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Abstract

Breast cancer (BC)-related mortality primarily results from metastatic coloniza-
tion of disseminated cells. Actin polymerization plays an important role in driving
post-extravasation metastatic outgrowth of tumor cells. This study examines the
role of myocardin-related transcription factor (MRTF)/serum-response (SRF), a
transcription system well known for regulation of cytoskeletal genes, in meta-
static colonization of BC cells. We demonstrated that co-depletion of MRTF iso-
forms (MRTF-A and MRTF-B) dramatically impairs single-cell outgrowth ability
of BC cells as well as retards growth progression of pre-established BC cell colo-
nies in three-dimensional (3D) cultures. Conversely, overexpression of MRTF-A
promotes initiation and progression of tumor-cell outgrowth in vitro, primary
tumor formation, and metastatic outgrowth of seeded BC cells in vivo, and these
changes can be dramatically blocked by molecular disruption of MRTF-A's inter-
action with SRF. Correlated with the outgrowth phenotypes, we further demon-
strate MRTF's ability to augment the intrinsic cellular ability to polymerize actin
and formation of F-actin-based protrusive structures requiring SRF's interaction.
Pharmacological proof-of-concept studies show that small molecules capable of
interfering with MRTF/SRF signaling robustly suppresses single-cell outgrowth
and progression of pre-established outgrowth of BC cells in vitro as well as experi-
mental metastatic burden of BC cells in vivo. Based on these data, we conclude
that MRTF activity potentiates metastatic colonization of BC cells and therefore,
targeting MRTF may be a promising strategy to diminish metastatic burden in
BC.
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1 | INTRODUCTION

The vast majority of breast cancer (BC)-related deaths
are due to metastatic spread of tumor cells to distant or-
gans. Tumor metastasis is a complex cascade of events
that involves stromal invasion and intravasation of ma-
lignant sub-population of cancer cells at the primary
tumor site followed by arrest of tumor cells in the vas-
culature, extravasation, and finally outgrowth of tumor
cells at select ectopic organs. The fate of disseminated
tumor cells at the ectopic site is a critical determinant of
the clinical outcome of BC patients. Extravasated tumor
cells can undergo dormancy for a considerable length of
time, and it is the switch from dormancy-to-proliferative
state that leads to the formation of micro-metastases
which ultimately progress to clinically detectable macro-
metastases causing mortality of cancer patients."? In
principle, survival of BC patients should be improved if
metastatic burden can be reduced by either prolonging
the dormancy of disseminated BC cells or reverting pro-
liferating metastases to dormancy or slowing down the
metastatic growth.

Transcriptional complex formed by serum-response
factor (SRF) and its cofactor myocardin-related tran-
scription factor (MRTF) plays a key role in orchestrating
signal-induced gene regulation programs controlling
the expressions of a wide range of genes including those
involved in cytoskeletal regulation, cell adhesion, and
ECM remodeling.*® The two main isoforms of MRTF
in non-muscle cells are MRTF-A (also known as MKL1
or BSAC or MAL) and MRTF-B (or MKL2). In quies-
cent cells, MRTFs are mostly sequestered in the cyto-
plasm through its interaction with monomeric actin
(G-actin). Fluctuation in the F-to-G-actin ratio in favor
of actin polymerization liberates MRTFs from G-actin
allowing MRTFs to accumulate in the nucleus and ac-
tivate SRF-mediated transcription of genes including
SRF itself.”'> MRTF-A overexpression promotes mam-
mary epithelial cell proliferation, induction of EMT
(epithelial-to-mesenchymal transition)-associated
genes, and interferes with anoikis.'® In tail-vein exper-
imental metastasis model, knockdown (KD) of either
MRTF isoforms or SRF in MDA-MB-231 (MDA-231)
triple-negative BC (TNBC-negative for expression of
ER [estrogen receptor], PR [progesterone receptor], and
HER?2) as well as in B16F1 melanoma cell lines dramati-
cally reduced their lung colonization abilities in mice."’
However, since metastatic colonization is impacted by
a number of factors including tumor cell survival in
the circulation, extravasation, metastatic seeding, and
proliferation, the underlying basis for defect in meta-
static colonization induced by loss of MRTF function
is unclear. MRTF gene signature is elevated in tumor

cells at the perivascular niche in an organotypic brain-
colonization model of lung cancer.'® These findings,
taken together with recent demonstrations of MRTF's
ability to sensitize BC cells to immune surveillance and
eliminate tumor cells from metastatic site at high ex-
pression level,* further suggest MRTF's complex role in
the regulation of metastatic colonization of tumor cells.

