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Abstract

Breast cancer metastasis suppressor 1 (BRMS1) was originally identified as an active metastasis suppressor in human breast
cancer. Loss of BRMS1 expression correlates with tumor progression, and BRMS1 suppresses several steps required for
tumor metastasis. However, the role of BRMS1 in hepatocellular carcinoma (HCC) remains elusive. In this study, we found
that the expression level of BRMS1 was significantly down-regulated in HCC tissues. Expression of BRMS1 in SK-Hep1 cells
did not affect cell growth under normal culture conditions, but sensitized cells to apoptosis induced by serum deprivation
or anoikis. Consistently, knockdown of endogenous BRMS1 expression in Hep3B cells suppressed cell apoptosis. We
identified that BRMS1 suppresses osteopontin (OPN) expression in HCC cells and that there is a negative correlation
between BRMS1 and OPN mRNA expression in HCC tissues. Moreover, knockdown of endogenous OPN expression reversed
the anti-apoptosis effect achieved by knockdown of BRMS1. Taken together, our results show that BRMS1 sensitizes HCC
cells to apoptosis through suppressing OPN expression, suggesting a potential role of BRMS1 in regulating HCC apoptosis
and metastasis.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common

cancers worldwide, with high prevalence in parts of Asia and

Africa, and incidence is increasing in western countries. While

standard chemotherapy and radiotherapy have limited efficacy in

most HCC patients, surgical resection and liver transplantation

remain the current curative options to treat HCC. However, HCC

is highly associated with invasion and metastasis, which leads to

poor prognosis after surgical resection. To develop effective

therapeutic targets for HCC, it is essential to gain further insight

into the molecular mechanism involved in HCC progression,

especially in HCC metastasis.

Metastasis suppressor genes are a growing family of molecules

that inhibit metastasis at any step of the metastatic cascade without

affecting primary tumor growth. To date, approximately 23

metastasis suppressors have been identified, including Nm23, Kail

and E-cadherin, among others, representing a potential group of

prognostic markers and therapeutic targets for tumor metastasis

[1]. Breast cancer metastasis suppressor 1 (BRMS1) is a metastasis

suppressor that was first identified in breast cancer [2,3]. BRMS1

has since been shown to suppress metastasis in many other cancer

types such as melanoma, ovarian carcinoma and non-small lung

cancer, among others [4,5,6,7,8]. BRMS1 expression in these

tumor tissues is negatively correlated with tumor progression and

metastasis [7,9,10,11,12]. Mechanistically, as a component of the

mSin3-HDAC complex, BRMS1 regulates chromatin status and

therefore modulates the expression of genes functioning in cell

apoptosis, cell-cell communication and cell migration

[13,14,15,16]. Osteopontin (OPN), also known as secreted

phosphoprotein 1 (SPP1) and originally identified in osteoblasts,

is transcriptionally regulated by BRMS1 in breast cancer [17].

Extensive studies have demonstrated that OPN is an important

regulator of tumor metastasis, with multiple roles in cell adhesion,

cell migration, cell survival, tumor angiogenesis and other activities

[reviewed in [18]]. It was found that, particularly in HCC,

exogenous OPN expression made non-metastatic HCC cells more

invasive in vitro while knockdown of endogenous OPN expression

or blocking OPN function suppressed in vitro cell invasion and in

vivo tumor metastasis [19,20,21]. Clinical studies further revealed

that elevated expression of OPN is associated with advanced

tumor grade and tumor stage, vascular or bile duct invasion and

intrahepatic metastasis [22,23,24,25]. Both tissue and serum OPN

levels were demonstrated to be predictors of HCC recurrence and

poor prognosis [26,27,28].

Despite the current data, neither the role of BRMS1 nor the

relationship between BRMS1 and OPN in HCC has been

investigated. By using HCC samples and pair-wise, non-tumorous

liver tissues, we found a remarkable down-regulated expression

pattern of BRMS1 during tumor progression, indicating the
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involvement of BRMS1 in HCC. Expression of BRMS1 sensitized

HCC cells to apoptosis, whereas knockdown of endogenous

BRMS1 protected cells from cell death. OPN expression was

suppressed by BRMS1 in HCC cells, and knockdown of OPN

rescued the anti-apoptosis effect induced by BRMS1 knockdown.

