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Abstract

Cyclooxygenase (COX) is the rate-limiting enzyme in prostaglandins (PGs) biosynthesis.

Previous studies indicate that COX-2, one of the isoforms of COX, is highly expressed in

colon cancers and plays a key role in colon cancer carcinogenesis. Thus, searching for

novel transcription factors regulating COX-2 expression will facilitate drug development for

colon cancer. In this study, we identified XRCC5 as a binding protein of the COX-2 gene pro-

moter in colon cancer cells with streptavidin-agarose pulldown assay and mass spectrome-

try analysis, and found that XRCC5 promoted colon cancer growth through modulation of

COX-2 signaling. Knockdown of XRCC5 by siRNAs inhibited the growth of colon cancer

cells in vitro and of tumor xenografts in a mouse model in vivo by suppressing COX-2 pro-

moter activity and COX-2 protein expression. Conversely, overexpression of XRCC5 pro-

moted the growth of colon cancer cells by activating COX-2 promoter and increasing COX-2

protein expression. Moreover, the role of p300 (a transcription co-activator) in acetylating

XRCC5 to co-regulate COX-2 expression was also evaluated. Immunofluorescence assay

and confocal microscopy showed that XRCC5 and p300 proteins were co-located in the

nucleus of colon cancer cells. Co-immunoprecipitation assay also proved the interaction

between XRCC5 and p300 in nuclear proteins of colon cancer cells. Cell viability assay indi-

cated that the overexpression of wild-type p300, but not its histone acetyltransferase (HAT)

domain deletion mutant, increased XRCC5 acetylation, thereby up-regulated COX-2

expression and promoted the growth of colon cancer cells. In contrast, suppression of p300

by a p300 HAT-specific inhibitor (C646) inhibited colon cancer cell growth by suppressing

COX-2 expression. Taken together, our results demonstrated that XRCC5 promoted colon

cancer growth by cooperating with p300 to regulate COX-2 expression, and suggested that

the XRCC5/p300/COX-2 signaling pathway was a potential target in the treatment of colon

cancers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186900 October 19, 2017 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Zhang Z, Zheng F, Yu Z, Hao J, Chen M,

Yu W, et al. (2017) XRCC5 cooperates with p300 to

promote cyclooxygenase-2 expression and tumor

growth in colon cancers. PLoS ONE 12(10):

e0186900. https://doi.org/10.1371/journal.

pone.0186900

Editor: Aamir Ahmad, University of South Alabama

Mitchell Cancer Institute, UNITED STATES

Received: August 15, 2017

Accepted: October 9, 2017

Published: October 19, 2017

Copyright: © 2017 Zhang et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: This work was supported by the funds

from the National Natural Science Foundation of

China (81470337, 81572706, 81472178,

81272195), the Education Department of Liaoning

Province, China (‘‘the Program for Pan-Deng

Scholars’’), the scientific research project from the

Education Department of Liaoning Province, China

(L2015142). Guangzhou Double Bioproduct Inc

provided some salaries for authors (WH, WD) but

https://doi.org/10.1371/journal.pone.0186900
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186900&domain=pdf&date_stamp=2017-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186900&domain=pdf&date_stamp=2017-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186900&domain=pdf&date_stamp=2017-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186900&domain=pdf&date_stamp=2017-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186900&domain=pdf&date_stamp=2017-10-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0186900&domain=pdf&date_stamp=2017-10-19
https://doi.org/10.1371/journal.pone.0186900
https://doi.org/10.1371/journal.pone.0186900
http://creativecommons.org/licenses/by/4.0/


Introduction

Colon and rectal cancer (colorectal cancer, CRC) is the third most common carcinoma, and

has become one of the leading causes of death from cancers worldwide [1]. In the latest cancer

statistics published in 2017, the American Cancer Society estimates that CRC alone accounts

for 9% of all new cancer cases in males and 8% of all new cancer cases in females in the United

States [2]. Moreover, 9% of all cancer related death in males and 8% of all cancer related death

in females can be attributed to CRC [2].Major advances in the understanding of CRC biology

have led to the development of new diagnostic and prognostic biomarkers, and the develop-

ment of novel molecular targeted therapies for CRC. However, improvement of the five-year

survival rates of CRC patients still mainly relies on diagnosis at early stages, and only curative

surgical resection has the possibility to cure early staged CRC. When CRC develops into

advanced stages, curative surgical resection is nearly impossible. To date, the combination

therapy with cytotoxic drugs including 5-fluorouracil, leucovorin, oxaliplatin, and capecita-

bine is the first-line chemotherapy for advanced CRC with metastasis [1, 3, 4]. However, the

efficacy of the combination therapy with cytotoxic drugs for advanced staged CRC remains

limited due to a combination of drug toxicity and resistance. With intensive studies on the

molecular mechanisms in CRC development, novel treatment targets for CRC are identified.

Bevacizumab (a vascular endothelial growth factor A antibody) and cetuximab (an epidermal

growth factor receptor antibody) have been proved effective to treat advanced CRC with clini-

cal trials [1, 4]. However, because of multiple signaling pathways involved in CRC carcinogen-

esis and development, when one pathway is inhibited, other compensatory pathways could be

activated. So it is not uncommon that CRC patients can also develop drug resistance to bevaci-

zumab and cetuximab. Thus searching for novel therapeutic targets for advanced CRC to max-

imize survival time is of great significance to both patients and clinicians.

Cyclooxygenase (COX) is the rate-limiting enzyme in prostaglandins (PGs) biosynthesis. In

mammals, COX catalyzes the conversion of arachidonic acid to prostaglandin G2 (PGG2),

PGG2 is then converted to prostaglandin H2 (PGH2), which is ultimately converted to various

prostanoids by specific prostanoid synthases [5–7].There are two major isoforms of COX

named with COX-1 and COX-2, and their expression patterns and associations with terminal

prostanoid synthases are distinct. COX-1 is expressed constitutively in most normal tissues,

and associates with cytosolic PGE synthases [8]. Correspondingly, COX-2 is induced to

express in response to hormones, cytokines, and growth factors, and associates with mem-

brane-bound PGE synthases [7, 9]. Accumulating evidence has indicated that COX-2 plays

key roles in carcinogenesis and cancer progression. PGE2 as a product of COX-2 introduces

extracellular signals into target cells via G protein coupled receptor (GPCR) family on cellular

membrane [10]. After coupled with GPCR, PGE2 activates Ras and phosphatidylinositol

3-kinase (PI3K) pathways to inhibit apoptosis of colon cancer cells [11]. PGE2 can also activate

Ras-mitogen-activated protein kinase signaling cascade to promote intestinal adenoma prolif-

eration [12]. Moreover, COX-2 increases the expression of vascular endothelial growth factor

(VEGF) of colon cancer cells, which has the ability to promote angiogenesis of tumors [13].

Furthermore, COX-2 activates the NOTCH and WNT signaling pathways to promote cancer

stem cell formation [14]. The immunological characteristic of tumor microenvironment is the

shift from a Th1 predominant immune response to a Th2 predominant one [15]. Tumor

necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and interleukin-2 (IL-2) increase Th1 cell

proliferation. Correspondingly, interleukin-4 (IL-4), interleukin-6 (IL-6), and interleukin-10

(IL-10) promote Th2 cell proliferation. Previous studies have shown that COX-2 decreases the

expression of TNF-α, IFN-γ and IL-2, and increases the expression of IL-4, IL-6 and IL-10 in

tumor cells. Thus COX-2 can facilitate immune response shift in tumor microenvironment,
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which facilitates tumor cells to evade from host immune surveillance [15–17]. In summary,

COX-2 promotes carcinogenesis and cancer progression through participating in promoting

cell proliferation, inhibiting cell apoptosis, enhancing angiogenesis, promoting cancer stem

cell formation, and facilitating immune response shift in tumor microenvironment, COX-2 is

deemed to be a promising molecular target for CRC treatment. One randomized controlled

trial has shown that COX-2 inhibitor celecoxib prevents the occurrence of colonic adenoma,

which is a precancerous condition of CRC [18]. A meta-analysis also shows that aspirin (a

nonselective COX inhibitor) improves CRC patients survival especially in CRC patients with

high COX-2 expression in tumor issues [19]. These clinical data further support COX-2 as a

promising target for CRC treatment. However, the preventive and treatment effects of avail-

able COX-2 inhibitors (aspirin and celecoxib) on CRC are not ideal, and most CRC patients

failed to respond to the available COX-2 inhibitors. It is known that the expression of COX-2

is regulated at transcriptional and translational levels, therefore it is of great significance to

find novel factors acting at the above two levels to regulate COX-2 expression, which would

facilitate new therapeutic development for CRC.

