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The tumor suppressor p53 and its family members, p63 and p73, play a pivotal

role in the cell fate determination in response to diverse upstream signals. As

transcription factors, p53 family proteins regulate a number of genes that are

involved in cell cycle arrest, apoptosis, senescence, and maintenance of genomic

stability. Recent studies revealed that p53 family proteins are important for the

regulation of cell invasion and migration. Microarray analysis showed that breast

cancer metastasis suppressor 1-like (BRMS1L) is upregulated by p53 family pro-

teins, specifically p53, TAp63c, and TAp73b. We identified two responsive ele-

ments of p53 family proteins in the first intron and upstream of BRMS1L. These

response elements are well conserved among mammals. Functional analysis

showed that ectopic expression of BRMS1L inhibited cancer cell invasion and

migration; knockdown of BRMS1L by siRNA induced the opposite effect. Impor-

tantly, clinical databases revealed that reduced BRMS1L expression correlated

with poor prognosis in patients with breast and brain cancer. Together, these

results strongly indicate that BRMS1L is one of the mediators downstream of the

p53 pathway, and that it inhibits cancer cell invasion and migration, which are

essential steps in cancer metastasis. Collectively, our results indicate that BRMS1L

is involved in cancer cell invasion and migration, and could be a therapeutic tar-

get for cancer.

S ince its discovery in 1979, p53 has been one of the best stud-
ied tumor suppressor genes.(1,2) A large number of studies

involving p53 were undertaken because of the unparalleled fre-
quency of deletions and mutations of this gene in the majority of
the human cancers. Considering all the genes involved in the
p53 network, nearly all human cancer types show one or more
aberration of the p53 tumor suppressive pathway.(2) Therefore,
understanding the complex intertwined relationships of the p53
family members would facilitate better understanding of cancer
biology and development of antitumor mechanisms.
In response to DNA damage or other cellular stresses such as

oncogene activation, p53 is activated post-transcriptionally
through phosphorylation, acetylation, and sumoylation.(3) It reg-
ulates downstream signaling pathways as a transcriptional factor,
and it works in a sequence-specific manner,(4–6) consequently
behaving as a hub in the tumor suppressive machinery of the
cell. The downstream signals are transmitted through various
molecules associated with cell cycle arrest, apoptosis, and senes-
cence. (3,4) Recently, apart from its tumor-suppressive functions,
the role of p53 as a metastatic suppressor is becoming more criti-
cal,(7,8) underscoring its importance as a prognostic factor.(9)

Our group has recently revealed that the p53 family transacti-
vates anti-invasion genes such as CLCA2,(10) ICAM2,(11) and
LIMA1.(12) However, the role of the p53 downstream pathway in
cancer invasion, migration, and metastasis remains unclear.
To identify novel direct targets of the p53 family members,

we carried out cDNA microarray analyses using H1299 human

lung cancer cells. We found that expression of breast cancer
metastasis-suppressor 1-like (BRMS1L) was markedly upregu-
lated by introducing adenovirus encoding the p53 family pro-
teins. A previous report clarified that BRMS1L functions as a
metastatic suppressor in breast cancer cells and patients.(13)

The present study indicates that BRMS1L is a novel down-
stream target of the p53 family and could possibly be a sup-
pressor of cancer cell invasion and migration.

Materials and Methods

Cell culture, plasmids, and recombinant adenoviruses. The
human osteosarcoma cell lines Saos2 and U2OS, lung cancer
cell lines H1299 and A549, glioma cell lines U373 and A172,
neuroblastoma cell line SH-SY5Y, breast cancer cell lines
MDA-MB-231, MDA-MB-468, and ZR75-1, gastric cancer
cell lines SNU638 and SNU1, and esophageal cancer cell line
ECGI-10 were obtained from either ATCC (Manassas, VA,
USA) or Japanese Collection of Research Bioresources (Osaka,
Japan). Colorectal cancer cell line HCT116 (p53 wild-type,
p53(+/+)) and its derivative cell line HCT116-p53(�/�) lack-
ing p53 were kindly provided by Dr. Bert Vogelstein (Howard
Hughes Medical Institute, Johns Hopkins University, Balti-
more, MD, USA). Adriamycin (ADR) was purchased from
Sigma (St. Louis, MO, USA).
The construction, purification, and infection procedures of

