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Abstract

Breast cancer metastasis suppressor 1 (BRMS1) is a predominantly nuclear protein that suppresses metastasis in multiple
human and murine carcinoma cell lines. BRMS1 interacts with several nuclear proteins including SIN3:HDAC chromatin
remodeling complexes that are involved in repressing transcription. However, recent reports suggest BRMS1 may function
in the cytoplasm. BRMS1 has two predicted nuclear localization sequences (NLS) that are located near the C-terminus
(amino acids 198–205 and 238–244, NLS1 and NLS2 respectively). We hypothesized that nuclear localization sequences of
BRMS1 were essential for BRMS1 mediated metastasis suppression. Replacement of NLS2 with NLS1 (BRMS1NLS1,1),
truncation at 238 (BRMS1DNLS2), or switching the location of NLS1 and NLS2 (BRMS1NLS2,1) did not affect nuclear localization;
but, replacement of NLS1 with NLS2 (BRMS1NLS2,2) or truncation at 197 (BRMS1DNLS which removes both NLS) promoted
cytoplasmic localization. MDA-MB-231 human metastatic breast cancer cells transduced with BRMS1NLS1,1, BRMS1NLS2,2 or
BRMS1NLS2,1 were evaluated for metastasis suppression in an experimental xenograft mouse model. Interestingly, while
NLS2 was not necessary for nuclear localization, it was found to be important for metastasis suppression since BRMS1NLS2,2

suppressed metastasis by 85%. In contrast, BRMS1NLS2,1 and BRMS1NLS1,1 did not significantly suppress metastasis. Both
BRMS1 and BRMS1NLS2,2 co-immunoprecipitated with SIN3A in the nucleus and cytoplasm; however, BRMS1NLS1,1 and
BRMS1NLS2,1 were associated with SIN3A in the nucleus only. Moreover, BRMS1 and BRMS1NLS2,2, but not BRMS1NLS1,1 and
BRMS1NLS2,1, down-regulated the pro-metastatic microRNA, miR-10b. Together, these data demonstrate an important role
for NLS2 in the cytoplasm that is critical for metastasis suppression and is distinct from nuclear localization.
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Introduction

Molecules regulating gene transcription either directly or

indirectly have the potential to dramatically impact the metastatic

process. Since the discovery of the metastasis suppressor BRMS1

in 2000 [1], there have been multiple proteome and transcriptome

studies demonstrating that BRMS1 alters the expression of both

coding and non-coding metastasis associated genes [2–5]. The

coordinated expression of genetic programs is necessary to enable

a cancer cell to complete all the required steps of the metastatic

cascade [6–9]. Although there is no evidence for BRMS1

functioning as a transcription factor, there have been concrete

studies showing association with transcriptional repressive chro-

matin remodeling complexes (reviewed in [10]). BRMS1 presum-

ably regulates transcription by interaction with SIN3:HDAC

chromatin remodeling complexes through the direct interaction

with AT rich interacting domain 4A (ARID4A) and suppressor of

defective silencing 3 (SUDS3) leading to the suppression of basal

transcription [11–13]. These findings have been confirmed by

protein-protein interaction studies of SIN3 complexes and

identification of BRMS1 by mass spectroscopy [14–20].

As a transcriptional regulatory molecule, it is not surprising that

BRMS1 has been involved with modulation of multiple molecular

pathways associated with metastasis. In fact, it has been suggested

that BRMS1 robustly blocks the overall process of metastasis

through small, albeit significant, inhibition of each step in the

metastatic cascade [10]. Although this has complicated the studies

regarding molecular mechanisms, BRMS1 has been demonstrated

to alter specific cellular pathways associated with metastasis

including gap junctional intercellular communication [21–23],

phosphoinositide signaling [24,25], nuclear factor kappa B

signaling [26–29], cell motility and invasion [30–32], apoptosis

[28,33], and tumor cell dissemination [33]. Because it interacts

with SIN3 complexes, it is presumed that BRMS1 is modulating

these pathways through transcriptional regulation of critical genes.

However, recent data have emerged identifying BRMS1 in the

cytoplasm of cells suggesting functions other than transcriptional
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regulation [34,35]. In fact, a recent clinical study of malignant

melanoma suggested that localization of BRMS1 in the cytoplasm

inhibits tumor progression and nuclear BRMS1 actually promotes

melanoma cell invasion [36]. These cytoplasmic functions of

BRMS1 are not currently understood.

To begin exploring possible cytoplasmic roles, we generated

mutations at the two nuclear localization (NLS) regions. We were

surprised to find that, although NLS2 was not important for active

transport into the nucleus, it was critical for metastasis suppression.

We identified potential cytoplasmic functions of BRMS1 through

interaction with SIN3A that correlates with the ability of BRMS1

to suppress metastasis. This study adds to our understanding of the

BRMS1 metastasis suppressor protein that will expand our

knowledge of metastatic disease.