X-ray repair cross-complementing protein 5 (XRCC5) also called Ku80 is encoded by XRCC5

gene located in 2q33-35 [20]. XRCC5 and XRCC6 form an XRCC5/XRCC6 heterodimer that is a

DNA-dependent protein kinase complex (DNA-PK) [20, 21]. XRCC5/XRCC6 heterodimer

binds the ends of broken DNA double strands to accomplish DNA non-homologous end joining

repair to maintain stability of the whole genome and chromosomes [22]. Studies also indicate

that the function of XRCC5 is not limited to DNA double strand breaks repairs, XRCC5 can also

act as an adherence factor participating in cellular adherence, migration, and invasion of tumors

[23, 24]. Additionally, XRCC5 has been proved to be overexpressed in various tumor tissues

(including CRC), which implies that XRCC5 is a tumor promoting factor [25–28]. However, little

is known about the molecular mechanisms of XRCC5 participating in CRC carcinogenesis and

development. As XRCC5 has the ability to bind DNA strands that is also a characteristic of tran-

scription factors, we hypothesize that XRCC5 may act as a transcription factor to promote onco-

protein expression and participate in CRC development. Our previous study has shown that

XRCC5 binds to COX-2 gene promoter and increases COX-2 expression to promote lung cancer

cell proliferation [29]. Whether the same interaction between XRCC5 and COX-2 gene promoter

also exists in CRC is not clear. Moreover, p300 (a transcription co-activator) has been reported to

participate in the transcription of COX-2 [30], whether p300 participates in the interaction

between XRCC5 and COX-2 gene promoter in CRC also needs to be elucidated.

In this study, we identified XRCC5 as a binding protein of the COX-2 gene promoter in

colon cancer cells with streptavidin-agarose pulldown assay and mass spectrometry analysis,

and found that XRCC5 promoted colon cancer growth through modulation of COX-2 signal-

ing. Knockdown of XRCC5 by siRNAs inhibited the growth of colon cancer cells in vitro and

of tumor xenografts in a mouse model in vivo by suppressing COX-2 promoter activity and

COX-2 protein expression. Conversely, overexpression of XRCC5 promoted growth of colon

cancer cells by activating COX-2 promoter and increasing COX-2 protein expression. More-

over, the role of p300 acetylating XRCC5 to co-regulate COX-2 expression was also evaluated.

Our study suggests that the XRCC5/p300/COX-2 signaling pathway is a potential target in the

treatment of colon cancers.

Material and methods

Cell lines and culture conditions

Human colon cancer cell lines (SW480, LoVo, DLD-1, RKO) were obtained from American

Type Culture Collection (ATCC, Manassas, VA) and cultured in RPMI 1640 media (Gibco)
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supplemented with 10% heat-inactivated fetal bovine serum(Biological Industries), 100mg/ml

penicillin and 100mg/ml streptomycin (Hyclone), and maintained in an incubator with a

humidified atmosphere of 95% air and 5% CO2 at 37˚C.

Streptavidin-agarose pulldown assay

The biotin-labeled double-stranded oligonucleotide probe corresponding to -30/-508 frag-

ments of COX-2 promoter sequence were synthesized by TAKARA Company. Primers of the

oligonucleotide probe were as following: sense, 5’-ACGTGACTTCCTCGACCCTC-3’; anti-

sense, 5’-AAGACTGAAAACCAAGCCCA-3’. Streptavidin- agarose pulldown assay was per-

formed as following: 1) 400μg nuclear proteins from cell lines, 4μg of the double-strand biotin-

labeled probe and 50μl of steptavidin-agarose beads solution (Sigma) were mixed and incu-

bated on a rotating wheel at room temperature for 2 hours. 2) Steptavidin-agarose beads were

pelleted by centrifugation at 600×g for 1min and washed with 200μl phosphate buffer saline

(PBS) with protease inhibitors for three time. 3) Steptavidin-agarose beads were collected and

resuspended with 30μl loading buffer, and then cooked at 100˚C for 5min. 4) The supernatant

containing the bound proteins was collected and then separated by 10%SDS-PAGE for further

silver staining and mass spectrometry analysis.

Identification of COX-2 promoter-binding proteins

The supernatant containing COX-2 promoter-binding proteins were separated by 10%

SDS-PAGE. Silver staining was used to visualize protein bands according to the manufac-

turer’s protocols (Beyotime, China). Then the protein bands of interest in the silver stained gel

were cut, decolorized and digested with trypsin. Mass spectrometry analysis was utilized to

identify the digested samples. Mass spectrometry data were then compared with those of the

available proteomics databases to identify the proteins in the bands of interest.

Plasmid vector, small interfering RNA (siRNA) and p300 HAT-specific

inhibitor

A 5’-flanking DNA fragment from position -891 to +9 of human COX-2 gene was constructed

into a promoter luciferase expression vector, pGL3. XRCC5 overexpression vector (XRCC5),

wild type p300 overexpression vector (p300WT), p300 histone acetyltransferase (HAT)

domain deletion mutantvector (Δp300), FLAG-p300 and the negative control vector FLA-

G-LacZ were purchased from Addgene. siRNAs targeting XRCC5 and negative controlsiRNAs

were purchased from ShangHai GenePharma Company (Shanghai, China) (Si1: sense, 5’-GG
CUCCAAUUUGUCUAUAATT-3’; antisense, 5’-UUAUAGACAAAUUGGAGCCTT-3’. Si2:

sense, 5’-GGUGGCCAUAGUUCGAUAUTT-3’; antisense, 5’-A UAUCGAACUAUGGCCACCT
T-3’. Si3: sense, 5’-GAGCAGCGCUUUAACAACU TT-3’; antisense, 5’- AGUUGUUAAAGC
GCUGCUCTT-3’. Negative control (Sictr): sense, 5’-UUCUCCGAACGUGUCACGUTT-3’;

antisense, 5’-ACGUGACACGUUCGGAGAATT-3’). A p300 HAT-specific inhibitor (C646)

was purchased from AdooQ.

Transfection of colon cancer cells

Colon cancer cells were transfected with XRCC5 overexpression vector, siRNAs of XRCC5 or

negative control siRNAs (2μg) mediated by Lipofectamine 2000 (Invitrogen) as well as

p300WT, Δp300, FLAG-p300, FLAG-LacZ and COX-2 promoter luciferase plasmids encapsu-

lated with DC-nanoparticles in 6-well plates (2×104 cells per well). After treatment with plas-

mid vectors and siRNAs for 48 hours, cells were harvested for further assays.
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Nuclear protein extraction and Western blot

Nuclear proteins of colon cancer cells or tumor tissues were collected in accordance with the

protocols established in our previous article [29]. The concentration of the nuclear proteins

was determined by BCA protein assay. 10% SDS-PAGE was used to separate nuclear proteins.

Nuclear proteins were subsequently transferred to a polyvinylidene difluoride (PVDF) mem-

brane. After protein transfer to PVDF membrane, PVDF membrane was blocked with 5%

skim milk in Tris-buffered saline containing 0.05% Tween-20 (TTBS) and incubated with pri-

mary antibodies against XRCC5 (Abcam,1:500 dilution), COX-2 (Millipore, 1:500 dilution),

p300(CST, 1:500 dilution), β-actin (Proteintech, 1:1000 dilution) and GAPDH (Proteintech,

1:1000 dilution) overnight at 4˚C. PVDF membrane was subsequently incubated with the sec-

ondary antibody at 37˚C for 2 hours. The band was photographed and quantified with

enhanced chemiluminescence system. The intensity of β-actin or GAPDH was used as the

internal reference.

Reverse transcription-polymerase chain reaction (RT-PCR)

Colon cancer cell lines with according treatments were cultured for 48 hours. Total RNA of

colon cancer cells was extracted with Trizol Reagent (TaKaRa) according to the manufacturer’s

instructions. The PCR primers corresponding to COX-2, XRCC5 and GAPDH functional

gene sequences were synthesized by TaKaRa. The primer sequences were as following: 1)

COX-2: sense, 5’-TCACAGGCTTCCATTGACCAG-3’; antisense, 5’-CCGAGGCTTTTCTA
CCAGA-3’. 2) XRCC5: sense, 5’-TGACTTCCTGGATGCACTAATCGT-3’; antisense, 5’-
TTGGAGCCAATGGTCAGTCG-3’. 3) GAPDH: sense, 5’–AATCCCATCACCATCTTCC-3’;

antisense, 5’-CATCACGCCACAGTTTCC-3’. Optical density of the products at 260nm

(A260 = 1 for 40μg/mL RNA) were measured to quantify RNA, and the ratio of the optical

density obtained at 260 and 280 nm (pure RNA: A260/A280 = 2.0) was calculated to determine

the purity of RNA. All the optical analyses were carried out with the UV-1206 spectrophotom-

eter (Shimadzu). Reverse transcription PCR was performed with a RNA PCR Kit (Takara)

according to the manufacturer’s instructions. The samples were denatured at 98˚Cfor 3min,

and followed by 30 PCR cycles (10s at 98˚Cfordenaturation, 30s at 58˚C for annealing, and 30s

at 72˚C for elongation). PCR products were then separated by 1.5% agarose gel electrophoresis.