replication-deficient recombinant adenoviruses encoding the
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human p53 family proteins fused to an amino-terminal FLAG
epitope (Ad-p53, Ad-p73b, and Ad-p63c) or the bacterial
lacZ gene (Ad-lacZ) were carried out as previously
described.(14–16) The relative efficiencies of the adenovirus
infections in each cell line were determined by subjecting the
cells infected with a control Ad-lacZ to X-gal staining, and
90–100% of the cells were infected at an MOI of 25–100.
To construct a BRMS1L-expressing plasmid, the entire cod-
ing region of the BRMS1L cDNA was inserted in-frame into
the pF5K-CMV-neo vector (Promega, Madison, WI, USA).
The resulting construct was sequenced and designated as
pF5K-BRMS1L.

Real-time RT-PCR. Real-time RT-PCR was undertaken using
TaqMan Gene Expression assays and a 7900HT real-time
PCR system (Applied Biosystems, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Relative gene
expression levels were quantified using the DDCt method by
normalizing transcript levels to the expression of the house-
keeping gene GAPDH. The data are shown as the
mean � SE of three independent experiments and were nor-
malized to 1 based on their respective controls. The primer/
probe sets used were as follows: BRMS1L, Hs00260608_m1;
CDKN2A (p21), Hs00355782_m1; and GAPDH,
Hs99999905_m1.

Immunoblot analysis. The primary antibodies that were used
for immunoblotting were as follows: rabbit anti-BRMS1L poly-
clonal antibody (pAb) (GeneTex, Irvine, CA, USA), mouse anti-
human p53 mAb (DO-1; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), mouse anti-human p73 mAb (5B429; Santa Cruz
Biotechnology), mouse anti-human p63 mAb (4A4; Oncogene
Research, Boston, MA, USA), rabbit anti-human E-cadherin
pAb (H-108; Santa Cruz Biotechnology), rabbit anti-human
ZEB1 pAb (H-102; Santa Cruz Biotechnology), mouse anti-
murine double minute 2 (MDM2; HDM2 in humans) mAb
(SMP14; Santa Cruz Biotechnology), rabbit anti-survivin pAb
(Sigma), mouse anti-human p21 mAb (F-5; Santa Cruz Biotech-
nology), mouse anti- poly(ADP-ribose) polymerase 1 (PARP1)
mAb (BD Pharmingen, Franklin Lakes, NJ, USA), and mouse
anti-b-actin mAb (C4; Merck Millipore, Darmstadt, Germany).
The proteins were transferred onto Immobilon-P membranes
(Millipore, Billerica, MA, USA) by electroblotting, and an
immunoblot analysis was carried out as previously described.(14)

Other methods are included in Document S1.

Results

BRMS1L mRNA and protein levels are upregulated by p53 fam-

ily members. Our previous microarray study identified several
downstream target genes of p53 family proteins (Affymetrix
GeneChip, Santa Clara, CA, USA) (NCBI Gene Expression
Omnibus database, accession number GSE 13504; https://
www.ncbi.nlm.nih.gov/geo/).(10,11) In the current study, we vali-
dated some of these upregulated genes by real-time RT-PCR
and immunoblot analyses. One such gene is BRMS1L, a com-
ponent of the mSin3/histone deacetylase 1 (HDAC1) repressive
machinery.(17) BRMS1L mRNA and protein expressions were
found to be upregulated in Ad-p53, Ad-p73b, and Ad-p63c
transfected human cancer cell lines regardless of p53 status
(Fig. 1a,b). As a positive control, we undertook immunoblot
analysis on a known p53 target, p21. TAp73b and TAp63c
were used as representatives among p73 and p63 isoforms,
respectively, as they have been reported to have the strongest
transcriptional activity. In addition, immunofluorescence stain-
ing revealed that endogenous BRMS1L expression was

enhanced in p53-transfected cells compared with that of neigh-
boring non-transfected cells (Fig. 1c).
To determine whether endogenous p53 can upregulate

