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ABSTRACT

Epidemiological data demonstrated that hormone replace treatment has protective 
effect against colorectal cancer (CRC). Our previous studies showed that this effect may 
be associated with DNA mismatch repair. This study aims to investigate the mechanism of 
estrogen induction of MLH1, and whether colorectal tumor proliferation can be inhibited 
through induction of MLH1 by estrogen signal pathway. Human CRC cell lines were used to 
examine the regulation of MLH1 expression by over-expression and depletion of estrogen 
receptor-α (ERα) and estrogen receptor-β (ERβ), under the treatment with 17β-estradiol 
or β-Estradiol 6-(O-carboxy-methyl)oxime:BSA, followed by a real-time Q-PCR and 
Western blotting analysis. Luciferase reporter and chromatin immunoprecipitation 
assays were used to identify the estrogen response elements in the proximal promoter 
of MLH1 gene. Then, the influence of estrogen-induced MLH1 on CRC tumor growth were 
determined in vitro and in vivo. We found that mismatch repair ability and microsatellite 
stability of cells were enhanced by estrogen via induction of MLH1 expression, which 
was mediated by ERβ, through a transcriptional activation process. Furthermore, we 
identified that ERβ exerted an inhibitory effect on CRC tumor proliferation in vitro and 
in vivo, combined with 5-FU, through up-regulation of MLH1 expression. Finally, we 
concluded that estrogen enhances mismatch repair ability and tumor inhibition effect in 
vitro and in vivo, via induction of MLH1 expression mediated by ERβ.

INTRODUCTION

Estrogen has been demonstrated as a protective factor 
for colorectal cancers (CRC). Several studies showed that 
women are less susceptible than men, within same age 
group, to colon cancer [1–4]. Large-scale population 
analysis indicated that hormone-replacement therapy had a 
protective effect for postmenopausal women [5–7]. In our 
previous studies, we found that the risk of colorectal cancer 
was higher in males with mutated mismatch repair (MMR) 
genes than that in females with same mutations [8–10].

MMR genes encode a set of proteins to maintain 
genomic stability during DNA duplication, and defective 
MMR is closely related to the many malignancies, like 
Lynch syndrome. It’s reported that mutations of MLH1 and 

MSH2 were the most common pathogenic genes in Lynch 
syndrome. Interestingly, the frequency of mutation and loss 
of expression of MLH1 was reported to be higher than that 
of MSH2 [8, 11–17]. Our group previously observed that 
the expression of MLH1 in colonic epithelial cells positively 
correlated with serum estrogen concentration (17β-estradiol 
> 45 pg/ml) [18], and treatment with estrogen up-regulated 
the expression of MLH1 in vitro [19].

However, the mechanism of estrogen-induced 
expression of MLH1 remains unclear. In this study, we 
investigated the molecular mechanism and found that ERβ 
significantly increased MLH1 expression in cells under the 
treatment with estrogen, by binding a specific region at MLH1 
gene promoter. And by this way, ERβ exerted anti-CRC effect 
in vitro and in vivo.
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RESULTS

Estrogen enhances MLH1 expression through 
estrogen receptor pathway

To reveal the mechanism by which E2 up-regulates 
the expression of MLH1, we treated the cells with two 
forms of E2, free E2 and BSA conjugated E2 in colon 
cancer cell lines. A real-time Q-PCR analysis showed that, 
E2 enhanced the MLH1 gene expression significantly in all 
the three cell lines (Figure 1A, open columns), however, 
BSA-E2 showed very weak effect on the gene expression 
(Figure 1A, striated columns). A Western blotting analysis 
further indicated that E2 treatment greatly increased the 
protein level of MLH1 in HT29 cells (Figure 1B). These 
results suggest that E2 enhanced the expression of MLH1 
both at mRNA and protein levels. Since BSA-conjugated 
E2 has less effect on the expression of MLH1, we can infer 
that E2 function on the regulation of the gene expression 
through typical estrogen receptor pathway.

ERβ promotes MLH1 expression induced by 
estrogen

E2 binds to and activates two forms of estrogen 
receptors, ERα and ERβ [22, 23]. To determinate if ERs 
play a key role in the regulation of the interested gene 
expression, we next examined the effect of ERα and ERβ 
on the estrogen-induced MLH1 expression. A real-time 
Q-PCR and Western blotting analysis showed that over-
expression of ERβ increased the expression of MLH1 at 
mRNA and protein level with estrogen, while ERα had 
no effect on the induction of the gene expression in LoVo 
cells (Figure 1C, D). Interestingly, we observed that E2 
treatment failed to induce the MLH1 expression when ERα 
was over-expressed or ERβ was knocked down (Figure 
1C, D). To evaluate the function of endogenous Erβ in 
the regulation of MLH1 expression, we treated the cells 
with PPT, an ERα agonist, or DPN, an ERβ agonist. A 
Western blotting analysis indicated that the protein level 
of MLH1 was dramatically increased when the cells were 
treated with DPN, suggesting that the ERβ agonist boosted 
the gene expression via activation of ERβ (Figure 1E). 
Taken together, these results suggest that E2 prompted the 
expression of MLH1 mainly through ERβ but not ERα.