Bands were visualized in ultraviolet light and photographed subsequently. The intensity of

GAPDH was used as the internal reference.

Luciferase reporter assay

LoVo cells or RKO cells (200,000 cells per well) plated in six-well plates were transfected with

the COX-2 promoter luciferase plasmids encapsulated with DC-nanoparticles. LoVo cells

were subsequently co-transfected with siRNAs of XRCC5 (Si1, Si2 and Si3) (2μg) or negative

control siRNAs (2μg) mediated by Lipofectamine 2000 (Invitrogen) or treated with lipopoly-

saccharides (LPS) (10μg/ml). RKO cells were subsequently co-transfected with XRCC5 overex-

pression vector (2μg) and negative control FLAG-LacZ (2μg). And PBS was added to some

wells of cells for negative control. 48 hours after treatment, the luciferase activity was measured

using a luciferase reporter assay kit (BioVision) according to the protocols of manufacturer.

Cells treated with PBS negative control was used for data alignment.

Cell viability assay

LoVo or RKO cells were seeded in a 96-well culture plate at a density of 2×104 cells per well,

and cultured overnight. LoVo cells were co-transfected with siRNAs of XRCC5(Si1, Si2 and
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Si3) (2μg) or negative control siRNA (2μg) mediated by Lipofectamine 2000 (Invitrogen).

RKO cells were co-transfected with XRCC5 overexpression vector (2μg), negative control

FLAG-LacZ (2μg) or treated with celecoxib (25μM). LoVo cells were also treated with C646

(30uM) or transfected with p300WT vector (2μg), Δp300 vector (2μg), FLAG-p300 (2μg) or

FLAG-LacZ (2μg). And PBS was added to some wells of cells for negative control. 48 hours

after treatment, cell viability was evaluated using the MTS assay (CellTiter 961 AQueous One

Solution Cell Proliferation Assay, Promega) according to the manufacturer’s instructions. The

absorbance at 490 nm was recorded using a BioTek ELx800 absorbance microplate reader.

Cells treated with PBS negative control or FLAG-LacZ negative control were used for data

alignment.

Clone formation assay and morphology inspection

LoVo cells (1,000 cells per well) seeded in six-well plateswere transfected with siRNAs of

XRCC5(2μg) or negative control siRNAs (2μg)mediated by Lipofectamine 2000 (Invitrogen).

After cultured for 14 days, colon cancer cells in six-well plates were washed with PBS, and sub-

sequently fixed with fixation solution (methanol: glacial: acetic 1:1:8) for 10min. After fixation,

six-well plates containing colon cancer cells were added with 0.1% crustal violet to stain for

30min. The clones only with more than 50 cells were counted and photographed under an

optical microscope. Morphology of LoVo cells was also evaluated and photographed under an

optical microscope.

Immunofluorescence and confocal microscopy

Colon cancer cells were seeded onto coverslips in a six-well plate and fixed with 4% paraformal-

dehyde (w/v) for 30min. Coverslips with colon cancer cells were then washed with PBS for 15

min and permeabilized with 0.2% (w/v) Triton X-100 in PBS for 5min. PBS containing 1%

bovine serum albumin (BSA) was used to block for 30 min. Coverslips were subsequently incu-

bated with the primary antibodies against XRCC5 or p300 diluted in PBS containing 10% BSA

overnight. Coverslips were washed with PBS for 3 times and then incubated with secondary

fluorescein isothiocyanate conjugated antibody or tetra methyl rhodamine isothiocyanate con-

jugated antibody for 1 hour. After washed with PBS for 3 times, coverslips with colon cancer

cells were stained with DAPI (Beyotime). Leica DM 14000B confocal microscopy was employed

to detect fluorescence and localize XRCC5 and p300 expressions in cells.

Co-immunoprecipitation (co-IP) of p300/XRCC5 and acetylated XRCC5

Nuclear proteins were exacted from SW480, LoVo and RKO colon cancer cells. Nuclear pro-

teins were incubated with a specific rabbit antibody against XRCC5 (Abcam) and a non

immune rabbit IgG (Abcam) in each sample at 4˚C overnight. Protein A/G agarose beads

(Santa Cruz Biotechnology) were used to pull down the above immune complexes. Briefly, pro-

tein A/G agarose beads were added to the immune complexes and incubated at 4˚C for 12

hours. Beads were then washed with ice-cold PBS containing protease inhibitors for 3 times.

Loading buffers were added to the beads and boiled for 10min, and then centrifuged for 1min.

Supernatant containing immunoprecipitated proteins of interest was subsequently separated by

SDS-PAGE and p300 was detected by Western blot with a specific rabbit antibodyagainstp300

(CST). Correspondingly, a specific antibody against p300 (CST) was used to immunoprecipitate

nuclear extract proteins, and Western blot with a specific antibody against XRCC5 (Abcam) was

used to detect XRCC5 inimmunoprecipitated proteins. To detect acetylation of XRCC5 in nuclear

proteins, a pan-Acetyl antibody (CST) for acetylated proteins was used to immunoprecipitate
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nuclear proteins, and Western blot with a specific antibody against XRCC5 (Abcam) was

employed to detect XRCC5 in immunoprecipitated proteins.

Immunoprecipitation of p300 domain

To further identify the specific domain in p300 for its interaction with XRCC5, we designed

p300 overexpression vectors with its five different domains fused to flag tags (data not shown).

LoVo cells were then transfected with p300 overexpression vectors with flag tags and cultured

for 48 hours. Nuclear extracts of LoVo cells were then immunoprecipitated with anti-flag tag

antibody (CST), and the precipitated complexes were then blotted with an antibody against

XRCC5 (Abcam).

Xenograft mouse model and tumor tissue processing

Nude mice were obtained from the SPF Laboratory Animal Center at Dalian Medical University.

Armpits of nude mice were injected with LoVo cells (5×106) subcutaneously. Once tumors were

palpable, we measured tumor volumeevery two days with calipers. When tumor grew to a vol-

ume of 150mm3, nude mice were then divided into 4 groups (5 mice per group) randomly as fol-

lowing: a) siRNA of XRCC5treating group, b) negative control siRNA treating group, c) siRNA

of XRCC5+LPS treating group and d) LPS treating group. In the negative control siRNA treating

group, mice were injected intratumorally with 10μg negative control siRNAs conjugated with

DC nanoparticles in 0.1 ml saline buffer twice a week for 17 days. In siRNA of XRCC5 treating

group, mice were injected intratumorally with 10μg siRNA of XRCC5 (Si3) conjugated with DC

nanoparticles in 0.1 ml saline buffer twice a week for 17 days. In LPS treating group, mice were

injected ntratumorally with LPS (Sigma) (10μg/kg body weight) only once. In siRNA of XRCC5

+LPS treating group, mice were treated with the combination of LPS and siRNA of XRCC5 (Si3)

intratumorally. Tumor volume was calculated according to the equation of volume = (width2×-
length)/2. Seventeen days after the first treatment of each group, nude mice were sacrificed, and

tumors were collected for further evaluation. Tumor size and weight of each mouse were mea-

sured and recorded. Fresh tumor tissues were mixed with lysis buffers or fixed in formalin for

further analysis. Nuclear protein of tumor tissues was collected in accordance with the protocols

established in our previous article [29]. Western blot was carried out to determine XRCC5 and

COX-2 expression in tumors. Formalin-fixed tumor tissues wereparaffin-embedded and ana-

lyzed by immunohistochemistry for XRCC5 and COX-2 expression.

Immunohistochemistry of tumor tissues in mice

Paraffin-embedded tumor tissues collected from mice were cut into slices with 4μm. Slices

were then dewaxed with xylene and gradient alcohol. Tumor tissue slices were added with

sodium citrate buffer (10mM) and microwaved for 4min to repair antigen. 3% H2O2 was

added onto slices for 10min to block endogenous peroxidase. Slices were washed with PBS for

three times (3min for one time).Tumor tissue slices were then added with primary antibodies

against XRCC5 (Abcam) or against COX-2 (Millipore) with a dilution of 1:50 according to the

manufacturer’s instructions. After washed with PBS for three times (3min for one time), slices

were subsequently incubated with the secondary antibody at room temperature for 40min.

Finally, DAB staining kit was used to visualize immunochemical staining.

Statistical analysis

Statistical analysis was performed using SPSS16.0 statistical software package (SPSS Inc., Chi-

cago, IL, USA). Independent Student’s t-test or one-way ANOVA analysis was employed to
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determine the difference of means among different groups. The values were presented as the

mean±S.D. p<0.05 was considered statistically significant.

Ethics statement

Animal experiments were carried out in accordance with animal care guidelines and protocols

specifically approved by the Animal Experimental Ethical Committee of Dalian Medical Uni-

versity. All surgery was performed under anesthesia, and all efforts were made to minimize

suffering.