BRMS1L mRNA and protein expression levels, cancer cells
with various p53 statuses were exposed to a DNA damaging
agent. After cells were treated with ADR (0.5 lg/mL) for
24 h, BRMS1L mRNA and protein levels were measured by
real-time RT-PCR and immunoblot analysis, respectively
(Fig. 2). Results indicated that BRMS1L expression in p53
wild-type cell lines (SH-SY5Y, A172, and ZR75-1) was
increased following ADR treatment, while that of p53 mutant
(U373) and p53 null (Saos2) cells remained the same. We also
found that Nutlin-3a, an inhibitor of MDM2, and a potent
inducer of p53, increased the amounts of BRMS1L mRNA and
protein in a wild-type p53-dependent manner (Fig. S1a). Treat-
ment of the p53 isogenic cell lines HCT116-p53(+/+) and
HCT116-p53(�/�) with Nutlin-3a upregulated the BRMS1L
expression in HCT116-p53(+/+) but did not change BRMS1L
expression in HCT116-p53(�/�) (Fig. S1b). Moreover,
siRNA-mediated silencing of p53 prohibited ADR-dependent
induction of BRMS1L in A172 and ZR75-1 cells (Fig. S2a).
The expression of BRMS1L was decreased after silencing of
p53 in HCT116-p53(+/+) cells (Fig. S2b), indicating that
BRMS1L is regulated by endogenous p53 expression.

BRMS1L is a transcriptional target of p53 family. The p53 pro-
tein family are known to function as transcription factors by
binding to the p53 consensus binding sequence, which is clas-
sically defined as two copies (half-binding sites) of PuPuPuC
(A/T)(A/T)GPyPyPy separated by a spacer 0–13 nucleotides in
length.(6) We therefore searched for consensus p53-binding
sequences around the BRMS1L gene by the in silico approach.
Three putative p53-binding sites were identified (data not
shown). We then used ChIP assays to verify direct binding of
the p53 protein to candidate sequences using Saos2 cells trans-
fected with p53 family genes. As shown in Figure 3(a), DNA
fragments containing the two candidate sites were present in
the immunoprecipitated complexes containing p53, TAp73b,
and TAp63c proteins. We designated these sites as RE1-
BRMS1L and RE2-BRMS1L, which were located 3241 bp
upstream and 469 bp downstream (first intron) of the first
exon, respectively (Fig. 3b). The known p53-binding site in
the p21 gene was used as a positive control for the ChIP assay
(Fig. 3a).
To determine whether these binding sequences confer tran-

scriptional activity in a p53 family member-dependent manner,
we undertook a heterologous promoter–reporter assay using
luciferase vectors containing RE1- or RE2-BRMS1L sequences
(pGL3-RE1-BRMS1L or pGL3-RE2-BRMS1L). Saos2 and
U373 cells were transiently cotransfected with each luciferase
vector together with a p53-, p73b-, or p63c-expressing
plasmid. Luciferase activity from pGL3-RE1-BRMS1L and
pGL3-RE2-BRMS1L was induced by each of the p53 family
members compared with the control vector (Fig. 3c). In con-
trast, mutations in these constructs (pGL3-RE1-BRMS1L-mut
or pGL3-RE2-BRMS1L-mut) abolished transactivation by p53
family members. Although TAp73b did not increase luciferase
activity of the RE1 reporter, these observations agreed with
previous expression studies, and support the hypothesis that
p53 family members directly transactivate the BRMS1L gene
by binding to two distinct p53 response elements.
When we reviewed our previously published next-genera-

tion ChIP-seq data,(18) RE2-BRMS1L showed a very strong
p53-binding peak (Fig. S3). Moreover, RE1-BRMS1L and
RE2-BRMS1L are well-conserved among species at nearly
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identical positions within each ortholog, implying that these
sequences are of functional importance (Fig. 3b). We found
that only RE2-BRMS1L is conserved in mouse. We then
undertook luciferase reporter assays and observed that lucifer-
ase activity was significantly increased after cotransfection of
the mouse p53 expression vector and a pGL3-promoter vector
containing the binding site RE2 in the mouse Brms1 l gene