Results

BRMS1 was significantly down-regulated in HCC tissues
To elucidate the role of BRMS1 in HCC, we first detected

BRMS1 expression in HCC tissues. Thirty-one paired HCC

tissues (T) and their corresponding non-tumorous tissues (N) were

utilized in western blotting analyses using a specific anti-BRMS1

antibody. b-actin was immunoblotted as an internal control. As

shown in Fig. 1A, the BRMS1 protein level was remarkably

suppressed in 19 HCC tissues compared with their corresponding

normal tissues. No significant differences were shown in ten cases,

and BRMS1 was up-regulated in the other two cases. A significant

difference in BRMS1 expression was revealed between tumor and

corresponding normal tissues (P = 4.75E-05, paired Student’s t

test). Among all of the specimens, clinico-pathological data from

21 patients were available, and the relationship between BRMS1

expression and pathological data was further analyzed (Table S1).

In 21 of the samples, H5, H20 and H22 are the only three samples

that exhibited tumor invasion and metastasis before resection

operation. Notably, all three samples exhibited remarkably down-

regulated BRMS1 expression in tumor tissues, indicating the

potential negative correlation between HCC metastasis and

BRMS1 expression. Next, we assessed the BRMS1 expression

levels in several HCC cell lines with different metastatic capacities.

While Hep3B and Huh-7 were characterized as noninvasive HCC

cell lines [29,30], SK-Hep1 was derived from the ascites of a

patient with liver cancer, and SK-Hep1 was widely used in

experimental metastasis assays [31]. MHCC97L, MHCC97H and

MHCCLM6 cells established through in vivo selection were

demonstrated to exhibit increasing invasive and metastatic

potential [32,33]. Whole cell lysates from these HCC lines were

subjected to anti-BRMS1 immunoblotting (Fig. 1B). BRMS1

expression was significantly higher in two non-metastatic cell lines

(Hep3B and Huh-7) than in four other metastatic cell lines.

Furthermore, there was a proportional decrease in the expression

level of BRMS1 in MHCC-97L, MHCC-97H and MHCC-LM6

cells. Taken together, the results suggest that BRMS1 was

significantly down-regulated in HCC tissues, and loss of BRMS1

expression might correlate with HCC metastasis.

Expression of BRMS1 sensitized HCC cells to apoptosis
Based on the expression alternation of BRMS1 in HCC, we

further investigated the biological function of BRMS1 in

regulating HCC cell activity. A colony formation assay using cells

transfected with BRMS1 was performed first, and the SK-Hep1

was selected due to its low level of endogenous BRMS1 (Fig. 1B).

Figure 2A shows that over-expression of BRMS1 dramatically

reduces the number of colonies that survive under G418 selection

compared with the control group transfected with vector only,

suggesting a suppressive role of BRMS1 over-expression in HCC

cell viability. We then established stable BRMS1 transfectants in

SK-Hep1 cells. Two BRMS1-positive clones (termed F6 and F13)

and two control clones (termed E3 and E6) were identified through

both qRT-PCR (Fig. 2B) and western blotting analysis (Fig. 2C).

Next, to test whether BRMS1 expression affects cell growth under

normal culture conditions, we generated two mixed clones

(BRMS1-Mix and Ctl/control-Mix) by mixing stable cell clones

in equal proportions and then recorded their growth daily. As

shown in Fig. 2D, in a 5-day culture period, there was no obvious

difference on the growth ratio between BRMS1-expressing cells

and control cells. However, when cultured in the absence of

serum, BRMS1-expressing cells displayed decreased cell number

after 48 hours in culture compared to the control cells (Fig. 2E),

suggesting that BRMS1 might sensitize cells to serum deprivation-

induced apoptosis. Normal cells often die from anoikis as cells are

detached from the extracellular matrix, while tumor cells are able

to escape anoikis through oncogenic transformation [34]. To

determine the involvement of BRMS1 in anoikis, cells were plated

on a poly-HEMA-treated culture surface for 48 hours and then

subjected to apoptosis analysis by measuring the sub-G1 popula-

tion. As shown in Fig. 2F, both cell clones over-expressing BRMS1

displayed a significantly higher sub-G1 population (P,0.01)

compared to the two control clones, indicating that increased

apoptosis was induced by BRMS1 expression. Whole cell lysates

from cells undergoing anoikis were then subjected to western

blotting to measure caspase and PARP cleavage. As shown in

Fig. 2G, both caspase 8 and caspase 9 cleavage was enhanced in

two BRMS1-expressing clones, leading to enhanced PARP

cleavage. All of these results implicate the contribution of BRMS1

in regulating the sensitivity of HCC cells to an apoptotic stimulus.