Results

XRCC5 was identified as a COX-2 promoter-binding protein in colon

cancer cells

A 479-bpbiotin-labeled double-stranded DNA probe corresponding to the 5’-flanking sequence

of the COX-2 gene promoter region was synthesized according to our previous work [29].

Nuclear proteins extracted from human colon cancer cell lines (RKO, LoVo, DLD-1 and

SW480) were incubated with biotin-labeled COX-2 promoter probes, and streptavidin-agarose

beads were utilized to pull down nuclear proteins bound at COX-2 promoter region. As shown

in Fig 1A, a protein band with a molecular weight of 90-100kDa was apparent in LoVo, DLD-1

and SW480 cells. Moreover, LoVo, DLD-1 and SW480 cells also had high COX-2 expression as

shown in Fig 1C. However, the protein band with a molecular weight of 90-100kDa was not

apparent in RKO cells, which also had low COX-2 expression as shown in Fig 1A and 1C. The

identified protein band was cut and digested with trypsin. Mass spectrometry was then used to

analyze the candidate protein. Mass spectrometric data of the protein was searched against an

internationally recognized proteomics data library, and the protein was predicted to be XRCC5.

To verify the results from Mass spectrometry, Western blot with a specific antibody against

XRCC5 was utilized to analyze the nuclear proteins pulled down with biotin-labeled COX-2

promoter probes. As expected, XRCC5 was detected by Western blot with a specific antibody

against XRCC5 in the pulldown samples, as shown in Fig 1B. To further evaluate whether a cor-

relation between XRCC5 and COX-2 expression in colon cancer cells existed, we determined

their expression in colon cancer cells (RKO, LoVo, DLD-1, and SW480) at protein and RNA

levels respectively. Western blot and RT-PCR results indicated that the expressions of XRCC5

and COX-2 were positively correlated at both protein and mRNA levels, as shown in Fig 1C

and 1D.The above results indicated that XRCC5 was a COX-2 promoter-binding protein in

colon cancer cells.

XRCC5 regulated COX-2 promoter activity and protein expression in

colon cancer cells

Streptavidin-agarose pulldown assay showed that XRCC5 bound to COX-2 promoter region.

So XRCC5 might be a transcription factor of COX-2 and promote COX-2 expression in colon

cancer cells. To verify this hypothesis, we designed three sequences of siRNA of XRCC5 (Si1,

Si2 and Si3) to knock down XRCC5 expression to evaluate the effect of XRCC5 knockdown on

COX-2 expression in LoVo cells. Western blot showed that all of the three sequences of siRNA

suppressed the expression of COX-2, and the suppression effect of siRNA was marked with Si2

and Si3, as shown in Fig 2A. Conversely, we also evaluated the effect of overexpression of

XRCC5 on COX-2 expression in RKO cells. RKO cells were transfected withXRCC5 overex-

pression plasmid to up-regulateXRCC5 levels, and the expression of COX-2was evaluated with

Western blot. Western blot showed that overexpression of XRCC5 increased the expression of
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COX-2 as shown in Fig 2A. Next, we constructed luciferase-reporter vectors driven by COX-2

promoter. LoVo cells were transfected with luciferase-reporter vectors driven by COX-2 pro-

moter, and then transfected with Si3 or treated with LPS. RKO cells were transfected with

luciferase-reporter vectors driven by COX-2 promoter, and then transfected with XRCC5

overexpression plasmid. Luciferase reporter assay showed that knockdown of XRCC5 (Si3)

decreased the activity of COX-2 promoter as compared with negative control siRNA of

XRCC5 (Sictr) in LoVo cells, and LPS attenuated the suppression effect of XRCC5 knockdown

on the activity of COX-2 promoter, as shown in Fig 2B. In contrast, overexpression of XRCC5

increased the activity of COX-2 promoter as compared with negative control (LacZ) in RKO

cells as shown in Fig 2C. These results supported XRCC5 as a transcription factor regulating

COX-2 promoter activity in colon cancer cells.

XRCC5 promoted tumor cell proliferation in colon cancer cells

It is known that COX-2 plays a role in promoting cancer cell growth [11,12], and our results

showed that XRCC5 bound to the promoter of COX-2 to up-regulate its expression. Therefore,

we hypothesized that XRCC5 could promote colon cancer cell proliferation via increasing

COX-2 expression. RKO cells were transfected with XRCC5 overexpression plasmid to up-

Fig 1. XRCC5 binding at the promoter region of COX-2 in colon cancer cells. (A) Streptavidin-biotin pulldown assay and SDS-PAGE with silver stain. A

protein band with a molecular weight of 90-100kDa is indicated with an arrow in the figure. (B) Western blot with a specific antibody against XRCC5 in the

pulled down proteins of RKO, LoVo, DLD-1 and SW480 cells. (C) Correlation between XRCC5 and COX-2 expression in protein level evaluated with

Western blot in RKO, LoVo, DLD-1 and SW480 cells. (D) Correlation between XRCC5 and COX-2 expression in mRNA level evaluated with RT-PCR in

RKO, LoVo, DLD-1 and SW480 cells.

https://doi.org/10.1371/journal.pone.0186900.g001
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regulate XRCC5 expression or treated with a COX-2 inhibitor celecoxib. LoVo cells were

transfected with three sequences of siRNA of XRCC5 (Si1, Si2 and Si3) to knock down XRCC5

expression. MTS analysis was used to evaluate cell viability of RKO and LoVo cells. MTS

showed that celecoxib decreased cell viability, and overexpression of XRCC5 attenuated the

suppression effect of celecoxib on cell viability in RKO cells, as shown in Fig 2D. MTS also

showed that all of the three sequences of siRNA decreased cell viability of LoVo cells, and the

suppression effect of siRNA was marked with Si2 and Si3, as shown in Fig 3A. In contrast,

overexpression of XRCC5 increased cell viability of RKO cells as shown in Fig 3B. Morphology

observation also indicated low viability of LoVo cells with XRCC5 knockdown as shown in Fig

3C. Colony formation assay showed that XRCC5 knockdown decreased colony formation abil-

ity of LoVo cells as shown in Fig 3D. In summary, our data proved that XRCC5 promoted

tumor cell proliferation via COX-2 in colon cancer cells.

Fig 2. XRCC5 regulating COX-2 promoter activation and protein expression in colon cancer cells. (A) Left: Western blot of XRCC5 and

COX-2 in LoVo cells. Right: Western blot of XRCC5 and COX-2 in RKO cells. (B) Luciferase reporter assay of the activity of COX-2 promoter in

LoVo cells. Protein weight is used to adjust relative luciferase activity (RLU), and cells treated with BPS negative control are also used for data

alignment. Data in the figure are presented as the meanmoter iP<0.05). (C) Luciferase reporter assay of the activity of COX-2 promoter in RKO

cells. Protein weight is used to adjust relative luciferase activity (RLU). Data are presented as the meanve proP<0.05).(D) MTS cell viability assay

of RKO cells. Cells treated with LacZ is used for data alignment. Data are presented as the mean±SD. (*P<0.05). Si1, Si2 and Si3 represent three

sequences of siRNAs of XRCC5, Sictr represents negative control siRNA of XRCC5, LacZ represents negative vector control, LPS represents

lipopolysaccharides, PBS represents PBS negative control, XRCC5 represents overexpression of XRCC5, and CB represents celecoxib.

https://doi.org/10.1371/journal.pone.0186900.g002
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XRCC5 knockdown inhibited tumor growth by down-regulating COX-2

expression in a colon cancer mouse model

We further evaluated the effect of XRCC5 on COX-2 expression and tumor growth in nude

mice with LoVo cell xenografts. LPS increased tumor weight compared with negative control

(NCsiRNA) as shown in Fig 4A. Knockdown of XRCC5 (siXRCC5) decreased tumor weight

compared with negative control (NCsiRNA) as shown in Fig 4A. And LPS attenuated the sup-

pression effect of XRCC5 knockdown on tumor weight as shown in Fig 4A. LPS accelerated

tumor volume increase compared with negative control (NCsiRNA) as shown in Fig 4B and

4C. Knockdown of XRCC5 (siXRCC5) suppressed tumor growth compared with negative con-

trol (NCsiRNA) as shown in Fig 4B and 4C. And LPS attenuated the suppression effect of

XRCC5 knockdown on tumor growth as shown in Fig 4B and 4C. Tumor tissue immunohis-

tochemistry showed that LPS increased COX-2 expression and did not affect the expression of

XRCC5 as shown in Fig 4D. Tumor tissue immunohistochemistry also showed that siRNA of

XRCC5 (siXRCC5) suppressed the expression of XRCC5 successfully as compared with nega-

tive control (NCsiRNA), and knockdown of XRCC5 decreased COX-2 expression, as shown

in Fig 4D. Moreover, LPS attenuated the suppression effect of XRCC5 knockdown on the

expression of COX-2 as shown in Fig 4D. Nuclear proteins of tumor tissues were exacted,

XRCC5 and COX-2 were detected with Western blot. Western blot showed that LPS increased

Fig 3. XRCC5 regulating colon cancer cell proliferation in vitro. (A) MTS cell viability assay of LoVo cells.

