
Colon cancer remains one of the most common

digestive system malignancies in the World [1]. The path-

ogenic mechanism of colon cancer is very complex,

which results in high morbidity and high mortality of

colon cancer [2]. Previous studies have demonstrated that

the failure of DNA damage recovery contributes to the

occurrence of colon cancer [3, 4], in which DNA double-

stranded breaks (DSBs) are most common, threatening

genome stability seriously [5]. Moreover, it has also been

reported that homologous recombination (HR), ionizing

radiation, DNA ruptures, and anti-cancer drugs cause

DSBs during the development of cancer [6-8].

HR is a pivotal repair pathway for the maintenance

of genome integrity, which is essential for the repair of

DNA breaks including DSBs [9]. Previous studies have

shown that the major HR proteins including RAD51,

RAD52, and RAD54 depend on DSBs through complex

mechanisms [10, 11]. For example, RAD52 was shown to

interact with histone H2AX in breast cancer [12, 13], and

RAD54 was correlated with ionizing radiation-induced

foci forming [14]. Recent studies revealed that foci for-

mation of RAD51 in response to ionizing radiation is an

important step in the repair of DNA DSBs [15, 16].

Besides, a recent study suggested a spatiotemporal regu-

lation model of RAD51 that was essential for homologous

recombination and associated with chromatin in the S

phase [17].

It has been shown that minichromosome mainte-

nance (MCM) complex is the core component of eukary-

otic DNA replication machinery, and it plays a critical

role in activating DNA replication and facilitating posses-

sive DNA synthesis [18]. The MCM complex is composed

of eight highly conserved proteins, MCM2, MCM3,

MCM4, MCM5, MCM6, MCM7, MCM8, and MCM9,

which form the MCM protein family [19]. Shukla et al.

indicated that the MCM complex had strong propensity

to be physically recruited to the sites where hRAD51 and

hRAD52-mediated homologously aligned ends need to be

replicationally repaired [20]. Park et al. demonstrated that

MCM8-MCM9 promoted RAD51 recruitment at DNA

damage sites to facilitate the HR process [21]. However,

the possible molecular mechanisms of the interaction of

RAD51 with MCM2-7 remain unclear.
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Abstract—Colon cancer remains one of the most common digestive system malignancies in the World. This study investi-

gated the possible interaction between RAD51 and minichromosome maintenance proteins (MCMs) in HCT116 cells,

which can serve as a model system for forming colon cancer foci. The interaction between RAD51 and MCMs was detect-

ed by mass spectrometry. Silenced MCM vectors were transfected into HTC116 cells. The expressions of RAD51 and

MCMs were detected using Western blotting. Foci forming and chromatin fraction of RAD51 in HCT116 cells were also

analyzed. The results showed that RAD51 directly interacted with MCM2, MCM3, MCM5, and MCM6 in colon cancer

HTC116 cells. Suppression of MCM2 or MCM6 by shRNA decreased the chromatin localization of RAD51 in HTC116

cells. Moreover, silenced MCM2 or MCM6 decreased the foci forming of RAD51 in HTC116 cells. Our study suggests that

the interaction between MCMs and RAD51 is essential for the chromatin localization and foci forming of RAD51 in

HCT116 cell DNA damage recovery, and it may be a theoretical basis for analysis of RAD51 in tumor samples of colon can-

cer patients.
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In this study, we analyzed the interaction between

RAD51 and the MCM complex in colon cancer HCT116

cells to reveal the possible mechanism of RAD51 and

MCM complex formation in the development of colon

cancer. Our study might provide a theoretical basis for

illustrating one of the molecular mechanisms involved in

colon cancer development.

MATERIALS AND METHODS

Cell culture. Human colon cancer HCT116 cells and

normal human embryonic kidney 293T cells were

obtained from the Chinese Academy of Sciences Type

Culture Collection (Shanghai, China). The cells were

maintained in high-glucose Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% (v/v) fetal

bovine serum (FBS) and streptomycin/penicillin in

100 U/ml concentration. Cultures were incubated at

37°C under 5% CO2.