(RE2-mBrms1 l) (Fig. S4a). Induction of Brms1 l mRNA was
found in ADR- or Nutlin-3a-treated normal (p53+/+) mouse
embryonic fibroblasts (MEF), but not in p53 knockout
(p53�/�) MEF (Fig. S4b,c). Overexpression of p53 also
induced Brms1 l mRNA expression in MEF (Fig. S4d,e),
indicating that BRMS1L is a direct target of p53 in human
and mouse cells.

Fig. 2. Breast cancer metastasis suppressor 1-like
(BRMS1L) mRNA and protein expression was
induced by the DNA damaging agent adriamycin
(ADR) in a p53-dependent manner. (a) Cells were
treated with 0.5 lg/mL ADR for 24 h. BRMS1L
mRNA level was measured by real-time RT-PCR.
Endogenous status of p53 is wild-type for SH-SY5Y,
A172, and ZR75-1, mutant for U373, and deleted
for Saos2. (b) Cells were treated as described above,
and immunoblot analyses were carried out on
BRMS1L, p53, and b-actin.

Fig. 1. Breast cancer metastasis suppressor 1-like (BRMS1L) mRNA and protein levels are upregulated by p53 family members. (a) Upregulation
of BRMS1L mRNA by p53 family members in human cancer cell lines. Cells were infected with replication-deficient recombinant adenoviruses
encoding human p53 family proteins or the bacterial lacZ at an MOI of 25–100 for 24 h. Relative gene expression levels were quantified by the
DDCt method, and results are normalized to GAPDH expression. Data are shown as the mean � SE, n = 3. (b) Upregulation of BRMS1L protein
by p53 family members in human cancer cell lines. Cells were infected with adenoviruses as described above; immunoblot analysis was carried
out using an anti-BRMS1L antibody. (c) Immunostaining showing BRMS1L subcellular distribution following p53 transfection. U373 cells were
transfected with either p53-expressing plasmids containing a FLAG epitope tag (lower row) or an empty vector (upper row) for 24 h. Cells were
fixed and stained with BRMS1L (green) and FLAG epitope (transfected p53, red) antibodies, followed by appropriate secondary antibodies.
Nuclei were detected by DAPI staining (blue).

Cancer Sci | December 2017 | vol. 108 | no. 12 | 2415 © 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Koyama et al.



Overexpression of BRMS1L inhibits cancer cell invasion and

migration. To investigate the impact of BRMS1L on tumor
cell proliferation, we transfected a BRMS1L expression vector

into U373 and Saos2 cells (Fig. S5a), and measured cell viabil-
ity. We did not observe any difference in proliferation between
BRMS1L-overexpressing cells and the control, as assessed by