Cells treated with BPS negative control are used for data alignment. Data are presented as the meaen.D.

(*P<0.05). (B) MTS cell viability assay of RKO cells. Cells treated with PBS negative control are used for data

alignment. Data are presented as the meannt.D. (*P<0.05). (C) Morphology observation of LoVo cells. (D)

Colony formation assay of LoVo cells. Si1, Si2 and Si3 represent three sequences of siRNAs of XRCC5, Sictr

represents negative control siRNA of XRCC5, PBS represents PBS negative control, XRCC5 represents

overexpression of XRCC5, and LacZ represents negative control vector.

https://doi.org/10.1371/journal.pone.0186900.g003
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COX-2 expression and did not affect the expression of XRCC5as shown in Fig 4E. Western

blot also showed that siRNA of XRCC5 (siXRCC5) suppressed the expression of XRCC5 suc-

cessfully as compared with negative control (NCsiRNA), and knockdown of XRCC5 decreased

COX-2 expression, as shown in Fig 4E. Additionally, LPS attenuated the suppression effect of

XRCC5 knockdown on the expression of COX-2 as shown in Fig 4E. This in vivo experiment

in combination with aforementioned in vitro cell viability experiment supported that XRCC5

promoted colon cancer growth via up-regulating COX-2.

XRCC5 interacted with p300 to co-regulate COX-2 expression and

promote growth of colon cancer cells

p300 (a transcription co-activator) has been reported to participate in the transcription of

COX-2 [30]. We further investigated whether p300 cooperated with XRCC5 to regulate COX-

2 expression and tumor growth in colon cancer. Immunofluorescence assay revealed that both

p300 and XRCC5 proteins were localized in the nucleus, as shown in Fig 5A. Co-immunopre-

cipitation using nuclear extracts from RKO, LoVo, and SW480 colon cancer cells showed that

p300 was present in the immune complexes immunoprecipitated by specific antibodies against

XRCC5, and XRCC5 was also present in the immune complexes immunoprecipitated by spe-

cific antibodies against p300 vice versa, as shown in Fig 5B. Immunofluorescence assay and

Fig 4. Knockdown of XRCC5 inhibiting tumor growth by down-regulating COX-2 expression in a colon cancer mouse model.

(A) Tumor weight at the time of sacrifice of mice in each group. Data are presented as the meane.D. (*P<0.05). (B) Morphology images

of each tumor xenograft resected from nude mice seventeen days after first treatment in each group. (C) Tumor growth curves. Tumor

volumes at each time point are presented as the mean).D. Tumor growth curves are depicted with tumor volume at each time point.

(*P<0.05) (D) Tumor tissue immunohistochemistry of XRCC5 and COX-2. (E) Western blot of XRCC5 and COX-2 with nuclear proteins

exacted from tumor tissues. LPS represents lipopolysaccharides, NCsiRNA represents negative control siRNA, and siXRCC5

represents knockdown of XRCC5 with siRNAs.

https://doi.org/10.1371/journal.pone.0186900.g004
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co-immunoprecipitation implicated interactions between XRCC5 and p300 in the nucleus of

colon cancer cells.

As p300 contained histone acetyltransferase (HAT) domain, we further hypothesized that

p300 acetylated XRCC5 to regulate COX-2 expression in colon cancer cells. Western blot

showed that overexpression of p300 increased COX-2 expression but not XRCC5 expression

in LoVo cells, and p300 HAT inhibitor (C646) decreased COX-2 expression but not XRCC5

Fig 5. XRCC5 interacting with p300 to co-regulate COX-2 expression in colon cancer cells. (A) Immunofluorescence and confocal microscopy of

XRCC5 and p300 in RKO and LoVo cells. XRCC5 is stained by TRITC-conjugated secondary antibodies (red), p300 is stained by FITC-conjugated

secondary antibodies (green), and nuclei are stained with DAPI (blue). (B) Co-immunoprecipitation assay of p300 and XRCC5 in RKO, LoVo and SW480

cells.Left: Immunoprecipitation assay (IP) of p300 and XRCC5. Right: Western blot (WB) of XRCC5 and p300. (C) Bottom: The design of the flag-tagged

plasmids with different domains of p300. Left: The interaction between XRCC5 and the different domains of p300 detected by immunoprecipitation assay and

Western blot. (D)Western blot of XRCC5 with the nuclear extractsimmunoprecipitated by an anti-acetylation antibody in RKO, LoVo and SW480 cells. (E)

Western blot of XRCC5 with the nuclear extracts immunoprecipitated by an anti-acetylation antibody in LoVo cells. (F) Western blot of XRCC5 and COX-2 in

LoVo cells. (G) MTS cell viability assay in LoVo cells (Left) and RKO cells (Right). Cells treated with liposome negative control is used for data alignment. Data

are presented as the meanen.D. (*P<0.05). lacZ represents negative control vector, p300WT represents wild type p300 overexpression, Δp300 represents

histone acetyltransferase (HAT) domain deletion mutant p300, C646 represents p300 HAT inhibitor C646, and siXRCC5 represents knockdown of XRCC5

with siRNAs.

https://doi.org/10.1371/journal.pone.0186900.g005
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expression in LoVo cells, as shown in Fig 5F. However, overexpression of p300 increased

XRCC5 acetylation, and p300 HAT inhibitor (C646) decreased XRCC5 acetylation in LoVo

cells, as shown in Fig 5E. Acetylated XRCC5 was also constitutively expressed in nuclear pro-

teins of RKO, LoVo and SW480 colon cancer cells, as shown in Fig 5D. All of these indicated

that p300 acetylated XRCC5 to regulate COX-2 expression, and acetylated XRCC5 might be

the ultimate effecter activating COX-2 promoter.

To further identify the specific domain of p300 for its interaction with XRCC5, we designed

p300 overexpression vectors with its five different domains fused to flag tags (data not shown),

and overexpressed them in LoVo cells. Nuclear extracts were immunoprecipitated with anti-

flag tag antibody, and the precipitated complexes were then blotted with XRCC5 antibody.

The results showed that XRCC5 markedly interacted with the domain corresponding to the

gene sequence from 1069 to 2414 of p300, as shown in Fig 5C (Flag-p300-4). Notably, this

sequence contained the HAT domain of p300. This further supported that p300 acetylated

XRCC5 with its HAT domain.

Finally, we evaluated the effect of p300/XRCC5 cooperation on colon cancer cell prolifera-

tion. MTS assay indicated that overexpression of p300 increased cell viability, and knockdown

of XRCC5 attenuated the promoting effect of p300on cell viability in LoVo cells, as shown in

Fig 5G (Left). MTS assay also showed that overexpression of XRCC5 increased cell viability,

and p300 HAT inhibitor (C646) attenuated the promoting effect of XRCC5 overexpression on

cell viability in RKO cells, as shown in Fig 5G (Right). Collectively, these results demonstrated

that p300 interacted with XRCC5 and acetylated the latter to co-regulate COX-2 expression

andcell growth of colon cancer cells.

Discussion

Previous studies indicate that COX-2 promotes carcinogenesis and cancer progression

through participating in increasing cell proliferation, inhibiting cell apoptosis, enhancing

angiogenesis of tumor, promoting cancer stem cell formation and facilitating immune

response shift in tumor microenvironment [11–17]. Additionally, stromal COX-2 can interact

with parenchymal COX-2 to promote tumor development and progression [31]. Therefore

COX-2 is deemed to be a promising molecular target for cancer treatment. Moreover, clinical

data further support COX-2 as a promising target for CRC treatment [18, 19]. However, the

preventive and treatment effects of available COX-2 inhibitors (aspirin and celecoxib) on CRC

are not ideal, and most CRC patients failed to respond to the available COX-2 inhibitors. Thus

elucidating the underlying molecular mechanism of COX-2 participating in CRC development

would facilitate novel therapeutic development for CRC.