Identification of the MLH1 proximal promoter 
responsive to E2

ERs regulate target genes through direct and indirect 
interaction with DNA. To identify the E2 binding sites in 
the promoter of MLH1, we performed a bioinformatics 
analysis using software TRANSFAC (http://www.gene-
regulation.com/pub/programs), JASPAR (http://jaspar.
genereg.net), ALGGEN PROMO (http://alggen.lsi.upc.es/
cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3), 

and TFSEARCH (http://www.cbrc.jp/research/db/
TFSEARCH). We found several potential half-EREs 
in the MLH1 proximal promoter region (Figure 2A, 
square boxes). Interestingly, we also observed several 
Activator Protein 1 (AP1) binding sites downstream 
of the EREs in the MLH1 proximal promoter region 
(Figure 2A, oval boxes). These potential binding sites 
are echoed the facts that AP1 functioned as a co-activator 
for estrogen to regulate several other gene expression 
[24–27]. Therefore, we cloned this fragment (2.1 kb) into 
promoterless luciferase plasmid pGL3-Basic to examine 
the effect of ERβ and AP1 on the MLH1 expression in 
vitro. A luciferase reporter analysis demonstrated that 
E2 stimulated the luciferase activity significantly both in 
293T and LoVo cells (Figure 2B, open columns), however, 
BSA-E2 had a weak effect on the luciferase activity and 
ICI 182.780, an estrogen receptor antagonist, obviously 
blocked the effect of E2 on the luciferase activity (Figure 
2B). These results suggest that E2 increases the promoter 
activity of MLH1 via canonical estrogen receptor pathway 
during the promotion of the gene expression.

Additionally, in order to verify the induction 
of MLH1 by E2 is mediated via ERβ not ERα, the 
reconstructed luciferase reporter plasmid, pGL3-prom-
luc, was co-transfected with ERα or ERβ expression 
plasmids into LoVo cells, followed by stimulation with 
E2. Luciferase reporter analysis indicated that over-
expression of ERβ, plus E2 treatment, increased luciferase 
activity significantly compared to control group (Figure 
2C, third group). Consistent with previous findings, ERα 
over-expression, with or without E2 stimulation, failed 
to enhance the transcription of downstream genes of the 
interested promoter fragment (Figure 2C, second group). 
These results prove once more that E2 induces MLH1 
expression mediated by ERβ, but not ERα.

Half-EREs and AP1 binding sites are critical for 
the E2-induced MLH1 gene expression

To determine which elements within the promoter 
region are responsive to E2, a series of deletion and 
mutation of the MLH1 proximal promoter were generated 
to link to a luciferase reporter gene (Figure 3A, left 
panels). A luciferase reporter analysis for the functional 
transcription activity indicated that E2 remained response 
to the reporter when the fragments were deleted to 858 
bps. Interestingly, the reporter activities were almost 
totally abolished when a ERE binding element and/or 
an AP1 binding site within the 858 region was mutated 
(Figure 3A, right panels). These results suggest that both 
of the ERE and AP1 binding sites in the 858 region of the 
promoter are critical for the E2-induced gene transcription.

Furthermore, to examine whether ERβ and/or AP1 
were/was recruited to the specific elements within this 
MLH1 proximal promoter, ChIP analyses were performed. 
Figure 3B showed that ERβ abundantly occupied the 
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Figure 1: Effect of ERβ on estrogen induction of MLH1 expression. (A) Normalized MLH1 mRNA expression in SW480, HT29 
and LoVo cell lines. Hormone-depleted cells in six-well plates were treated with vehicle, 10 nM E2, or BSA-E2 for 12 h. Total RNA were 
extracted and expression of MLH1 was analyzed by Q-PCR. Values represent the mean ± S.D. (n=3). ** p < 0.01. (B) Hormone-depleted 
HT29 cells in six-well plates were treated with 10 nM E2, or BSA-E2 respectively. After 24 h, total protein extracts were analyzed by 
Western blotting. (C) Normalized MLH1 mRNA expression in LoVo cells. Hormone-depleted cells in six-well plates were transient-
transfected with ERα, ERβ expression or siERα, siERβ plasmids and empty control vector, respectively. At 24 h post-transfection, cells 
were treated with vehicle or 10 nM E2 for 12 h. Then total RNA were extracted and analyzed by Q-PCR. Values represent the mean ± S.D. 
(n=3). * p < 0.05. (D) MLH1 protein expression assay. LoVo cells were treated as part C, then ERα, ERβ and MLH1 expression level were 
detected by Western blotting. (Continued )
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fragment containing AP1_2/hERE_6 (Figure 3B, black 
columns) while E2 greatly enriched the occupancy of ERβ 
in the binding site as precipitated by an anti-ERβ antibody 
(Figure 3B, open columns). Furthermore, we characterized 
the occupancy of AP1 in this fragment by a ChIP analysis. 
The result showed that c-Fos, a transcriptional factor binding 
to the AP1 site, occupied at AP1_2/ERE_6 region (Figure 
3C, black columns) and E2 significantly increased the 
binding of c-Fos in the fragment containing AP1_2/hERE_6 
(Figure 3C, open columns). These results suggest that, 
hERE_6 and AP1_2 (TGAGTCAGGTTGATTATGGTCA) 
in this proximal promoter are important for the MLH1 
expression induced by E2.

