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Abstract: Preoperative neoadjuvant chemoradiation therapy may be useful in patients with operable rectal cancer, 
but treatment responses are variable. We examined whether expression levels of circadian clock genes could be 
used as biomarkers to predict treatment response. We retrospectively analyzed clinical data from 250 patients with 
rectal cancer, treated with neoadjuvant chemoradiation therapy in a single institute between 2011 and 2013. Gene 
expression analysis (RT-PCR) was performed in tissue samples from 20 patients showing pathological complete re-
gression (pCR) and 20 showing non-pCR. The genes analyzed included six core clock genes (Clock, Per1, Per2, Cry1, 
Cry2 and Bmal1) and three downstream target genes (Wee1, Chk2 and c-Myc). Patient responses were analyzed 
through contrast-enhanced pelvic MRI and endorectal ultrasound, and verified by histological assessment. pCR was 
defined histologically as an absence of tumor cells. Among the 250 included patients, 70.8% showed regression 
of tumor size, and 18% showed pCR. Clock, Cry2 and Per2 expressions were significantly higher in the pCR group 
than in the non-pCR group (P<0.05), whereas Per1, Cry1 and Bmal1 expressions did not differ significantly between 
groups. Among the downstream genes involved in cell cycle regulation, c-Myc showed significantly higher expres-
sion in the pCR group (P<0.05), whereas Wee1 and Chk2 expression did not differ significantly between groups. 
Circadian genes are potential biomarkers for predicting whether a patient with rectal cancer would benefit from 
neoadjuvant chemoradiation therapy. 

Keywords: Neoadjuvant chemoradiation therapy, circadian clock, rectal cancer, biomarker

Introduction

Colorectal cancer has a high incidence in both 
developing and developed countries, with 
recent data from the USA indicating an inci-
dence rate of 50 per 100,000 in males and 
37.8 per 100,000 in females [1]. Furthermore, 
it has been estimated that 2015 will see nearly 
40,000 new cases of rectal cancer in the USA 
alone [1]. Pre-operative neoadjuvant chemora-
diation therapy has been recommended for 
patients with operable rectal cancer, and its 
use is associated with a low cancer recurrence 
rate [2-5]. In this regimen, patients receive 2-5 
rounds of chemotherapy, accompanied by radi-
ation treatment. There is no current consensus 
on the choice of chemotherapy drugs and radi-
ation dose/interval, with individual institutions 
often devising their own empirical protocols [6, 

7]. Regardless, it has been reported that 
10-30% of patients benefit from this treatment, 
with near complete regression of local cancer. 
However, approximately 25% of patients do not 
respond to this therapy, with the remaining 
patients showing intermediate responses [8, 
9].

Biomarkers are urgently needed to predict 
patient responses to neoadjuvant therapy. The 
treatment itself lasts 4-6 months, during which 
time patients may experience extensive adverse 
effects of the chemoradiation therapy, such as 
hair loss, gastrointestinal syndrome and skin 
damage; indeed, chemoradiation therapy has 
been reported to increase toxicity-related mor-
tality [10], highlighting the importance of target-
ing this treatment to patients who are predicted 
to benefit. Furthermore, the half-year delay in 
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surgery may pose a significant risk for patients, 
especially those who respond poorly to the 
therapy. In addition, the cost of neoadjuvant 
treatment is a serious consideration for low-
income families. Extensive microarray analyses 
have been conducted to identify biomarkers 
that can predict patient responses [11-14]. 
Several candidate genes have been examined, 
including p53, p21, EGFR, Bcl2/Bax, Ki-67, thy-
midylate synthase (TS), Hsp27, survivin [15, 
16], and miRNAs [17]. However, their utilities in 
predicting patient responses remain to be fur-
ther verified. 

The circadian clock is our biological timer, play-
ing a fundamental role in the orchestration of 
our daily physiology and behavior. The core 
molecular oscillator is comprised of six core 
members encoded by the Clock, Bmal1, 
Cryptochrome 1 and 2 (Cry1 and Cry2), and 
Period 1 and 2 (Per1 and Per 2) genes [18, 19]. 
CLOCK and BMAL1 proteins form a heterodi-
mer transcription factor complex, driving the 
expression of the Cry and Per genes. The PER 
and CRY proteins in turn heterodimerize and 
inhibit CLOCK/BMAL1, turning off their own 
transcription. A diverse array of regulatory 
mechanisms impinges upon this core mecha-
nism to drive downstream gene expression and 
coordinate essential physiological processes. 
In particular, the clock has been shown to regu-
late various cellular functions that are often 
deregulated in tumor formation, including cell 
proliferation, the response to DNA damage, 
and apoptosis [19, 20]. 

