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Abstract

Breast Cancer Metastasis Suppressor 1 (BRMS1) expression is associated with longer
patient survival in multiple cancer types. Understanding BRMS1 functionality will provide
insights into both mechanism of action and will enhance potential therapeutic development.
In this study, we confirmed that the C-terminus of BRMS1 is critical for metastasis suppres-
sion and hypothesized that critical protein interactions in this region would explain its func-
tion. Phosphorylation status at S237 regulates BRMS1 protein interactions related to a
variety of biological processes, phenotypes [cell cycle (e.g., CDKN2A), DNA repair (e.g.,
BRCA1)], and metastasis [(e.g., TCF2 and POLE2)]. Presence of S237 also directly
decreased MDA-MB-231 breast carcinoma migration in vitro and metastases in vivo. The
results add significantly to our understanding of how BRMS1 interactions with Sin3/HDAC
complexes regulate metastasis and expand insights into BRMS1’s molecular role, as they
demonstrate BRMS1 C-terminus involvement in distinct protein-protein interactions.

Introduction

Metastasis is a multi-step process that occurs when cells disseminate from the primary neo-
plasm and eventually colonize distant organs. Successful completion of this complex cascade is
associated with nearly all cancer-related morbidities and mortalities. Despite its causative role
in cancer-specific mortality and morbidity, a complete understanding of the process and its
mechanisms remain elusive. Metastasis is regulated by three types of genes: metastasis-pro-
moting, -suppressing, and -efficiency modifying [1]. The protein of interest in this study,
Breast Cancer Metastasis Suppressor 1 (BRMS1), is a metastasis suppressor, which is defined
by the ability to suppress metastasis without blocking primary tumor growth [2]. Metastasis
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suppressors are of distinct interest because, by preventing the successful completion of the
metastatic cascade, the devastating sequalae or deaths associated with metastasis are inhibited
(3,4].

BRMS1 was discovered in the year 2000 and its re-expression in multiple cell lines signifi-
cantly decreases lung metastases in syngeneic and xenograft models [5-8]. In addition, higher
expression of BRMS1 in breast, lung, and melanoma cancers is associated with improved
patient survival [8-10]. Despite promising functional evidence and clinical correlations, the
mechanism by which BRMS1 blocks metastasis is yet to be understood.

BRMSI is a known member of Sin3 histone deacetylase (HDAC) transcriptional regulatory
complexes in multiple eukaryotic cell types [11-13]. It is a well-established binding partner of
SUDS3 and ARID4A and is also associated with several other members of the epigenetics-
modifying complex containing SIN3A, SIN3B, HDAC1, and HDAC2 [11]. However, BRMSI’s
exact function within the complex has yet to be defined. Intriguingly, the complex’s scaffolding
proteins, SIN3A and SIN3B, lack functional redundance, a matter of significance as SIN3A has
been shown to suppress metastasis, while SIN3B has been shown to promote it [14]. Molecu-
larly, SIN3A is known to maintain a cell’s pluripotent state, while SIN3B does not have the
same effect [15]. Knockouts of either result in early embryonic or late embryonic lethality
(SIN3A and SIN3B, respectively) indicating differences in early developmental roles [16, 17].
Understanding BRMS1’s relationship to the two complexes, whether it be with SIN3A or
SIN3B, could determine how BRMSI functions to suppress metastasis. Relatedly, BRMS1 also
exhibits E3 ubiquitin ligase function on the histone acetyl transferase p300, which could also
be involved in its regulation of metastatic function [18]. Collectively, it appears that BRMS1
regulation of transcription via epigenetic pathways may be involved in suppression; however,
further studies must be completed to ascribe a definitive mechanism of action.

In order to translate BRMSI into clinical practice, additional structural and interactome
data are necessary. This study leverages previously described features of BRMS1 to clarify its
molecular functions within a cell. Previous attempts to define BRMSI structure-function have
been met with uneven success. To date no one has successfully crystallized nor determined
structure for full-length, wild-type BRMS1. Computer algorithms and NMR studies have iden-
tified structural information for BRMS1 domains [19]. BRMS1 has predicted protein domains
that consist of glutamate-rich regions (aa 1-50), two coiled-coil domains (aa 51-81, aa 147-
180), and a nuclear localization sequence (aa 198-205) [5]. The N-terminus has been charac-
terized and its 3D structure crystalized [20, 21], but outside of amino acids 51-98 there is no
precise protein structure for the entirety of the 246 amino acid BRMSI protein.

The C-terminus of the BRMS1 protein is of particular interest as it has been shown to play a
critical role in metastatic suppression, due to in vivo studies demonstrating that alteration of
the domain impacts overall metastatic burden [22]. Of note, the serine immediately upstream
of the critical metastasis suppressor domain was found to be phosphorylated by Cyclin Depen-
dent Kinase 2 (CDK2) [23]. Due to the juxtaposition of S237 to the C-terminal metastasis sup-
pression region, this study focused on identifying proteins with which BRMSI interacts within
that domain as well as testing how phosphorylation within that domain can alter how BRMS1
regulates metastasis suppression, the results of which can be used to better understand how
BRMS1 may function to suppress metastasis.

Materials and methods
Cloning of N-terminally halo-tagged versions of BRMS1 in pcDNA5/FRT

The BRMSI primers listed in S1 Data were used to amplify a sequence coding for BRMS1 iso-
form 1 (NP_056214), or for mutant versions of BRMSI as indicated in the figure legends,
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using a previously reported BRMS1 construct as a template [24]. A short synthetic duplex
DNA oligonucleotide (described in S1 Data) was used to clone a short fragment of the C termi-
nus of BRMSI (amino acids 230-246). DNA fragments were digested with Sgfl and Pmel and
inserted between Sgfl and Pmel sites in pcDNA5FRT-Halo [12].