Knockdown of BRMS1 protected HCC cells from
apoptosis

To further confirm the correlation between BRMS1 and

apoptosis in HCC, we investigated the role of endogenous

BRMS1. We selected a HCC cell line with relatively high

endogenous BRMS1 expression, Hep3B (Fig. 1B). Three small

interfering RNAs targeting BRMS1 mRNA, siRNA-1(S1), siRNA-

2(S2) and siRNA-3(S3), as well as a non-specific control siRNA

(NS), were designed and their effects on silencing BRMS1

expression in Hep3B cells were measured. Both quantitative

real-time PCR (qRT-PCR) and western blotting analysis showed

that S1 and S3, but not S2, were able to suppress BRMS1

expression at both mRNA and protein levels compared to NS

(Fig. 3A, 3B). To establish stable cell lines, S1 was modified and

further introduced into a lentivirus-based expression construct to

generate the LS1 lentivirus. Control lentivirus (LNS) carrying NS

was also generated. As shown in Fig. 3C and 3D, endogenous

BRMS1 expression at both mRNA and protein levels in Hep3B

cells was effectively knocked down by LS1. Next, a cell growth

assay was performed. Consistent with previous findings, while

there is no detectable difference in cell growth ratios between cells

infected with LS1 and control cells under normal culture

conditions (Fig. 3E), cells infected with LS1 grew significantly

faster than control cells after serum deprivation (Fig. 3F), implying

that knockdown of BRMS1 might help cell grow under serum

starvation. To confirm this hypothesis, we performed an anoikis

assay, and consistent differences were observed. As shown in

Fig. 3G, flow cytometric analysis revealed a significant decrease

(P,0.01) in the percentage of the sub-G1 population in cells

infected with LS1 compared to control cells. Moreover, both

caspase 8 and caspase 9 cleavage was suppressed in cells with LS1

infection, and downstream PARP cleavage was also consequently

suppressed (Fig. 3H). Therefore, consistent with results from

BRMS1-expressing stable lines, knocking down endogenous

BRMS1 expression protected HCC cells from apoptotic cell death.

OPN is involved in BRMS1-regulated cell apoptosis
Previous studies of BRMS1 in other tumor models revealed a

transcriptional regulation role of BRMS1 in OPN expression [17].

It is therefore interesting to investigate whether BRMS1 is capable

of regulating OPN in HCC cells. To address this question, we first
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investigated OPN expression changes in cells that were transiently

transfected with BRMS1. As shown in Fig. 4A, compared with

vector-only transfectants, BRMS1 transfectants exhibited a dose-

dependent suppression in OPN protein levels in both whole cell

lysates (WCL) and conditioned medium (CM). In SK-Hep1 clones

F6 and F13 stably expressing BRMS1, OPN levels in WCL and

CM were also strikingly suppressed in comparison with control

clones E3 and E6 (Fig. 4B). Consistently, OPN mRNA expression

level in F6 and F13 was remarkably reduced compared to that in

E3 and E6 (Fig. 4C), indicating the transcriptional regulation role

of BRMS1 as a suppressor of OPN expression in HCC cells. To

demonstrate the regulation relationship between BRMS1 and

OPN at the tissue level, we further collected cDNA samples from

the other 33 paired HCC tumor specimens to investigate the

expression levels of both BRMS1 and OPN. Figure 4D shows the

log2-transformed fold changes of BRMS1 and OPN mRNA

expression ratio of T/N (Tumor/Non-tumorous tissue). While

BRMS1 expression exhibited a consistent down-regulated pattern,

OPN expression was significantly up-regulated in HCC tissues

compared to non-tumorous tissues. More importantly, a negative

correlation (P = 0.021, Fisher’s exact test) between BRMS1 and

OPN mRNA expression was identified (Table 1). All of these data

strongly suggested that BRMS1 negatively regulates OPN in

HCC.

OPN is an important survival factor under many stress

conditions [35]. Thus, we hypothesized that suppression of OPN

expression might contribute to BRMS1-regulated cell apoptosis.

To test this hypothesis, we generated another Hep3B cell line

through infection with both LS1 and another lentivirus carrying

effective shRNA (LO) targeting human OPN mRNA according to

a previous report [36]. As shown in Fig. 5A and 5B, knockdown of

endogenous BRMS1 alone up-regulated endogenous OPN

expression levels at both mRNA and protein levels, providing

additional evidence for the transcriptional suppression of OPN

expression by BRMS1. However, infected cells with additional LO

lentivirus (LS1+LO) successfully reversed OPN mRNA levels

(Fig. 5B), and endogenous OPN protein expression in both

WCL and CM was knocked down consistently (Fig. 5A). Similarly,

cell growth curves were recorded under normal culture conditions

and in the absence of serum. Additional LO infection exerted no

obvious effect on cell growth under normal culture conditions

(Fig. 5C); however, after serum deprivation, knockdown of

endogenous OPN expression (LS1+LO) significantly eliminated

cell growth advantages induced by BRMS1 silencing (LS1)

(Fig. 5D). Next, we investigated cell apoptosis levels under anoikis

conditions. Sub-G1 measurement for apoptosis analysis showed

that while knocking down endogenous BRMS1 alone protected

cells from apoptosis, additional silencing of OPN (LS1+LO)

successfully reversed this effect, leading to a significant increase

(P,0.01) in cell apoptosis (Fig. 5E). Western blotting analysis

provided consistent evidence that cleavage of caspase 8, caspase 9

and downstream PARP was enhanced again after double silencing

of BRMS1 and OPN (Fig. 5F). Taken together, OPN is not only

under the transcriptional control of BRMS1, but it also contributes

to BRMS1-regulated cell apoptosis.