Although SRF activation is one of its major functions,
MRTF is also capable of regulating gene transcription
utilizing its SAP domain (a putative chromatin-binding
domain) in an SRF-independent manner.*>*' Conversely,
SRF can be also activated through its interaction with
ternary complex factor (TCF) family of co-activators that
leads to transcription of genes distinct from those initiated
by MRTF's action.?? Therefore, the role of MRTF-SRF in-
teraction in particular in metastatic colonization of tumor
cells cannot be extrapolated from previously reported find-
ings in KD setting of either MRTF or SRE."” In this study,
we demonstrate critical importance of MRTF-SRF interac-
tion in promoting outgrowth initiation, progression, and
metastatic colonization of BC cells, and proof-of-concept
for pharmacological intervention of MRTF/SRF activity
as an impactful strategy to diminish metastatic burden of
BC cells.

2 | MATERIALS AND METHODS

2.1 | Cell culture and transfection

MDA-MB-231 (MDA-231) cells, either parental or a sub-
line that stably co-expresses mCherry and luciferase (a
giftfrom Dr. Jennifer Koblinski, Virginia Commonwealth
University), HEK-293 (ATCC, catalog # CRL-1573),
and MDA-468 (ATCC, catalog # HTB-132) were cul-
tured in DMEM media (Lonza, catalog# BW12-604F)
supplemented with 10% (v/v) fetal bovine serum (FBS;
Corning, catalog# MT35011CV) and antibiotics (100 U/
ml penicillin and 100pg/ml streptomycin; Thermo
Fisher, catalog# 15070063). Luciferase-expressing
sublines of 4T1 (a gift from Dr. Carolyn Anderson,
University of Missouri) and D2A1 (a gift from Dr.
William Schiemann, Case Western Reserve University)
cell lines, T47D (ATCC, catalog# HTB-133), BT474
(ATCC, catalog# HTB-20), MCF7 (ATCC, catalog# HTB-
22), and SKBR3 (ATCC, catalog# HTB-30) cells were
cultured in RPMI media (Lonza, catalog # BW12702F)
supplemented with 10% (v/v) FBS and antibiotics
(100 U/ml penicillin and 100 pg/mL streptomycin). The
lentiviral vectors used to express doxycycline (DOX)-
inducible wild-type (WT)-MRTF-A, ASAP-MRTF-A
(lacks SAP-domain), or ASRF-MRTF-A (harbors point-
mutations that disrupt MRTF-SRF interaction--details
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described in Section 3), and MRTF-B in stably express-
ing GFP-Luc MDA-231 cells were constructed and pack-
aged by VectorBuilder. Vector IDs (VB200831-1118ktq,
VB200831-1115pnv, VB200831-1117jwj, and VB200825-
1202ewr) can be used to retrieve detailed information
about the vectors on vectorbuilder.com. For silencing
of genes, smart-pool MRTF-A siRNA (Santa Cruz, cata-
log #sc-43944) and MRTF-B siRNA (Santa Cruz, catalog
#sc-61074) were transfected at 2.5-5 nM concentration
with Lipofectamine RNAiMAX (Thermo Fisher, catalog
#13778100) following the manufacturer's instructions.
CCG-1423 was purchased from Santa Cruz (catalog
#sc-205241). CCG-203971 was a product of Cayman
Chemicals (catalog #15075).

2.2 | Matrigel-on-top (MoT)
Three-dimensional outgrowth of BC cells was assessed
using MoT assay in a 96-well format as previously
described.”® %’ Briefly, depending on the cell line, 2000-
5000 cells were seeded in triplicates in a 96-well plate on
alayer of 100% growth factor-reduced Matrigel (Cultrex,
Trevigen, catalog #3445-010-01) and then overlaid with
culture media and 2% Matrigel that was changed every
other day. For CCG-related experiments, unless in-
dicated otherwise, cells were plated as described, and
treated with either DMSO or CCG every other day with
media changes. After 7-10days of culture, cells were
imaged at 4X magnification to capture most of the well
using an Olympus IX71 microscope, and outgrowth
was quantified by the total area of the colonies using
ImagelJ. The absolute value of tumor cell outgrowth in
MoT assay varies due to batch-to-batch variability of
Matrigel and subtle changes in the culture media com-
position from experiment-to-experiment. Therefore,
for a given biological replicate of experiments, the out-
growth readout for each well in the technical replicates
of the experimental group was normalized to the aver-
age outgrowth readout of the control group. These ra-
tios were then averaged over the number of biological
replicates to calculate the mean and standard deviation
of the outgrowth of the experimental group relative to
the control group.