Affinity purification of BRMSI for proteomic analysis

HEK293T cells (1 x 107) were cultured into a 15 cm tissue culture plates for 24 hours then
Halo-BRMS1 constructs were transfected using Lipofectamine LTX (Thermo Fisher Scien-
tific). After 48 hours cells were harvested and washed twice with ice-cold PBS. Cells were then
resuspended in mammalian cell lysis buffer (Promega) (50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1% Triton® X-100, 0.1% sodium deoxycholate, 0.1 mM benzamidine HCI, 55 uM phe-
nanthroline, 1 mM PMSF, 10 uM bestatin, 5 uM pepstatin A, and 20 uM leupeptin) followed
by centrifugation at 21,000 x g for 10 min at 4°C. To remove insoluble materials, cell extracts
were diluted with 700 pl of TBS (50 mM Tris-HCI pH 7.4, 137 mM NaCl, 2.7 mM KCl) and
centrifuged at 21,000 x g for 10 min at 4°C. Next, cell extracts were incubated overnight at 4°C
with magnetic beads (Magne™ HaloTag® slurry). Before elution, magnetic beads were washed
four times with wash buffer (50 mM Tris-HCl pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 0.05%
Nonidet® P40). Proteins bound to magnetic beads were eluted for 2 hours at room tempera-
ture using elution buffer containing 50 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 0.005 mM DTT,
and 2 Units AcTEV™ Protease (Thermo Fisher Scientific). The eluate was further purified by
passing through a Micro Bio-Spin column (Bio-Rad, Hercules, CA) to remove residual beads
prior to proteomic analyses.

MudPIT analysis for BRMS1 and BRMS1 mutant associated proteins

MudPIT analysis for protein identification was previously reported in detail by Banks et al.
[12]. Briefly, trichloroacetic acid (TCA) precipitated proteins were proteolytically digested
with endoproteinase Lys-C and trypsin digestion, respectively. Digested peptides were injected
directly into a linear ion trap (LTQ) mass spectrometer using 10-step MudPIT separation
approach, then the yielded spectra were collected and identified. Spectra were analyzed using
the ProLuCID and DTASelect algorithms. Contrast and NSAF7 software were used, respec-
tively, to rank putative affinity purified proteins according to their distributed normalized
spectral abundance values (ANSAF). QSPEC was used to identify enriched proteins in the
experimental samples [12].

Cross-linking analysis

Cross-linking data were utilized from publicly available data published by Adams et. al 2020
[25]. The BRMSI cross-links were visualized within the xiView platform [26].

Topological scoring

Topological Scoring was completed for all proteins as previously described [27, 28]. Briefly,
proteins with significant QSPEC scores were input into the TopS Shiny Application (available
at https://github.com/WashburnLab/Topological-score-TopS). This application utilizes the
average spectral counts of each bait across all baits to calculate the TopS score, which indicates
a likelihood ratio of binding.
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Protein structure predictions

BRMS1 protein structure was predicted based upon its amino acid sequence retrieved from
NCBI using I-TASSER [29, 30]. Briefly, this program functions predicts, with high accuracy,
protein structure based upon primary amino acid sequences by comparing the inputted
sequence to known BLAST sequences. This comparison is then used to identify potential pro-
tein relatives, followed by threading, in which the LOMETS database utilizes the PDB database
to generate alignments. Alignments with sufficient Z-Scores are then excised and assembled.
Predicted structures are then subjected to iterative Monte Carlo simulations within a variety of
conditions (temperature change simulations, etc.). Predictions with the lowest energy state are
selected to be the predictive protein structures before comparing against knowns in the PDB
database for structure, ligand binding, and biological function.

Protein stability predictions

The primary sequence of BRMSI was mutated at S237 to either Aspartic Acid (D) or Alanine
(A). These mutants were subject to multiple predictive software applications. MuPro [31] uti-
lizes multiple machine learning techniques to predict the impact a point mutation has on pro-
tein stability. I-Mutant [32] is a support vector machine-based tool that functions by utilizing
neural networks to predict protein stability changes based upon point mutations. Folding
RaCe [33] predictive software utilizes a 790 single point mutant knowledge-based prediction
of protein folding rates with a multiple linear regression model approach to predict the impact
of single site mutations on folding rates. DynaMut [34] combines normal mode analysis which
approximates system dynamics and motions with the mutational analysis, such that the predic-
tion is based upon the impact that the mutation has on overall protein dynamics. DIM-Pred
[35] predicts order or disorder of a protein or a protein region, accounting for alterations in
amino acid properties, neighboring amino acids residues, and substation matrices.

Data analysis

Three biological replicates were performed for each bait protein (i.e., BRMSI wild-type and
four mutants). The distributed normalized spectral abundance factor (ANSAF) [36] was used
to quantify the prey proteins in each bait AP-MS. To eliminate potential nonspecific proteins,
three negative controls were analyzed from cells expressing the Halo tag alone. A total of 15
purifications were completed and 5085 prey proteins identified (S1 File). First, wild-type data
were compared against the negative control dataset to ensure that non-specific proteins were
not included in the analysis (S1 Table). Second, QSPEC [37] was used on this filtered protein
list to calculate Z-statistics between spectral counts measured in wild-type and mutants and
determine significant changes in protein levels between these two datasets (52 Table). We
retained only proteins that had a significant QSPEC Z-statistics of —2 or less in at least one of
the mutants. The final group of 1175 proteins that passed these criteria comprised the subunits
of the Sin3/HDAC complex and proteins outside the complex.

t-SNE

To spatially map all significant 1175 proteins, we first applied a T-Distributed Stochastic
Neighbor Embedding (t-SNE), a nonlinear visualization of the data followed by a k-means
clustering on the two vectors generated from the t-SNE (S2 Table). The number of clusters
used for the k-means was 4. The plot visualization was generated within the R packages stats,
cluster, gplots, and ggplot2.
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Co-immunoprecipitation and MALDI-TOF analysis

To compare the overall composition of SIN3A associated proteins between metastatic and nor-
mal breast cells, co-IP of SIN3A (polyclonal Ab generated and validated previously [14]) from
the nuclear lysates of MDA-MB-231 metastatic breast cancer and MCF10A immortalized but
otherwise normal breast epithelial cell lines were analyzed by mass spectrometry. The co-IP
samples were electrophoresed followed by in-gel digestion and MALDI-TOF analysis as previ-
ously described [38].