Experimental Procedures

Ethics statement
All animal studies were carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the University of Alabama at

Birmingham Institutional Animal Care and Use Committee

(protocol #071106666). Animals were sacrificed by cervical

dislocation following anesthesia (ketamine/xylazine) and all efforts

were made to minimize suffering.

Cell lines and cell culture
The metastatic human breast carcinoma cell line, MDA-MB-

231, and those constitutively expressing BRMS1 or BRMS1

mutants was described previously [11]. The monkey kidney cell

line, COS7, was used for transient transfections as described

previously [37]. Immortalized human breast epithelial cell line

MCF10A and a metastatic variant MCF10CAa.1 were described

previously [38]. All cells were cultured in a mixture (1:1, v/v) of

Dulbecco’s modified minimum essential medium and Ham’s F12

medium (DMEM/F12; Invitrogen, Carlsbad, CA) supplemented

with 2 mM L-glutamine (Invitrogen), 0.02 mM non-essential

amino acids (Mediatech, Herndon, VA), and 5% fetal bovine

serum (FBS; Invitrogen). Media for MCF10A cells were addition-

ally supplemented with 10 ng/ml EGF, 500 ng/ml hydrocorti-

sone, 100 ng/ml cholera toxins, and 10 mg/ml insulin (Sigma-

Aldrich, St. Louis, MO). Cells were passaged at 80–90%

confluence using a 0.125% trypsin and 2 mM EDTA solution

(MDA-MB-231 and derivatives) or a 2 mM EDTA solution

(COS7) in Ca2+/Mg2+ free Dulbecco’s phosphate buffered saline

Figure 1. A. Domain organization of BRMS1 and the BRMS1 mutants generated for this study. E-rich is glutamate rich region, CC1 and
CC2 are coiled-coil regions, NLS1 and NLS2 are nuclear localization sequences. B. Predicted subcellular localization based on PSORT II and WoLF
PSORT (ExPASY proteomics server). The two mutants lacking NLS1 (DNLS2 and NLS2,2) have a negative NLS score using PSORT II and high
cytoplasmic score using WoLF PSORT. Lamin A/C and tubulin are also listed for proteins representing nuclear and cytoplasmic localization
respectively.
doi:10.1371/journal.pone.0055966.g001
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(CMF-DPBS). Cells were maintained on 100 mm tissue culture

dishes (Corning, Corning, NY) at 37uC with 5% CO2 in a

humidified atmosphere. Neither antibiotics nor antimycotics were

used and all cell lines were found to be negative for Mycoplasma spp.

contamination using a PCR-based method (TaKaRa, Shiga,

Japan) or PlasmoTest kit (InvivoGen, San Diego, CA).

Constructs and transfections
GFP-GST fused BRMS1 or mutants were generated by

amplifying GST-BRMS1 by PCR from pGEX-2TK/BRMS1

vector. The product was cloned into Gateway system entry vector

pENTR/SD/D-TOPO according to the user manual (Invitrogen).

Recombination between pENTR/SD/D-TOPO/BRMS1 and

destination vector pcDNA-DEST53 was done to generate

pcDNA-DEST53/GST-BRMS1 expression vector. BRMS1 mu-

tants were created by QuickChange II site-directed mutagenesis

(Stratagene, La Jolla, CA) as described previously [11]. The

following GFP-GST fused mutants were generated: truncation of

BRMS1 at AA197 (DNLS), truncation at AA238 (DNLS2),

replacement of NLS2 with NLS1 (NLS1,1), replacement of

NLS1 with NLS2 (NLS2,2), and switching the location of NLS1

and NLS2 (NLS2,1) (Fig. 1A). All constructs were confirmed by

DNA sequencing. COS7 cells were grown on sterilized coverslips

without any coating in 12 well-plates. After overnight incubation,

transfection was accomplished with lipofectamine 2000 according

to the manufacturer’s protocol (Invitrogen). The coverslips were

removed and fixed with 4% PFA (paraformaldehyde) for 20 min.

at room temperature and washed with PBS.

The metastatic human breast carcinoma cell line, MDA-MB-

231, was transduced with a HIV type 1-based, lentiviral vector

system to constitutively express BRMS1 or BRMS1 mutants as

described previously [11]. Lentiviral constructs containing the

BRMS1 mutants NLS1,1, NLS2,2, and NLS2,1 without the GFP-

GST fusion were used. Three clones of each were selected for

experimental metastasis assays.