Discussion

BRMS1 was initially identified in the chromosome region

11q13-q14, which exhibits a high frequency of deletion in late-

stage, metastatic breast carcinomas patients [2]. Further studies

showed that higher BRMS1 expression correlates with a better

prognosis of breast carcinomas patients, and BRMS1 is active in

suppressing breast carcinoma metastasis both in vitro and in vivo

[3,11]. More importantly, the tumor suppressor role of BRMS1 is

not only limited to breast carcinomas. It has been demonstrated

that BRMS1 is also involved in regulating the development of

many other tumor types, such as melanoma, ovarian carcinoma

and non-small lung cancer, among others [reviewed in [37]].

However, the role of BRMS1 in human HCC remains unclear.

Here, we reported for the first time that the expression of

BRMS1 changes in HCC. Western blotting analysis of 31 paired

HCC tissue samples revealed a significantly down-regulated

expression pattern of BRMS1 in HCC (Fig. 1A). Promoter

Figure 1. BRMS1 expression pattern in HCC tissues and cells. (A) The expression level of BRMS1 was analyzed in HCC tissues (T) and
corresponding non-tumorous tissues (N) by western blotting analysis using an anti-BRMS1 antibody. b-actin was used as a loading control. (B) The
expression level of BRMS1 in different HCC cells was also investigated through western blotting analysis.
doi:10.1371/journal.pone.0042976.g001
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analysis of the BRMS1 gene indicated that epigenetic silencing

contributes to the reduction or loss of BRMS1 expression in breast

carcinoma and non-small-cell lung cancer [38,39]. Whether the

same mechanism accounts for down-regulated HCC-associated

BRMS1 expression requires further studies on the BRMS1

promoter in HCC. By analyzing the clinico-pathological data

from 21 specimens, we found that all three patients with tumor

invasion and metastasis exhibited remarkably down-regulated

BRMS1 expression. In addition, an obvious decrease in BRMS1

levels was found in four metastatic cell lines (SK-Hep1, MHCC-

97L, MHCC-97H and MHCC-LM6) compared to the non-

metastatic Hep3B and Huh-7 cell lines (Fig. 1B). Thus, reduced

expression of BRMS1 might be predicative of increased metastatic

activity in HCC cells. Although statistical analysis of the

pathological data regarding BRMS1 expression in 21 HCC cases

revealed no significant difference (Table S1), we have observed a

potential relationship between BRMS1 expression and hepatitis

virus infection. In patients with hepatitis, 53.33% exhibited down-

regulated BRMS1 expression, while 83.33% of patients without

hepatitis showed decreased BRMS1 expression. Moreover, while

55.56% HBsAg positive patients exhibited down-regulated

BRMS1 expression, all HBsAg negative patients exhibited

decreased BRMS1 expression. Viral infection has been shown to

play a role in whole-genome epigenetic alteration [reviewed in

[40]] and it has been reported that hypomethylation of specific

chromosome regions was associated with hepatitis B virus

integration [41]. We thus hypothesize that hepatitis virus infection

may play a role in the induction of BRMS1 expression.

A successful metastasis event involves many critical steps.

Generally, tumor cells first invade from the primary tumor site,

then enter the circulation system and survive during the

transportation, arrest and invade into the secondary site, and

finally proliferate and grow at the new site [reviewed in [42]].

