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Abstract

DNA replication and repair proteins play an important role in cancer initiation and progression by 

affecting genomic instability. The DNA endonuclease Mus81 is a DNA structure-specific 

endonuclease, which has been implicated in DNA replication and repair. In this study, we found 

that Mus81 promotes gastric metastasis by controlling the transcription of ZEB1, a master 

regulator of the epithelial-mesenchymal transition (EMT). Our results revealed that Mus81 is 

highly expressed in gastric cancer samples from patients and cell lines compared with their normal 

counterparts. Particularly, Mus81 expression positively correlated with ZEB1 expression and 

Mus81 overexpression was significantly associated with higher incidence of lymph node 

metastasis in patients. Furthermore, Mus81 promoted migration of gastric cancer cells both in 
vitro and in vivo. We conducted a drug screen using a collection of pre-clinical and FDA proved 
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drugs and found that the BRD4 inhibitor AZD5153 inhibited the expression of Mus81 and ZEB1 

by regulating the epigenetic factor Sirt5. As expected, AZD5153 treatment significantly reduced 

the migration of gastric cancer cells overexpressing Mus81 in vitro and in vivo. Collectively, we 

show that Mus81 is a regulator of ZEB1 and promotes metastasis in gastric cancer. Importantly, 

we demonstrate that the BRD4 inhibitor AZD5153 can potentially be used as an effective anti-

metastasis drug because of its effect on Mus81.
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Introduction

Gastric cancer is one of the most common malignant diseases worldwide, especially in East 

Asian countries such as China (1, 2). Complete surgery combined or not with 

chemoradiotherapy is the standard strategy for advanced gastric cancer treatment (3), but the 

overall outcome is still unsatisfying, with tumor metastasis being the main cause of the 

negative prognosis of gastric cancer (4). Herein, it is essential to study the underlying 

mechanisms of gastric cancer metastasis and identify novel targets that might allow the 

development of effective therapies and better outcomes of this disease (5, 6).

The maintenance of the genomic integrity is a key process in cell survival and is enabled by 

numerous DNA damage repair (DDR) networks (7, 8). Deficient DDR pathways cause 

genomic instability and lead to the accumulation of chromosomal aberrations and mutations 

(9), which not only promote the initiation of cancer but are also involved in the progress of 

this disease (10, 11). Methyl methanesulfonate and ultraviolet-sensitive gene 81 (Mus81), a 

DDR protein, was firstly identified in yeast as a member of the endonuclear Xeroderma 

pigmentosum type F/Cockayne syndrome (XPF) family, whose highly conserved members 

EME1 or EME2 promote nucleolytic cleavage and restart stalled replication forks induced 

by DNA damage via homologous recombination (12-14). Interestingly, there are some 

discrepancies about the correlation between Mus81 and carcinogenesis. A study from 

McPherson and collogues demonstrated that Mus81 mutated mice had higher susceptibility 

to various malignant diseases, such as lymphoma (15); however, a follow-up work showed 

there was no difference in Mus81 mutant and wild type mice (16). Additionally, the 

expression of Mus81 differs in various cancer types: it is higher in ovary cancer and lower in 

hepatocellular carcinoma compared with normal tissues (17, 18).

The discordance on the biological function of Mus81 and its importance in DDR prompted 

us to study the function of this molecule in different cancer types (19, 20). However, Mus81 

function in gastric cancer is still not clear. Therefore, in this study, we investigated the role 

of Mus81 on gastric cancer metastasis, and the molecular mechanisms involved.
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Materials and Methods

Cell culture

The human gastric cancer cell lines AGS, SGC7901, MGC803, BGC823, HGC27 and 

MKN45 and the immortalized human gastric mucosal cell line GES-1 were purchased from 

China Center for Type Culture Collection (Wuhan, Hubei, China). Cells authentication were 

determined by STR profiling. All cell lines were cultured in RPMI-1640 medium 

supplemented with 10% FBS (ScienCell, Carlsbad, CA, USA) and 1% penicillin-

streptomycin, and incubated in a humidified incubator with 5% CO2 at 37 °C.