Antibodies, co-immunoprecipitation, and
immunoblotting

The monoclonal antibody directed against BRMS1 (3a1.21) was

described previously [37]. Co-immunoprecipitation and immuno-

blotting from nuclear and cytoplasmic fractions (NE-PER kit,

Thermo Fisher Scientific) using the polyclonal SIN3A antibody

(Abcam, Cambridge, MA) was performed as described previously

[37,38]. Anti-lamin A/C polyclonal antibody (Cell Signaling

Technology, Danvers, MA) was used for nuclear fraction control

and anti-GAPDH (Cell Signaling Technology) as a control for

cytoplasmic fractions.

Fluorescence microscopy
The transfected COS7 cells with GFP-GST-BRMS1 or -

mutants were permeabilized with 1% Triton X-100 for 10 min. at

room temperature. Blocking was accomplished with 10% BSA in

PBS for 30 min. after 365 min. washes with PBS. Texas Red

conjugated anti-phalloidin antibody (Molecular Probes, Eugene,

OR) 1:2,000 dilution in 2% BSA in PBS was incubated for 1 hr. at

room temperature. After 365 min. washes with PBS, the

coverslips were inverted on DAPI-containing mount media

(Vector laboratories, Burlingame, CA), sealed with nail polish,

and observed under a Nikon eclipse TE 2000-U fluorescent

microscope.

Proximity ligation assay (PLA)
Interaction of endogenous BRMS1 and SIN3A in MCF10A

and MCF10CAa.1 cell lines were analyzed by PLA according to

the manufacturer’s protocol (Olink Bioscience, Uppsala, Sweden).

Briefly, cells were seeded on 8-well chamber slides for 24 hours,

fixed with 4% paraformaldehyde, permeabilized with 0.5% triton

X-100, and blocked with Duolink blocking solution. The

antibodies for SIN3A and BRMS1 were incubated at 1:100

dilution and the anti-mouse minus and anti-rabbit plus probes

were used at 1:5 dilution. Images were taken as described for

fluorescence microscopy.

Quantitative real-time RT-PCR
miRNA expression was determined as described previously

[4,39].

Metastasis assays
Experimental metastasis assays (tail vein injection) with athymic

mice (10 per group) were performed as previously described [39].

Animals were maintained under the guidelines of the NIH and the

University of Alabama at Birmingham Institutional Animal Care

and Use Committee. Food and water were provided ad libitum.

Statistical analysis
The number of lung metastases was compared for BRMS1- and

BRMS1 mutant-transduced cell lines to the parental MDA-MB-

231 line. A Kruskal-Wallis ANOVA of ranks procedure was used

with Dunn’s post hoc test. All calculations were performed using

SigmaStat (SPSS). Statistical significance was defined as a

probability p#0.05.

Figure 2. NLS1 is required for nuclear localization. GFP-GST
fused constructs listed in Fig. 1 were visualized in COS7 cells. GFP
fluorescence from the fused BRMS1 or BRMS1 mutant proteins indicates
localization. As predicted, mutants lacking NLS1 were predominantly
localized to the cytoplasm. Phalloidin and DAPI were used to visualize
the cytoplasm and nucleus respectively.
doi:10.1371/journal.pone.0055966.g002
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Results

NLS1 is required for nuclear localization
The functional properties of BRMS1 protein are not currently

well understood. BRMS1 has a glutamate-rich region, two coiled-

coil regions important for protein-protein interactions, and two

nuclear localization sequences (NLS) (Fig. 1A). An additional

nuclear export sequence was identified within AA74–91 by Rivera

et al. [34]. In that study, the NLS1 sequence, but not NLS2, was

demonstrated to be necessary and sufficient for nuclear localiza-

tion of BRMS1.

We hypothesized that NLS1 would be required for BRMS1

function as a metastasis suppressor and generated several

mutations with alterations of NLS1 and NLS2 (Fig. 1A). The

BRMS1 mutant proteins were analyzed by PSORT II and WoLF

PSORT (ExPASY proteomics server, http://expasy.org) for

cellular localization prediction. The two mutant proteins that are

lacking NLS1 (DNLS and NLS2,2) had negative NLS scores using

PSORT II and had significant cytoplasmic prediction with WoLF

PSORT (Fig. 1B). These predictions are consistent with data from

Riviera et al. [34].

To validate these predictions, GFP-GST fusion proteins were

generated with BRMS1 and the BRMS1 mutants. These chimeric

proteins are too large to passively diffuse into the nucleus. GFP

fluorescence from transiently transfected COS7 cells was visual-

ized to indicate wild-type BRMS1 and BRMS1 mutant localiza-

tion (Fig. 2). Phalloidin and DAPI were used for cytoplasmic and

nuclear staining respectively. As predicted, mutants lacking NLS1

localized in the cytoplasm demonstrating that NLS1 is both

necessary and sufficient for active transport into the nucleus.

Nuclear localization of DNLS2 additionally shows that NLS1 and

NLS2 are not a bipartite nuclear localization signal.