Pathway analysis

In order to determine the biological enrichment of differentially expressed proteins in the
mutants, we subjected 1175 proteins to Reactome pathway analysis. Enrichment was com-
pleted within the R environment and several packages such as clusterProfiler, ReactomePA,
DOSE and enrichplot were used.

Protein functional analysis

Significant proteins were subjected to multiple analyses. Disease enrichment was completed
within Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com, Release date: December
2016). Visualization for overlapping significant proteins was completed in Venny 2.1 (https://
bioinfogp.cnb.csic.es/tools/venny/). Heatmaps were generated within ClustVis (https://biit.cs.
ut.ee/clustvis/).

Cell culture

293T cells were cultured in 10% FBS, 0.5 mM NEAA + DMEM/Sodium Bicarbonate (2.438 g/
L) cell culture medium (Thermo Fisher Scientific). MDA-MB-231 cells were cultured in 5%
FBS, 0.5 mM NEAA 0 + DMEM/Sodium Bicarbonate (2.438 g/L) cell culture medium
(Thermo Fisher Scientific). In both 293T and MDA-MB-231s, overexpression cells were first
transduced with pENTR followed by pLENTT expression within 293FT cells according to man-
ufacturer’s instructions (Invitrogen). Clones were selected with blasticidin. Each construct
contained a single or 3x-Flag epitope tag. Expression was quantified using validated BRMS1
1a5.7 antibody (as described previously [39]), FLAG-M2 antibody (Sigma A8592-IMG), or
qPCR for BRMS1***** using the following primers:

F: 5" - GATCCATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACA
AGGATGACGATGACAAGAAGGCTAGGGCAGCTGTGTCCCCTCAGAAGAGAAAATCGGAT
GGACCTTGATGATGAC -3’, R: 5’ -TCGAGTCATCATCAAGGTCCATCCGATTT
TCTCTTCTGAGGGGACACAGCTGCCCTAGCCTTCTGTCATCGTCATCCTTGTAATCGA
TGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATG -3'.

Predicted amino acid sequences for each construct are:
BRMS1WT

DYKDDDDKMPVQPPSKDTEEMEAEGDSAAEMNGEEEESEEERSGSQTESEEES-
SEMDDEDYERRRSECVSEMLDLEKQFSELKEKLFRERLSQLRLRLEEVGAERAPEY-
TEPLGGLQRSLKIRIQVAGIYKGFCLDVIRNKYECELQGAKQHLESEKLLLYDTLQ-
GELQERIQRLEEDRQSLDLSSEWWDDKLHARGSSRSWDSLPPSKRKKAPLVSGPYI-
VYMLQEIDILEDWTAIKKARAAVSPQKRKSDGP

BRMS1!2%
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DYKDDDDKMPVQPPSKDTEEMEAEGDSAAEMNGEEEESEEERSGSQTESEEES-
SEMDDEDYERRRSECVSEMLDLEKQFSELKEKLFRERLSQLRLRLEEVGAERAPEY-
TEPLGGLQRSLKIRIQVAGIYKGFCLDVIRNKYECELQGAKQHLESEKLLLYDTLQ-
GELQERIQRLEEDRQSLDLSSEWWDDKLHARGSSRSWDSLPPSKRKKAPLVSGPYI-
VYMLQEIDILEDWTAI

S237A

DYKDDDDKMPVQPPSKDTEEMEAEGDSAAEMNGEEEESEEERSGSQTESEEES-
SEMDDEDYERRRSECVSEMLDLEKQFSELKEKLFRERLSQLRLRLEEVGAERAPEY-
TEPLGGLQRSLKIRIQVAGIYKGFCLDVIRNKYECELQGAKQHLESEKLLLYDTLQ-
GELQERIQRLEEDRQSLDLSSEWWDDKLHARGSSRSWDSLPPSKRKKAPLVSGPYI-
VYMLQEIDILEDWTAIKKARAAVAPQKRKSDGP

S237D

DYKDDDDKMPVQPPSKDTEEMEAEGDSAAEMNGEEEESEEERSGSQTESEEES-
SEMDDEDYERRRSECVSEMLDLEKQFSELKEKLFRERLSQLRLRLEEVGAERAPEY-
TEPLGGLQRSLKIRIQVAGIYKGFCLDVIRNKYECELQGAKQHLESEKLLLYDTLQ-
GELQERIQRLEEDRQSLDLSSEWWDDKLHARGSSRSWDSLPPSKRKKAPLVSGPYI-
VYMLQEIDILEDWTAIKKARAAVDPQKRKSDGP

BRM81230—246

MDYKDHDGDYKDHDIDYKDDDDKKARAAVSPQKRKSDGP

Metastasis gene expression analyses with qRT-PCR

293T cells were grown to 90% confluency, collected and RNA extracted an RNA Isolation kit
(Zymo Research). Following RNA extraction cDNA completed with the iScript cDNA synthe-
sis kit (Bio Rad). qRT-PCR was completed with a SYBER Green assay, and cDNA loaded at a
concentration of 50 ng/uL. The following primers were utilized for analysis:

Migration assay

Cells were cultured at a seeding density of 750,000 cells/well in 5% FBS, 0.5 mM NEAA

+ DMEM/Sodium Bicarbonate (2.438 g/L) media in 6-well plates (Thermo Fisher). After 48
hours cells were scratched, washed, and media replaced with serum-free DMEM/Sodium
Bicarbonate (2.438 g/L) (Thermo Fisher). Cells were imaged at t = 18 to 24 hrs. Image ]
(https://imagej.nih.gov/ij/) was utilized for analysis, followed by statistical analysis in R (‘FAS’
package), in which a Kruskal Wallis test followed by a Dunn’s adjustment was completed
(https://www.R-project.org/).