Gene transcription is rigorously regulated and controlled by the regulatory events occurred

at gene promoters and enhancers, transcription factors bind to gene promoters and enhancers

to initiate and accelerate gene transcription [32–34]. Promoter region of COX-2 gene includes

Sp1 sites, NF-κB sites, AP-2 sites, CAAT enhancer binding protein (C/EBP), TATA-box, Sterol

response element (CRE) motif and E-box [35]. Our previous study has shown that XRCC5

binds to the promoter region of COX-2 gene and promotes transcription of COX-2 in lung

cancer cells [29]. However, different tumors might have different mechanisms in carcinogene-

sis and progression. Whether XRCC5 binding to the promoter region of COX-2 gene to pro-

mote transcription also exists in CRC needs to be elucidated. To validate this hypothesis, we

designed a 479-bpbiotin-labeled double-stranded DNA probe corresponding to the 5’-flanking

sequence of the COX-2 gene promoter region to pull down nuclear proteins in four colon can-

cer cell lines, and mass spectrometry was then used to identify the bound proteins. Results

showed that abound protein to COX-2 promoter with a molecular weight of 90-100kDa was
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identified, and mass spectrometry predicted this protein to be XRCC5. Western blot with a

specific antibody against XRCC5 also validated the results from streptavidin-agarose pull-

down assay and mass spectrometry analysis. Moreover, luciferase-reporter assay indicated

that knockdown of XRCC5 decreased the activity of COX-2 promoter, overexpression of

XRCC5 increased the activity of COX-2 promoter, and LPS partially attenuated the suppres-

sion effect of XRCC5 knockdown on COX-2 promoter activity. These results support

XRCC5 as a transcription factor acting at the promoter region of COX-2 gene to promote

COX-2 transcription.

Furthermore, we evaluated the effect of different XRCC5 expressions on colon cancer cell

proliferation in vitro and growth of tumor xenografts in mice in vivo. MTS cell viability assay

showed that overexpression of XRCC5 promoted colon cancer cell proliferation, and knock-

down of XRCC5 inhibited colon cancer cell proliferation, which suggests that XRCC5 is a

proliferation promoting factor in colon cancer cells. Additionally, overexpression of XRCC5at-

tenuated the suppression effect of celecoxib (a COX-2 inhibitor) on colon cancer cell prolifera-

tion, which implicates that XRCC5 affects colon cancer cell proliferation via regulating COX-

2. Experiments with an animal model with tumor xenografts also indicated that knockdown of

XRCC5 inhibited tumor growth, and this suppression effect of XRCC5 knockdownon tumor

growth was partially attenuated by LPS. Further tumor tissue immunohistochemistry and

Western blot showed that knockdown of XRCC5 decreased XRCC5 expression, and also sup-

pressed COX-2 expression. However, LPS only increased COX-2 expression, but did not affect

XRCC5 expression in colon cancer xenografts. These implicate that knockdown of XRCC5

inhibits colon cancer growth in vivo via down-regulating COX-2.

XRCC5 is initially recognized to participate in DNA non homologous end joining repair to

maintain stability of the whole genome and chromosomes [22]. As instability of genome and

chromosomes play key roles in carcinogenesis, XRCC5 is deemed to be an anti-tumor protein

[36]. However, the knowledge about the function of XRCC5 in cancer development is chang-

ing over time. Previous studies shows that XRCC5 acts as an adherence factor participating in

cellular adherence, migration and invasion of tumors [23, 24]. Our early study also shows that

XRCC5 promotes proliferation of lung cancer cells via increasing COX-2 transcription [29]. In

the present study, we proved that XRCC5 bound to the promoter region of COX-2 gene and

increased transcription of COX-2 to promote proliferation of colon cancer cells. So the func-

tion of XRCC5 is a double-edged sword, XRCC5 isalso a tumor promoting factor in tumor

cells. The exact roles of XRCC5 in preventing normal cell from canceration and participating

in the progression of cancer cells need to be evaluated with more studies.

As we know that DNA double strands wrap around histone octamers which are further

packaged into condensed chromatin, that hinders interaction between transcription factors

with gene promoters and enhancers [37]. CREB-binding protein (CBP) and p300 as transcrip-

tion co-activator, can acetylate histones with their HAT to relax condensed chromatin [38]. So

CBP and p300 might be involved in the mechanism of XRCC5 binding on COX-2 promoter.

CBP and p300 proteins share similar structures with four transactivation domains (TADs)

[39–44]. TADs of CBP and p300 coordinate and facilitate interactions among basal transcrip-

tion machinery, general transcription factors and transcription co-activators [39–44]. Addi-

tionally, HAT of CBP and p300 not only acetylates histones to relax condensed chromatin, but

also acetylates transcription factors to regulate their binding ability to promoters and enhanc-

ers. Our previous study showed that CBP acetylated XRCC5 to regulate its ability to bind to

the promoter region of COX-2 gene in lung cancer cells [29]. In the present study, immunoflu-

orescence assay revealed that both p300 and XRCC5 proteins were co-localized in nuclei of

colon cancer cells, co-immunoprecipitation experiment also proved interaction between p300

and XRCC5 in colon cancer cells. Further immunoprecipitation experiment identified the
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specific domain of p300 for its interaction with XRCC5 to be the HAT domain. Western blot

also showed that in colon cancer cells, overexpression of p300 increased COX-2 expression

and acetylation of XRCC5, HAT inhibitor (C646) of p300 decreased COX-2 expression and

acetylation of XRCC5. However, overexpression of p300 and its HAT inhibitor (C646) did not

affect total expression of XRCC5 in colon cancer cells. So we deduces that acelytated XRCC5 is

the ultimate effecter protein binding to the region of COX-2 promoter. Cell viability assay

showed that overexpression of p300 increased cell viability, knockdown of XRCC5 attenuated

the promoting effect of p300 on cell viability. This implies that overexpression of p300

increased cell viability via acetylating XRCC5. Cell viability assay also showed thatp300 HAT

inhibitor (C646) attenuated the promoting effect of XRCC5 on colon cancer cell viability,

which implicates that acetylation by p300 is essential for XRCC5 to promote colon cancer cell

proliferation. These observations suggest that p300 acetylates XRCC5 to up-regulate COX-2

expression to promote colon cancer growth. However, we also found that COX-2 expression

was not completely dependent on XRCC5 expression, which implies multiple signaling path-

ways involved in the regulation of COX-2 expression. Further studies are needed to elucidated

the mechanisms of interaction of multiple signaling pathways in the regulation of COX-2.

Conclusion

In summary, our current study has revealed that XRCC5 acts as a transcription factor binding

to the promoter region of COX-2 and up-regulating the activity of COX-2 promoter in colon

cancers. p300 interacts with XRCC5 by its HAT acetylating XRCC5 in colon cancers. p300

cooperates with XRCC5 to regulate COX-2 expression through acetylating XRCC5 to promote

colon cancer growth in vitro and in vivo. Targeting the XRCC5/p300/COX-2 signaling path-

way is a potentially promising strategy in the treatment of colon cancers.

Acknowledgments

This work was supported by the funds from the National Natural Science Foundation of China

(81470337, 81572706, 81472178, 81272195), the Education Department of Liaoning Province,

China (‘‘the Program for Pan-Deng Scholars”), the scientific research project from the Educa-

tion Department of Liaoning Province, China (L2015142).

Guangzhou Double Bioproduct Inc provided some salaries for authors (WH, WD) but did

not have any role in the study design, data collection and analysis, decision to publish, or prep-

aration of the manuscript. The specific roles of these authors are articulated in the ’author con-

tributions’ section.

Author Contributions

Conceptualization: Zhijun Duan, Wuguo Deng.

Data curation: Zhenlong Yu.

Formal analysis: Zhifeng Zhang, Zhenlong Yu.

Funding acquisition: Wuguo Deng.

Investigation: Zhifeng Zhang, Zhenlong Yu, Jiajiao Hao.

Methodology: Fufu Zheng, Zhenlong Yu, Yiming Chen.

Project administration: Zhijun Duan, Wuguo Deng.

Resources: Miao Chen, Wendan Yu, Wei Guo, Wenlin Huang.

Supervision: Zhijun Duan, Wuguo Deng.

XRCC5 cooperates with p300 to promote cyclooxygenase-2 expression and tumor growth in colon cancers

PLOS ONE | https://doi.org/10.1371/journal.pone.0186900 October 19, 2017 16 / 19

https://doi.org/10.1371/journal.pone.0186900


Validation: Wuguo Deng.

Visualization: Zhifeng Zhang, Zhenlong Yu.

Writing – original draft: Zhifeng Zhang.

Writing – review & editing: Zhijun Duan, Wuguo Deng.