NLS2 is required for metastasis suppression
The NLS1,1, NLS2,2, and NLS2,1 constructs were chosen to

test altered function, specifically metastasis. Since this combination

of mutants represented both nuclear and cytoplasmic localization,

they also provided the opportunity to explore the impact of

subcellular localization on function. We note, however, that GFP-

GST chimeras were not utilized in order to minimize any

confounding effects these additions would have on metastasis.

MDA-MB-231 human metastatic breast carcinoma cells were

transduced with lentiviral constructs of NLS1,1, NLS2,2, and

NLS2,1 as was previously done with BRMS1. Three cell clones of

each transduced mutation were selected for the assays with similar

expression levels (Fig. 3A). Because BRMS1 is a relatively small

protein (predicted 28.5 kDa, migrates ,35 kDa with SDS-PAGE)

it can still readily passively diffuse into the nucleus. All of the

BRMS1 mutant proteins were located in both the nucleus and

cytoplasm (Fig. 4 and data not shown).

Three NLS2,2 expressing clones suppressed metastasis at a level

comparable to wild-type BRMS1 (Fig. 3B). Neither NLS1,1 nor

Figure 3. NLS2 is required for metastasis suppression. Three clones each of NLS1,1, NLS2,2, and NLS2,1 were selected for experimental
metastasis assays by injection into the lateral tail vein of athymic mice (10 mice per group). A. Western blot of whole cell lysate showing similar levels
of expression for BRMS1 and the BRMS1 mutants (b-actin used as loading control). B. The average number of lung metastasis is shown with SEM. The
percentage of metastasis suppression is listed on the right. Mutants lacking NLS2 (NLS1,1 and NLS2,1) did not consistently suppress metastasis.
* indicates p#0.05.
doi:10.1371/journal.pone.0055966.g003
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NLS2,1 significantly suppressed metastasis. This data demon-

strates that the NLS2 region at the C-terminus is critical for

metastasis suppression and suggests a necessary function distinct

from nuclear localization.

Interactions of SIN3A in the cytoplasm correlates with
metastasis suppression

Multiple studies have demonstrated interaction of SIN3A with

BRMS1. To begin to understand why NLS2 may be required to

suppress metastasis, we immunoprecipitated SIN3A from nuclear

lysates and probed for BRMS1 association. All the BRMS1

mutant proteins associated with SIN3A (Fig. 4). Likewise,

SIN3A:BRMS1 interactions were present in cytoplasmic fractions

for both the wild-type and NLS2,2 mutant but not the NLS1,1 or

NLS2,1 mutant (Fig. 4). Thus, NLS2 is required for cytoplasmic

association with SIN3A, which also correlates with the ability of

BRMS1 to suppress metastasis.

These interactions were validated by proximity ligation assays

using MCF10A and MCF10CAa.1 cell lines (Fig. 5). Endogenous

cytoplasmic interactions of SIN3A with BRMS1 are clearly visible

in the normal breast epithelial cell line MCF10A; however, the

interactions are predominantly nuclear in the metastatic cell line

MCF10CAa.1. The cytoplasmic ratio was determined by counting

the number of dots outside of the nucleus divided by the total

number of dots. MCF10A cells had a cytoplasmic ratio of 59%

compared to 22% in the MCF10CAa.1 cells.

NLS2 is important for miR-10b down regulation
To identify whether there were any downstream targets

transcriptionally regulated by the BRMS1 mutant proteins; we

performed breast cancer disease specific arrays (DSATM, Almac

Diagnostics, Durham, NC). Although there were many changes in

gene expression between the groups, hierarchical clustering

analyses did not reveal correlations to the metastasis data (data

not shown) indicating that other modifiers of gene expression may

be involved. These arrays include.60,000 transcripts; however,

small RNA including miRNA are not included. We therefore

proceeded with analyzing selected miRNA associated with

metastasis (metastamir) that are known to be regulated by BRMS1

including miR-146a, -146b, and -10b [4,39]. miR-10b, a pro-

metastatic miRNA, was significantly down-regulated by both

BRMS1 and the NLS2,2 mutant but not by NLS1,1 or NLS2,1

(Fig. 6).