Experimental metastasis assays

To measure the successful colonization of the lungs by metastases for each construct
(BRMS1™T, $237A, or $237D) MDA-MB-231 cells were transduced with the construct as
described above. For each construct, 3 clones were selected. 2x10” cells suspended in 100 uL of
Hanks Balanced Salt Solution (HBSS, Gibco, #14175-103) were intravenously injected within
the tail vein of three week-aged athymic mice (Harlan HSD athymic nude-Foxnlnu), which
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were restrained in a tube to facilitate tail manipulation. The lung metastases grew for 6 weeks
or until the mouse was moribund and required euthanasia. Lungs were removed and fixed in a
mixture of Bouin’s fixative and neutral buffered formalin (1:5 v/v), and macroscopic lung
metastases were counted. This study was completed in 30 mice per construct, and 3 clones per
construct. All animal studies were approved by the Institutional Animal Care and Use Com-
mittee at the University of Kansas Medical Center (#2014-2208). These experiments were per-
formed in accordance with the PHS Policy on Humane Care and Use of Laboratory Animals,
USDA regulations (9 CFR Parts 1, 2, 3), the Federal Animal Welfare Act (7 USC 2131 et. Seq.),
and the Guide for the Care and Use of Laboratory Animals, that were followed in attempts to
alleviate animal suffering. A Kruskal Wallis test followed by a Dunn’s adjustment was com-
pleted as per above for statistical analysis.

Clinical analyses

The UALCAN web resource was utilized to assess the expression of BRMS1, BRMSIL,
HDACI, SIN3A, and SUDS3 in tumor compared to normal expression (http://ualcan.path.
uab.edu/index.html) [40]. All samples were within UALCAN’s BRCA: Breast Invasive Carci-
noma dataset. The normal dataset consisted of 114 patients, while the tumor contains 1097.
Survival data were obtained from the 2020 version of Kaplan-Meier Plotter breast cancer
RNA-sequencing database (https://kmplot.com/analysis/) [41]. Patients were first stratified by
the Sin3/HDAC member (i.e., BRMS1L, HDACI, SIN3A, SUDS3, Oetc.) by median. Once
stratified BRMS1 expression was taken into account, and the p-value is calculated using the
log-rank test.

Visualizations

R packages Gplots, GGplots2, and RColor Brewer were utilized for image analysis of data.

Results and discussion

BRMS]1 C-terminal protein structure is important for protein-protein
interactions, including Sin3/HDAC complex interaction

Utilizing our knowledge about BRMS1 from previously published functional and interaction
studies we generated a panel of BRMS1 mutants: BRMS1°**”" (phosphorylation-mimic, here-
after $237D); BRMS1%*”# (unable to be phosphorylated, hereafter S237A); BRMS1 1229 (Jacks
critical C-terminal domain); and BRMS1%%%*® (C-terminal domain with S237 in the center)
(Fig 1A). Regardless of whether S237 was mutated to aspartic acid or alanine, BRMS1 protein
stability was predicted to be compromised using multiple in silico prediction methods

(Table 1). These data suggest that S237 site modifications dramatically destabilize BRMS1 and
may be important for overall protein function and should be further investigated.

Given the lack of crystal structure for BRMS1 (and specifically the C-terminus), we used the
I-Tasser structure prediction method to predict the three-dimensional structure of BRMS1
using its amino acid sequence (Fig 1B and 1C). The algorithm-predicted structure identifies
that the C-terminal region may consist of helical, coiled, and strand regions, and the phos-
phorylation site of interest lies within a coiled domain (Fig 1B). The predicted coiled domain,
coupled with a previous classification of this region as intrinsically disordered—both of which
are associated with protein-protein interactions—supported our hypothesis that the region is
involved with protein binding and that the interactome is involved in metastasis suppression
[19].
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Fig 1. BRMSI C-terminus plays a role in its protein interactome. (A) Mass spectrometry was completed on four
BRMS1 mutants with full-length BRMS1 (BRMS1""), BRMS1 aa 1-229 (BRMS1'?*), BRMS1 ($237A), BRMS1
(S237D), and BRMSI aa 230-246 (BRMS1%*°2%%), (B). Secondary structure prediction of the BRMS1 proteins by
I-TASSER, followed by the BRMSI predicted 3D model (C). The structure generated demonstrates that the C-terminal
region consists of helical, coiled, and strand regions. (D) t-SNE analysis was implemented for the analysis of the
mutant data. Four clusters are generated by t-SNE. (E) Components of the Sin3/HDAC (in respective cluster colors
from Fig 1D) and BRMS1 (in blue) proteins are highlighted.

https://doi.org/10.1371/journal.pone.0259128.g001

The I-TASSER and in silico prediction methods, when combined with our previous find-
ings that S237 near the C-terminus can be phosphorylated compelled us to posit that the phos-
phorylation site could regulate protein binding. To test this hypothesis, mass spectrometry was
completed (S1 Table) in 293T cells transduced with Halo-tagged BRMS1 wild-type
(BRMS1™T), BRMS1'%*, $237A, S237D, or BRMS1***¢ (Fig 1A). Constructs were precipi-
tated via Halo-tags to prevent contamination with endogenous BRMS1. These constructs were
selected because they allowed focus on both phosphorylation as well as putative protein
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Target Gene Primer
Cytochrome C F- TTTGATGCCTTGGGTAGGG
R- GACAAGCAGTGAGGGCTATT
Fascin F- CTCTGGGTGTCTTGGTCTTT
R—GGGCTGCAGACTGAGTTATT
miR-10b F- CCCTGTAGAACCGAATTTGTG
R—TTTGCATCGACCATATATTCCC
PI4K2NA F-GAGCCCTATGGGCATCTTAATC
R—GATAGCCCTGGTTAAGGACAAG
RhoC F- CGTCCCTACTGTCTTTGAGAAC

R- GCAGTCGATCATAGTCTTCCTG

https://doi.org/10.1371/journal.pone.0259128.t001

interaction domain(s). This point is key as BRMS1 contains two coiled-coil domains which are
within BRMS1'**° but which are lacking in BRMS1°*°**%, allowing us to identify proteins
binding specifically to each region.

Mass spectrometry identified 1175 proteins whose binding was significantly (QSPEC
Z-Score £-2) altered in at least one mutant compared to BRMS1"". In order to analyze the sig-
nificant interacting proteins in an unbiased manner, we used the dimension reduction method
t-Stochastic Neighbor Embedding (tSNE), applied to Z-statistics obtained from the QSPEC
analysis [37]. This analysis resulted in four distinct clusters (Fig 1D, S2 Table). Further inspec-
tion identified BRMS1 as a member of cluster two, which contains the majority of the Sin3/
HDAC members (Fig 1E). This finding reinforces BRMS1 membership within Sin3/HDAC
complexes while also refining the interactome by lack of association of BRMS1 with SIN3B or
SAP30L, which clustered differently (clusters 1 and 4, respectively) (Fig LE).