Cells transfection or infection

The GV248 lentiviral vector expressing two different short hairpin RNAs (shRNA) targeting 

human Mus81 (shRNA#1: TACCAACAAACAGCAAGTGGG, shRNA#2: 

CACGCGCTTCGTATTTCAGAA) or a control shRNA (TTCTCCGAACGTGTCACGT) 

and Mus81 overexpressing lentivirus (NM_025128) were purchased from GenePharma 

(Shanghai, China). Mus81 depleted or overexpressing cells were generated according to the 

manufacturer’s recommendations.

siRNAs (RiboBio, Guangzhou, China) were used to silence the expression of BRD4 (BRD4 

siRNA#1: GACACTATGGAAACACCAG and BRD4 siRNA#2: 

GCTTAGTGGGAAATTGTAA), and Sirt5 (Sirt5 siRNA#1: CCAATTTGTCCAGCTTTAT 

and Sirt5 siRNA#2: GGAGATCCATGGTAGCTTA). The control siRNA was 

TTCTCCGAACGTGTCACGT. Transient transfection was performed using Lipofectamine 

2000 Reagent (Invitrogen, Carlsbad, CA, USA) with siRNAs.

RNA extraction and quantitative PCR (qPCR)

Total RNA was extracted using TRIzol (cat#9109, TaKaRa, Dalian, China) and reverse 

transcribed into cDNA using the PrimeScript RT Master Mix (cat#RR036A, TaKaRa) 

according to the manufacturer’s recommendations. Gene expression was determined using 

SYBR® Premix Ex TaqTM (cat#RR820A, TaKaRa) on a StepOnePlus™ Real-Time PCR 

System and calculated using the 2−ΔΔCt method. GAPDH was used as an internal control. 

Experiments were carried out in triplicate. The primer sequences are in Supplementary Table 

S1.

Western blotting

Tissues and cells were lysed in RIPA buffer (cat#V900854, Sigma, MO, USA) and protein 

concentration was measured with the BCA method (cat#P0012, Beyotime, Shanghai, 

China). Proteins were isolated by SDS-PAGE, transferred to PVDF membranes (Millipore, 

Billerica, USA), incubated with primary and secondary antibodies and imaged with the ECL 

detection reagent (cat#12630, CST, California, USA) using a ChemiDoc™ XRS+ System. 

The primary antibodies included anti-Mus81 (1:1,000; cat#ab14387, Abcam, Cambridge, 

UK), anti-BRD4 (1:1,000; cat#ab128874, Abcam), anti-ZEB1 (1:1,000; cat#ab180905, 

Abcam), anti-E-cadherin (1:1,000; cat#3195, CST, California, USA), anti-N-cadherin 

(1:1,000; cat#13116, CST), anti-Snail1 (1:1,000; cat#9782, CST), anti-ZEB2 (1:1,000; 

cat#14026-1-AP, Proteintech, Wuhan, China), anti-Sirt5 (1:500; cat#15122-1-AP, 
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Proteintech), anti-GAPDH (1:5,000; cat#G9545, Sigma). The secondary antibodies included 

HRP conjugated goat anti-Rabbit (1:3,000; SA00001-15, Proteintech) and anti-Mouse 

(1:3000; cat# SA00001-1, Proteintech).

Cell migration assays

For wound healing assays, cells were plated in 6-well plates and incubated till 85% 

confluency. The monolayer was then scratched with a 10 μL sterile tip, washed with PBS 

and cultured in RPMI-1640 with 2% FBS. Photographs were recorded using a camera 

connected to a light microscope at 0 h and 48 h.

For Transwell migration assays, the cells were starved with free FBS culture medium 

overnight and then plated (5-8 × 104 cells) in medium with 2% FBS into the upper chamber 

of a Transwell insert; the bottom chamber of the insert was filled with medium plus 10% 

FBS. After incubation for 16 h, the cells that had migrated through the filter were fixed with 

formaldehyde and stained with crystal violet (cat#G1014, Servicebio, Wuhan, China). 

Images were acquired and the number of migrated cells was then calculated.

Chromatin immunoprecipitation (ChIP)

The EpiQuikTM Chromatin Immunoprecipitation Kit (cat#P-2002, EpiGentek, Farmingdale, 

USA) was used to perform ChIP assays. Briefly, the process included cell lysis and DNA 

sharing, protein-antibody immunoprecipitation, purification of the protein-DNA complexes 

and reversion of the cross-link, isolation of the DNA and qPCR analysis. As a negative 

control, experiments with IgG control were carried out. For the qPCR, the amplification 

consisted of an initial denaturation at 95 °C for 30 s, followed by 30 amplification cycles 

(denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 60 s) and 

a final extension step at 72 °C for 10 min. The PCR products were analyzed by 3% agarose 

gel electrophoresis. The qPCR results are presented as Input% = 2^-{Ct(ChIP) – [Ct(Input) 

– Log2(Input Dilution Factor)]} and enrichment fold = 2^{Ct(ChIP) – [Ct(Input) – 

Log2(Input Dilution Factor)]-Ct(IgG)}. ChIP Primers are listed in Supplementary Table S2.