Discussion

We hypothesized that nuclear localization of BRMS1 would be

required for metastasis suppressive function. Several mutations

were generated in order to test this hypothesis; and, surprisingly,

we found the second so-called NLS, which does not play a role in

active transport into the nucleus, was critical for metastasis

Figure 4. NLS2 is important for cytoplasmic association with
SIN3A. Western blot from co-immunoprecipitated samples of SIN3A in
nuclear (top panel) and cytoplasmic (bottom panel) fractions are
shown. The antibody used to probe the blot is listed on the right and
approximate molecular mass on the left. All BRMS1 mutants were
detected in the nuclear fractions but only the wild-type and NLS2,2
mutant were precipitated in the cytoplasm. We note that although
BRMS1 is usually undetectable by western blot, endogenous BRMS1
could be detected in the nucleus from the co-immunoprecipitation. L is
lysate and IP is immunoprecipitation.
doi:10.1371/journal.pone.0055966.g004

Figure 5. Endogenous interactions of SIN3A and BRMS1 in the cytoplasm. Proximity ligation assays were used to clearly show cytoplasmic
interactions in the MCF10A normal ‘‘immortalized’’ breast epithelial cells. The interactions of SIN3A with BRMS1 are predominantly nuclear in the
metastatic breast cancer cell line MCF10CAa.1. Each red dot indicates an interaction. Representative images are shown. DAPI is shown in blue.
Duolink represents images with both primary antibodies and PLA probes, PLA control is without primary antibodies, SIN3A control is without BRMS1
primary antibody and BRMS1 control is without SIN3A primary antibody.
doi:10.1371/journal.pone.0055966.g005
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suppression. This was contradictory to our original hypothesis but

suggested important functional requirements for BRMS1. Some-

what unexpectedly, BRMS1 interacted with SIN3A in the

cytoplasm. Concomitantly, the pro-metastatic gene, miR-10b,

was down-regulated by both wild-type and the NLS2,2 BRMS1

mutant protein. Taken together, these data demonstrate critical

functional requirements of NLS2 in the BRMS1 protein.

Moreover, the implication is that BRMS1 protein interactions in

the cytoplasm may be, at least partially, responsible for metastasis

suppression.

The interpretation regarding cytoplasmic roles for BRMS1 is

supported by recent clinical reports [40,41]. Interestingly,

cytoplasmic localization may correlate with good or bad prognosis,

depending upon tumor type. Slipicevic et al. present data

suggesting that cytoplasmic BRMS1 inhibits melanoma progres-

sion and nuclear BRMS1 promotes melanoma invasion [36,42].

In contrast, Frolova et al. show the opposite trend in breast

carcinoma although significance was not reached [40]. A definitive

explanation for this discrepancy is not yet proffered; however, we

speculate that the size and composition of BRMS1 complexes vary

in individual tissues. More comprehensive analyses of complexes

will be required in order to fully interpret these data. Corrobo-

rating these notions, we recently reported that BRMS1 expression

alone was not sufficient to suppress metastasis using mouse models

of metastatic mammary carcinoma [43].

It is clear from data published by Rivera et al. [34] and in this

report that NLS2 is not important for active transport of BRMS1

to the nucleus. Based upon the data reported here, NLS2 (in the

correct location) is critical for metastasis suppression and

interactions between SIN3A with BRMS1 in the cytoplasm.

However, NLS2 is not required for BRMS1:SIN3A associations in

the nucleus. It is difficult to understand how these interactions

could be differentially occurring based on intracellular location

unless one considers the overall composition of these complexes.

Specific protein associations with SIN3A may be significantly

influenced by tethering proteins. The most logical explanation is

that one or more tethering proteins involved in this complex

interaction are influencing the BRMS1:SIN3A association. We are

currently analyzing SIN3A complex composition in both the

nuclear and cytoplasmic fractions to address this hypothesis.

Clearly, more structural studies will be required to understand

how these proteins are interacting and how these interactions

influence function.

One clone expressing the NLS1,1 mutation did not metastasize

as well as the MDA-MB-231 parental cells. The simplest

explanation relates to heterogeneity within the MDA-MB-231

population (i.e., some cells are metastatic whereas others are not).

The poorly metastasizing clone with NLS1,1 was most likely not

metastatic to begin with. Although heterogeneity is the likely

explanation, we conservatively interpret the findings as NLS1,1

does not consistently suppress metastasis. This is an important

consideration and the reason why it is essential to assess multiple

cell clones when analyzing tumors, especially for their capacity to

metastasize [44]. Similar findings were published when analyzing

the metastasis data for cells expressing SUDS3 [45].

Composition of SIN3 complexes dictates function [46,47]. We

have previously shown altered repressive activity with BRMS1

mutants that associate with SIN3 complex components differen-

tially [11]. The regulation of chromatin remodeling by SIN3A

complexes has been relatively well-characterized; however, func-

tions in the cytoplasm have, to the best of our knowledge, not been

explored. Cytoplasmic localization has been demonstrated using

multiple techniques, including immunofluorescence, immunopre-

cipitation with western blot and mass spectroscopy, and proximity

ligation assays (manuscript in preparation). The fact that only

wild-type BRMS1 and the NLS2,2 mutant interact with cytoplas-

mic SIN3A suggests important functions distinct from chromatin

condensation and transcriptional repression that are involved in

metastasis suppression. In addition to HDAC enzymes being

recruited to SIN3, other protein modifying enzymes have been

associated [47]. It is conceivable that BRMS1 could modulate the

association of protein modifying enzymes to SIN3A in the

cytoplasm that affect multiple pathways involved in metastasis.