E2 promotes DNA mismatch repair and 
sensitizes CRC cells to 5-FU via induction of 
MLH1 expression in vitro

As reported in our previous studies, the expression 
of MLH1 is positively correlated with the concentration 
of E2 in a certain range [18, 19]. To examine the 
possibility that E2 promotes DNA mismatch repair 
ability through induction of MLH1 expression in vitro, 
endogenous MLH1 protein was depleted by transfection 
with shMLH1. As shown in Figure 4A, endogenous 
MLH1 protein was obviously decreased by the siRNA 

targeting MLH1 gene in 293T and SW480 cell lines and 
treatment with E2 partially compensated the knockdown 
of MLH1 expression. Furthermore, the microsatellite 
instability (MSI) was observed at BAT-26 in cells with 
transfection of shMLH1 (Figure 4B). Interestingly, 
treatment with E2 dramatically decreased the MSI at 
the BAT-26 loci in the cells. These results suggest that 
E2 up-regulated MLH1 expression and enhanced MMR 
in cells.

In order to confirm that E2 enhance cells MMR 
ability by induction of MLH1 via ERβ, SW480 cells were 
transfected with shMLH1 alone or combination with 
ERβ expression plasmid, then incubated with vehicle, 
E2 or E2 combination with PHTPP, an ERβ antagonist, 
respectively, then treated with 5-FU. Protein expressions 
were analyzed by Western blotting (Figure 4C). At the 
same time, cells viability were determined by CCK8 
assay. Results indicated that cells with insufficient MLH1 
were insensitive to 5-FU (Figure 4D, second group). 
Whereas, over-expression of ERβ plus E2 treatment 
significantly reversed the influence of shMLH1 on cells 
sensitivity to 5-FU, through induction of MLH1 (Figure 
4D, fifth group). But, E2 plus PHTPP, hardly increased the 
sensitivity of cells to 5-FU (Figure 4D, sixth group). These 
results support that E2 enhanced cells MMR through 
induction of MLH1 mediated by ERβ.

Figure 1: (Continued ) Effect of ERβ on estrogen induction of MLH1 expression. (E) MLH1 protein expression assay. LoVo 
cells in six-well plates were hormone-depleted, then treated with 10 nM PPT, E2, DPN and Vehicle, respectively. 24 h later, total protein 
were extracted and analyzed by Western blotting. Values represent the mean ± S.D. (n=3). * p < 0.05. E2 = Estradiol, V = Vehicle.
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ERβ agonist treatment induces MLH1 
expression and inhibits tumor proliferation 
combined with 5-FU treatment in mice

On the 40 days after first injection, all those mice 
were sacrificed by cervical vertebra dislocation. Then 
xenografts were weighed and dissected (Figure 5A). 
We found that, under the treatment of 5-FU, the average 
size and weight of xenografts in DPN-treated group 
were significantly smaller than that of control group and 

PHTPP-treated group (# p < 0.01, * p < 0.05) (Figure 
5B, C). Interestingly, significantly increases in the average 
volume and weight were observed in the PHTPP-treated 
group compared to control. The protein expressions assay 
demonstrated MLH1 expression decreased in the PHTPP-
treated group, but increased in the DPN-treated group, 
compared with control (Figure 5D). Thus, we conclude that 
the ERβ agonist treatment increased MLH1 expression, 
which enhanced the sensitivity of CRC tumor to 5-FU and 
subsequently inhibited tumor proliferation in vivo.

Figure 2: Dual-luciferase assay of MLH1 promoter luciferase constructs. (A) Schematic representation of MLH1 proximal 
promoter. (B) Induction of E2 on luciferase activity. Hormone-depleted 293T and LoVo cells in 96-well plates were co-transfected with 
promoter luciferase construct pGL3-prom-luc and pRL-sv40. At 24 h post-transfection, cells were treated with 10 nM BSA-E2, E2 or 
vehicle, and 100 nM ICI 182.780 before E2 treatment in some groups. For another 24 h cells were lysed for luciferase assay. Values were 
normalized as previous description and represented as mean ± S.D. (n=3). ** p < 0.01 related to vehicle group. (C) Effects of ERs on 
luciferase activity. LoVo cells were prepared as (B). Then cells were co-transfected with pGL3-prom-luc, pRL-sv40 and empty, ERα or ERβ 
expression plasmids. At 24 h post-transfection, cells were treated with 10 nM E2 or vehicle. Luciferase assay was performed, and values 
were normalized and represented as mean ± S.D. (n=3). ** p < 0.01 related to ERα over-expression group.
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DISCUSSION

Previous studies indicated that females of a Lynch 
syndrome family with MMR gene(s) mutations were less 
likely to suffer from colorectal cancers than males with the 

same mutations [17, 28]. Epidemiological investigations 
supported E2 to be protective against colorectal cancer. 
Our group found that, there was a positive correlation 
between E2 level and MLH1 protein expression in normal 
colonic epithelia cells, but little relationship between 