Genetic and epidemiological studies have pro-
vided strong evidence for a role of the circadian 
clock in tumorigenesis [18]. For example, shift 
work is known to cause a disruption in circadi-
an hormonal rhythm, and is also associated 
with elevated incidence rates of breast and 
colorectal cancers. Consistent with the idea 
that the clock functions as a tumor suppressor, 
a genetic mutation of the Per2 gene in mice 
was found to confer exaggerated sensitivity to 
γ-irradiation-induced lymphoma, likely attribut-
able to defective p53-dependent apoptosis 
[20]. At the molecular level, core clock genes 
are also known to regulate the expression and/
or function of various downstream genes 
involved in cell proliferation, the DNA damage 
response and apoptosis. For example, cell 
cycle-related genes were among those found to 

be dysregulated in the liver and muscle of 
ClockΔ19 mutant mice [21]. Per1 expression 
has been shown to correlate with DNA damage-
induced apoptosis, with lower expression in 
human tumor samples than in normal tissues 
[22]. Furthermore, the PER1 protein has been 
found to interact directly with several check-
point kinases including Chk2, underscoring a 
conserved pathway mediating clock control of 
the DNA damage response [22, 23]. Together, 
these studies highlight a potentially important 
role of the clock and clock genes in cancer pro-
gression. Indeed, the core clock genes have 
been shown to be associated with tumor forma-
tion in skin cancer [24], prostate cancer [25], 
lung cancer [26], head and neck squamous cell 
carcinoma [27], endometrial cancer [28], and 
colorectal cancer [29, 30]. These observations 
raise the interesting possibility that clock genes 
could serve as prospective biomarkers to pre-
dict the response of rectal cancer to neoadju-
vant chemoradiation therapy. In the present 
study, we have examined whether circadian 
genes could be used to predict patient respons-
es to chemoradiation therapy. We retrospec-
tively analyzed data from patients with rectal 
cancer, who were treated at the Union Hospital 
of Fujian Medical University between 2011 and 
2013. Among 250 patients with a complete 
dataset, the response rate to treatment 
(defined as regression of tumor size or T stage) 
was 70.8%, and the rate of pathological com-
plete regression (pCR) was 18%. Furthermore, 
quantitative analysis of the expression levels of 
core clock genes and their downstream cell 
cycle genes revealed significant differences in 
gene expression levels between responders 
and non-responders, suggesting that clock 
genes could serve as potential biomarkers to 
predict patient responses to neoadjuvant 
chemoradiation therapy.

Patients and methods

Patient population 

This was a retrospective analysis of consecu-
tive patients with rectal cancer who were treat-
ed by neoadjuvant chemoradiation therapy, 
between January 2011 and July 2013, at the 
Department of Radiation Oncology, Affiliated 
Union Hospital of Fujian Medical University, 
Fuzhou, Fujian, China. The inclusion criteria 
were as follows: newly diagnosed and histologi-
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cally proven T3/4 with N+/- or T1/2 with N+ rec-
tal adenocarcinoma based on the criteria of the 
7thedition of the AJCC Cancer Staging Manual 
[31]; and chemoradiation therapy (see below) 
administered prior to surgical resection of the 
tumor. The following exclusion criteria were 
applied: heart, liver or renal dysfunction; a his-
tory of previous malignancy; previous treat-
ment with chemotherapy or radiotherapy; preg-
nancy or breast-feeding; or the presence of a 
psychiatric disorder. The study was approved by 
the Institutional Review Board of The Affiliated 
Union Hospital of Fujian Medical University. 
Due to the retrospective nature of this analysis, 
informed patient consent was deemed not to 
be required.