Chromatin fraction. Cell chromatin fraction was pre-

pared as described previously [22]. HCT116 cells were

lysed in 100 µl of buffer A (10 mM HEPES, pH 7.9,

10 mM KCl, 1.5 mM MgCl2, 0.34 mM sucrose, and 10%

glycerol) containing 0.2% Triton X-100, 1 mM dithio-

threitol (DTT), and protease inhibitors on ice for 8 min.

The cell suspension was centrifuged at 1000 rpm for 5 min

at 4°C. The supernatant contained the cytoplasmic frac-

tion. The pellet was resuspended in 100 µl of buffer B

(3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, and protease

inhibitors), placed on ice for 30 min, and centrifuged at

1500 rpm for 5 min in a microcentrifuge at 4°C. The

supernatant was combined with cytoplasmic fraction as

the non-chromatin fraction. The pellet was resuspended

in 150 µl of buffer C (50 mM Tris-HCl, pH 8.0, 300 mM

NaCl, 1% NP-40, 1 mM DTT, and protease inhibitors)

on ice for 10 min, briefly sonicated, and centrifuged

(13,000 rpm for 10 min in a microcentrifuge at 4°C). The

supernatant was a chromatin-enriched fraction. Proteins

in these fractions were quantitated and analyzed using

SDS-PAGE. Anti-RAD51 (ab63801; Abcam Biotechno-

logy, USA), anti-Flag (Sigma-Aldrich, USA), and anti-

HA (3F10; Roche Diagnostics, Switzerland) antibodies

were used.

Immunoprecipitation and immunoblot analysis. Cells

were suspended in 1% Nonidet P-40 lysis buffer (50 mM

Tris-HCl, pH 7.6, 150 mM NaCl, 1% Nonidet P-40,

10 mM NaF, 1 mM Na3VO3, 1 mM DTT, 1 mM phenyl-

methylsulfonyl fluoride, 10 µg/ml leupeptin, and

10 µg/ml pepstatin) and then incubated on ice for 30 min.

After centrifugation at 1500 rpm for 5 min, the super-

natant was immunoprecipitated with 5 µg anti-FLAG,

anti-HA or anti-Myc (Cell Signaling Technology, USA)

cross-linked to protein A- (Amersham Biosciences,

USA) or -G-Sepharose (Zymed Laboratories, USA). The

immunoprecipitates were washed three times with 0.1%

Nonidet P-40 lysis buffer subjected to immunoblot analy-

sis. Cell lysates or immunoprecipitated proteins were sep-

arated by SDS-PAGE and transferred to polyvinylidene

difluoride membranes (Millipore, USA). The membranes

were then incubated with anti-FLAG, anti-HA, and anti-

Myc antibodies, respectively. Immunoreactive protein

bands were visualized using chemiluminescence (Perkin

Elmer, USA). Anti-GST (Nacalai Tesque, Inc., Japan)

and anti-α-tubulin (Sigma-Aldrich) antibodies were

used.

In vitro binding assays. GST fusion proteins were

produced in Escherichia coli strain BL21 by standard

methods using glutathione agarose (Sigma-Aldrich)

affinity chromatography. RAD51 was cloned into the

pGEX4T1 vector (Amersham Biosciences) for protein

expression and purification. GST pull-down assays were

performed as described previously [23]. For coimmuno-

precipitation, 293T cells (1·106) were seeded into a 10-cm

dish before transfection. Transfection of 2.5 g of expres-

sion vector was performed with Bio-T (Bioland

Scientific, Germany) according to the manufacturer’s

protocol. Whole cell extracts were made in 1 ml of

radioimmune precipitation assay (RIPA) buffer (50 mM

Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40,

0.5% sodium deoxycholate, 0.1% SDS). Coimmunopre-

cipitation and immunoblotting were performed as fol-

lows: the lysate was pre-cleared by incubation with

agarose protein A/G beads for 1 h and then immunopre-

cipitated overnight with 1-2 g of the indicated antibodies

and agarose protein A/G beads. Immunoblotting was

performed with the indicated antibodies. For endogenous

co-immunoprecipitation, confluent 293T cells main-

tained in DMEM supplemented with 10% FBS were

used. Whole cell extracts (WCE) were prepared from 1 ml

of RIPA buffer and immunoprecipitated with 2 µg of

antibody and agarose protein A/G beads overnight at 4°C.