Tissue samples

Twenty-nine human specimens including gastric cancer tissues and paired adjacent normal 

tissues were obtained from the Department of Gastrointestinal Surgery, Union Hospital, 

Tongji Medical College, Huazhong University of Science and Technology (Wuhan, Hubei, 

China) after the investigators obtained informed written consent from the patients involved 

in this study. The specimens were fixed in 4% neutral formaldehyde for paraffin embedding 

and stored at −80°C. The research was approved by the Ethics Committees of Union 

Hospital of Huazhong University of Science and Technology and performed in accordance 

with the Declaration of Helsinki.

Immunohistochemistry (IHC) and H&E staining

Four micrometers-thick tissue sections were cut from the paraffin blocks. The sections were 

then deparaffinized with xylene and rehydrated in a graded series of alcohol. After antigen 

retrieval and blocking of non-specific antibody-binding sites, the sections were incubated 

with a primary antibody (anti-Mus81 1:200; anti-ZEB1 1:300) and relative secondary 
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antibody. An SABC reagent kit (cat#SA1020, BOSTER Bio-technology, Wuhan, China) was 

then used to visualize the immunocomplexes, according to the manufacturer’s 

recommendations.

For statistical analysis, we assessed the staining intensity and area. The staining intensity 

score was: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong); the staining area score was: 

0 (none), 1 ((1-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%) . The staining intensity 

score and staining area score were then multiplied to produce a final score. Scores 0 to 5 

were regarded as negative staining and score 6 to 12 were considered positive staining.

For H&E staining, the sections were stained with hematoxylin and eosin after being 

rehydrated.

Drug screening

Cells were treated with the following drugs: AZD5153 (BRD4 inhibitor), MK2206 (AKT 

inhibitor), Rapamycin (mTOR inhibitor), MK1775 (WEE1 inhibitor), LY3214996 (ERK1/2 

inhibitor), AZD7762 (Chk1 inhibitor), Panobinostat (HDAC inhibitor), AZD6244 (MEK 

inhibitor), VE821 (ATR inhibitor), KU55933 (ATM inhibitor), Olaparib (PARP inhibitor). 

After incubation with the drugs for 24 h, qPCR assays were performed to assess Mus81 
level. All drugs were purchased from SELLECK (Houston, TX, USA).

Bioinformatics analysis

We used bioinformatic analysis to elucidate the relationship between BRD4 target genes and 

Mus81. Microarray quantitative analysis performed on human gastric cancer tissue samples 

and gastric cancer cells was kindly provided by Dr. Jae-Ho Cheong (21). The raw datasets 

were preprocessed individually using the LIMMA software package with log2 

transformation and annotated by converting different probe IDs to the respective gene 

symbols. Duplicate gene expression values were averaged. Genes co-expressed with Mus81 

were screened in cell and tissue samples according to the Pearson correlation coefficient (P 
< 0.05). We selected BRD4 targets using the Biogrid database (https://thebiogrid.org/). The 

genes that were co-expressed with Mus81 and were BRD4 targets, were visualized in a Venn 

diagram.

In vivo metastasis assays

Five-week-old Balb/C null male mice were purchased from HFK Bio-technology (Beijing, 

China). All animal experiments were approved by the Animal Care Committee of the 

Huazhong University of Science and Technology. For the metastasis assays, 2 × 106 control 

or Mus81-depleted SGC7901 cells/200 μL PBS were injected into mice through the tail 

vein. Two weeks later, mice were randomly dived into two subgroups: treated or untreated 

with AZD5153, for a total of four groups: control group, Mus81-depleted group, AZD5153-

treated group and Mus81-depleted plus AZD5153-treated group. AZD5153 was 

administered by gavage (5 mg/kg in 2% DMSO + 30% PEG300 + ddH2O) every three days 

for four weeks. After treatment, mice were sacrificed and the lungs were fixed in 4% neutral 

formaldehyde. The number of lung metastases was counted and after paraffin embedding, 

the sections were used to perform H&E staining and immunohistochemistry.
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Statistical analysis

Statistical analysis was performed using the SPSS 20.0 and GraphPad Prism 5.0 software. 