Figure 3: half-EREs and AP1 binding sites involved in the induction of E2. (A) Deletion and mutation analysis of MLH1 
promoter luciferase constructs. A series of luciferase constructs were transfected into hormone-depleted LoVo cells in 96 wells plate. 24 h 
later, cells were stimulated with vehicle or 10 nM E2 for 24 h, then lysed for luciferase assay. (B & C) ChIP assays of the binding of ERβ  
and AP1 to the MLH1 promoter. Hormone-depleted LoVo cells in 100 mm2 dish were transfected with ERβ expression plasmid. After 24 
h, cells were stimulated with 10 nM E2 or vehicle. ChIP samples were analyzed using specific antibodies against ERβ (B) and c-Fos (C). 
Immunoprecipitated DNA fragments and input DNA were analyzed by Q-PCR. *p < 0.01 compared with IgG control.
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Figure 4: E2 promotes MMR via induction of MLH1 expression in vitro. (A) Western blotting of endogenous MLH1 protein. 
Hormone-depleted 293T and SW480 cells in six-well plates were transfected with pGPU6/GFP/Neo-shMLH1 or negative control pGPU6/
GFP/Neo-NC. At 24 h post-transfection, cells were treated with 10 nM E2 or vehicle for 48 h, then total protein were extracted and analyzed 
by Western blotting. (B) Microsatellite instability of 293T cell. Cells were transfected as part A. At 72 h post-transfection, total DNA were 
extracted, and MSI were analyzed by capillary electrophoresis. (C) Protein expression assay. SW480 cell lines were seeded in 6-well plates 
and divided into 6 groups, then each group was transfected with shNC (negative control), shMLH1 plasmid, or shMLH1 combined with 
ERβ expression plasmid. At 6 h post-transfection, cells were treated with vehicle, 10 nM E2 or 10 nM E2 plus 1 μM PHTPP. After 6 h, 
cells in every group were treated with 100 μM 5-FU and incubated for another 12 h. MLH1 and ERβ proteins were analyzed by Western 
blotting. (D) Cells viability and MLH1 expression level. SW480 cells were treated as indication in part A. Then cells viability were detected 
by CCK-8 kit, Relative band identity of MLH1 was shown as gray group. (* p < 0.05).
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Figure 5: ERβ agonist inhibition of tumor growth in vivo, under treatment of 5-FU. (A) tumor volume and (B) weight assay. 
Ovariectomized mice had HT29 cells implanted subcutaneously, and received treatment with DPN, PHTPP or Vehicle, combined with 5-FU 
respectively. Tumor size was observed every 5 days. (C) Protein expression analysis. Western blotting was used to analyze MLH1 and ERβ  
expression in the xenografts of each group. # p < 0.01 compared with control group. * p < 0.05 compared with control group.
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E2 and MSH2. And in vitro findings showed that E2 
enhanced MLH1 expression in colonic cells, but hardly 
affected MSH2 [19]. It implied that E2 induction of 
MLH1 expression may be one of the mechanism that E2 
prevents against colorectal cancer. At present, most studies 
concerning E2 signal pathway in the CRC development 
focused on proliferation and apoptosis of cancer cells [29–
32], however, we firstly study the correlation of E2 signal 
pathway and MLH1 in the mechanism of E2 prevention 
from CRC.

The present study demonstrates that E2 enhances 
MLH1 expression through estrogen receptors pathway, 
especially ERβ but not ERα. As shown in Figure 1A, 
because of large molecular weight, BSA-E2 cannot 
infiltrate into cells membrane or nuclear membrane. It 
typically binds estrogen receptors on cells membrane, 
such as G-protein coupled estrogen receptors, but hardly 
affects the nuclear receptors, ERα and ERβ for example. 
Besides, our results demonstrated that ICI 182.780 can 
block the effect of E2, and ERβ agonist significantly 
increased MLH1 expression. So, it can be concluded that 
E2 enhances MLH1 expression through estrogen receptors 
pathway, especially ERβ.

It has been reported that [33] ERα and ERβ are 
highly homologous in their DNA-binding domains 
(97% identity), but quite different in their transcription 
activation function regions (~ 20% identity). Consistently, 
we found in this study that over-expression of ERβ plus 
E2 stimulation activated MLH1 transcription significantly, 
but there was little influence of ERα over-expression. 
Additionally, depletion of ERα moderately increased the 
expression of MLH1. These findings imply that over-
expression of ERα could over-come the function of ERβ. 
On the other hand, depletion of ERβ almost invalidates the 
induction effect of E2 on MLH1. Interestingly, luciferase 
and ChIP assay suggest that, not only ERβ, but AP1 
also play an important role in E2 induction of MLH1 
expression. To our knowledge, many estrogen response 
genes don’t have EREs or estrogen related transcription 
factor binding sites in their proximal promoter. Whereas, 
it’s demonstrated that for 9 of 10 genes having ERβ 
binding sites in their proximal promoters, and 3 of 10 
genes having ERβ binding sites in their enhancers were 
regulated by ERβ [34]. Additionally, the same researchers 
also reported that only 5% of ERβ binding regions include 
only ERE or half-ERE sites, however, approximately 60% 
of ERβ binding regions contain AP1 reactive elements 
together with ERE-like sites [34].

Our results further indicate that DNA MMR 
ability are increased by E2 through induction of MLH1 
expression in vitro. MLH1 is one of the indispensable 
protein of MMR. It has been demonstrated that colorectal 
cancer patients whose tumors retain DNA MMR ability 
benefit from 5-florouracil (5-FU)-based chemotherapy, 
but those whose tumors lost MMR ability do not [35, 
36]. Herein, our results show that ERβ plus E2 sensitize 

CRC cells to 5-FU through induction of MLH1 in vitro. 
Numerous reports supported that liganded ERβ was 
usually observed to inhibit proliferation, induce apoptosis, 
and to prevent from tumor development [32, 37–43]. Our 
findings confirm that ERβ agonist combined with 5-FU 
take an inhibitory effect on colorectal tumor proliferation 
in vivo. It’s notable that, MLH1 expression levels is 
inversely correlated with volume and weight of xenografts 
under treatment of 5-FU. It means that liganded ERβ-
induced MLH1 expression maybe sensitizes tumor cells 
to 5-FU chemotherapy.