These protein modifying enzymes could significantly alter

important post-translational modifications leading to functional

changes of key signaling molecules. Additionally, these complexes

could be affecting the stability or degradation of small RNA

including miRNA. BRMS1 alters the expression of many

metastasis-associated miRNA or metastamir [48,49]. It is inter-

esting that only wild-type BRMS1 and the NLS2,2 mutant had the

ability to down-regulate the pro-metastatic miR-10b. Further

mechanistic work with these cytoplasmic complexes will be

necessary to more fully understand how this occurs and to identify

relevance of these studies to metastatic disease.

Metastasis is clearly a relevant therapeutic target for patients

with cancer. BRMS1 and SIN3 complexes regulate specific coding

and non-coding metastasis associated genes depending on the

specific composition of the complex. It follows that SI-

N3A:BRMS1 complexes are likely regulated by the environments

surrounding cancer cells. This study has added an additional level

of regulation for such complexes: subcellular localization.

Although we have not identified mechanisms of trafficking

between the nucleus and cytoplasm, we have identified important

requirements for the metastasis suppressive function of BRMS1.

These findings may help explain clinical studies of BRMS1 to

further our understanding of the most deadly aspect of cancer.

Acknowledgments

We thank Dr. Janet Price (University of Texas M.D. Anderson Cancer

Center) for providing the MDA-MB-231 cell line. We also thank Drs.

Figure 6. NLS2 is important for down-regulation of miR-10b.
Quantitative real-time RT-PCR was used to evaluate the expression
levels of miR-10b normalized to the endogenous control RNU6B.
Relative expression is shown normalized to the parent MDA-MB-231
cells. Only the wild-type and NLS2,2 mutant decreased the level of miR-
10b. * indicates p#0.05.
doi:10.1371/journal.pone.0055966.g006

BRMS1 C-Terminus Regulates Metastasis Suppression

PLOS ONE | www.plosone.org 6 February 2013 | Volume 8 | Issue 2 | e55966



Michael Verderame, Jim Hopper and Anita Hopper for helpful suggestions

early in the genesis of this project. We apologize to those whose work could

not be cited due to space limitations.

Author Contributions

Conceived and designed the experiments: DRH YX DRW. Performed the

experiments: DRH YX JWT JL MDE MDS. Analyzed the data: DRH YX

JWT JL MDE MDS DRW. Contributed reagents/materials/analysis tools:

DRH YX DRW. Wrote the paper: DRH DRW.

References

1. Seraj MJ, Samant RS, Verderame MF, Welch DR (2000) Functional evidence

for a novel human breast carcinoma metastasis suppressor, BRMS1, encoded at
chromosome 11q13. Cancer Res 60: 2764–2769.

2. Champine PJ, Michaelson J, Weimer B, Welch DR, DeWald DB (2007)

Microarray analysis reveals potential mechanisms of BRMS1-mediated metas-
tasis suppression. Clin Exp Metastasis 24: 551–565.

3. Cicek M, Samant RS, Kinter M, Welch DR, Casey G (2004) Identification of
metastasis-associated proteins through protein analysis of metastatic MDA-MB-

435 and metastasis-suppressed BRMS1 transfected-MDA-MB-435 cells. Clin
Exp Metastasis 21: 149–157.

4. Edmonds MD, Hurst DR, Vaidya KS, Stafford LJ, Chen D, et al. (2009) Breast

cancer metastasis suppressor 1 coordinately regulates metastasis-associated
microRNA expression. Int J Cancer 125: 1778–1785.

5. Rivera J, Megias D, Bravo J (2007) Proteomics-based strategy to delineate the
molecular mechanisms of the metastasis suppressor gene BRMS1. J Proteome

Res 6: 4006–4018.

6. Hurst DR, Welch DR (2011) Metastasis suppressor genes: at the interface
between the environment and tumor cell growth. Int Rev Cell Mol Biol 286:

107–180.
7. Eccles SA, Welch DR (2007) Metastasis: recent discoveries and novel treatment

strategies. Lancet 369: 1742–1757.

8. Langley RR, Fidler IJ (2007) Tumor cell-organ microenvironment interactions
in the pathogenesis of cancer metastasis. Endocrine Rev 28: 297–321.

9. Nguyen DX, Massague J (2007) Genetic determinants of cancer metastasis.
Nature Rev Genet 8: 341–352.

10. Hurst DR, Welch DR (2011) Unraveling the enigmatic complexities of BRMS1-
mediated metastasis suppression. FEBS Lett 585: 3185–3190.