Management protocol 

All included patients were investigated using 
standard procedures, including biopsies, elec-

trocardiograms (ECGs), physical examinations, 
and cancer staging by contrast-enhanced pel-
vic MRI and endorectal ultrasound. Pre-
operatively radiotherapy (total dose of 50.4 Gy, 
pelvic dose of 45 Gy/25 fractions and 5.4 
Gy/28 fractions boosted to the primary tumor) 
was performed in conjunction with 2 cycles of 
chemotherapy. After completion of CRT, 
patients received an additional cycle of chemo-
therapy. Each chemotherapy cycle included 
oxaliplatin (Jiangsu Hengrui Medicine Co., Ltd.) 
130 mg/m2 on day 1 and capecitabine (La 
Roche Ltd, Switzerland) 825 mg/m2, twice per 
day from day 1 to day 14 for a duration of 21 
days. Total mesorectal excision (R0 resection) 
was performed 6-8 weeks after the completion 
of chemoradiation.

Sample collection

Tumor samples were taken under rectoscope 
within one week before radiotherapy and after 
during operation by experienced colorectal sur-
geons to evaluate patient responses. Tissue 
samples were fixed in 37% formalin and sub-
jected to standard processing in a pathological 
laboratory. Samples were used for RNA extrac-
tion when parallel specimens contained at 
least 70% tumor cells.

Histological assessment 

Pathological analysis was performed before 
and after treatment to determine the clinical 
responsiveness in a blinded fashion from infor-
mation of the gene expression level results. 
pCR was defined as the complete absence of 
all tumor cells. Semi-quantitative evaluation of 
histological regression was performed accord-
ing to the Dworak classification [32]. The tissue 
samples before treatment contained mainly 
tumor cells (>90%, as assessed by three inde-
pendent pathologists). 

RNA extraction and quantitative RT-PCR analy-
sis 

Gene expression analysis was carried out on 
randomly selected tissue samples from 20 
patients who showed pCR of rectal cancer after 
treatment, and 20 patients who showed no 
response (non-pCR). Gene expression analysis 
was carried out for six core clock genes (Clock, 
Cry1, Cry2, Per1, Per2 and Bmal1), three of 
their downstream target genes (Wee1, Chk2 
and c-Myc), and four genes implicated previ-

Table 1. Primers used in this study
Gene Name Primer Sequences
CLOCK GGCACCACCCATAATAGGGTA