MATERIALS AND METHODS

Chemicals

17β-estradiol (E2) (No. E2257), β-Estradiol 
6-(O-carboxymethyl)oxime:BSA (BSA-E2) (No. E5630), 
5-fluorouracil (5-FU) (No. 03738) were purchased from 
Sigma-Adrich and dissolved in 100% ethanol and PBS 
respectively. ERβ agonist Diarylpropionitrile (DPN) 
(No. 1494), ERα agonist propyl-pyrazole-triol (PPT) 
(No. 1426), ICI 182.780 (No. 1047) and ERβ antagonist 
4-[2-phenyl-5,7-bis (tri-fluoro-methyl) pyrazolo [1,5-
a] pyrimidin-3-yl] phenol (PHTPP) (No. 2662) were 
purchased from Tocris and dissolved in 100% ethanol. 
Transfection reagent FuGENE® HD (No. 4709705001) 
were purchased from Roche. The antibodies used are 
mouse anti-MLH1 (PAB11885, Abnova), mouse anti-ERα 
(ab32063, Abcam), mouse anti-ERβ (ab92306, Abcam), 
rabbit anti-c-Fos (ab27793, Abcam), mouse anti-β-actin 
(60008-1-Ig, Proteintech).

Cells

293T cell lines, HT29, SW480 and LoVo colorectal 
cancer cell lines were purchased from Chinese Academy 
of Medical Sciences & Peking Union Medical College 
(PUMC). Cells were maintained in phenol red-free 
Dulbecco’s modified Eagle medium (DMEM, Hyclone, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Hyclone, USA). Cells were grown at 37°C in a humidified 
atmosphere of 95% air/5% CO2 and fed every two to three 
days. Before treatment, cells were washed with phosphate-
buffered saline and cultured in DMEM with 1% charcoal-
dextran stripped FBS (CD-FBS, Hyclone, USA) for 24 h 
to eliminate any estrogenic source, known as hormone-
depleted.

RNA interference

siRNA targeting MLH1 (pGPU6/GFP/Neo-
shMLH1) and negative control siRNA (pGPU6/GFP/
Neo-NC) were purchased from GenePharma Co., 
Ltd (Shanghai, China). siRNA targeting ERβ (siERβ, 
HSS103380) and siRNA targeting ERα (siERα, 
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HSS103377) were purchased from Life Technologies 
(Beijing, China). siRNA transfection were carried out 
using FuGENE® HD transfection reagent according to 
manufacturer’s recommendations.

Plasmid & constructs

The MLH1, ERα and ERβ expression plasmids were 
kindly provided by Chinese National Human Genome 
Center (Beijing, China). The luciferase reporter plasmid 
pGL3-Basic, pGL3-Control and pRL-SV40 vectors were 
purchased from Promega. The promoterless pGL3-Basic 
was used as the cloning backbone for the luciferase reporter 
plasmid in this study. The MLH1 promoter (-1953 to +53) 
were amplified from the genomic DNA of human and 
cloned into pGL3-Basic, named pGL3-prom-luc. A series of 
truncations, containing -1664/+53 (290-2007), -1520/+53 
(434-2007), -1323/+53 (631-2007), -1096/+53 (858-2007), 
-865/+53 (1087-2007) fragments of MLH1 promoter, 
were generated by PCR. Two mutations, e.g. -1096/+53 
(858-mut1) and -1096/+53 (858-mut2) were generated 
by site-directed mutagenesis using the QuickChange 
mutagenesis kit (Stratagene). AP1_2 TGAGTCA was 
mutated to TGCACCA. hERE_6 TGACC was mutated to 
TGGTC. Primers are listed in (Supplementary Table 2). All 
constructs were verified by sequencing.

Luciferase assay

Cells were seeded on 24- or 96-well cell culture 
plates (Corning). Transient transfection was performed 
with FuGene HD (Roche) according to the manufacturer’s 
instructions in DMEM with 1% CD-FBS overnight. On 
the next day, cells were treated with vehicle, ICI182.780, 
BSA-E2 or E2 for 24 h and then lysed in Passive Lysis 
Buffer (Promega). Luciferase activity was determined 
using Dual-Luciferase® Reporter Assay System 
(Promega) and presented as normalized relative activity 

( sample Firefly Renilla
control Firefly Renilla

 ( / )
 ( / )

). Each luciferase assay was 

performed in triplicate, and all transfection experiments 
were repeated three or more times.

Real-time quantitative PCR

Total RNA was extracted from cells using Trizol 
reagent (Invitrogen) according to the manufacturer’s 
instruction and reversely transcribed with RevertAid™ 
First Strand cDNA Synthesis Kit (Fermantas). The protein- 
and DNA-free RNA was analyzed using iQ SYBR® Green 
Supermix (BIO-RAD) and specific primers are listed in 
(Supplementary Table 3). A final volume of reaction was 
kept in 10 uL. Real time Q-PCR was carried out on a Bio-
Rad® iQTM5 Multicolor Real-time PCR Detection System 
(BIO-RAD). The amplification data was analyzed by 
iQTM5 optical system software version 2.1. The relative 
gene expression was calculated with ΔΔCT method.

Western blotting

Total protein was extracted in lysis buffer with 
protease inhibitor cocktail (Sigma) on ice for 1 h. 
Protein was resolved by SDS-PAGE and transferred to 
PVDF membrane with iBlot® Western Blotting System 
(Invitrogen) for 5 min. The membrane was incubated 
sequentially with primary antibody (Abnova) at 4°C 
overnight and secondary antibody combined with 
FITC at room temperature for 2 h. The membrane was 
scanned with Odyssey® Infrared Imaging System (LI-
COR Biosciences). Each Western blotting experiment 
was performed in triplicate and a representative result is 
shown.