Immunoblotting was performed with the target antibody.

shRNA transfection. Short hairpin RNA directed

against MCM2 and MCM6 were ligated into

U6/GFP/Neo plasmids (GenePharm, China) following

the manufacturer’s protocol. Cells transfection was per-

formed using Lipofectamine 3000 reagent (Invitrogen,

USA) according to the manufacturer’s instructions. The

shRNA sequence against MCM2 was: 5′-TCATCG-

GAATCCTTCACCA-3. The shRNA sequence against

MCM6 was: 5-TGAGATGAGTCAAGATAAA-3. Cells

transfected with empty vector were used as control.

Immunofluorescence microscopy. Cells were fixed

with 3.7% formaldehyde solution for 10 min on ice and

permeabilized sequentially with 50, 75, and 95% ethanol

on ice for 5 min each. The slides were blocked with PBS-

containing blocking solution for 30 min at room temper-

ature and then incubated with primary antibody for 1 h at

room temperature and washed for 5 min with PBS three

times. After that, the cells were incubated with Alexa

Fluor 488- or -594-conjugated secondary antibody
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(Molecular Probes, USA) for 1 h at room temperature,

washed three times with PBS, and preserved in

Vectashield (Vector Inc., USA). DNA was stained with

1 µg/ml bis-benzimide (Hoechst33258; Sigma-Aldrich)

for 20 min at room temperature. The samples were visu-

alized using an Olympus Power BX51 fluorescence

microscope (Olympus, Co., Japan).

Identification of RAD51-interacting proteins by mass

spectrometry. HCT116 cells stably expressing FLAG-

RAD51 were fractionated into cytoplasmic and nuclear

compartments. RAD51-interacting proteins were isolated

by FLAG MCM2 (Sigma-Aldrich) beads and eluted with

5 mg/ml 3× FLAG peptides in PBS. The eluate was first

denatured in 8 M urea and then reduced and alkylated

with 10 mM Tris-(2-carboxyethyl)-phosphine hydro-

chloride (Roche Diagnostics) and 55 mM iodoacetamide

(Sigma-Aldrich), respectively. The samples were digested

overnight with trypsin (Promega, USA) and pressure-

loaded onto a 250-µm silica capillary column (Polymicro

Technologies, USA). After desalting, each biphasic col-

umn was connected to a 100 µm silica capillary analytical

C18 column. Each MudPIT column was placed in line

with an 1100 quaternary HPLC pump (Agilent

Technologies, USA), and the eluted peptides were elec-

trosprayed directly into an LTQ mass spectrometer

(Thermo Fisher Scientific, USA). MS/MS spectra were

extracted using RawXtract (version 1.9.9) and searched

with the SEQUEST algorithm against the human

International Protein Index (IPI) database. SEQUEST

search results were assembled and filtered using the

DTASelect (version 2.0) algorithm, requiring peptides to

be at least half-tryptic and a minimum of two peptides per

protein identification. The protein identification false

positive rate was kept below 5%.

Statistical analysis. All experiments were carried out

in triplicate and the results are expressed as mean ± stan-

dard error of mean (SEM) in this study. Statistical analy-

sis was performed using Graph Prism 5.0 software

(GraphPad Prism, USA). Statistical differences between

groups were analyzed by Student’s t-test and ANOVA for

parametric data; p < 0.05 or p < 0.01 was set as the level of

statistical significance.

RESULTS

RAD51 interacted with MCMs. To understand the

functional roles of RAD51 in colon cancer HCT116 cells,

the specific RAD51-interacting proteins were identified.

Firstly, we produced a stable HCT116 cell line expressing

differently tagged RAD51 and MCM complex. Then the

nuclear extracts from a stable clone were immunoprecip-

itated with anti-Flag M2 beads eluted with 3× Flag pep-

tide, and mass spectrometric analysis was carried out

(Fig. 1a). Co-immunoprecipitation showed interaction

between RAD51 and MCM complex in HCT116 cells

(Fig. 1, b-e). The peptide recovery of RAD51 from the

nuclear IPs was 13, 16, 0, 18, 8, and 0% for MCM2,

MCM3, MCM4, MCM5, MCM6, and MCM7 (Fig. 1f).