Fig. 3. Breast cancer metastasis suppressor 1-like (BRMS1L) is transcriptionally regulated by p53 family members. (a) p53 family proteins bind to
the RE1-BRMS1L and RE2-BRMS1L in vivo. Saos2 cells were infected with adenovirus encoding FLAG-tagged p53, TAp73b, and TAp63c at an MOI
of 25 for 24 h. Crosslinked chromatin was extracted, and the cell lysates were then immunoprecipitated with an anti-FLAG antibody. Real-time
PCR amplifications were performed in triplicate for each precipitation with primers surrounding each site. Data are normalized to the signal
from input DNA (mean � SE). (b) Position of responsive elements for p53 family in the BRMS1L gene. RE1-BRMS1L is located 3241 bp upstream
of the BRMS1L transcription start site (TSS), and RE2-BRMS1L is located in the first intron of the BRMS1L gene. Both response elements consist of
two copies of the 10-bp motif of the p53 binding sequence, indicated by uppercase letters. Lowercase letters identify mismatches with the con-
sensus sequence. Alignment of the conserved BRMS1L binding sites in other species is also shown. Mutated sequences corresponding to poten-
tially critical nucleotides of RE1-BRMS1L and RE2-BRMS1L used in the luciferase assay are shown in the lowest row. R, purine; W, adenine or
thymine; Y, pyrimidine. (c) RE1-BRMS1L and RE2-BRMS1L are responsive to p53 family members. Saos2 and U373 cells were transiently
transfected with the pGL3-promoter vector containing RE1-BRMS1L (pGL3-RE1-BRMS1L), RE2-BRMS1L (pGL3-RE2-BRMS1L), or mutants (pGL3-RE1-
BRMS1L-mut and pGL3-RE2-BRMS1L-mut), along with the transfection control plasmid expressing Renilla luciferase (phRG-TK). Cells were
cotransfected with either a control pCMV-Tag2 vector or a vector that expresses the p53 family members 24 h prior to the luciferase assay. Luci-
ferase activity was measured using the dual luciferase reporter system with the Renilla luciferase activity as an internal control. All experiments
were carried out in quadruplicate; bars indicate mean and SD.
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MTT (Fig. S5b) and colony formation assays (Fig. S5c). This
suggested that BRMS1L has minimal effect on cell prolifera-
tion. We then investigated whether BRMS1L regulates cell
invasion and migration using Matrigel invasion and Transwell
migration assays, respectively. We showed that BRMS1L

alone has strong capability to suppress cancer cell invasion
and migration (Fig. S6).

BRMS1L siRNA promotes cancer cell invasion and migra-

tion. To confirm the anti-invasive capacity of BRMS1L, we
designed two specific siRNAs targeting BRMS1L, si-

Fig. 4. Breast cancer metastasis suppressor 1-like (BRMS1L) siRNA promotes cancer cell invasion and migration. (a) SNU1 and A549 cells were
transfected with either siRNAs targeting BRMS1L (si-BRMS1L-1, si-BRMS1L-2, or both) or a negative control (si-cont) every 24 h for 2 consecutive
days. Twenty-four hours after the last transfection, cells were harvested, and cell lysates were then blotted with the indicated antibodies. (b)
Under the same conditions as described above, cell invasion was measured by the Matrigel invasion assay. Experiments were repeated three
times with similar results. Relative cell invasion was normalized to control cells. *P < 0.01, Student’s t-test. (c) Cell migration was measured by
the Transwell migration assay. Relative cell migration was normalized to control cells. *P < 0.05, Student’s t-test. (-), untransfected control.
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BRMS1L-1 and -2, and confirmed their inhibitory effects on
BRMS1L in SNU1 and A549 cells, which express relatively
high level of endogenous BRMS1L. As shown in Figure 4(a),
si-BRMS1L-1, but not si-BRMS1L-2, reduced the expression
of BRMS1L protein. We found that BRMS1L silencing signifi-
cantly reduced the invasion and migration capabilities of both
types of cells (Fig. 4b,c). BRMS1L knockdown in U2OS cells
also yielded similar effects on cell invasion and migration
(Fig. S7). Together, these data suggest that BRMS1L is a
strong determinant of invasion and migration, both of which
are critical events during cancer metastasis.
Epithelial–mesenchymal transition (EMT) is a metastasis-

promoting phenomenon by which cancer cells acquire invasive
and migratory properties.(19,20) As changes in BRMS1L expres-
sion levels resulted in functional alterations, it is possible that
EMT program was involved in the process. Therefore, we
investigated the expression levels of EMT markers, such as
CDH1 and ZEB1. However, we did not observe any changes
in these EMT markers (Fig. 4a; Figs S5a and S7a), indicating
that BRMS1L-related functional changes are independent of
EMT. Interestingly, BRMS1L-silencing in U2OS cells resulted
in significant morphological changes, such as the appearance
of actin-rich plasma membrane protrusions (Fig. S7d). It is
possible that BRMS1L may have an effect on actin filament
remodeling.