Tumor metastasis suppressor genes, including BRMS1, can

perform their functions through blocking any one (or more) of

these steps; for example, they can sensitize cells to an apoptotic

Figure 2. Effects of BRMS1 expression on SK-Hep1 cells. (A) A colony formation assay was performed on cells transiently transfected with
vector control or a recombinant BRMS1 plasmid. Representative pictures are shown in the left panel and relative colony numbers are indicated in the
histogram in the right panel. (B) Relative exogenous BRMS1 mRNA expression in SK-Hep1 stable cell lines was quantifiedthrough qRT-PCR by
normalization to ACTB. (C) Exogenous BRMS1 protein expression in stable cell lines was detected through western blotting analysis using anti-GFP
and anti-BRMS1 antibodies. b-actin was used as a loading control. (D) Cell growth curves of mixed stable cell lines under normal culture conditions
were calculated using the CCK8 assay. Values were indicated as mean 6 SD, n = 5. (E) Cell growth curve of mixed stable lines under serum starvation.
Values were indicated as mean 6 SD, n = 5. (F) Cell apoptosis levels were determined by sub-G1 analysis using flow cytometry. Representative
pictures are given and apoptotic cell ratios were presented as mean 6 SD, n = 3. (G) Caspase 8, caspase 9 and PARP cleavage was investigated in
stable cell lines undergoing anoikis through western blotting analysis using specific antibodies.
doi:10.1371/journal.pone.0042976.g002
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stimulus. In the breast carcinoma model, BRMS1 mainly

functions in regulating cell apoptosis, gap junctional intercellular

communication and cell invasion, but does not affect cell growth

or cell adhesion [15,16,43]. To elucidate the biological function of

BRMS1 in HCC, we also investigated several cellular behaviors

after expression or knockdown of BRMS1. In SK-Hep1 cells

expressing BRMS1, no significant difference was shown in the cell

growth ratio (Fig. 2D), cell cycle distribution and cell adhesion

ability on fibronectin (data not shown) under normal culture

conditions. Consistently, Hep3B cells exhibited no obvious

difference in cell growth ability after endogenous BRMS1 was

silenced (Fig. 3E). However, expression of BRMS1 sensitized SK-

Hep1 cells to apoptosis triggered by serum starvation or matrix

deprivation (anoikis) (Fig. 2E, 2F), whereas knockdown of BRMS1

rendered Hep3B cells resistant to apoptotic cell death (Fig. 3F,

3G). In addition, caspase 8 is a critical event in anoikis [44], and

we have previously reported caspase 8 activation during anoikis of

HCC cells [45]. Caspase 8 cross-talk with multiple other caspases

(including caspase 9) was also shown in anoikis [46,47].

Consistently, we found that BRMS1 affected both caspase 8 and

caspase 9 cleavage in HCC cells undergoing anoikis, further

demonstrating the functional link between BRMS1 and HCC cell

apoptosis (Fig. 2G, 3H). Dysregulation of apoptosis signaling

pathways are not only frequently observed in primary and

metastatic HCC, but also contribute to the malignant phenotype

of HCC. Altered expression of apoptosis-related genes and

abnormal apoptotic levels in HCC cells are associated with cell

invasion, tumor metastasis, tumor recurrence and poor prognosis

[48,49,50]. Interfering with apoptosis signaling pathways has been

shown to affect HCC growth and metastasis [51,52,53]. As we

mentioned above, the ability of cancer cells to escape apoptosis is

required for metastasis, especially anoikis resistance during

transportation in the circulation system [reviewed in [54]]. Given

that BRMS1 expression is able to impair apoptosis resistance

under stress conditions (especially anoikis) in cultured HCC cells,

we hypothesized that BRMS1 may exert activity in regulating

HCC cell metastasis, but detailed information on this activity

needs to be revealed by further experiments.

As a new component of mSin3a-HDAC complexes, BRMS1

was considered to carry out its metastasis suppressing function

mainly through its indirect effect on regulation of gene transcrip-

tion [13]. Several groups have conducted gene microarrays or 2D

proteomic and mass spectrometry (MS) analysis to identify genes

or proteins under the control of BRMS1 to delineate the molecular

mechanism of BRMS1 [55,56,57,58]. In our present work, we

focused on one reported BRMS1-regulating gene, OPN, which

Figure 3. Effects of BRMS1 knockdown on Hep3B cells. Relative endogenous BRMS1 expression in Hep3B cells transfected with indicated
siRNAs was analyzed by qRT-PCR (A) and western blotting analysis (B). Relative endogenous BRMS1 expression in Hep3B cells infected with the
indicated lentivirus was analyzed by qRT-PCR (C) and western blotting (D). Cell growth curves of lentivirus-infected Hep3B cells under normal culture
conditions (E) and serum deprivation (F). Values are indicated as mean 6 SD, n = 5. (G) Cell apoptosis levels of lentivirus-infected Hep3B cells were
determined through sub-G1 analysis. Representative flow cytometric pictures and apoptotic cell ratios are presented as mean 6 SD, n = 3. (H)
Caspase 8, caspase 9 and PARP cleavage was investigated in lentivirus-infected Hep3B cells undergoing anoikis.
doi:10.1371/journal.pone.0042976.g003
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has been identified as an unfavorable prognostic marker of HCC

as well as an important gene that promotes HCC metastasis.

Whether OPN is also regulated by BRMS1 in HCC was analyzed.