MCM2, MCM3, MCM5, and MCM6 play significant

roles in DNA replication and replication checkpoint in

HCT116 cells. These results suggest that MCM2,

MCM3, MCM5, and MCM6 might be the interactive

proteins of RAD51 in HCT116 cells.

RAD51 interacted directly with MCMs in HCT116

cells. To determine if RAD51 interacts with MCM com-

plex directly or not, we performed a GST pull-down assay

using GST-RAD51 bound on glutathione-agarose beads

Fig. 1. RAD51 interacts with MCMs in HCT116 cells. a) The procedure for detecting the interaction mechanism between RAD51 and MCM;

b) RAD51 interacted with MCM2; c) RAD51 interacted with MCM3; d) RAD51 interacted with MCM5; e) RAD51 interacted with MCM6;

f) statistical analysis of the four kinds of MCMs. WCE, whole cell extracts.

a b e f

c d
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to pull down MCM proteins individually (Fig. 2a). As

displayed in Fig. 2b, the interactions between RAD51 and

MCM2, MCM3, MCM5, or MCM6 in HCT116 cells

indicate a multi-interface association between RAD51

and the MCM complex.

Downregulation of MCMs decreased the RAD51

chromatin fraction. Previous studies have demonstrated

that a substantial portion of RAD51 is located on chro-

matin in the absence of DNA damage [15, 16]. In addi-

tion, the MCM complex is the core component of

a b

Fig. 2. RAD51 directly interacts with MCMs. a) GST or GST-

RAD51 proteins bound on glutathione-agarose beads were puri-

fied and used to pull down MCM proteins. b) MCM2, MCM3,

MCM5, and MCM6 were detected by GST-RAD51 beads.

Fig. 3. Downregulation of MCM2 and MCM6 decreased the

RAD51 chromatin formation in HCT116 cells. The expressions of

MCM2 and MCM6 were downregulated by using shRNA and the

chromatin fraction of RAD51 was detected. Orc2 and Actin are

respectively marker proteins for chromatin and non-chromatin

fractions. shRNA, short hairpin RNA.

Fig. 4. Suppression of MCMs decreased foci forming of RAD51 in HCT116 cells. a) MCM2 and MCM6 expressions in HCT116 cells were

decreased by MCM2 shRNA or MCM6 shRNA transfection; b) percentage of RAD51 foci forming was significantly increased by the treat-

ment of bleomycin compared to the control, whereas it was significantly decreased by the suppression of MCM2 or MCM6; c) foci forming

in each group was detected using immunofluorescence microscopy consistent with that in panel (b). ** p < 0.01 compared to control, and
# p < 0.05 compared to positive control (cells treated with bleomycin).

a c

b

Non-chromatin                                  chromatin
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eukaryotic DNA replication machinery and has recently

been indicated as an important player in replication

checkpoint [22]. To determine whether MCMs are essen-

tial for RAD51 chromatin localization, we used a gene

silencing-mediated method (MCMs shRNA) to down-

regulate the expressions of MCM2 and MCM6 in

HCT116 cells and then performed chromatin fraction. As

shown in Fig. 3, the chromatin fraction was significantly

depleted in MCM2 shRNA and MCM6 shRNA com-

pared to the non-chromatin. Orc2 and Actin are marker

proteins for chromatin and non-chromatin fractions,

respectively.

Suppression of MCMs decreased RAD51 foci form-

ing. We further wanted to determine whether the associa-

tion of RAD51 with MCMs was essential for RAD51 foci

forming in response to DNA damage. The expression of

MCMs was downregulated in HCT116 cells using shRNA

and the foci forming of RAD51 was analyzed. As indicat-

ed in Fig. 4a, the expression levels of MCM2 and MCM6

were decreased after MCM2 shRNA and MCM6 shRNA

transfection. Studies have revealed that bleomycin is an

inducer of nuclear foci forming in tumor cells [24, 25].