Results are presented as the mean ± SD. The t test or ANOVA were used to determine the 

statistical differences between groups. The χ2 text was used to evaluate the correlation 

between Mus81 expression and the clinical characteristics of the patients. The correlation 

between Mus81 and ZEB1 in human gastric cancer tissues was assessed by Pearson’s 

analysis. P < 0.05 was regarded as statistically significant. * indicates P < 0.05 and ** 

represents P < 0.01.

Results

Mus81 is overexpressed and positively correlates with lymph node metastasis in patients 
with gastric cancer

To investigate the expression and potential role of Mus81 in gastric cancer, we analyzed the 

TCGA database including 415 patients with gastric cancer. We found higher expression of 

Mus81 in the patients (P = 0.003, Fig. 1A). Then we examined the protein level of Mus81 in 

the surgical specimens from 29 patients with gastric cancer from Union Hospital, Tongji 

Medical College, Huazhong University of Science and Technology. Compared with adjacent 

tissues, Mus81 was elevated in gastric cancer tissues (P = 0.0425, Fig. 1B, Fig. 1C and 

Supplementary Fig. 1). Additionally, IHC staining revealed that Mus81 mainly located in the 

nucleus and was increased in gastric cancer tissues compared with normal tissues (Fig. 1D). 

According to the IHC scores described in the Methods section, 27.58% of the normal tissues 

(8/29) were scored positive for Mus81 expression, while 58.62% of the gastric cancer 

samples (17/29) were positive (Fig. 1E).

Next, we checked the expression of Mus81 in a normal gastric mucosal cell line (GES-1) 

and six human gastric cancer cell lines, and found that the expression in gastric cancer lines 

was elevated both at the mRNA and protein levels (Fig. 1F and Fig. 1G). Furthermore, we 

evaluated the correlation between the expression of Mus81 and clinicopathological 

parameters in the 29 gastric cancer patients aforementioned. Interestingly, high expression of 

Mus81 positively correlated to the number of lymph node metastases (P = 0.0413, Fig. 1H). 

We also analyzed the correlation between Mus81 expression and cell migration in gastric 

cancer cells. As shown in Supplementary Fig. 2, we observed that SGC7901 and BGC823 

cells, with the highest Mus81 expression, had stronger migration capabilities compared with 

the other cells.

These data indicate that high levels of Mus81 probably correlate with gastric cancer 

progression and are involved in lymph node metastasis in patients with gastric cancer.

Mus81 promotes gastric cancer cell migration in vitro

Our preliminary data suggested the potential role of Mus81 in gastric cancer metastasis. 

Next, we confirmed this correlation. First, we established SGC7901 and BGC823 cells 

stably knocked down for Mus81, GES-1 and MGC803 cells stably overexpressing Mus81. 

We confirmed the altered Mus81 expression by qPCR (Supplementary Fig. 3). Then, we 

performed wound healing and Transwell assays using these cells. Mus81 knockdown 
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decreased the migration ability of gastric cancer cells (Fig. 2A and Fig. 2B), while Mus81 

overexpression promoted cell migration (Fig. 2C and Fig. 2D). On the other hand, Mus81 

knockdown alone has limited effect on cell proliferation and cell cycle distribution 

(Supplementary Fig. 4 and Supplementary Fig. 5), suggesting that Mus81 does not affect 

gastric cancer cell growth.

E-cadherin and N-cadherin play an important role in EMT, whose dysregulation is linked to 

cancer metastasis. Loss of E-cadherin indicates EMT and increased ability to metastasis. We 

found that Mus81 knockdown increased E-cadherin expression and inhibited the expression 

of N-cadherin in SGC7901 and BGC823 cells. Mus81 overexpression was associated with 

the opposite effect in GES-1 and MGC803 cells (Fig. 2E).

Therefore, we confirmed that Mus81 plays an important role in enhancing the migration 

ability of gastric cancer cells.

Mus81 enhances the expression of ZEB1

Previous studies have shown that loss of E-cadherin is an important marker of EMT (22), a 

process that is regulated by several EMT inducers, including ZEB1, ZEB2, Twist1 and 

Snail1 (23, 24). The data we showed above indicate that Mus81 is involved in the metastasis 

of gastric cancer. Next, we investigated the mechanism through which Mus81 exerts its 

function. For this purpose, we checked the correlation between Mus81 and EMT inducers. 

Knockdown of Mus81 decreased the mRNA and protein expression of ZEB1 (Fig. 3A and 

Fig. 3B) and did not affect the expression of ZEB2, Twist1 and Snail1 (Supplementary Fig. 