BRMS1L fortifies p53 transcriptional activity. BRMS1L carries
out its function through several mechanisms, including regula-
tion of gene expression by binding to the mSin3/HDAC com-
plex. We postulated that p53 and BRMS1L work together in

cancer cells, as several studies reported that transcriptional reg-
ulation by p53 is mediated by interactions with the mSin3 co-
repressor.(21–23) As shown in Figure 5(a), p53 was found to be
colocalized with BRMS1L in both the nucleus and the cyto-
plasm. In addition, immunoprecipitation assays revealed inter-
actions between p53 and BRMS1L (Fig. 5b).
To clarify the effect of BRMS1L on p53-induced tumor sup-

pression, we infected BRMS1L knockdown U373 and Saos2
cells with a p53-expressing adenovirus. BRMS1L siRNA par-
tially blocked p53-mediated induction of p21 at the level of
mRNA (Fig. S8a) and protein (Fig. 5c). It also blocked reduc-
tion of survivin, a known direct target that is repressed by
p53.(24,25) Importantly, levels of PARP cleavage, an indicator
of apoptosis, were inhibited by BRMS1L knockdown (Fig. 5c),
suggesting that BRMS1L may facilitate p53-mediated apopto-
sis. In addition, BRMS1L siRNA partially blocked p21 induc-
tion (mRNA levels) and survivin reduction (both mRNA and
protein levels) by activated endogenous p53 following ADR
treatment (Fig. 5d; Fig. S8b). Although wild-type p53 signifi-
cantly increased the luciferase activity of vectors containing a
p53 consensus binding site located in the p21 gene, the activity
of p53 seemed to be alleviated by BRMS1L silencing
(Fig. S9). These results suggested that BRMS1L could fortify
p53 transcriptional activity.
Interestingly, we also found that ectopic BRMS1L expres-

sion inhibited survivin in p53 mutant U373 cells, although sur-
vivin expression was not altered in p53-deleted Saos2 cells
following the same treatment (Fig. S5a). Conversely, endoge-
nous survivin proteins were activated in p53 wild-type U2OS

Fig. 5. Breast cancer metastasis suppressor 1-like (BRMS1L) siRNA partially blocked p53 activity. (a) p53 and BRMS1L colocalize in cancer cells.
p53 wild-type A549 cells were fixed and double stained for BRMS1L (green) and p53 (red). Colocalization of BRMS1L and p53 are shown (yellow)
in merged images. Nuclei were detected by DAPI staining (blue) (b) p53-deleted Saos2 cells were infected with adenoviral vectors expressing p53
at an MOI of 25 for 24 h. Whole-cell extracts (250 lg) were immunoprecipitated (IP) with Dynabeads Protein G that had been pre-incubated
with 5 lg anti-p53 antibody (DO-1) in PBS. The Dynabeads antigen–anti-p53 complex was resuspended in 40 lL loading buffer and incubated at
70°C for 5 min. Twenty microliters of each sample was separated, transferred to Immobilon P membranes, and immunoblotted. (c) BRMS1L siRNA
partially blocked p21 induction and survivin reduction by p53 at the protein level. Saos2 and A549 cells were transfected with control or BRMS1L
siRNA every 24 h for 2 consecutive days. Cells were then infected with adenoviral vectors expressing p53 for 24 h. Immunoblot analysis was car-
ried out using the indicated antibody. (d) BRMS1L siRNA partially blocked the p21 activation and survivin reduction by endogenous p53 at the
protein level. HCT116-p53(+/+) and HCT116-p53(�/�) cells were transfected with control or BRMS1L siRNA every 24 h for 2 consecutive days. Cells
were then treated with 0.5 lg/mL adriamycin (ADR) for 24 h. Immunoblot analysis was carried out using the indicated antibodies. MDM2, mur-
ine double minute 2; PARP, poly(ADP-ribose) polymerase.
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cells following BRMS1L knockdown (Fig. S7a), suggesting
that BRMS1L exerts its tumor-suppressive role, at least partly,
through modulation of survivin level.