TGTTGCCCCTTAGTCAGGAAC
CRY1 ACAGGTGGCGATTTTTGCTTC

TCCAAAGGGCTCAGAATCATAC
CRY2 CGTGTTCCCAAGGCTGTTCA

CTCCGTCACTACTTCCACACC
PER1 TCTGTAAGGATGTGCATCTGGT

CAGGCAGTTGATCTGCTGGT
PER2 AGTTGGCCTGCAAGAACCAG

ACTCGCATTTCCTCTTCAGGG
BMAL1 GCCCATTGAACATCACGAGTAC

CCTGAGCCTGGCCTGATAGTAG
WEE1 AGGGAATTTGATGTGCGACAG

TTCAAGCTCATAATCACTGGCT
CHK2 ATCTGCCTTAGTGGGTATCCA

CTGTCGTAAAACGTGCCTTTG
c-MYC AGCAGCGACTCTGAGGAGGAA

ACTCTGACACTGTCCAACTTGA
SURVIVIN TTCTCAAGGACCACCGCATC

CAAGTCTGGCTCGTTCTCAG
TS TACCTGGGGCAGATCCAACA

AGAGGGAATTCATCTCTCAGGC
HSP27 ACATCTCCCATAACCCCGCC

ATCTCGTTGGACTGCGTGGC
BCL2 AATCCTGTGCTGCTATCCTGC

GCGTCCACGTTCTTCATTGTT
β-ACTIN ACCACCATGTACCCTGGCAT

TTGCTGATCCACATCTGCTG
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ously as possible biomarkers of patient 
response to chemoradiation therapy (Hsp27, 
Survivin, TS and Bcl2). RNA extraction from 
formalin-fixed and paraffin-embedded (FFPE) 
pathological samples was performed as 
described previously [33, 34]. Briefly, five par-
affin sections, each of 8-µm thickness, were 
chosen randomly from pre-operative biopsies 
and used for total RNA extraction. The sections 
were de-paraffined in xylin (Shangon Biotech, 
Shanghai, China) and graded ethanol, hydrated 
in diethylpyrocarbonate (Shangon Biotech, 
Shanghai, China)-treated water, and scratched 
off. The tissues were then digested in 0.5 mg/
mL proteinase K solution at 55°C for 15 min, 
and total RNAs extracted with Trizol reagent 
(Shangon Biotech, Shanghai, China). cDNA syn-
thesis was performed using a Revert-Aid kit 
(Fermentas, Thermo Fisher Scientific, Waltham, 
MA, USA), according to the manufacturer’s 
instructions. Real-time PCR analysis was per-
formed using a premix from QWBio (Beijing, 
China) and a LightCycler 480 real-time PCR sys-
tem (Roche Applied Systems, Penzberg, 
Germany). Briefly, blocks were heated up to 
95°C for 10 min to activate Taq polymerase. 
The PCR conditions were: 95°C for 15 sec, 
60°C for 15 sec, and 72°C for 15 sec for 45 
cycles. The primer sequences (Shangon 
Biotech, Shanghai, China) used are listed in 
Table 1. Specificity of the PCR reactions was 
validated by melting point analysis and gel elec-

trophoresis. Expression of the β-actin gene 
served as the internal control, and the ‘delta-
delta CT’ method [35] was used to compare 
expression levels between different samples.

Statistical analysis 

Statistical analyses were performed with SPSS 
15.0 (SPSS Inc, Chicago, IL, USA). The gene 
expression levels in each group are expressed 
as means ± standard errors. Statistical com-
parisons between the two groups of patients 
(pCR vs. non-pCR) were made using the 
unpaired Student’s t-test. A P value < 0.05 was 
considered to be statistically significant. 

Results

Patient response to chemoradiation therapy

A total of 250 patients (aged 29-74 years, medi-
an age 54.2 years) were included in the study 
(Table 2). In practice, the majority of patients 
(80%) were treated with a combined platin/5-
fluorouracil (5-FU) regimen, although other regi-
mens used included a combination of folic 
acid/5-FU or 5-FU alone. The total radiation 
dose was 50.4 Gy, with minor modifications in 
dose and location [36].

The patient response to neoadjuvant therapy 
was similar to that described in previous reports 
[8, 9, 36], with 70.8% of patients showing 
down-grading of T stage, and ~30% showing no 
response (Table 3). pCR (determined by both 
T-stage and N-stage, with an absence of tumor 
cells confirmed histologically) was observed in 
18% of patients. Tumor progression during 
treatment was observed in 2.8% of patients 
(7/250), suggesting uncontrolled cancer. There 

Table 3. Changes in rectal cancer T stage and 
N stage in patients treated with neoadjuvant 
chemoradiation therapy
Change in staging N (%)
T stage
    No difference 66 (26.4%)
    Down-staging 177 (70.8%)
    Up-staging 7 (2.8%)
N stage
    No difference 87 (34.8%)
    Down-staging 152 (60.8%)
    Up-staging 11 (4.4%)
    Total 250 (100%)

Table 2. Baseline characteristics of the pa-
tients included in the analysis 

N (%)
Gender
    Male 169 (67.6%)
    Female 81 (32.4%)
    Age, years Median (range) 54.2 (29-74%)
Clinical T category
    cT2 11 (4.4%)
    cT3 106 (42.4%)
    cT4 133 (53.2%)
Clinical N category
    cN0 33 (13.2%)
    cN+ 217 (86.8%)
Clinical M category
    M0 227 (90.8%)
    M1 17 (6.8%)
    Mx 6 (2.4%)
    Total 250 (100%)
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was no age or gender bias in the patient 
response to therapy.

Comparison of the expression levels of core 
clock genes between the pCR and non-pCR 
groups

Comparisons of the expression levels of the six 
core clock genes (Figure 1) revealed that the 
gene expressions of Clock, Cry2 and Per2 were 
significantly higher in the pCR group than in the 

non-pCR group (P = 0.011, 0.014 and 0.003, 
respectively). In contrast, Per1, Cry1 and Bmal1 
did not show significant differences in expres-
sion between the two groups (Figure 1).

Comparison of the expression levels of key 
genes that are downstream of the core clock 
genes

We next examined whether the observed differ-
ences between the pCR and non-pCR groups in 

Figure 1. Comparison of core clock gene expression levels in rectal cancer samples. A cohort of 40 patients was 
assayed for gene expression levels by qRT-PCR, among which 20 showed pCR and 20 showed non-pCR. The data 
are expressed as delta CT values normalized to β-actin; therefore a higher value represents a lower expression level. 
The gene expressions of Clock, Cry2 and Per2 were significantly higher in the pCR group than in the non-pCR group, 
whereas no significant differences were observed for Per1, Cry1 and Bmal1.