6). Therefore, we hypothesized that Mus81 regulates the expression of ZEB1 at the 

transcriptional level. To confirm our hypothesis, we performed ChIP assays and investigated 

whether Mus81 binds the ZEB1 promoter (Fig. 3C). We observed significant binding 

between Mus81 and the promoter region of ZEB1 (−1227 to −1208 and −946 to −927 

regions; Fig.3D and Fig.3E). Therefore Mus81 might act as a novel transcriptional regulator 

of ZEB1 in gastric cancer cells.

To further validate the correlation between Mus81 and ZEB1, we examined ZEB1 

expression in gastric cancer tissues. As showed in Fig. 3F, Mus81 expression positively 

correlated with the expression of ZEB1 in the 29 patients with gastric cancer investigated in 

this study (P = 0.0006, r = 0.5893). IHC staining also confirmed the result (Fig. 3G). 

Therefore, Mus81 can bind to the promoter region of ZEB1 and enhance its transcription. 

These data are consistent with the effect of Mus81 on the migration of gastric cancer cells.

The BRD4 inhibitor AZD5153 suppresses the expression of Mus81 and impairs the 
migration of gastric cancer cells

Next, we investigated whether we could use drugs or chemical compounds to suppress the 

expression of Mus81 and impair metastasis. Therefore, we performed a drug screening in 

SGC7901 cells by using several promising drugs which have been used in clinical trials or 

have been proved by the FDA, such as PARP inhibitors, BRD4 inhibitors and WEE1 

inhibitors (25-28). We treated the cells with these drugs at the indicated concentrations for 

24 h, and assessed the expression of Mus81 by qPCR. The BRD4 inhibitor AZD5153 

significantly inhibited the expression of Mus81 in SGC7901 cells (Fig. 4A). We further 
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confirmed that AZD5153 suppressed Mus81 and ZEB1 expression at both the mRNA and 

protein level in SGC7901 and BGC823 cells (Fig. 4B and 4C). Transwell assays also 

showed that AZD5153 significantly impairs the migration of gastric cancer cells (Fig. 4D). 

To confirm the specificity of AZD5153 effect, we also inhibited BRD4 using specific 

siRNAs, and observed similar results of AZD5153 (Fig. 4E-G), confirming that BRD4 

regulates the expression of Mus81 and inhibits cell migration in gastric cancer.

To further prove that the effect of BRD4 on cell migration is exerted via Mus81, BGC823 

cells and Mus81-depleted BGC823 cells were treated with AZD5153. As shown in Fig. 4H 

and Fig. 4I, AZD5153 had limited effect on cell migration in Mus81-depleted cells, 

indicating that BRD4 affects cell migration in a Mus81-dependent manner.

Collectively, our data demonstrated that BRD4 regulates the expression of Mus81 in gastric 

cancer and BRD4 inhibition suppresses cell migration in a Mus81-dependent manner.

BRD4 regulates the expression of Mus81 via Sirt5

Next, we investigated how BRD4 regulates Mus81 expression. First, we tested whether 

BRD4 directly regulates Mus81 expression. As showed in Supplementary Fig. 7, 

Immunoprecipitation (IP) and ChIP assays showed there no direct interaction between 

BRD4 and Mus81. Therefore, we performed quantitative analysis of a chipset of 517 human 

gastric cancer specimens and 36 gastric cancer cell lines (triplicate for every cell lines) from 

Dr. Jae-Ho Cheong. As shown in Fig. 5A and Supplementary Fig. 8, there were 4,422 and 

5,044 genes in the specimens and in the gastric cancer cell lines, respectively, co-expressed 

with Mus81 (P < 0.05). Within them, we selected 15 reported BRD4 target genes, which 

were co-expressed with Mus81 in gastric cancer tissues and cells (Fig. 5B) (29). Next, we 

designed specific siRNA to target them found that the Sirt5 was involved in BRD4-mediated 

Mus81 regulation (Fig. 5C). Taken together, these results suggest that BRD4 might regulate 

Mus81 in gastric cancer cells through Sirt5.