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed on the basis of 
previously published protocols with minor modifications 
[20, 21]. Hormone depleted cells were grown in 10 cm 
dishes. After 24 h treatment with E2 (10-8M) or vehicle, 
cells were washed twice with cold PBS and then cross-
linked with 1% formaldehyde for 10 min at 37°C. The 
cross-linking reaction was stopped by washing with 
0.1 mol/L glycine. Samples were scraped, lysed and 
digested with Micrococcal Nuclease (ChIP Grade) to 
an average size of 200-1000 bps. The protein-DNA 
complexes were immunoprecipitated with antibodies 
as indicated. The antibody-protein-DNA complexes 
were adsorbed with protein A/G beads, then washed, 
eluted and were reversed overnight at 65°C. DNA was 
separated from protein by digestion with Proteinase K 
and analyzed by a real-time Q-PCR. The primers are 
listed in (Supplementary Table 4). Results are confirmed 
in two respective experiments.

Determination of cells viability

Cells viability were analyzed with Cell Counting 
Kit-8 (CCK-8, Takara), according to the manufacturer’s 
instructions. Cells were suspended in phenol-free DMEM 
and subsequently seeded in 96-well plates. After exposure 
to 5-FU, cells were incubated at 37°C for another 4 h 
with CCK-8 (10 μl per well). Absorbance was measured 
at a wavelength of 490 nm using GENios Pro microplate 
reader (Tecan, Männedorf, Switzerland).

In vivo tumor growth inhibition study

All animal experiments were carried out in 
accordance with the guidelines issued by the Ethical 
Committee of Third Military Medical University. 4-5 
weeks old female BALB/c nude mice, weighing 18-
21 g, were anesthetized and bilaterally ovariectomized, 
and maintained in a pathogen-free environment. HT29 
cells (5 x 106) were subcutaneously injected into the 
ovariectomized mice. When xenografts reached 5 ± 1 mm, 
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mice were divided into 3 groups with 5 mice in each group 
randomly. Each group were intraperitoneally injected with 
DPN (100 μl of 1 mg/kg per day), PHTPP (100 μl of 10 
mM per day) or vehicle (100 μl per day), respectively. 
And each mouse was administered 5-FU (30 mg/kg) 
injection intraperitoneally, once weekly. Tumor size 
was monitored every five days by measuring the largest 
and smallest diameters of the tumor mass and estimated 
according to the following formula: volume=1/2×(largest 
diameter)×(smallest diameter)2. Finally, tumors were used 
to perform Western blotting analysis.

Statistical analysis

Data are expressed as mean ± S.D. Statistical analysis 
was carried out by one-way ANOVA or Student’s t-test, as 
appropriate. P-values < 0.05 were considered significant.

Abbreviations

AP1: Activator protein1
BSA: Bovine serum albumin
ChIP: Chromatin immunoprecipitation
CRC: Colorectal cancer
DPN: Diarylpropionitrile
E2: Estradiol
ER: Estrogen report
ERE: Estrogen reponse elements
MMR: Mismatch repair
MSI: Microsatellite instability
PHTPP: 4-[2-phenyl-5,7-bis (tri-fluoro-methyl) 

pyrazolo [1,5-a] pyrimidin-3-yl] phenol
PPT: 1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-

pyrazole

Author contributions

All Authors’ Acknowledgment: that all authors 
have contributed significantly, and that all authors are in 
agreement with the content of the manuscript.

ACKNOWLEDGMENTS

This research was supported by grants from the 
National Natural Science Foundation of China (No. 
81072041 & 81550027).

CONFLICTS OF INTEREST

The authors have no conflict of interest.

FUNDING

National Natural Science Foundation of China (No. 
81072041 & 81550027).

REFERENCES

1. Ries LA, Wingo PA, Miller DS, Howe HL, Weir HK, 
Rosenberg HM, Vernon SW, Cronin K, Edwards BK. The 
annual report to the nation on the status of cancer, 1973-
1997, with a special section on colorectal cancer. Cancer. 
2000; 88:2398-2424.

2. Regula J, Rupinski M, Kraszewska E, Polkowski M, 
Pachlewski J, Orlowska J, Nowacki MP, Butruk E. 
Colonoscopy in colorectal-cancer screening for detection of 
advanced neoplasia. N Engl J Med. 2006; 355:1863-1872.

3. Ferlitsch M, Reinhart K, Pramhas S, Wiener C, Gal O, 
Bannert C, Hassler M, Kozbial K, Dunkler D, Trauner M, 
Weiss W. Sex-specific prevalence of adenomas, advanced 
adenomas, and colorectal cancer in individuals undergoing 
screening colonoscopy. Jama. 2011; 306:1352-1358.

4. Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 
2014. CA Cancer J Clin. 2014; 64:104-117.

5. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, 
Kooperberg C, Stefanick ML, Jackson RD, Beresford 
SAA, Howard BV, Johnson KC, Kotchen JM, Ockene J. 
Risks and benefits of estrogen plus progestin in healthy 
postmenopausal women: principal results From the 
Women’s Health Initiative randomized controlled trial. 
Jama. 2002; 288:321-333.