Western blotting and qRT-PCR analysis of HCC cell lines either

overexpressing BRMS1 or silencing BRMS1 (Fig. 4A, 4B, 4C, 5A

5B), demonstrated that BRMS1 was able to inhibit OPN

expression in HCC. The effect of BRMS1 on OPN expression

shows that it plays a suppressive role in regulating the transcrip-

tional activity of the OPN gene promoter in HCC cells as

demonstrated by dual luciferase assay in vitro (data not shown),

which is consistent with previous reports in breast cancer [17].

More importantly, analysis of both BRMS1 and OPN mRNA

expression in paired HCC tissues revealed a negative correlation

(Fig. 4D), highlighting a suppressive regulatory relationship

between BRMS1 and OPN expression in HCC for the first time.

A previous study identified TIP30 (30-kDa Tat-interacting protein)

as a suppressive transcriptional regulator of OPN expression [59].

Through suppressing OPN expression, TIP30 suppresses cell

adhesion and invasion, leading to reduced HCC growth and lung

metastasis in a xenograft tumor model. Herein, we demonstrate

that BRMS1 is another suppressive regulator of OPN in HCC,

and BRMS1 may emerge as another potential HCC metastasis

suppressor in further studies.

However, different from TIP30-OPN, BRMS1-OPN regulation

exerted a co-operative effect on HCC cell apoptosis in our study.

Using lentivirus-mediated RNA interference, we found that

additional knockdown of OPN was able to rescue the anti-

apoptotic effect induced by interfering endogenous BRMS1

Figure 4. BRMS1 suppressed OPN expression in HCC cells. (A) Endogenous OPN expression in SK-Hep1 cells transfected with a gradient of
doses of exogenous BRMS1 (ng/well) was investigated by western blotting using an anti-OPN antibody. Whole cell lysates (WCL) and conditioned
medium (CM) were subjected to anti-OPN immunoblotting to detect intracellular OPN and secreted OPN, respectively. b-actin was used as a loading
control. (B) Intracellular OPN and secreted OPN levels in SK-Hep1 stable cell lines were investigated by western blotting. (C) OPN mRNA expression
levels in SK-Hep1 stable lines were investigated through qRT-PCR. Results are representative of independent experiments with consistent results. (D)
Endogenous BRMS1 (black box) and OPN (gray box) mRNA expression levels were analyzed in 33 HCC tumor tissues (No.1–33) and corresponding
non-tumorous tissues through qRT-PCR and the 22DDCt method as mentioned in Materials and Methods. A positive log2-transformed fold change
value indicates higher expression levels in tumorous specimens compared to the non-tumorous specimens while a negative value indicates
decreased relative mRNA levels.
doi:10.1371/journal.pone.0042976.g004

Table 1. Relationship between BRMS1 and OPN mRNA
expression in HCC specimens.

HCC specimens

BRMS1 down-
regulation

positive ratio
(n = 33) P

+ 2

OPN up-
regulation

+ 13 10 56.62% 0.021

2 1 9 10.00%

The relationship between BRMS1 mRNA expression level and OPN mRNA
expression level in 33 paired HCC tissues was analyzed by Fisher’s exact test.
doi:10.1371/journal.pone.0042976.t001
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expression, leading to elevated caspase cleavage (Fig. 5D, 5E). In

breast carcinoma, Hedley et al generated consistent results showing

that OPN contributes to BRMS1-mediated anchorage indepen-

dent growth and hypoxia-induced apoptosis by utilizing MDA-

MB-435 cell lines overexpressing BRMS1 alone and BRMS1

together with OPN [60]. In fact, OPN prevent cell apoptosis in

multiple tumors and ultimately promotes tumor growth and

metastasis [61,62,63]. In OPN-null mice, elevated cell apoptosis

levels led to delayed papilloma development in chemically-induced

tumor models [64]. Overexpression of OPN in pancreatic and

fibrosarcoma cell lines suppressed cell apoptosis and promoted

tumor growth and lung metastasis in a xenograft tumor model

[65]. Consistent with our findings, knockdown of endogenous

OPN using shRNA in HCC cells induced intrinsic apoptosis

signaling and suppressed tumorigenicity and lung metastasis in

xenograted nude mice, further demonstrating the anti-apoptosis

activity of OPN in HCC [36]. Given that OPN is an effective

therapeutic target for metastatic HCC, clarification of the

signaling pathway of BRMS1-OPN regulation in the future would

provide us a new and effective therapeutic approach for HCC.

Materials and Methods

Ethics Statement
This work was accomplished with the approval of the Medical

Ethics Committee of School of Life Sciences, Fudan University.