Sirt5 inhibition impairs the transcriptional function of Mus81 in gastric cancer cells

We further investigated how Sirt5 regulates Mus81. We detected the protein levels of Mus81 

in Sirt5-silenced gastric cancer cells, and found that Sirt5 inhibition significantly suppressed 

the expression of Mus81 and ZEB1 in SGC7901 and BGC823 cells (Fig. 6A). In addition, 

knockdown of Sirt5 inhibited cell migration (Fig. 6B). We also inhibited Sirt5 expression in 

Mus81-overexpressing SGC7901 cells. As expected, we observed that knockdown of Sirt5 

could inhibit the ectopic expression of Mus81 and Mus81-induced cell migration (Fig. 6C 

and 6D). Additionally, ChIP assays indicated that Sirt5 inhibition significantly suppressed 

the transcriptional function of Mus81 (Fig. 6E).

To confirm our findings, we also examined the effect of BRD4 inhibition (ADZ5153 or 

BRD4 knockdown) on the expression of Sirt5, Mus81 and ZEB1 in gastric cancer cells, and 

found that BRD4 inhibition suppressed Sirt5, Mus81 and ZEB1 expression cells (Fig. 6F 

and Fig. 6G). Taken together, our data demonstrate that BRD4 regulates the expression of 

Mus81 via its target Sirt5 in gastric cancer cells.
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AZD5153 decreases gastric cancer cells metastasis via Mus81 in vivo

To further confirm our findings, control or Mus81-depleted SGC7901 cells were 

intravenously injected via tail vein in nude mice. As shown in Fig. 7A and 7B and 

Supplementary Fig. 9, mice injected with Mus81 knockdown cells had reduced number of 

lung metastasis nodes than the control group (P < 0.05). Similarly, AZD5153 treatment 

significantly inhibited lung metastasis compared with the control group (P < 0.05). However, 

AZD5153 had limited effect in the Mus81-depleted SGC7901 cells group. H&E staining 

showed the pathology of lung metastasis, which confirmed that the lumps in the lung of the 

nude mice was formed by gastric cancer cells. IHC staining showed that AZD5153 inhibited 

the expression of Mus81 and ZEB1 in gastric cancer cells (Fig. 7C). Therefore, AZD5153 

negatively regulated the metastasis-promoting effect of Msu81 in vivo.

Discussion

DNA damage-induced genome instability is a hallmark of malignant diseases (30), and may 

promote tumor metastasis (31). Mus81 has been identified as an important component of the 

HR-mediated pathway for the repair of double strand breaks in mammalian cells, and is 

considered a potential therapeutic target in many cancer types (32). However, its role in 

gastric cancer has not been fully understood. In this study, we demonstrated the role of 

Mus81 in the metastasis of gastric cancer. Firstly, we found that elevated expression of 

Mus81 was significantly associated with the number of metastatic lymph node in patients 

with gastric cancer. Secondly, Mus81 was showed to be involved in the EMT program, 

through the decrease of the expression of the epithelial marker E-cadherin and the increased 

expression of the mesenchymal inducer ZEB1. Thirdly, we showed that Mus81 promoted 

migration in gastric cancer cells in vitro and in vivo. Taken together, our data demonstrate 

that Mus81 is involved in gastric cancer metastasis and highlight a novel function of Mus81 

in cancer. Our findings provide yet another piece of evidence that genome instability is 

involved in cancer metastasis.

Previous studies on Mus81 have mainly focused on its function on DNA structure, such its 

role in sustaining replication forks (33). It has also been reported that Mus81 has a 

comprehensive role in cancer initiation, cell proliferation, apoptosis and sensitivity to 

chemotherapy agents (34). In this study, we first demonstrated that Mus81 is required for the 

migration of gastric cancer cells. Importantly, this is the first study to demonstrate that 

Mus81 can act as a ZEB1 transcriptional regulator. EMT is related to carcinogenesis and 

cancer metastasis, and ZEB1 is a well-characterized EMT inducer. ZEB1 not only plays a 

vital role in EMT and cancer metastasis but is also correlated with drug resistance in cancer 

therapy. Therefore, to search for molecules which could regulate ZEB1 expression is a 

reasonable strategy to negatively affect cancer metastasis and drug resistance.

A variety of molecules have been reported to regulate ZEB1, such as microRNAs (35). 

However, without any enzymatic activities, ZEB1 itself does not serve as a good drug target. 

Thus, as an alternative approach, it might be more promising to identify and target 

transcription regulators of ZEB1. We identified Mus81 as such regulator. Additionally, we 

screened several promising drugs and found that the BRD4 inhibitor AZD5153 suppresses 

the expression of Mus81 at both the mRNA and protein level and inhibits migration via 

Yin et al. Page 9

Mol Cancer Ther. Author manuscript; available in PMC 2021 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mus81 in gastric cancer cells. Dysregulation of the epigenome has been recognized as a key 

step in the activation and maintenance of abnormal transcription in cancer (36, 37). 