References
1. Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet. 2014; 383(9927):1490–1502. https://doi.org/

10.1016/S0140-6736(13)61649-9 PMID: 24225001

2. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin. 2017; 67(1):7–30. https://doi.

org/10.3322/caac.21387 PMID: 28055103

3. Prados J, Melguizo C, Ortiz R, Perazzoli G, Cabeza L, Alvarez PJ, et al. Colon cancer therapy: recent

developments in nanomedicine to improve the efficacy of conventional chemotherapeutic drugs. Anti-

cancer Agents Med Chem. 2013; 13(8):1204–1216. PMID: 23574385

4. Ciombor KK, Wu C, Goldberg RM. Recent Therapeutic Advances in the Treatment of Colorectal Can-

cer. Annual Review of Medicine. 2015; 66:83–95. https://doi.org/10.1146/annurev-med-051513-

102539 PMID: 25341011

5. Rouzer CA, Marnett LJ. Structural and functional differences between cyclooxygenases: fatty acid oxy-

genases with a critical role in cell signaling. Biochem Biophys Res Commun. 2005; 338(1):34–44.

https://doi.org/10.1016/j.bbrc.2005.07.198 PMID: 16126167

6. Smith WL, Urade Y, Jakobsson P. Enzymes of the Cyclooxygenase Pathways of Prostanoid Biosynthe-

sis. Chem Rev. 2011; 111(10): 5821–5865. https://doi.org/10.1021/cr2002992 PMID: 21942677

7. Kawamura M, Inaoka H, Obata S, Harada Y. Why do a wide variety of animals retain multiple isoforms

of cyclooxygenase? Prostaglandins Other Lipid Mediat. 2014; 109–111:14–22. https://doi.org/10.1016/

j.prostaglandins.2014.03.002 PMID: 24721150

8. Tanioka T, Nakatani Y, Semmyo N, Murakami M, Kudo I. Molecular identification of cytosolic prosta-

glandin E2 synthase that is functionally coupled with cyclooxygenase-1 in immediate prostaglandin E2

biosynthesis. J Biol Chem. 2000; 275(42):32775–32782. https://doi.org/10.1074/jbc.M003504200

PMID: 10922363

9. Murakami M1, Naraba H, Tanioka T, Semmyo N, Nakatani Y, Kojima F, et al. Regulation of prostaglan-

din E2 biosynthesis by inducible membrane-associated prostaglandin E2 synthase that acts in concert

with cyclooxygenase-2. J Biol Chem. 2000; 275(42):32783–32792. https://doi.org/10.1074/jbc.

M003505200 PMID: 10869354

10. Hata AN, Breyer RM. Pharmacology and signaling of prostaglandin receptors: multiple roles in inflam-

mation and immune modulation. Pharmacol Ther. 2004; 103(2):147–66. https://doi.org/10.1016/j.

pharmthera.2004.06.003 PMID: 15369681

11. Leone V, di Palma A, Ricchi P, Acquaviva F, Giannouli M, Di Prisco AM, et al. PGE2 inhibits apoptosis

in human adenocarcinoma Caco-2 cell line through Ras-PI3K association and cAMP-dependent kinase

A activation. Am J Physiol Gastrointest Liver Physiol. 2007; 293(4):G673–681. https://doi.org/10.1152/

ajpgi.00584.2006 PMID: 17640974

12. Wang D, Buchanan FG, Wang H, Dey SK, DuBois RN. Prostaglandin E2 enhances intestinal adenoma

growth via activation of the Ras-mitogen-activated protein kinase cascade. Cancer Res. 2005; 65:

1822–1829. https://doi.org/10.1158/0008-5472.CAN-04-3671 PMID: 15753380

13. Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois RN. Cyclooxygenase regulates angiogenesis

induced by colon cancer cells. Cell. 1998; 93(5): 705–716. PMID: 9630216

14. Majumder M, Xin X, Liu L, Tutunea-Fatan E, Rodriguez-Torres M, Vincent K, et al. COX-2 Induces

Breast Cancer Stem Cells via EP4/PI3K/AKT/NOTCH/WNT Axis. Stem Cells. 2016; 34(9):2290–2305.

https://doi.org/10.1002/stem.2426 PMID: 27301070

15. Harris SG, Padilla J, Koumas L, Ray D, Phipps RP. Prostaglandins as modulators of immunity. Trends

Immunol. 2002, 23: 144–150. PMID: 11864843

16. Della Bella S, Molteni M, Compasso S, Zulian C, Vanoli M, Scorza, R. Differential effect of cyclooxygen-

ase pathway metabolites on cytokine production by T lymphocytes. Prostaglandins Leukot Essent Fatty

Acids. 1997; 56: 177–184. PMID: 9089795

17. Knutson KL, Disis ML. Tumour antigen-specific T helper cells in cancer immunity and immunotherapy.

Cancer Immunol Immunother. 2005; 54: 721–728. https://doi.org/10.1007/s00262-004-0653-2 PMID:

16010587

XRCC5 cooperates with p300 to promote cyclooxygenase-2 expression and tumor growth in colon cancers

PLOS ONE | https://doi.org/10.1371/journal.pone.0186900 October 19, 2017 17 / 19

https://doi.org/10.1016/S0140-6736(13)61649-9
https://doi.org/10.1016/S0140-6736(13)61649-9
http://www.ncbi.nlm.nih.gov/pubmed/24225001
https://doi.org/10.3322/caac.21387
https://doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
http://www.ncbi.nlm.nih.gov/pubmed/23574385
https://doi.org/10.1146/annurev-med-051513-102539
https://doi.org/10.1146/annurev-med-051513-102539
http://www.ncbi.nlm.nih.gov/pubmed/25341011
https://doi.org/10.1016/j.bbrc.2005.07.198
http://www.ncbi.nlm.nih.gov/pubmed/16126167
https://doi.org/10.1021/cr2002992
http://www.ncbi.nlm.nih.gov/pubmed/21942677
https://doi.org/10.1016/j.prostaglandins.2014.03.002
https://doi.org/10.1016/j.prostaglandins.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24721150
https://doi.org/10.1074/jbc.M003504200
http://www.ncbi.nlm.nih.gov/pubmed/10922363
https://doi.org/10.1074/jbc.M003505200
https://doi.org/10.1074/jbc.M003505200
http://www.ncbi.nlm.nih.gov/pubmed/10869354
https://doi.org/10.1016/j.pharmthera.2004.06.003
https://doi.org/10.1016/j.pharmthera.2004.06.003
http://www.ncbi.nlm.nih.gov/pubmed/15369681
https://doi.org/10.1152/ajpgi.00584.2006
https://doi.org/10.1152/ajpgi.00584.2006
http://www.ncbi.nlm.nih.gov/pubmed/17640974
https://doi.org/10.1158/0008-5472.CAN-04-3671
http://www.ncbi.nlm.nih.gov/pubmed/15753380
http://www.ncbi.nlm.nih.gov/pubmed/9630216
https://doi.org/10.1002/stem.2426
http://www.ncbi.nlm.nih.gov/pubmed/27301070
http://www.ncbi.nlm.nih.gov/pubmed/11864843
http://www.ncbi.nlm.nih.gov/pubmed/9089795
https://doi.org/10.1007/s00262-004-0653-2
http://www.ncbi.nlm.nih.gov/pubmed/16010587
https://doi.org/10.1371/journal.pone.0186900


18. Thompson PA, Ashbeck EL, Roe DJ, Fales L, Buckmeier J, Wang F, et al. Celecoxib for the Prevention

of Colorectal Adenomas: Results of a Suspended Randomized Controlled Trial. J Natl Cancer Inst.

2016; 108(12). pii: djw151. doi: https://doi.org/10.1093/jnci/djw151 PMID: 27530656

19. Li P, Wu H, Zhang H, Shi Y, Xu J, et al. Aspirin use after diagnosis but not prediagnosis improves estab-

lished colorectal cancer survival: a meta-analysis. Gut. 2015, 64(9):1419–1425. https://doi.org/10.

1136/gutjnl-2014-308260 PMID: 25239119

20. Rathmell WK, Chu G. Involvement of the Ku autoantigen in the cellular response to DNA double-strand

breaks. Proc Natl Acad Sci U S A. 1994; 91(16):7623–7627. PMID: 8052631

21. Gottlieb TM, Jackson SP. The DNA-dependent protein kinase: requirement for DNA ends and associa-

tion with Ku antigen. Cell. 1993; 72(1):131–142. PMID: 8422676

22. Davis AJ, Chen D. DNA double strand break repair via non-homologous end-joining. Transl Cancer

Res. 2013; 2(3):130–143. https://doi.org/10.3978/j.issn.2218-676X.2013.04.02 PMID: 24000320

23. Monferran S, Muller C, Mourey L, Frit P, Salles B. The Membrane-associated form of the DNA repair

protein Ku is involved in cell adhesion to fibronectin. J Mol Biol. 2004; 337(3):503–511. https://doi.org/

10.1016/j.jmb.2004.01.057 PMID: 15019772

24. O’Sullivan D, Henry M, Joyce H, Walsh N, Mc Auley E, Dowling P, et al. 7B7: a novel antibody directed

against the Ku70/Ku80 heterodimer blocks invasion in pancreatic and lung cancer cells. Tumour Biol.

2014; 35(7):6983–6997. https://doi.org/10.1007/s13277-014-1857-5 PMID: 24744142

25. Grabsch H, Dattani M, Barker L, Maughan N, Maude K, Hansen O, et al. Expression of DNA double-

strand break repair proteins ATM and BRCA1 predicts survival in colorectal cancer. Clin Cancer Res.