11. Hurst DR, Xie Y, Vaidya KS, Mehta A, Moore BP, et al. (2008) Alterations of

BRMS1-ARID4A interaction modify gene expression but still suppress
metastasis in human breast cancer cells. J Biol Chem 283: 7438–7444.

12. Meehan WJ, Samant RS, Hopper JE, Carrozza MJ, Shevde LA, et al. (2004)
Breast cancer metastasis suppressor 1 (BRMS1) forms complexes with

retinoblastoma-binding protein 1 (RBP1) and the mSin3 histone deacetylase

complex and represses transcription. J Biol Chem 279: 1562–1569.
13. Hurst DR (2012) Metastasis suppression by BRMS1 associated with SIN3

chromatin remodeling complexes. Cancer Metastasis Rev. 31: 641–651.
14. Nikolaev AY, Papanikolaou NA, Li M, Qin J, Gu W (2004) Identification of a

novel BRMS1-homologue protein p40 as a component of the mSin3A/
p33(ING1b)/HDAC1 deacetylase complex. Biochem Biophys Res Commun

323: 1216–1222.

15. Doyon Y, Cayrou C, Ullah M, Landry AJ, Cote V, et al. (2006) ING Tumor
Suppressor Proteins Are Critical Regulators of Chromatin Acetylation Required

for Genome Expression and Perpetuation. Molec Cell 21: 51–64.
16. Le Guezennec X, Vermeulen M, Stunnenberg HG (2006) Molecular

characterization of Sin3 PAH-domain interactor specificity and identification

of PAH partners. Nucleic Acids Res 34: 3929–3937.
17. Smith KT, Martin-Brown SA, Florens L, Washburn MP, Workman JL (2010)

Deacetylase inhibitors dissociate the histone-targeting ING2 subunit from the
Sin3 complex. Chem Biol 17: 65–74.

18. Bantscheff M, Hopf C, Savitski MM, Dittmann A, Grandi P, et al. (2011)
Chemoproteomics profiling of HDAC inhibitors reveals selective targeting of

HDAC complexes. Nat Biotechnol 29: 255–265.

19. Shiio Y, Rose DW, Aur R, Donohoe S, Aebersold R, et al. (2006) Identification
and characterization of SAP25, a novel component of the mSin3 corepressor

complex. Mol Cell Biol 26: 1386–1397.
20. McDonel P, Demmers J, Tan DW, Watt F, Hendrich BD (2011) Sin3a is

essential for the genome integrity and viability of pluripotent cells. Dev Biol 363:

62–73.
21. Bodenstine TM, Vaidya KS, Ismail A, Beck BH, Cook LM, et al. (2010)

Homotypic gap junctional communication associated with metastasis suppres-
sion increases with PKA activity and is unaffected by PI3K inhibition. Cancer

Res 70: 10002–10011.

22. Kapoor P, Saunders MM, Li Z, Zhou Z, Schaeffer N, et al. (2004) Breast cancer
metastatic potential: Correlation with increased heterotypic gap junctional

intercellular communication between breast cancer cells and osteoblastic cells.
Int J Cancer 111: 693–697.

23. Saunders MM, Seraj MJ, Li ZY, Zhou ZY, Winter CR, et al. (2001) Breast
cancer metastatic potential correlates with a breakdown in homospecific and

heterospecific gap junctional intercellular communication. Cancer Res 61:

1765–1767.
24. DeWald DB, Torabinejad J, Samant RS, Johnston D, Erin N, et al. (2005)

Metastasis suppression by breast cancer metastasis suppressor 1 involves
reduction of phosphoinositide signaling in MDA-MB-435 breast carcinoma

cells. Cancer Res 65: 713–717.

25. Vaidya KS, Harihar S, Stafford LJ, Hurst DR, Hicks DG, et al. (2008) Breast

cancer metastasis suppressor-1 differentially modulates growth factor signaling.

J Biol Chem 283: 28354–28360.

26. Cicek M, Fukuyama R, Welch DR, Sizemore N, Casey G (2005) Breast cancer

metastasis suppressor 1 inhibits gene expression by targeting nuclear factor-kB

activity. Cancer Res 65: 3586–3595.

27. Cicek M, Fukuyama R, Cicek MS, Sizemore S, Welch DR, et al. (2009) BRMS1

contributes to the negative regulation of uPA gene expression through

recruitment of HDAC1 to the NF-kappaB binding site of the uPA promoter.

Clin Exp Metastasis 26: 229–237.

28. Liu Y, Smith PW, Jones DR (2006) Breast cancer metastasis suppressor 1

functions as a corepressor by enhancing histone deacetylase 1-mediated

deacetylation of RelA/p65 and promoting apoptosis. Molec Cell Biol 26:

8683–8696.

29. Samant RS, Clark DW, Fillmore RA, Cicek M, Metge BJ, et al. (2007) Breast

cancer metastasis suppressor 1 (BRMS1) inhibits osteopontin transcription by

abrogating NF-kappaB activation. Mol Cancer 6: 6.