BRMSI interaction with Sin3/HDAC members is more complex than

previously

anticipated

To further examine the relationships between the Sin3/HDAC complex members and the
BRMS1 mutants, Topological Scoring (TopS) was employed (Fig 2A). This method is used in

Table 1. Predicted protein stability is impacted by $237 mutations.

Mutant Structure Stability Predicted Changes Software
S237A Primary Destabilizing DDG: -0.214633 MuProt
S237A Primary Destabilizing DDG: -1.69 I-Mutant
S237A Tertiary Destabilizing Folding Rate: -1.1 Folding Race
S237A Primary Destabilizing DDG: -0.095 DynaMut
S237A Tertiary Destabilizing DD Encom: -0.292 kcal/mol DynaMut
S237A Primary Order — Disorder DIM-Pred
S237D Primary Destabilizing DDG: -0.0552 MuProt
S237D Primary Destabilizing DDG: -1.0 I-Mutant
S237D Tertiary Destabilizing Folding Rate: -1.8 Folding Race
S237D Primary Destabilizing DDG: -0.457 DynaMut
S237D Tertiary Destabilizing DD Encom: -0.353 DynaMut
S237D Primary Order — Disorder DIM-Pred

Predictive software (listed) suggests that $237 plays a role in BRMS1 overall structure.

https://doi.org/10.1371/journal.pone.0259128.t1002
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Fig 2. BRMS1 interacts with SIN3/HDAC members alternatively based protein domain. (A) Likelihood of binding
for each SIN3A member was evaluation based on TopS score for each of the BRMS1 mutants. Cluster is based upon
Euclidean distance. (B) Crosslink map for the BRMSI protein, data is extracted from SIN3A XL-MS experiments from
Adams et al [24]. (C) SIN3A co-immunoprecipitation of nuclear lysates followed by MALDI-TOF mass spectrometry.
(D) Utilizing MS results from Adams et al [24] ANSAF for SIN3A and SIN3B in relation to BRMS1 and BRMSIL.

https://doi.org/10.1371/journal.pone.0259128.g002

determining a likelihood of binding with each of the proteins across the mutants. The resultant
scoring suggests the presence or absence of S237 can play a role in BRMSI interaction with
protein complex members. Intriguingly, though there are some member interactions shared
between S237A and S237D (BRMSI, BBX, and HDAC2), overall, the mutants’ likely interac-
tion partners tend to cluster differently (Fig 2A). $237A, BRMS1'?*°, and BRMS1?°***° cluster
the most similarly. This finding may suggest that in order for BRMS1"" to interact with cer-
tain proteins it must include both phosphorylation at S237 as well as additional factors near
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the N-terminus that BRMS12**-2*¢ Jacks. That being said, BRMS1"" and $237D have little
overlap, sharing only HDAC1, HDAC?2, and SIN3A (Fig 2A). This could be due to the fact that
BRMS1Y" could more so exhibit a state of flux in regard to binding partners between its phos-
phorylated and unphosphorylated state and that it binds to many of these proteins, but this
remains merely a hypothesis.

To further examine Sin3/HDAC complex binding with BRMSI we utilized recently pub-
lished crosslinking data of complex members [12]. BRMS1 was confirmed to interact with its
known interaction partner SUDS3 (at BRMS1 aa 142), while also binding to the Sin3/HDAC
member HDACI at BRMSI1 aa 184 (Fig 2B). BRMSI also cross-links with SIN3A but not with
the related SIN3B (Fig 2B). Importantly, the location of SIN3A binding is primarily at
BRMS!’s C-terminus (at BRMSI aa 201, 240, and 242) (Fig 2B). These data, in combination
with the findings in Fig 1E, suggest that BRMSI may impact the transcriptional profile of
SIN3A complexes greater than SIN3B complexes. In addition, the location of the binding
within the C-terminus supports the hypothesis that the C-terminus is involved in determining
BRMS1’s protein binding partners. Proximity of the binding sites (aa 240, 242) near 5237 fur-
ther supports the hypothesis that $237 phosphorylation plays a role in regulating BRMS1 bind-
ing partners. Taking the data into account with the findings in Fig 2A, the direct cross-link is
associated with proteins more greatly associated with S237D (HDACI, SIN3A, and SUDS3)
than the other three mutants (Fig 2A) further suggesting the importance of phosphorylation
and BRMST’s interaction within the Sin3/HDAC complex.

To examine the interaction between SIN3A and BRMSI further, we utilized SIN3A-endog-
enously expressing cells. SIN3A was co-immunoprecipitated from the nuclear lysates of
immortalized, but otherwise normal, MCF-10A breast cell line, as well as within the metastatic
MDA-MB-231 breast cancer cell line. These precipitates were then subjected to mass spec-
trometry through MALDI-TOF analysis. Interactions with SIN3A were found to be context-
dependent, i.e., normal breast cell line interactions differ from metastatic cancer cell interac-
tions, though several of these interactions have been previously published and validated in
many cell lines and systems (S3 Table, [11, 13, 22, 42-58]). SIN3A interacts with several Sin3/
HDAC members in MCF-10A cells that it did not interact with in MDA-MB-231 (SIN3B,
HDAC2, SAP30, BRMSI1L). The only interactor that SIN3A interacted with in MDA-MB-231
that it lacked interaction with in MCF-10A is BRMSI. This finding is intriguing as BRMS1L
and BRMS1 share high (79% amino acid) sequence similarity [59]. In terms of function,
BRMSI1L’s role in metastasis is understudied, but two recent studies suggest a role in metastasis
suppression [60, 61]. The finding that SIN3A binds to BRMS1 and BRMSIL differently in
transformed and non-transformed cells (Fig 2C), suggests a role that BRMSI plays within the
Sin3/HDAC complex specifically in cancer that is not apparent in a non-transformed cell line.