Figure 5. Effects of additional OPN knockdown on Hep3B cells. (A) Relative BRMS1 and OPN expressions in Hep3B cells infected with LNS,
LS1 and LS1+LO were analyzed by western blotting. Representative pictures are shown and densitometric values are given in mean 6 SD, n = 3. Both
WCL and CM of cells were subjected to anti-OPN immunoblotting. (B) Relative BRMS1 and OPN mRNA expressions in Hep3B cells were analyzed
through qRT-PCR. Results are representative of independent experiments with consistent results. Cell growth curves of Hep3B infected with LNS, LS1
and LS1+LO were recorded under normal culture conditions (C) and serum deprivation (D). Values are indicated as mean 6 SD, n = 5. (E) Cell
apoptosis levels of lentivirus-infected cells were determined through sub-G1 analysis. Representative flow cytometric pictures are given and
apoptotic cell ratios are presented as mean 6 SD, n = 3. (F) Caspase 8, caspase 9 and PARP cleavage was detected in indicated Hep3B cell lines
undergoing anoikis.
doi:10.1371/journal.pone.0042976.g005
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Written informed consent was obtained from all participants

involved in this study.

Tumor specimens
Fresh surgical specimens of HCC, including tumor tissues and

the neighboring pathologically non-tumorous liver tissues, were

obtained from liver cancer patients at Zhongshan Hospital,

Shanghai, China. All of the samples were immediately frozen in

liquid nitrogen after surgery and then stored at 280uC before

further analysis.

Cell culture and reagents
Cells were all cultured with Dulbecco’s modified Eagle’s

medium (DMEM), supplemented with 10% fetal bovine serum

at 37uC in 5% CO2-humidified atmosphere. All cell culture

reagents were purchased from Gibco Laboratories (NY, USA).

The rabbit polyclonal antibody against BRMS1 was purchased

from Sigma (MO, USA), and the mouse monoclonal antibody

against BRMS1 was purchased from Abcam (MA, USA). The

mouse monoclonal antibodies against caspase 8, caspase 9 and

rabbit polyclonal antibody against PARP were purchased from

Cell Signaling Technology (MA, USA). The mouse monoclonal

antibody against OPN was from R&D systems (MN, USA). The

anti-b-actin monoclonal antibody and anti-GFP polyclonal

antibody were from Sigma (MO, USA), and the anti-mouse/

rabbit secondary antibodies were from Calbiochem (Germany).

Western blotting
Protein samples were separated by SDS-PAGE and then

transferred to PVDF membranes. After blocking, the membranes

were incubated with specific antibodies against different proteins

at 4uC overnight, followed by incubation with a horseradish

peroxidase-conjugated secondary antibody. Immunoreactivity was

visualized by enhanced chemiluminescence (GE healthcare, NJ,

USA). All western blottings were performed at least twice, and the

results are representative of independent experiments with

consistent results.

Transient transfection and selection of stable
transfectants

The BRMS1 coding sequence was cloned from human liver

cDNA and then subcloned into the mammalian expression vector

pEGFP-N2 containing GFP tag and a neomycin resistance gene

for establishment of stable transfectants. Cells of 80% confluency

were transfected with plasmids using Lipo2000 (Invitrogen, CA,

USA) according to the manufacture’s protocol. To screen stable

cell lines, cells were seeded into new dishes 24 hours post-

transfection and subjected to selection with 800 mg/mL G418

(Invitrogen, CA, USA) for approximately two weeks until single

clones were visible. Independent colonies were isolated and

subjected to western blotting using an anti-GFP antibody to select

BRMS1-expressing colonies. Control colonies stably transfected

with pEGFP-N2 empty vector were also generated in parallel.

Colony formation assay
Cells at 80% confluency were transfected with pEGFP-N2 and

pEGFP-BRMS1 separately. Cells were seeded into new 60 mm

dishes 24 hours later at adensity of 16105/dish in triplicate. G418

was added into the medium 24 hours later. Colonies were

identified by crystal violet staining after approximately 10–14

days in culture.

Quantitative real-time PCR
Total RNA was extracted from tissues or cultured cells using

Trizol reagent (Invitrogen, CA, USA), and 1–2 mg of RNA was

used for reverse transcription using an oligo(dT) (Invitrogen, CA,

USA) primer and Reverse Transcriptase (Takara, Japan). Quan-

titative real-time PCR (qRT-PCR) analysis was performed using

the SYBR Green Supermix kit (Takara, Japan) with the

Mastercycler ep realplex detection system (Eppendorf, Germany).