6. Chlebowski RT, Wactawski-Wende J, Ritenbaugh C, 
Hubbell FA, Ascensao J, Rodabough RJ, Rosenberg 
CA, Taylor VM, Harris R, Chen C, Adams-Campbell 
LL, White E. Estrogen plus progestin and colorectal 
cancer in postmenopausal women. N Engl J Med. 2004; 
350:991-1004.

7. Chan JA, Meyerhardt JA, Chan AT, Giovannucci EL, 
Colditz GA, Fuchs CS. Hormone replacement therapy and 
survival after colorectal cancer diagnosis. J Clin Oncol. 
2006; 24:5680-5686.

8. Sheng JQ, Fu L, Sun ZQ, Huang JS, Han M, Mu H, Zhang 
H, Zhang YZ, Zhang MZ, Li AQ, Wu ZT, Han Y, Li SR. 
Mismatch repair gene mutations in Chinese HNPCC 
patients. Cytogenet Genome Res. 2008; 122:22-27.

9. Fu L, Sheng JQ, Li XO, Jin P, Mu H, Han M, Huang JS, Sun 
ZQ, Li AQ, Wu ZT, Li SR. Mismatch repair gene mutation 
analysis and colonoscopy surveillance in Chinese lynch 
syndrome families. Cellular oncology. 2013; 36:225-231.

10. Sheng J, Shen Z, Fan C. [Clinical phenotypes of hereditary 
nonpolyposis colorectal cancer in Chinese population]. 
Zhonghua Yi Xue Za Zhi. 2002; 82:1371-1374.

11. Peltomaki P, Vasen HF. Mutations predisposing to hereditary 
nonpolyposis colorectal cancer: database and results of 
a collaborative study. The International Collaborative 
Group on Hereditary Nonpolyposis Colorectal Cancer. 
Gastroenterology. 1997; 113:1146-1158.

12. Aarnio M, Salovaara R, Aaltonen LA, Mecklin JP, Jarvinen 
HJ. Features of gastric cancer in hereditary non-polyposis 
colorectal cancer syndrome. Int J Cancer. 1997; 74:551-555.



Oncotarget38778www.impactjournals.com/oncotarget

13. Peltomaki P. Role of DNA mismatch repair defects in 
the pathogenesis of human cancer. J Clin Oncol. 2003; 
21:1174-1179.

14. Park JG, Kim DW, Hong CW, Nam BH, Shin YK, Hong SH, 
Kim IJ, Lim SB, Aronson M, Bisgaard ML, Brown GJ, Burn 
J, Chow E, et al. Germ line mutations of mismatch repair genes 
in hereditary nonpolyposis colorectal cancer patients with 
small bowel cancer: International Society for Gastrointestinal 
Hereditary Tumours Collaborative Study. Clin Cancer Res. 
2006; 12:3389-3393.

15. Kim EJ, Shin HK, Park JH. Genistein inhibits insulin-like 
growth factor-I receptor signaling in HT-29 human colon 
cancer cells: a possible mechanism of the growth inhibitory 
effect of Genistein. Journal of medicinal food. 2005; 
8:431-438.

16. Qi W, Weber CR, Wasland K, Savkovic SD. Genistein 
inhibits proliferation of colon cancer cells by attenuating 
a negative effect of epidermal growth factor on tumor 
suppressor FOXO3 activity. BMC cancer. 2011; 11:219.

17. Guindalini RS, Win AK, Gulden C, Lindor NM, Newcomb 
PA, Haile RW, Raymond V, Stoffel E, Hall M, Llor X, 
Ukaegbu CI, Solomon I, et al. Mutation Spectrum and Risk 
of Colorectal Cancer in African American Families with 
Lynch Syndrome. Gastroenterology. 2015; 149:1446-1453.

18. Jin P, Lu XJ, Sheng JQ, Fu L, Meng XM, Wang X, Shi 
TP, Li SR, Rao J. Estrogen stimulates the expression of 
mismatch repair gene hMLH1 in colonic epithelial cells. 
Cancer Prev Res. 2010; 3:910-916.

19. Lu XJ, Yu DL, Wang JX, Pan XL, Jin P, Li SR, Sheng JQ. 
[Effect of estrogen on mismatch repair gene expression in 
colon cancer cells]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi. 
2011; 27:754-756.

20. Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor 
dynamics and sufficiency in estrogen receptor-regulated 
transcription. Cell. 2000; 103:843-852.

21. Shang Y, Brown M. Molecular determinants for the tissue 
specificity of SERMs. Science. 2002; 295:2465-2468.

22. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, 
Gustafsson JA. Cloning of a novel receptor expressed in 
rat prostate and ovary. Proc Natl Acad Sci U S A. 1996; 
93:5925-5930.

23. Nilsson S, Gustafsson JA. Estrogen receptor action. Critical 
reviews in eukaryotic gene expression. 2002; 12:237-257.

24. Kushner PJ, Agard DA, Greene GL, Scanlan TS, Shiau AK, 
Uht RM, Webb P. Estrogen receptor pathways to AP-1. J 
Steroid Biochem Mol Biol. 2000; 74:311-317.

25. Vivar OI, Zhao X, Saunier EF, Griffin C, Mayba OS, 
Tagliaferri M, Cohen I, Speed TP, Leitman DC. Estrogen 
receptor beta binds to and regulates three distinct classes of 
target genes. J Biol Chem. 2010; 285:22059-22066.