Figure 2. Comparison of key down-stream gene expression levels in rectal cancer samples. A cohort of 40 patients 
was assayed for gene expression levels by qRT-PCR, among which 20 showed pCR and showed 20 non-pCR. The 
data are expressed as delta CT values normalized to β-actin; therefore a higher value represents a lower expression 
level. The gene expression of c-Myc was significantly higher in the pCR group than in the non-pCR group, whereas 
no significant differences were observed for Wee1 and Chk2. 
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the expressions of Clock, Cry2 and Per2 result-
ed in the differential expression of key down-
stream genes. We focused on genes involved in 
cell cycle regulation and the DNA damage 
response, because these events are important 
for the response to chemoradiation therapy. 
There were no significant differences between 
the pCR and non-pCR groups in the expres-
sions of Wee1 and Chk2 (Figure 2). Interestingly, 
the expression of c-Myc was significantly ele-
vated in the pCR group (P = 0.018; Figure 2). 

Comparison of the expression levels of previ-
ously identified putative marker genes 

Previous studies have reported that Hsp27, 
Survivin, TS and Bcl2 could serve as biomark-
ers for predicting the response to chemoradia-
tion therapy [15, 16]. Therefore, we compared 
the expression levels of these genes between 
the pCR and non-pCR groups using the same 
set of samples as above (Figure 3). There was 
no significant difference between groups in the 

expressions of Survivin, TS or Bcl2, although 
the expression of Hsp27 was significantly 
decreased in the pCR group (P = 0.032; Figure 
3). 

Discussion

The main findings of the present study were 
that 18% of patients with rectal cancer treated 
with neoadjuvant chemoradiation therapy 
showed pCR, and those patients with pCR 
showed higher expression levels of three core 
clock genes (Clock, Cry2 and Per2) and one 
downstream gene (c-Myc). There were no differ-
ences between the pCR and non-pCR groups in 
the expressions of the other three core clock 
genes (Per1, Cry1 and Bmal1) or two other 
downstream genes (Wee1 and Chk2). Intere- 
stingly, of four genes (Hsp27, Survivin, TS and 
Bcl2) previously implicated as potential bio-
markers for treatment response, only Hsp27 
showed differential expression between the 
pCR and non-pCR groups. Our novel findings 

Figure 3. Comparison of the expression levels of some previously identified marker genes in rectal cancer samples. 
A cohort of 40 patients was assayed for gene expression levels by qRT-PCR, among which 20 showed pCR and 20 
showed non-pCR. The data are expressed as delta CT values normalized to β-actin; therefore a higher value repre-
sents a lower expression level. There were no significant differences between groups (pCR vs. non-pCR) in the gene 
expressions of Survivin, Thymidylate synthase (TS) or Bcl2, all of which have been suggested by previous studies to 
serve as biomarkers for the responsiveness of patients to neoadjuvant chemoradiation therapy. However, the gene 
expression of Hsp27 was significantly lower in the pCR group than in the non-pCR group.
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suggest that certain circadian genes show 
potential as diagnostic biomarkers to prospec-
tively determine whether a rectal cancer patient 
would benefit from neoadjuvant chemoradia-
tion therapy.

In this study, we found that the expression lev-
els of Per2, Clock and Cry2 were higher in 
patients that showed a response to chemora-
diation therapy. Per2 is a central component of 
the mammalian clock, displaying the highest 
sequence similarity with the Drosophila Period 
gene. Previous reports have indicated that high 
Per2 expression suppresses tumor growth [37, 
38]. Thus, it is possible that the pCR group in 
our study may have stronger circadian activity, 
which contributes to better outcomes from the 
neoadjuvant treatment. Per2 mutant mice 
show abnormal sensitivity to γ-irradiation-
induced lymphoma [20], suggesting that Per2 
is a tumor suppressor gene. It is also interest-
ing to note that Per1 and Per2 show significant 
functional redundancy in clock regulation; spe-
cifically, only Per2 and Per1 double-knockout 
mice showed significantly stronger circadian 
phenotypes, becoming arrhythmic under con-
stant conditions [39]. Therefore, Per2 may 
share functionality with Per1. The Clock gene 
encodes a key bHLH-PAS transcription factor 
that heterodimerizes with BMAL1 to drive 
downstream target genes via E-box elements. 
Interestingly, it has been shown that the 
CLOCK/BMAL1 functional state correlates pos-
itively with the responses to two chemothera-
peutic drugs, cyclophosphamide [40] and oxali-
platin [41]. Consistent with this, we observed 
Clock induction in the pCR group, further indi-
cating an important role of this gene in the 
response to cancer therapeutics. 