Clinical significance of BRMS1L. To assess the clinical impor-
tance of BRMS1L, we used a collection of human cancer
microarray data (Oncomine)(26) (Fig. S10). Downregulation of
BRMS1L expression in human breast and brain cancer tissues
was compared to that of normal tissues observed in four gene
expression datasets.(27–29) Finally, to examine whether
BRMS1L expression affects prognosis in cancer patients, we
surveyed the PrognoScan database,(30) and constructed survival
curves using the Kaplan–Meier method (Fig. S11). In the three
datasets assessed, poor overall survival, relapse-free survival,
and distant metastasis survival were all correlated with low
BRMS1L expression levels.(31,32) Taken together, we suggest
that BRMS1L may be a useful biomarker of cancer prognosis.
Furthermore, we determined endogenous BRMS1L protein

levels and p53 mutational status in a panel of cancer cell lines.
As shown in Figure S12, an anti-BRMS1L antibody detected
two bands at approximately 40 kDa in various cell types. The
relative band intensity differed from each other, and each sample
showed either the upper band only or both upper and lower
bands. When p53 was not induced in the cell lines, we identified
no significant correlation between the p53 status and the basal
level of BRMS1L protein (Fig. S12). We also found no relation-
ship between BRMS1L expression and p53 mutation in cancer
tissues using Oncomine (Fig. S13), suggesting that BRMS1L is
regulated by both p53-dependent and -independent pathways.

Discussion

Metastasis is a sequential event in cancer progression that eventu-
ally leads to human death. Therefore, targeting metastasis is very
important for reducing cancer-associated deaths.(33–35) In order to
metastasize to surrounding tissues, cancer cells need to be
equipped with certain invasive features.(33,35) Metastasis suppres-
sor genes inhibit key steps in the metastatic cascade, which
includes invasion, migration, dissemination, nodal metastasis, and
colonization of distant organs.(36) For example, accumulating evi-
dence suggests that BRMS1 is one of the key players involved in
metastasis suppression.(37) BRMS1 functions as a transcriptional
regulator, and is a component of the mSin3/HDAC1 repressor
complex. The effect of BRMS1 is mediated by its target genes
such as OPN,(38) uPA,(39) and CXCR4.(40) These genes are also
downstream targets of p53 family proteins,(41–43) suggesting that
BRMS1 and the p53 family proteins work together to suppress
metastatic events. In our study, expression of BRMS1L, which
shares 79% overall homology with BRMS1, is induced not only
by overexpression of p53 family members, but also by activation
of endogenous p53 through ADR or Nutlin-3a in several types of
cancer cells (Figs 1 and 2; Fig. S1).
Originally, BRMS1L was identified as a component of the

same complex as BRMS1.(17) Structurally, BRMS1L is part of a
family that includes BRMS1 and suppressor of defective silenc-
ing 3 (mSds3 or SUDS3). Although it is clear that BRMS1 is a
metastasis suppressor gene, mSds3 does not suppress metasta-
sis.(44) A previous study showed that mSds3 has tumor-suppres-
sive effects by facilitating the establishment of pericentric
heterochromatin, and that knockdown of mSds3 results in chro-
mosome missegregation, leading to earlier tumor formation.(45)

Interestingly, mSds3 knockdown-mediated tumor growth was
exacerbated by p53 depletion, and a single copy of p53 was
sufficient to reverse this effect.(45) Compared with BRMS1 and
mSds3, the role of BRMS1L was poorly understood.