Therefore, in this study we used bleomycin to evaluate

nuclear foci forming in HCT116 cells. Our staining data

show that compared to the controls, the percentage of

RAD51 foci forming was significantly higher in the posi-

tive control cells (cells without MCM suppression; Fig. 4,

b and c, p < 0.01), whereas the percentage of RAD51 foci

forming was decreased after MCM2 shRNA or MCM6

shRNA transfection. These data revealed that suppression

of MCMs decreased the percentage of RAD51 foci form-

ing to respond to DNA damage.

DISCUSSION

Previous studies have demonstrated the crucial roles

of DNA damage recovery failure in the carcinogenesis of

tumor development [26, 27]. RAD family proteins have

been reported to be involved in the process of DNA dam-

age recovery [28]. In the present study, we provide new

evidence for the interaction between RAD51 and MCM

complex in colon cancer HCT116 cell DNA damage

recovery. Our results indicated that RAD51 directly inter-

acted with MCM2, MCM3, MCM5, and MCM6 in

HCT116 cells. Suppression of gene expression of MCM2

and MCM6 clearly decreased the RAD51 chromatin

fraction and foci forming. These findings suggest that the

interactions between RAD51 and MCM complex are

essential for RAD51 chromatin fraction, foci forming,

and DNA damage recovery in HCT116 cells.

RAD51 is a highly conserved protein that catalyzes

DNA repair via HR and is a major DNA repair pathway

that directly modulates cellular sensitivity to DNA-dam-

aging treatments [29]. For example, Zhao et al. indicated

that inhibition of RAD51 sensitized the cytotoxicity of

olaparib for breast cancer cells through wild-type phos-

phatase and tensin homolog deleted on chromosome ten

(PTEN) [30]. The MCM complex was found to partici-

pate in activating DNA replication and facilitating DNA

synthesis [18, 31]. Restricting MCM loading to the G1

phase ensures that initiation and elongation occur just

once per cell cycle [32]. Liu et al. pointed out that silenc-

ing of MCM2 by shRNA led to cell cycle arrest and apop-

tosis in colon cancer HCT116 cells [33]. Giaginis et al.

presented evidence that MCM2 and MCM5 were associ-

ated with clinicopathological parameters and colon can-

cer proliferative capacity [34]. In our study, we found that

RAD51 interacted with MCM2, MCM3, MCM5, and

MCM6 in HCT116 cells. MCM4 and MCM7 did not

directly interact with RAD51 in HCT116, which implies

that MCM4 and MCM7 do not participate in the forma-

tion of RAD51 foci in HCT116 cells or that MCM4 and

MCM7 interacts with other RAD family proteins such as

RAD52 and RAD54 in HCT116 cells. More studies are

needed to further explore the relationship between

MCM4, MCM7, and RAD family proteins.

The chromatin localization and foci-forming process

of RAD51 are essential for RAD51-mediated repair of

DNA DSBs [35]. Reh et al. indicated that RAD51 pro-

tected the genome from large deletions and chromosomal

abnormalities [36]. In this study, we then explored

whether MCMs are involved in the chromatin localiza-

tion and foci forming of RAD51 using gene silencing

method. We found that the chromatin fraction and foci

forming were both decreased after suppression of MCM2

and MCM6, which suggests that MCMs participate in the

chromatin localization and foci forming of RAD51 in

HCT116 cells. Because MCMs are essential for eukaryot-

ic DNA replication [37], we suggest that MCMs interact

with RAD51 and play an important role in cell DNA

damage recovery. In addition, our results are consistent

with a previous study that showed that MCM complex has

propensity to recruit RAD51 [20].

In conclusion, the data presented in this study

reveals that RAD51 directly interacts with MCM2,

MCM3, MCM5, and MCM6 in colon cancer HCT116

cells, and this kind of interaction is essential for the chro-

matin localization and foci forming of RAD51 in

HCT116 cells. Our study provides a theoretical basis for

analysis of RAD51 in tumor samples of colon cancer

patients and might be applied for colon cancer localizing.

Further studies are still needed to explore the detailed

mechanism.
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