26. Kanneti R, Bhavesh D, Paramar D, R S, Bhatt PA. Development 
and validation of a high-throughput and robust LC-MS/
MS with electrospray ionization method for simultaneous 
quantitation of oseltamivir phosphate and its oseltamivir 

carboxylate metabolite in human plasma for pharmacokinetic 
studies. Biomed Chromatogr. 2011; 25:727-733.

27. Bobhate PS, S RS, Gupta P. Profile of catering staff at a 
tertiary care hospital in Mumbai. The Australasian medical 
journal. 2011; 4:148-154.

28. Froggatt NJ, Green J, Brassett C, Evans DG, Bishop DT, 
Kolodner R, Maher ER. A common MSH2 mutation in 
English and North American HNPCC families: origin, 
phenotypic expression, and sex specific differences in 
colorectal cancer. J Med Genet. 1999; 36:97-102.

29. Cho NL, Javid SH, Carothers AM, Redston M, Bertagnolli 
MM. Estrogen receptors alpha and beta are inhibitory 
modifiers of Apc-dependent tumorigenesis in the proximal 
colon of Min/+ mice. Cancer Res. 2007; 67:2366-2372.

30. Hsu HH, Cheng SF, Wu CC, Chu CH, Weng YJ, Lin CS, 
Lee SD, Wu HC, Huang CY, Kuo WW. Apoptotic effects 
of over-expressed estrogen receptor-beta on LoVo colon 
cancer cell is mediated by p53 signalings in a ligand-
dependent manner. Chin J Physiol. 2006; 49:110-116.

31. Linsalata M, Russo F, Notarnicola M, Guerra V, Cavallini 
A, Clemente C, Messa C. Effects of genistein on the 
polyamine metabolism and cell growth in DLD-1 human 
colon cancer cells. Nutrition and cancer. 2005; 52:84-93.

32. Weigt C, Hertrampf T, Kluxen FM, Flenker U, Hulsemann 
F, Fritzemeier KH, Diel P. Molecular effects of ER 
alpha- and beta-selective agonists on regulation of energy 
homeostasis in obese female Wistar rats. Mol Cell 
Endocrinol. 2013; 377:147-158.

33. Charn TH, Liu ET, Chang EC, Lee YK, Katzenellenbogen 
JA, Katzenellenbogen BS. Genome-wide dynamics of 
chromatin binding of estrogen receptors alpha and beta: 
mutual restriction and competitive site selection. Mol 
Endocrinol. 2010; 24:47-59.

34. Zhao C, Gao H, Liu Y, Papoutsi Z, Jaffrey S, Gustafsson 
JA, Dahlman-Wright K. Genome-wide mapping of estrogen 
receptor-beta-binding regions reveals extensive cross-talk 
with transcription factor activator protein-1. Cancer Res. 
2010; 70:5174-5183.

35. Ribic CM, Sargent DJ, Moore MJ, Thibodeau SN, French 
AJ, Goldberg RM, Hamilton SR, Laurent-Puig P, Gryfe 
R, Shepherd LE, Tu D, Redston M, Gallinger S. Tumor 
microsatellite-instability status as a predictor of benefit 
from fluorouracil-based adjuvant chemotherapy for colon 
cancer. N Engl J Med. 2003; 349:247-257.

36. Sargent DJ, Marsoni S, Monges G, Thibodeau SN, Labianca 
R, Hamilton SR, French AJ, Kabat B, Foster NR, Torri V, 
Ribic C, Grothey A, Moore M, et al. Defective mismatch 
repair as a predictive marker for lack of efficacy of 
fluorouracil-based adjuvant therapy in colon cancer. J Clin 
Oncol. 2010; 28:3219-3226.

37. Saleiro D, Murillo G, Benya RV, Bissonnette M, Hart 
J, Mehta RG. Estrogen receptor-beta protects against 
colitis-associated neoplasia in mice. Int J Cancer. 2012; 
131:2553-2561.



Oncotarget38779www.impactjournals.com/oncotarget

38. Schleipen B, Hertrampf T, Fritzemeier KH, Kluxen FM, 
Lorenz A, Molzberger A, Velders M, Diel P. ERbeta-specific 
agonists and genistein inhibit proliferation and induce 
apoptosis in the large and small intestine. Carcinogenesis. 
2011; 32:1675-1683.

39. Harris HA, Albert LM, Leathurby Y, Malamas MS, Mewshaw 
RE, Miller CP, Kharode YP, Marzolf J, Komm BS, Winneker 
RC, Frail DE, Henderson RA, Zhu Y, Keith JC Jr. Evaluation 
of an estrogen receptor-beta agonist in animal models of 
human disease. Endocrinology. 2003; 144:4241-4249.

40. Giroux V, Bernatchez G, Carrier JC. Chemopreventive effect 
of ERbeta-Selective agonist on intestinal tumorigenesis in 
Apc(Min/+) mice. Mol Carcinog. 2011; 50:359-369.

41. Edvardsson K, Strom A, Jonsson P, Gustafsson JA, Williams 
C. Estrogen receptor beta induces antiinflammatory and 
antitumorigenic networks in colon cancer cells. Mol 
Endocrinol. 2011; 25:969-979.

42. Caiazza F, Ryan EJ, Doherty G, Winter DC, Sheahan K. 
Estrogen receptors and their implications in colorectal 
carcinogenesis. Frontiers in oncology. 2015; 5:19.

43. Zeng K, Zhang HQ, Chen Y, Gao Q. Estradiol via estrogen 
receptor beta inhibits chondrogenesis of mouse vertebral 
growth plate in vitro. Child’s nervous system. 2015.