A recent paper showed that reduced BRMS1L expression in
breast cancer tissues is associated with metastasis and poor
survival; functional experiments revealed that BRMS1L inhi-
bits breast cancer cell invasion and migration by inhibiting
EMT. (13) The BRMS1L-mediated inhibition of cell invasion
and migration was attributed to epigenetic silencing of FZD10,
as well as downregulation of Wnt signaling.(13) However, the
overall function of BRMS1L as a metastatic suppressor is yet
to be determined. In the present study, we found that BRMS1L
can modulate expression of survivin in cancer cells regardless
of p53 status. However, the biological importance of survivin
regulation by BRMS1L is not clear.
Cancer cell motility is a critical factor that affects cancer pro-

gression.(46) We recently identified two genes, FOXF1(47) and
CRKL,(48) which are downstream of p53 and are associated with
cancer cell invasion. The current study showed that BRMS1L
also suppresses cancer cell motility downstream of the p53 path-
way. In addition, BRMS1L can alter cancer cell morphology by
inducing the formation of spindle-shaped cells with protruding
membranes. Recent studies indicated that p53 controls EMT to
suppress cancer cell invasion by transactivation of its target
genes.(49) Contrary to the reported results in breast cancer, we
found no alteration of EMT markers, suggesting that BRMS1L
may regulate cell invasion and migration in a cell-type specific
manner. Accordingly, BRMS1L may have anti-invasive features
by controlling the expression of actin remodeling genes.
We found that p53 and BRMS1L are colocalized in cancer

cells, and interact with one another, suggesting they may have
synergistic effects. Previous reports indicated that p53 interacts
with mSin3a, which not only contributes to stabilization of p53
expression, but also acts as a repressor complex to downregulate
target genes. Forced expression and siRNA knockdown analysis
showed that BRMS1L may work to fortify transcriptional inten-
sity by p53. Overall, our results propose a novel positive feed-
back loop for transcriptional function of p53.
Clinical data from publicly available databases indicate that

BRMS1L expression level is correlated with cancer patient sur-
vival (Fig. S10). In addition, we found that BRMS1L is signifi-
cantly underexpressed in breast and brain cancer tissues
(Fig. S11), suggesting that BRMS1L may be a promising prog-
nostic marker for these two tumor types. A previous report
showed that nuclear localization of BRMS1 correlates with
better prognosis of melanoma patients due to BRMS1 regulat-
ing antimetastatic gene expression in the nucleus.(50) From the
experimental fact that BRMS1 and BRMS1L work in the same
transcriptional complex, subcellular localization of BRMS1L
may be a useful novel biomarker.
In summary, our present study showed that metastasis-sup-

pressing BRMS1L is a novel target of tumor-suppressor p53,
and supports a novel biomolecular pathway by which the p53
family suppresses tumor metastasis. We also provided addi-
tional insights into p53-mediated tumor suppression and gene
regulation.
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Fig. S1. Murine double minute 2 (MDM2) inhibitor upregulates breast cancer metastasis suppressor 1-like (BRMS1L) in a p53-dependent manner.

Fig. S2. Knockdown of p53 by siRNA downregulates breast cancer metastasis suppressor 1-like (BRMS1L) expression.
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Fig. S3. Chromatin immunoprecipitation sequencing peaks in the human BRMS1L gene.

Fig. S4. Brms1 l is a transcriptional target of p53 in mouse cells.

Fig. S5. Effects of breast cancer metastasis suppressor 1-like (BRMS1L) expression on cancer cell growth.

Fig. S6. Overexpression of breast cancer metastasis suppressor 1-like (BRMS1L) inhibits cancer cell invasion and migration.

Fig. S7. Breast cancer metastasis suppressor 1-like (BRMS1L) knockdown by siRNA alters cancer cell morphology.

Fig. S8. Breast cancer metastasis suppressor 1-like (BRMS1L) siRNA attenuates mRNA expression of p53 target genes.

Fig. S9. Breast cancer metastasis suppressor 1-like (BRMS1L) partially blocked p53-mediated p21 transcription.

Fig. S10. BRMS1L expression in human breast and brain cancer tissues.

Fig. S11. Correlation between BRMS1L expression and prognosis of human cancers.

Fig. S12. Expression of endogenous BRMS1L in human cancer cell lines.

Fig. S13. No association between BRMS1L mRNA level and p53 status in human cancer tissues.

Doc. S1. Supplementary materials and methods.
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