To more clearly look at the interactions of BRMS1 and BRMSI1L in association with the
Sin3/HDAC complexes, we utilized normalized spectral counts of previously published mass
spectrometry data [24]. We found a distinct pattern difference of BRMS1 and BRMS1L bind-
ing with SIN3A and SIN3B (Fig 2D). BRMSIL binds to a much greater extent to SIN3A than
BRMSI. Though BRMSIL does not have spectral counts as great with SIN3B as it does to
SIN3A, it must be noted that BRMS1 has a very low dNSAF score (5.64 x 10~°) with SIN3B
(Fig 2D). This finding, in combination with the findings in Figs 1E and 2B, compel the hypoth-
esis that BRMSI interacts with SIN3A over SIN3B. Additionally, the data suggest that
BRMSIL may be more relevant in SIN3B complexes, and may also be more common in
SIN3A directed complexes than BRMS], as Fig 2C demonstrates. Taken in combination, these
findings hint at a more specific role for BRMS1 within the Sin3/HDAC complex, and leaves
room for potential functions independent of its interaction within these epigenetic regulatory
complexes.
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Fig 3. Biological pathway analysis associates BRMS1 mutants with specific molecular processes. The total number
of 1175 proteins were subject to the Reactome pathway analysis. Top significant biological pathways with a p-
value < 0.01 corresponding to the four mutants are represented in this figure.

https://doi.org/10.1371/journal.pone.0259128.9003

C-terminal mutants of BRMS1 disrupt protein interactions and molecular
processes

Though significant that BRMSI mutants altered binding with Sin3/HDAC members, many
proteins that exist outside of those complexes also exhibited altered interactions with the
mutants. To understand what biological processes may be disrupted due to altered protein
interactions, all interacting proteins identified for each mutant were subjected to Reactome

1-229 .
1 ) versus C-terminal

pathway analysis (Fig 3). Distinct differences in N-terminal (BRMS
(BRMS1**°*) binding were observed. Many of the significant pathways represented in the
analysis were not represented in BRMS1 1229, e.g., mRNA processing, rRNA processing, and
immune responses (Fig 3). Many of these same biological processes are disrupted by the C-ter-
minus mutants (S237A, S237D, BRMS1230-246), emphasizing the importance of the C-terminus
in overall protein function and regulation of protein interactions. Importantly, many of the
biological processes are tied to cancer-associated pathologies (i.e., mRNA splicing, immune
response) and further study into the BRMS1 C-terminus role in these pathways could identify
the molecular role of BRMSI in metastasis. To identify binding partners distinctly affected by
particular domains of BRMS], all protein interaction changes for each mutant were consid-
ered. To ensure that putative interacting proteins were truly associated with BRMS1, an addi-
tional criterion was added, i.e., the interactor must have a high TopS$ value in BRMS1"", to
demonstrate an increased likelihood of binding ratio (S4 Table) [27]. Significant overlaps
between the C-terminus-associated mutants were observed. All three BRMS1 C-terminus
mutants shared 64 proteins whose binding significantly changed compared to BRMS1W 7 (Fig
4A and 4B). These results were in sharp contrast to BRMS1'**’, in which those same 64 pro-
teins shared a more similar binding profile to BRMS1" (Fig 4B). Several of the 64 proteins
are known promiscuous binders [i.e., eukaryotic translation elongation factor 1 alpha 1
(EEF1A1), heterogeneous nuclear ribonucleoprotein F (HNRNPF)]. To filter promiscuous
binders from unique interactors within this dataset, these 64 proteins were subjected to Con-
taminant Repository for Affinity Purification (CRAPome) analysis [27, 62]. Unique proteins
were colored in red in Fig 4B. Several of these proteins are associated with cancer, such as
TRMT2A (TRNA Methyltransferase 2 Homolog A) and WWP1 (WW Domain Containing E3
Ubiquitin Protein Ligase 1). TRMT2A is a methyltransferase protein and the expression of this
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https://doi.org/10.1371/journal.pone.0259128.9004

gene varies during the cell cycle, with aberrant expression being a possible biomarker in cer-
tain breast cancers [63]. Likewise, WWP1 is involved in breast mucinous carcinoma [64]. Two
mutants, $237D and BRMS1?°*®, overlap with the most proteins, with 105 interactors (Fig
4A). These proteins were also subjected to CRAPome analysis, which identified several pro-
teins as unique interactors. Two proteins were associated with metastasis, DNA Polymerase
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Epsilon Subunit 2 (POLE2) and Transcription Factor 2 (TCF2) [65, 66]. POLE2 is associated
with circulating tumor cell clusters which, in turn, have been associated with an increased col-
onization success [65]. TCF2 plays a role in renal cell carcinoma patient progression [67]. In
combination, these findings further support the role the C-terminus plays in protein specific
binding, while emphasizing the importance of phosphorylation-status on that interaction, and
potentially disease state.

To further characterize how changes in interactor binding may play a role in the develop-
ment of certain pathologies, disease enrichment within Ingenuity Pathway Analysis (IPA) was
completed (Fig 4C and S5 Table (Worksheet 2)). This analysis included all interactor proteins
with the C-terminus mutants (S237A, $237D, and BRMS1?%°-2%6)_ Several of the enriched
pathologies are often associated with neoplasia, including cell cycle dysregulation, cell death
and survival, RNA damage repair, embryonic development, immunological disease, and infec-
tious disease. The latter findings compliment previously published results in which re-expres-
sion of BRMSI in metastatic MDA-MB-435 cells were highly enriched for upregulated
immune response genes [68].

Two disease-associated categories were enriched and of distinct interest. The first, tumor
morphology, is of interest as previous studies showed that BRMSI re-expression alters expres-
sion of the cytoskeletal proteins Focal Adhesion Kinase (FAK), Src, and Fascin [69-71]. These
proteins may ultimately change cell morphology and motility [72], which are essential for can-
cer metastasis [1] (Fig 4D). Additionally, enrichment for cell death and survival pathways mir-
ror previous findings as BRMSI is associated with inducing apoptosis in prostate and non-
small cell lung cancers [73, 74]. BRMSI is also associated with HDAC1 and NF-«B, both of
which regulate apoptosis [74].