Diluted cDNA was used in a 20 ml real-time PCR reaction in

triplicate for each gene. Cycle parameters were 95uC for 5 min hot

start and 45 cycles of 95uC for 5 sec, 60uC for 10 sec and 72uC for

20 sec. Blank controls with no cDNA templates were performed to

rule out contamination. The specificity of the PCR product was

confirmed by melting curve analysis. Primers for exogenous

BRMS1 were: forward seq., 59-GTGTCCCCTCAGAAGA-

GAAAATCG-39., reverse seq., 59- CTCCTCGCCCTTGCTCA

CC-39. Primers for endogenous BRMS1 were: forward seq., 59-

ACTGAGTCAGCTGCGGTTGCGG-39, reverse seq., 59-AA-

GACCTGGAGCTGCCTCTGGCGTGC-39. Primers for OPN

were: forward seq., 59-CCGAGGTGATAGTGTGGTTTATG

G-39, reverse seq., 59- TGGACTGCTTGTGGCTGTGG-39.

Primers for ACTB were: forward seq., 59-TACCACTGG-

CATCGTGATGGAC-39, reverse seq., 59-GATCTCCTTCTG-

CATCCTGTCG-39. The expression levels of all genes were

normalized to that of the house keeping gene ACTB. Relative gene

expression levels were calculated by the formula 22DCt, where DCt

(Critical threshold) = Ct of genes of interest – Ct of ACTB. For

analysis of HCC specimens, fold changes of gene expression levels

in tumor specimens relative to corresponding non-tumorous

specimens (T/N) were calculated by 22DDCt method as previously

described [45] and transformed to log2, where DDCt =DCt tumor

– DCt non-tumorous. The thresholds of a 1.5-fold change and a

0.5-fold change were set for identifying a significant increase and

decrease in gene expression, respectively.

Cell proliferation assay
Cells were plated at a density of 1500 cells/well in 96-well plates

with complete medium. In the serum deprivation assay, culture

medium was replaced by DMEM 24 hours after cell plating. The

CCK8 assay was used to detect cell proliferation. Briefly, CCK8

(Dojindo, Japan) was added to DMEM to a final concentration of

0.5 mg/mL. After the culture medium was replaced by CCK8-

containing medium, cells were then kept at 37uC for 4 hours.

Results were obtained by measuring the absorbance at a

wavelength of 490 nm read by a microtiter reader (Bio-RAD,

CA, USA). The cell growth curve was calculated using the

absorbance values (n = 6).

Anoikis assay
Cells in normal culture were harvested by trypsinization and re-

suspended in complete medium. Suspended cells were replated on

poly-HEMA-coated (10 mg/mL, Sigma, MO, USA) dishes for the

indicated amount of time before harvest.

Flow cytometry analysis
For sub-G1 analysis, cells were harvested and resuspended in

70% ice-cold ethanol for fixation overnight. DNA was stained with

propidium iodide (50 mg/mL) and treated with RNase (100 mg/

mL) before analysis by FACSCalibur (BD Biosciences, CA, USA).

The apoptotic cell population corresponds to cells in sub-G1

phase. Results are representative of three independent experi-

ments with triplicate samples for each condition.
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siRNA screen and lentivirus infection
BRMS1 siRNA1 (S1; sense seq.: 59-GGAAUAAGUACGAAU-

GUGATT-39), siRNA2 (S2; sense seq.: 59-GGACUGGACAGC-

CAUCAAATT-39), siRNA3 (S3; sense seq.:59-GAAGACAGCC-

GAAGUCAAATT-39) and a nonsilencing control were designed

and synthesized at Genechem (Shanghai, China). Hep3B cells

were transfected with siRNA targeted to BRMS1 as well as NS

siRNA using lipo2000 (Invitrogen, CA, USA). Quantification of

BRMS1 mRNA and protein were performed through qRT-PCR

and western blotting analysis. Because siRNA S1 was the most

effective, it was further cloned, along with the NS control, into a

shRNA vector. The corresponding lentiviral particles for siRNA

S1 and NS were packaged at Genechem and designated as LS1

and LNS, respectively. Lentiviruses carrying effective shRNA

targeting OPN were purchased from Genechem and designated as

LO. Hep3B cells cultured in 12-well plates were infected with LNS

and LS1 at a multiplicity of infection (MOI) of 20 for each

lentivirus. Silencing effects were confirmed by both qRT-PCR and

western blotting analysis 72 hours after infection. LS1+LO cell

lines were produced by infecting Hep3B cells with equal

concentrations of two types of lentivirus at a MOI of 10 for each

lentivirus.

Statistical analysis
Comparisons of quantitative data were analyzed by Student’s t-

test. Categorical data were analyzed by Fisher’s exact test. We

considered P,0.05 to be different (*) and P,0.01 to be significant

different (**).
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