.71 (p=0.0001)
(Fig. 1F). The expression of Dkk4 was completely missing
from 10 normal samples and the 14 remaining normal samples
also had a lower level of Dkk4 expression (by 8-fold) compared
to tumor samples (Fig. 1G). However, the expression of MBD4
was not different between normal and tumor samples (p=0.15)
(Fig. 1H).

High TS levels were associated with disease progression. We
analyzed the potential association of all eight genes with
disease progression in terms of disease stage. The expression
levels of TS in late-stage tumors (UICC IV) were significantly
higher (>2-fold) than in early-stage tumors (UICC I, II)
(Fig. 2). 

High MBD4 transcript levels were associated with a better
prognosis. Kaplan-Meier survival curves were generated based
on the expression level of eight markers. Among these genes,
the expression level of MBD4 was strongly associated with
patient survival (p=0.03). Patients with a high MBD4 level had
the best disease-specific survival from the start of adjuvant
treatment to tumor-related death (Fig. 3A). Although SEI1
expression did not correlate very strongly with patient survival

(p=0.08), all six patients with higher SEI1 expression were
still alive at the evaluation time point. 

Discussion

In this study, the in vivo significance of previously identified
genes that are associated with TS overexpression and 5-FU
treatment were further evaluated using a panel of selected
colorectal specimens. Our rationale is that it is difficult to
generate reliable and consistent markers using a global expr-
ession profiling approach. It has been recently documented
by Ein-Dor et al that thousands of samples are needed to
generate a robust gene list for predicting outcome in cancer
(18). Our approach is based on discovered marker genes
associated with chemosensitivity using a well-defined colon
cancer model HCT-C18 (TS-) and HCT-C18 (TS+) (9). This
will allow us to further reduce the number of genes to a
limited number for further validation of their usefulness
using clinical samples. Twenty-four uniquely paired normal
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Figure 2. Expression analysis of TS in early stage (I, II) and metastatic (IV)
colorectal cancer. A significant difference was observed in TS expression
between stage I and II vs. stage IV (p=0.003).
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Figure 3. Kaplan-Meier survival analysis according to MBD4 (p=0.03) (A)
and SEI1 (p=0.08) (B) expression levels in colorectal cancer patients who
received surgery and 5-FU-based therapy (log-rank p-values). 
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and corresponding colorectal tumors were chosen for the
comparison. Among these 24 patients, seven received adjuvant
5-FU-based chemotherapy and six received palliative high-
dose 5-FU/FA treatment. We were surprised to see that the
majority of the selected genes were significantly overexpressed
in tumors (with the exception of SEI1) compared to their
normal counterparts based on the real-time qRT-PCR analysis.
EIF4E, a key translational initiation factor, was expressed at
a higher level in tumors. It has been shown that EIF4E plays
a key role in response to chemotherapy. EIF4E is one of the
key translation initiation factors and has been shown to play
a key role in chemoresistance and mTOR pathway (19-21).
Our finding is consistent with the fact that elevated EIF4E
expression in colorectal tumors contributes to chemoresistance.
In contrast, the expression of SEI1 was lower in tumors than
normal samples. SEI1 has been shown to play a key role in
G1/S transition and activate transcription of p21 independent
of p53 (22). SEI proteins possess an intrinsic transactivation
activity, interact with the co-activator CREB-binding protein,
and cooperate synergistically with the ING family of
chromatin-associated proteins to stimulate the transactivation
function of p53. In this study, Watanabe-Fukunaga et al found
that the doxycycline-induced expression of SEI proteins
results in activation of the p21 gene and inhibition of cell
growth, but the growth arrest was not suppressed by the
siRNA-mediated knockdown of the endogenous p53 protein.
These results indicate that the SEI family of nuclear proteins
regulates p53 transcriptional activity and a p53-independent
signaling pathway leading to growth inhibition. Decreased
expression of SEI1 may also contribute to the drug resistance
mechanism in colorectal cancer. Kaplan-Meier survival
analysis showed that six patients with higher expression
levels of SEI1 lived longer than those in the low expression
group (Fig. 3B).

Another important gene is ORC6L, which was over-
expressed in tumor samples in our study (Fig. 1C). ORC6L is
a protein involved in the DNA replication complex and acts
as an essential gene that coordinates chromosome replication
and segregation with cytokinesis (23,24). The overexpression
of ORC6L in colorectal tumors may indicate a strong
association with the disease development. Another striking
finding is that the expression of Dkk4 was completely un-
detectable in 10 of the 24 normal samples, the remaining 14
normal samples also had 8-fold lower expression of Dkk4
compared to tumors (Fig. 1G). This is the first report that in
many cases, the expression of Dkk4 is missing in normal
colorectal samples. Dkk4 is one of the key antagonists for
Wnt/ß-catenin signaling pathway (25). Dkk4 would be an
ideal target because it is not expressed in normal colon tissue
based on our data.

RRM2 and TS were also overexpressed in tumors compared
to normal colorectal samples. RRM2 and TS belong to the
pyrimidine metabolic pathway. The expression of RRM2 has
been shown to play a key role in chemosensitivity (26-28).
However, TS was not associated with survival in these
samples. The TS level was significantly higher in UICC
stage IV metastatic tumors than in primary tumors, indicting
that it may be associated with disease progression. Our finding
is consistent with previous results reported by Johnston et al
(3).

Finally, despite a relative short-time follow-up, MBD4 was
a significant marker gene that was associated with patient
survival. It has been found that it may suppress neoplasia.
MBD4 was characterized as a thymine DNA glycosylase that
interacts with the mismatch repair (MMR) protein MLH1. The
in vivo function of MBD4 is to decrease the mutability of
methyl-CpG sites in the genome and mice deficient in MBD4
show increased intestinal tumorigenesis. It was demonstrated
that mice deficient for MBD4 showed significantly reduced
apoptotic responses following treatment with a range of cyto-
toxic agents such as 5-FU, γ-irradiation and cisplatin. This
leads to increased clonogenic survival in vivo in Mbd4 (-/-)
mice following exposure to either 5-FU or cisplatin. These
results reported by other groups provide further support for
our results that MBD4 is a potential indicator for patient
survival. 

In summary, we have confirmed that several of the marker
genes are differentially expressed in colorectal clinical speci-
mens. MBD4 was significantly associated with patient survival.
Given the absent expression of Dkk4 in many of the normal
colorectal samples, it may be a good candidate gene for anti-
tumor drug discovery. Further studies are clearly needed to
validate the prognostic utility of MBD4 using a larger cohort
of clinical samples.
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