Within these two enriched disease pathways, several proteins overlap, including BReast
CAncer gene 1 (BRCA1), mechanistic target of rapamycin (mTOR), and Cyclin Dependent
Kinase Inhibitor 2A (CDKN2A) (Fig 4D). Several of the proteins, shared or not, have been
associated with many cancers (Fig 4D). Proteins that are associated with the C-terminus of
BRMSI strongly suggests that the phosphorylation status of S237 plays roles not only in how
BRMS1 functions within the cellular environment, but a distinct role that may shape the meta-
static potential. This conclusion is consistent with previous reports that BRMSI alters multiple
steps in the metastatic cascade [69-71, 75].

BRMS1 domain and phosphorylation status may impact metastatic gene
association

To test the impact of phosphorylation site presence or status on known metastasis-associated
genes we measured expression changes on genes previously published to be regulated by
BRMS1 [71, 76-79] (Fig 5A). To better translate findings from Figs 3 and 4 we completed
qRT-PCR in 293T cells that were transduced with BRMS1"" and its mutants (S1 Fig). As
these measurements were performed in a non-cancerous cell line, many of the changes that
have been reported in cancer cells were not expected to be identical. For example, phenotypes
necessary for the cells’ metastatic features would be expectedly low so that measurement of
BRMSI diminishment of expression from baseline would be insignificant. This is true for Fas-
cin, PI4K2NA, and RhoC, all of which would be expected to be downregulated, but had no
changes within 293T cells (Fig 5A). The only significant change was in miR-10b, which was
downregulated as expected [79]. Interestingly, miR-10b was only significantly decreased in
$237D and BRMS1?°9%# (Fig 5A), suggesting that BRMSI regulation could be dependent on
the presence of S237 and its phosphorylation. This result explains previous findings that
BRMS1 C-terminus is responsible for regulating miR-10b expression and points to BRMSI
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Fig 5. BRMS1 phosphorylation is associated with a metastasis suppression phenotype. (A) Average qRT-PCR
results for 293T cells transduced with BRMS1WY, BRMS 1!172%°, $237A, $237D, or BRMS12**%%®, Quantification
includes 3 clones per construct and an n = 3. Samples were analyzed with a Kruskal Wallis test, followed by a Dunn’s
adjustment. * indicates p -values < 0.05. (B) Representative images for migration analysis on parental MDA-MB-231,
Vector (control) transduced MDA-MB-231s, BRMS1™", BRMS1' >, 82374, $237D, and BRMS1***** MDA-MB-
231 transduced cells. (C) Quantification of migration assays, analyzed with a Kruskal Wallis test, followed by a Dunn’s
adjustment. *, **, and *** indicate p-values of < 0.05, < 0.01, and < 0.001, respectively. (D) This table includes the p-
values for the comparisons completed in (C). (E) IV Injections of MDA-MB-231 cells expressing vector, BRMS1"™,
S237A, or S237D. Each experimental group represents an n = 30. * indicates a p-value < 0.05. Samples were analyzed
with a Kruskal Wallis test, followed by a Dunn’s adjustment.

https://doi.org/10.1371/journal.pone.0259128.9005

phosphorylation as a key factor that does so [22]. Further studies must be done to understand
the importance of BRMSI regulation of miR-10b, but the finding does suggest a potential role
for S237’s regulation of metastasis.
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Domain and phosphorylation status alter MDA-MB-231 migration in vitro
and lung metastases in vivo

To begin assessing whether BRMS1 mutants exert different biological changes in cancer cells,
BRMSI1 mutants were transduced into metastatic MDA-MB-231 breast carcinoma cells (S1
Fig). Scratch assays were performed to determine the impact of BRMS1 mutants on in vitro
cell migration. All BRMS1 mutants inhibited migration (Fig 5B-5D). Curiously, BRMS1****¢
reduced migration slightly more than BRMS1'?*, but this comparison was not statistically
significant. BRMS1"" and $237D expressing cells were significantly less migratory than
BRMS1"'%**, while only $237D was less migratory than BRMS1%****, These data suggest that
the capacity to exist within a phosphorylated state could decrease the migratory capacity. This
observation is speculative, as neither S237A nor S237D have a statistically significantly differ-
ent migratory capacity to BRMS1"", but the wound closure patterns are in opposite direc-
tions. Based upon the in vitro data, and the lack of significant difference between S237A and
S237D, the full impact of phosphorylation-status is unclear but is suggestive of a role it may
play in metastasis.

Based upon the migration data, and the definite differences implicating phosphorylation-
status, we wanted to determine if BRMSI1 phosphorylation was key to BRMS1-regulated
metastasis suppression. To test this, we completed intravenous tail-vein injections with
MDA-MB-231 cells expressing BRMS1"V", $237A, or $237D (Fig 5E). Both BRMS1W" and
$237D were significantly different to vector control, while S237A was not. In addition, $237D
had a significant decrease in the number of lung metastases than either BRMS1"V" or S237A.
These findings suggest firstly the inability of BRMS1 to phosphorylate at $237 does impact
metastasis suppressor function. Secondly, the degree of significance by which S237D is able to
suppress metastasis, with a decrease compared to BRMS1"" and $237A strongly suggests the
key role that S237 phosphorylation plays in BRMS1 metastasis suppression.

BRMSI1 and SIN3 members may impact patient survival

As metastasis is associated with decreased overall patient survival, we questioned if the interactions
within the Sin3/HDAC complex could play a role in impacting patient survival. Utilizing data from
The Cancer Genome Atlas (TCGA), we examined how BRMSI interacting partners (Fig 2B) as well
as its counterpart, BRMSIL (Fig 2C), expression correlated in breast cancer patient survival.

Firstly, we compared the expression of the Sin3/HDAC members from normal to breast
tumor samples. BRMS1, HDACI and SUDS3 significantly increase expression within the
tumor samples, while BRMSI1L has significantly decreased expression (Fig 6A). SIN3A is
unchanged. This finding is intriguing as BRMS1 directly binds both HDACI and SUDS3, and
hints at a potential association with their expression and patient survival.