Therefore, targeting chromatin regulators, such as BET proteins, including BRD2 and 

BRD4, might be therapeutically effective. BRD4 inhibitors are the most promising BET 

inhibitors and are therapeutically effective in several cancer types, such as melanoma and 

ovary cancer (38, 39). Additionally, BRD4 inhibition can impair metastasis formation in 

many cancer types, including gastric cancer (40), though the mechanism of this effect is still 

unclear. Our data showed that Mus81 is regulated by BRD4 in gastric cancer cells, and 

BRD4 inhibition suppresses migration in a Mus81-dependent manner.

We also investigated the mechanism through which BRD4 regulates Mus81 expression in 

gastric cancer. Our data indicated that BRD4 does not directly regulate Mus81. BRD4 is a 

transcriptional regulator of many DNA regulatory molecules (41). Therefore, we supposed 

that Mus81 was regulated by a BRD4 target. We performed bioinformatics analyses on an 

expression dataset to search for potential BRD4 targets involved in Mus81 regulation, and 

confirmed that the BRD4 target Sirt5 can regulate Mus81 in gastric cancer. Sirt5 is a 

member of the Sirtuin family, whose members are lysine deacetylases and desuccinylase 

(42). Sirt5 promotes cell proliferation and drug resistance in many cancer types (43, 44). It is 

worthwhile to investigate the mechanism trough which Sirt5 regulates Mus81. Because of 

the important role of Sirt5 in cell metabolism, many pathways may be involved in this 

process. Future studies might focus on this aspect.

In conclusion, we have revealed a novel functional role of Mus81: the promotion of the 

migration of gastric cancer in vitro and in vivo. Mus81 transcriptional effect on ZEB1 gives 

it potential value as a target for cancer therapy to interfere with metastases formation. 

Finally, we demonstrated that BRD4 inhibitors are good candidates to inhibit gastric cancer 

metastasis.
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Figure 1. Mus81 expression is elevated in gastric cancer and associated with lymph node 
metastasis.
(A) Expression of Mus81 in gastric cancer tissues and normal tissues from the analysis of 

the TCGA database (t test). (B) Western blots of Mus81 protein expression in gastric cancer 

patient specimens (N, non-tumor tissue; T, tumor tissue). (C) Quantification of western blots 

as in (B) and data are presented as the mean ± SD (t test). (D) Representative images of IHC 

Mus81 staining in gastric cancer and adjacent tissues from patient specimens. (E) Frequency 

of Mus81 negative and positive IHC staining in normal and gastric cancer tissues from 

patient specimens (n=29). (F and G) qPCR analysis of mRNA expression levels (F) and 

Western blot analysis of protein (G) expression levels of Mus81 in a gastric normal epithelial 

cell line (GES-1) and 6 indicated gastric cancer cell lines. (H) Correlation between Mus81 

expression and the number of metastatic lymph node in 29 patients with gastric cancer (t 
test). *, P < 0.05; **, P < 0.01.
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Figure 2. Mus81 promotes gastric cancer cell migration by regulating EMT in vitro.
(A and B) Cell migration analyses by using wound healing (A) and Transwell (B) assays 

were performed in Mus81-depleted SGC7901 and BGC823 cells. Data are reported as the 

mean ± SD of three independent experiments (t test). (C and D) Cell migration analyses 

were performed in Mus81-overexpressing GES-1 cells and MGC803 cells after transfecting 

with the Mus81 overexpression vector. Data are presented as the mean ± SD (t test). (E) 

Western blots showing that the expression of E-cadherin and N-cadherin in Mus81 depleted 

or overexpressing gastric cancer cells. *, P < 0.05; **, P < 0.01.
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Figure 3. Mus81 regulates ZEB1 gene expression in gastric cancer.
(A) qPCR analysis of ZEB1 mRNA level in Mus81-depleted gastric cancer cells. Data are 

reported as mean ± SD of three independent experiments (t test). (B) Western blots of ZEB1 

expression in Mus81-depleted gastric cancer cells. (C) Diagram of ZEB1 primers used for 

ChIP assays. (D and E) ChIP-qPCR was used to evaluate of Mus81 enrichment at the 

promoter region of ZEB1. Representative agarose gel image of DNA fragments amplified in 

the ChIP assays (D); q-PCR analysis of ChIP assays (E). Data presented as the mean ± SD 

of three independent experiments (t test). (F) Pearson correlation analysis to determine the 

correlation between Mus81 and ZEB1 expression in patients with gastric cancer (n = 29). 