The pCR group also exhibited enhanced expres-
sion of Cry2, which, along with its close analog 
Cry1, is a major transcriptional repressor in the 
negative arm of the molecular clock. However, 
a recent study has shown that Cry1 overexpres-
sion is associated with tumor progression [42]. 
It remains to be determined whether these con-
flicting observations are indicative of functional 
divergence between Cry1 and Cry2. An alterna-
tive possibility is that expression changes in 
other clock genes, such as Per2 and Clock, 
modulate the molecular and therapeutic 
responses to core clock alteration. Given the 
exquisite feedback mechanisms embedded in 

the core clock, it is plausible that changes in 
other clock genes may differentially impact the 
expression and/or function of the Cry1 and 
Cry2 genes. Overall, our finding of reduced 
expression of certain clock genes in tumor 
samples provides further evidence that the cir-
cadian clock serves as a control mechanism for 
cell growth and death, thus guarding against 
uncontrolled cell proliferation and cancer 
progression. 

The present study did not detect any differenc-
es between the two groups in the expressions 
of Wee1 and Chk2. Wee1 is a negative cell 
cycle regulator that contributes to tumor pro-
gression and is an important downstream tar-
get of the clock machinery [43, 44]. Chk2 is a 
DNA damage checkpoint kinase that plays a 
conserved role in clock regulation of the DNA 
damage response [22, 23]. Interestingly, we did 
observe higher expression levels of c-Myc in 
the pCR group. c-Myc is a clock-controlled gene 
that displays rhythmic expression over the cir-
cadian cycle [20], and is an important onco-
gene mutated or activated in many cancers. 
c-Myc has a variety of cellular functions, with 
downstream transcriptional target genes 
involved in mitosis, metabolism and apoptosis 
[45-47]. On the one hand, our observation was 
somewhat unexpected, because c-Myc is an 
important oncogene that promotes cell cycle 
progression and tumor formation. On the other, 
c-Myc has also been reported to promote apop-
tosis by enhancing cytochrome-c release. It has 
been suggested that c-Myc sensitizes cells to 
various pro-apoptotic stimuli including geno-
toxic stress [48, 49]. Thus, c-Myc may have a 
dual role as a “death priming” and “growth pro-
moting” factor. Our observation that elevated 
tumor expression of c-Myc confers responsive-
ness to chemoradiation therapy is consistent 
with its “death priming” function, highlighting 
the complex role of this important clock-con-
trolled gene in cancer pathobiology. Regardless 
of the exact mechanism by which a higher 
c-Myc expression level confers responsiveness 
to chemoradiation therapy, this observation is 
consistent with a role of the clock machinery in 
cancer therapy.

Our findings that Survivin, TS and Bcl2 expres-
sion did not differ significantly between the 
pCR and non-pCR groups are not consistent 
with previous reports [15, 16]. However, this 
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apparent discrepancy could involve a number 
of factors, including patient sample size, patient 
ethnicity, treatment regimen and institutional 
differences. Thus, additional research is need-
ed to identify universal biomarkers that would 
be useful in a clinical setting. 

Our study has several limitations. All included 
patients were from a single institution, thus our 
results may not be generalizable to other popu-
lations. Gene expression analysis was under-
taken in only a small sample of the patients, 
and may not reflect the gene expression chang-
es of the entire patient cohort. In addition, cor-
relation analysis was not undertaken to investi-
gate the relationship between gene expression 
levels and response to chemoradiation 
therapy.

In conclusion, circadian genes are potential 
diagnostic biomarkers that could be used to 
prospectively determine whether a rectal can-
cer patient would benefit from neoadjuvant 
chemoradiation therapy. 
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