To address this speculation, we also looked for an association between one of the Sin3/
HDAC members and BRMS1 expression. To do this we first separated patients by expression
of each Sin3/HDAC BRMS1-interacting member by expression greater than or less than the
median expression of that particular member. Within those subsets, BRMS1 expression (high
vs low) was examined for patient overall survival (Fig 6B and 6C). When looking across all
Sin3/HDAC members associated with a high median expression cohort, BRMS1 does not
appear to play a role in increased patient survival (Fig 6B). In fact, we only see an association
with patient survival in the low expression cohorts of BRMS1L and SIN3A, in which high
expression of BRMS1 is associated with increased patient survival (p-value of 0.019 and 0.021,
respectively) (Fig 6C). Interestingly, this pattern is similar in the rest of the Sin3/HDAC com-
plex members, in which across all members in the high-expressing cohort, BRMSI expression
did not play a role (S2 Fig). However, in the low-expressing cohort, BRMSI high expression
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Fig 6. SIN3/HDAC members have altered impact on breast cancer outcomes. (A) Breast Cancer (BRCA) data from
TCGA was mined utilizing UALCAN to determine differences in expression of normal compared to tumor tissue. **
indicates a p-value < 0.01. (B-C). BRCA data was mined in which SIN3/HDAC members were separated by median
expression into those greater than the median (B) or those less than the median (C). BRMSI1 expression was then
examined within these patients for overall survival, with High BRMS1 (indicated by Red) and Low BRMSI (indicated
by black) were accounted for. This was completed in KM Plotter.

https://doi.org/10.1371/journal.pone.0259128.g006

plays a role in overall survival for BBX and SAP130 (S3 Fig). As previously noted, BRMS1L
appears to play a role in metastasis suppression. It has also been shown that low expression of
SIN3A promotes invasion and metastasis, and increased SIN3A expression is associated with
increased overall survival [14]. Additionally, both SAP130 (Sin3A Associated Protein 130) and
BBX have been directly associated with binding SIN3A [45, 80]. Decreased SAP130 expression
has been associated with metastasis previously [81]. These previously published findings, in
combination with our results, may suggest that in either low BBX, BRMS1L, SAP130, or
SIN3A expressing patients BRMS1 expression will take on the role of a metastasis suppressor,
resulting in increased overall survival. However, if BBX, BRMSI1L, SAP130, or SIN3A expres-
sion is high, BRMSI expression is not as critical in terms of overall survival as the breast cancer
itself should not be highly invasive or metastatic (Figs 6B and S2). Though these data require
further testing to be conclusive, they further our understanding of BRMS!’s role in relation to
the SIN3/HDAC complex, and how this interaction may be key to understanding how this is
associated with metastasis.

Conclusions

This study investigates the role of BRMS1 C-terminus in protein function, with an emphasis
on the function of the 237 phosphorylation site. We hypothesized, based upon in silico pre-
diction methods, that the C-terminus functions in protein binding, and demonstrated through
mass spectrometry that the C-terminus can impact BRMSI associations with Sin3/HDAC
complexes as well as proteins outside of the complexes. We model this hypothesis in Fig 7, in
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it interacts but cannot yet ascribe a specific cause-effect relationship responsible for metastasis or migratory
suppression.

https://doi.org/10.1371/journal.pone.0259128.g007
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which we believe that BRMS1 does indeed regulate its anti-metastatic function through altered
interactions with proteins within or outside of the complex. This study probed both hypothe-
ses by furthering the understanding of BRMS1 association with Sin3/HDAC by defining direct
interactions with SIN3A, HDACI, and SUDS3. We further define BRMS1’s relationship with
SIN3A and determined that it may play a more significant role in SIN3A associated complexes
compared to that of SIN3B. We also further defined its relationship with BRMS1L and noticed
that, despite sequence similarity, BRMS1 and BRMS1L did not appear to have a mirror image
relationship to SIN3A or SIN3B. Future studies, that further examine the spatial and temporal
interactions could be extremely beneficial to associate how the BRMS1 interactions play a role
in pathologies such as metastasis. These findings could follow up the findings in Fig 2C as well
as previously published BRMS1 localization data [22]. We did begin to assess how these inter-
actions could impact pathologies, through examining the relationship that members of the
Sin3/HDAC complex have with BRMSI that is associated with overall survival.

It is interesting to speculate that once expression of either BRMSIL or SIN3A is lost, it
appears that BRMS1 will then function to suppress metastasis and increase survival. Our data
begin to define these interactions, in particular with SIN3A, but further studies are required in
order to directly define those relationships, including whether the interactions are based on
phosphorylation-status to regulate metastasis. The C-terminus and phosphorylation status
appear to be vital to regulating the metastasis promoting miRNA miR-10b and corresponding
reductions in motility and metastasis. The data also identify specific functionalities of protein
complexes previously associated with BRMS1 and metastasis.

This combination of results refine the molecular impact of BRMS1 on regulating metastasis
and the potential development of therapeutics based upon BRMSI.

Supporting information

S1 Fig. Expression of BRMS1 mutants within 293T and MDA-MB-231 cells. Expression of
BRMS1WT, BRMS11-229, and phospho-mutants compared to parental and vector control
293T cells. (B) qPCR quantification of BRMS1230-246 expression in 293T cells. (C) Expression
of BRMSIWT and phospho-mutants compared to vector control MDA-MB-231 cells. (D).
Expression of BRMS11-229 within MDA-MB-231 cells. (E) qPCR quantification of
BRMS1230-246 expression in MDA-MB-231 cells.

(TIF)

S2 Fig. Survival analysis for BRMS1 expression for patients with high expressing Sin3/
HDAC members impact on overall survival. BRCA data was mined in which SIN3/HDAC
members were separated by median expression into those greater than the median BRMS1
expression was then examined within these patients for overall survival, with high BRMS1
(indicated by Red) and low BRMS1 (indicated by black) were accounted for. This was com-
pleted in KM Plotter.

(TIF)

S3 Fig. Survival analysis for BRMS1 expression for patients with low expressing Sin3/
HDAC members impact on overall survival. BRCA data was mined in which SIN3/HDAC
members were separated by median expression into those less than the median BRMSI expres-
sion was then examined within these patients for overall survival, with high BRMS1 (indicated
by Red) and low BRMS1 (indicated by black) were accounted for. This was completed in KM
Plotter.
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