(G) Representative images of IHC staining of Mus81 and ZEB1 in gastric cancer and 

adjacent tissues (n=29). *, P < 0.05; **, P < 0.01; ns., not significant.
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Figure 4. The BRD4 inhibitor AZD5153 suppresses cell migration via targeting Mus81 in gastric 
cancer cells.
(A) Heat map of Mus81 expression levels in SGC7901 cells treated with the indicated drugs 

for 24 h. Data are presented for three independent experiments. (B and C) qPCR (B) and 

western blot (C) analyses of Mus81 and ZEB1 expression levels in SGC7901 and BGC823 

cells treated with indicated concentrations of AZD5153 (one-way ANOVA). (D) Cell 

migration analysis using Transwell assays in SGC7901 and BGC823 treated with AZD5153 

at the indicated concentration for 24 hours. Data are reported as the mean ± SD of three 

independent experiments (one-way ANOVA). (E and F) qPCR and western blot analyses of 

Mus81 and ZEB1 expression levels in SGC7901 and BGC823 cells after transfected with 

BRD4 siRNAs (G) Cell migration analysis using Transwell assays in BRD4 knockdown 
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SGC7901 and BGC823 cells. Data are reported as the mean ± SD of three independent 

experiments (t test). (H) Western blot showed Mus81 expression in Mus81-depleted 

BGC823 cells treated with AZD5153 at the indicated concentration. (I) Cell migration 

analysis using Transwell assays in Mus81-depleted BGC823 cells treated with AZD5153 at 

indicated the concentration. Data are reported as the mean ± SD of three independent 

experiments. *, P < 0.05; **, P < 0.01; ns., not significant.
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Figure 5. BRD4 regulates the expression of Mus81 via Sirt5 in gastric cancer cells.
(A) Heat map of genes co-expressed with Mus81 in 517 gastric cancer tissues and 36 gastric 

cancer cell lines through transcriptomic analysis. (B) Intersection between genes co-

expressed with Mus81 (in tissues and cell lines) and BRD4 target genes. (C) Mus81 mRNA 

levels in Sirt5 knockdown gastric cancer cells. Data was presented as the mean ± SD of three 

independent experiments (t test). *, P < 0.05; **, P < 0.01.
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Figure 6. Sirt5 inhibition impairs the Mus81-induced transcriptional activity in gastric cancer 
cells.
(A) Western blot showed the expression of Mus81 and ZEB1 in SGC7901 and BGC823 

cells treated with Sirt5 siRNAs. (B) Cell migration analysis using Transwell assays in Sirt5 

knockdown SGC7901 and BGC823 cells. Data are reported as the mean ± SD of three 

independent experiments (t test). (C) Western blot showed Mus81 expression in Mus81-

overexpressing SGC7901 cells transfected with Sirt5 siRNAs. (D) Cell migration analysis 

using Transwell assays in Mus81-overexpressing SGC7901 cells transfected with Sirt5 

siRNAs. Data are reported as the mean ± SD of three independent experiments (t test). (E) 

ChIP assays of Mus81 enrichment on ZEB1 promoter regions in cells transfected with Sirt5 

siRNAs. Data are reported as the mean ± SD of three independent experiments (t test). (F) 

Western blot showed the expression of Sirt5, Mus81 and ZEB1 in SGC7901 and BGC823 

cells treated with BRD4 siRNAs. (G) Western blot showed the expression of Sirt5, Mus81 

and ZEB1 in SGC7901 and BGC823 cells treated with AZD5153. *, P < 0.05; **, P < 0.01; 

ns., not significant.
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Figure 7. The BRD4 inhibitor AZD5153 decreases gastric cancer cells metastasis via targeting 
Mus81 in vivo.
(A) Images of nude mice lung metastases (arrows point to the metastasis nodules). (B) 

Quantification of the nodules in the control, Mus81-depleted, AZD5153-treated and Mus81-

depleted plus AZD5153-treated groups, presented as the mean ± SD (n = 5, t test). (C) H&E 

staining of lung nodules in the control, Mus81-depleted, AZD5153-treated and Mus81-

depleted plus AZD5153-treated mice. IHC staining was used to determine the expression of 

Mus81 and ZEB1 in the control, Mus81-depleted, AZD5153-treated and Mus81-depleted 

plus AZD5153-treated mice. *, P < 0.05; ns., not significant.
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