30. Samant RS, Seraj MJ, Saunders MM, Sakamaki T, Shevde LA, et al. (2001)

Analysis of mechanisms underlying BRMS1 suppression of metastasis. Clin Exp

Metastasis 18: 683–693.

31. Shevde LA, Samant RS, Goldberg SF, Sikaneta T, Alessandrini A, et al. (2002)

Suppression of human melanoma metastasis by the metastasis suppressor gene,

BRMS1. Exp Cell Res 273: 229–239.

32. Zhang S, Lin QD, Di W (2006) Suppression of human ovarian carcinoma

metastasis by the metastasis-suppressor gene, BRMS1. Int J Gynecol Cancer 16:

522–531.

33. Phadke PA, Vaidya KS, Nash KT, Hurst DR, Welch DR (2008) BRMS1

suppresses breast cancer experimental metastasis to multiple organs by inhibiting

several steps of the metastatic process. Am J Pathol 172: 809–817.

34. Rivera J, Megias D, Navas C, Bravo J (2009) Identification of essential sequences

for cellular localization in BRMS1 metastasis suppressor. PLoS One 4: e6433.

35. Rivera J, Megias D, Bravo J (2010) Sorting nexin 6 interacts with breast cancer

metastasis suppressor-1 and promotes transcriptional repression. J Cell Biochem

111: 1464–1472.

36. Slipicevic A, Holm R, Emilsen E, Ree Rosnes AK, Welch DR, et al. (2012)

Cytoplasmic BRMS1 expression in malignant melanoma is associated with

increased disease-free survival. BMC Cancer 12: 73.

37. Hurst DR, Mehta A, Moore BP, Phadke PA, Meehan WJ, et al. (2006) Breast

cancer metastasis suppressor 1 (BRMS1) is stabilized by the Hsp90 chaperone.

Biochem Biophys Res Comm 348: 1429–1435.

38. Hurst DR, Xie Y, Edmonds MD, Welch DR (2009) Multiple forms of BRMS1

are differentially expressed in the MCF10 isogenic breast cancer progression

model. Clin Exp Metastasis 26: 89–96.

39. Hurst DR, Edmonds MD, Scott GK, Benz CC, Vaidya KS, et al. (2009) Breast

cancer metastasis suppressor 1 BRMS1 up-regulates miR-146 that suppresses

breast cancer metastasis. Cancer Res 69: 1279–1283.

40. Frolova N, Edmonds MD, Bodenstine TM, Seitz R, Johnson MR, et al. (2009) A

Shift from Nuclear to Cytoplasmic Breast Cancer Metastasis Suppressor 1

Expression Is Associated with Highly Proliferative Estrogen Receptor-Negative

Breast Cancers. Tumour Biol 30: 148–159.

41. Al-Alwan M, Olabi S, Ghebeh H, Barhoush E, Tulbah A, et al. (2011) Fascin is

a key regulator of breast cancer invasion that acts via the modification of

metastasis-associated molecules. PLoS One 6: e27339.

42. Riker AI, Samant RS (2012) Location, location, location: The BRMS1 protein

and melanoma progression. BMC Med 10: 19.

43. Cook LM, Cao X, Dowell AE, Debies MT, Edmonds MD, et al. (2012)

Ubiquitous Brms1 expression is critical for mammary carcinoma metastasis

suppression via promotion of apoptosis. Clin Exp Metastasis 29: 315–325.

44. Welch DR (1997) Technical considerations for studying cancer metastasis in vivo.

Clin Exp Metastasis 15: 272–306.

45. Silveira AC, Hurst DR, Vaidya KS, Ayer DE, Welch DR (2008) Over-

expression of the BRMS1 family member SUDS3 does not suppress metastasis

of human cancer cells. Cancer Lett 276: 32–37.

46. Silverstein RA, Ekwall K (2005) Sin3: a flexible regulator of global gene

expression and genome stability. Curr Genet 47: 1–17.

47. Grzenda A, Lomberk G, Zhang JS, Urrutia R (2009) Sin3: Master scaffold and

transcriptional corepressor. Biochimica et Biophysica Acta-Gene Regulatory

Mechanisms 1789: 443–450.

48. Edmonds MD, Hurst DR, Welch DR (2009) Linking metastasis suppression with

metastamiR regulation. Cell Cycle 8: 2673–2675.

49. Hurst DR, Edmonds MD, Welch DR (2009) Metastamir: The field of

metastasis-regulatory microRNA is spreading. Cancer Res 69: 7495–7498.

BRMS1 C-Terminus Regulates Metastasis Suppression

PLOS ONE | www.plosone.org 7 February 2013 | Volume 8 | Issue 2 | e55966