2006, 12(5):1494–1500. https://doi.org/10.1158/1078-0432.CCR-05-2105 PMID: 16533773

26. Wang S, Wang Z, Liu X, Liu Y, Jia Y. Overexpression of Ku80 suggests poor prognosis of locally

advanced esophageal squamous cell carcinoma patients. World J Surg. 2015; 39(7): 1773–1781.

https://doi.org/10.1007/s00268-015-3023-7 PMID: 25711486

27. Ma Q, Li P, Xu M, Yin J, Su Z, Li W, et al. Ku80 is highly expressed in lung adenocarcinoma and pro-

motes cisplatin resistance. J Exp Clin Cancer Res. 2012; 31:99. https://doi.org/10.1186/1756-9966-31-

99 PMID: 23181744

28. Li J, Chen P, Liu W, Xia Z, Shi F, Zhong M. Expression and significance of Ku80 and PDGFR-α in nasal

NK/T-cell lymphoma. Pathol Res Pract. 2016; 212(3):204–209. https://doi.org/10.1016/j.prp.2015.12.

010 PMID: 26778387

29. Xiao Y, Wang J, Qin Y, Xuan Y, Jia Y, Hu W, et al. Ku80 cooperates with CBP to promote COX-2

expression and tumor growth. Oncotarget. 2015; 6(10): 8046–8061. https://doi.org/10.18632/

oncotarget.3508 PMID: 25797267

30. Wang J, Xiao X, Zhang Y, Shi D, Chen W, Fu L, et al. Simultaneous modulation of COX-2, p300, Akt,

and Apaf-1 signaling by melatonin to inhibit proliferation and induce apoptosis in breast cancer cells. J

Pineal Res. 2012; 53(1):77–90. https://doi.org/10.1111/j.1600-079X.2012.00973.x PMID: 22335196

31. Su CW, Zhang Y, Zhu YT. Stromal COX-2 signaling are correlated with colorectal cancer: A review. Crit

Rev Oncol Hematol. 2016; 107:33–38. https://doi.org/10.1016/j.critrevonc.2016.08.010 PMID:

27823649

32. Spitz F, Furlong EE. Transcription factors: from enhancer binding to developmental control. Nat Rev

Genet. 2012; 13(9):613–626. https://doi.org/10.1038/nrg3207 PMID: 22868264

33. Weake VM, Workman JL. Inducible gene expression: diverse regulatory mechanisms. Nat Rev Genet.

2010; 11(6):426–637. https://doi.org/10.1038/nrg2781 PMID: 20421872

34. Andersson R. Promoter or enhancer, what’s the difference? Deconstruction of established distinctions

and presentation of a unifying model. Bioessays. 2015, 37(3):314–323. https://doi.org/10.1002/bies.

201400162 PMID: 25450156

35. Tanabe T, Tohnai N. Cyclooxygenase isozymes and their gene structures and expression. Prostaglan-

dins Other Lipid Mediat. 2002, 68–69:95–114. PMID: 12432912

36. Abbas T, Keaton MA, Dutta A. Genomic instability in cancer. Cold Spring Harb Perspect Biol. 2013; 5

(3):a012914. https://doi.org/10.1101/cshperspect.a012914 PMID: 23335075

37. Bednar J, Horowitz RA, Grigoryev SA, Carruthers LM, Hansen JC, Koster AJ, et al. Nucleosomes, linker

DNA, and linker histone form a unique structural motif that directs the higher-order folding and compac-

tion of chromatin. Proc Natl Acad Sci USA. 1998, 95(24): 14173–14178. PMID: 9826673

38. Shiama N. The p300/CBP family: integrating signals with transcription factors and chromatin. Trends

Cell Biol. 1997, 7(6):230–236. https://doi.org/10.1016/S0962-8924(97)01048-9 PMID: 17708951

39. Parker D, Ferreri K, Nakajima T, LaMorte VJ, Evans R, Koerber SC, et al. Phosphorylation of CREB at

Ser-133 induces complex formation with CREB-binding pro-tein via a direct mechanism. Mol Cell

Biol.1996, 16(2):694–703. PMID: 8552098

XRCC5 cooperates with p300 to promote cyclooxygenase-2 expression and tumor growth in colon cancers

PLOS ONE | https://doi.org/10.1371/journal.pone.0186900 October 19, 2017 18 / 19

https://doi.org/10.1093/jnci/djw151
http://www.ncbi.nlm.nih.gov/pubmed/27530656
https://doi.org/10.1136/gutjnl-2014-308260
https://doi.org/10.1136/gutjnl-2014-308260
http://www.ncbi.nlm.nih.gov/pubmed/25239119
http://www.ncbi.nlm.nih.gov/pubmed/8052631
http://www.ncbi.nlm.nih.gov/pubmed/8422676
https://doi.org/10.3978/j.issn.2218-676X.2013.04.02
http://www.ncbi.nlm.nih.gov/pubmed/24000320
https://doi.org/10.1016/j.jmb.2004.01.057
https://doi.org/10.1016/j.jmb.2004.01.057
http://www.ncbi.nlm.nih.gov/pubmed/15019772
https://doi.org/10.1007/s13277-014-1857-5
http://www.ncbi.nlm.nih.gov/pubmed/24744142
https://doi.org/10.1158/1078-0432.CCR-05-2105
http://www.ncbi.nlm.nih.gov/pubmed/16533773
https://doi.org/10.1007/s00268-015-3023-7
http://www.ncbi.nlm.nih.gov/pubmed/25711486
https://doi.org/10.1186/1756-9966-31-99
https://doi.org/10.1186/1756-9966-31-99
http://www.ncbi.nlm.nih.gov/pubmed/23181744
https://doi.org/10.1016/j.prp.2015.12.010
https://doi.org/10.1016/j.prp.2015.12.010
http://www.ncbi.nlm.nih.gov/pubmed/26778387
https://doi.org/10.18632/oncotarget.3508
https://doi.org/10.18632/oncotarget.3508
http://www.ncbi.nlm.nih.gov/pubmed/25797267
https://doi.org/10.1111/j.1600-079X.2012.00973.x
http://www.ncbi.nlm.nih.gov/pubmed/22335196
https://doi.org/10.1016/j.critrevonc.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27823649
https://doi.org/10.1038/nrg3207
http://www.ncbi.nlm.nih.gov/pubmed/22868264
https://doi.org/10.1038/nrg2781
http://www.ncbi.nlm.nih.gov/pubmed/20421872
https://doi.org/10.1002/bies.201400162
https://doi.org/10.1002/bies.201400162
http://www.ncbi.nlm.nih.gov/pubmed/25450156
http://www.ncbi.nlm.nih.gov/pubmed/12432912
https://doi.org/10.1101/cshperspect.a012914
http://www.ncbi.nlm.nih.gov/pubmed/23335075
http://www.ncbi.nlm.nih.gov/pubmed/9826673
https://doi.org/10.1016/S0962-8924(97)01048-9
http://www.ncbi.nlm.nih.gov/pubmed/17708951
http://www.ncbi.nlm.nih.gov/pubmed/8552098
https://doi.org/10.1371/journal.pone.0186900


40. Bhattacharya S, Michels CL, Leung MK, Arany ZP, Kung AL, Livingston DM. Functional role of p35srj, a

novel p300/CBP binding protein, during transactivation by HIF-1. Genes Dev. 1999, 13(1):64–75.

41. De Guzman RN, Liu HY, Martinez-Yamout M, Dyson HJ, Wright PE. Solution structure of the TAZ2

(CH3) domain of the transcriptional adaptor protein CBP. J Mol Biol. 2000, 303(2): 243–253. https://doi.

org/10.1006/jmbi.2000.4141 PMID: 11023789

42. Lin CH, Hare BJ, Wagner G, Harrison SC, Maniatis T, Fraenkel E. A small domain of CBP/p300 binds

diverse proteins: solution structure and functional studies. Mol Cell. 2001, 8(3):581–590. PMID:

11583620

43. Demarest SJ, Martinez-Yamout M, Chung J, Chen H, Xu W, Dyson HJ, et al. Mutual synergistic folding

in recruitment of CBP/p300 by p160 nuclear receptor coactivators. Nature. 2002, 415(6871):549–553.

https://doi.org/10.1038/415549a PMID: 11823864

44. Albanese C, D’Amico M, Reutens AT, Fu M, Watanabe G, Lee RJ, et al. Activation of the cyclin D1

gene by the E1A-associated protein p300 through AP-1 inhibits cellular apoptosis. J Biol Chem. 1999,

274(48):34186–34195. PMID: 10567390

XRCC5 cooperates with p300 to promote cyclooxygenase-2 expression and tumor growth in colon cancers

PLOS ONE | https://doi.org/10.1371/journal.pone.0186900 October 19, 2017 19 / 19

https://doi.org/10.1006/jmbi.2000.4141
https://doi.org/10.1006/jmbi.2000.4141
http://www.ncbi.nlm.nih.gov/pubmed/11023789
http://www.ncbi.nlm.nih.gov/pubmed/11583620
https://doi.org/10.1038/415549a
http://www.ncbi.nlm.nih.gov/pubmed/11823864
http://www.ncbi.nlm.nih.gov/pubmed/10567390
https://doi.org/10.1371/journal.pone.0186900