2.3 | Cell viability

BC cells were stained using a live/dead assay kit (Thermo
Fisher, catalog #L1.3224) following manufacturer's instruc-
tions after MoT assay or overnight treatment of CCG
compound as previously described.”® Stained cells were
imaged with at 4x magnification.
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2.4 | Protein extraction and
immunoblotting

Cell lysates were prepared by a modified RIPA buffer
(25mM Tris—-HCL: pH 7.5, 150 mM NaCl, 1% (v/v) NP-
40, 5% (v/v) glycerol), 1 mM EDTA, 50mM NaF, 1 mM
sodium pervanadate, and protease inhibitors (Sigma,
catalog P8340) supplemented with 6x sample buffer di-
luted to 1x with the final SDS concentration in the lysis
buffer equivalent to 2%. Primary tumor lysates were pre-
pared by homogenizing tumor or comparable mass of
mammary fat pad (when tumor size was negligible) in
modified RIPA buffer. Lysates were then supplemented
with 6x sample buffer diluted to 1x with the final
SDS concentration in the lysis buffer equivalent to 2%.
Conditions for the various antibodies were: polyclonal
MRTF-A (Cell Signaling, catalog #14760S; 1:1000),
MRTF-B (Cell Signaling, catalog #14613S; 1:1000)
monoclonal SRF (Active Motif, catalog #61385, 1:1000),
polyclonal GAPDH (Sigma, catalog #G9545, 1:2000),
polyclonal CTGF (Abcam, catalog #ab6992), mono-
clonal mCherry (Fisher Scientific, catalog #M11217,
1:1000), polyclonal anti-rat HRP (VWR, catalog # 10147-
312, 1:1000), monoclonal anti-rabbit HRP (Jackson
Immunoresearch, catalog #211-032-171, 1:1000), and
polyclonal anti-mouse HRP (BD Biosciences, catalog
#554002, 1:1000).

2.5 | Cell proliferation in 2D culture
Five-thousand MDA-231 cells were plated in the wells of a
24-well plate in triplicates on day 0 and cultured overnight
before being subjected to either 10 pM CCG-1423 or vehi-
cle treatment on day 1. Cells were trypsinized and counted
on day 4. The medium was replenished every other day
with the appropriate treatment.

2.6 | F-Actin staining

Cells cultured on either coverslips or matrigel were
washed with DPBS (Lonza, catalog #BW17513F) and
fixed with 3.7% formaldehyde (2D culture—15min; 3D
culture—30min). Following permeabilization with 0.5%
Triton X-100 for 5 min, cells were stained with ~33nm
phalloidin, conjugated with either rhodamine (Life
Technologies, catalog #R415) or far-red (Cytoskeleton
Inc, catalog #PHDN1-A) fluorophore, for 20 min at room
temperature. Stained cells were washed twice with PBS
containing 0.02% Tween 20, twice with PBS, and once
with distilled water before being mounted on a slide and
imaged with a x60 oil immersion objective for coverslips
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(N.A. = 1.4) or x40 objective for matrigel on an Olympus
IX-71 inverted microscope. The same constant threshold
was set between all fields with parameters that prevented
overexposure; cell size and the average fluorescence in-
tensity were scored on a cell-by-cell basis by manual trac-
ing using Imagel.

2.7 | Animal studies

All animal experiments were conducted in compli-
ance with an approved IACUC protocol, according to
University of Pittsburgh Division of Laboratory Animal
Resources guidelines. For experimental metastasis stud-
ies involving CCG-1423, 4T1-Luc (1x 10’ cells) cells were
suspended in 100 pl PBS and injected into the left cardiac
ventricle of anesthetized 6-week-old female BALB/c mice
(Source: Jackson Laboratory) using a 29G syringe needle.
Since BC is much more prevalent in female, only female
mice were used in our studies. Mice were injected daily
with CCG-1423 (3 mg/kg) or DMSO (vehicle control) via
intraperitoneal route starting immediately after intracar-
diac injection for 7-10days until sacrifice. To evaluate the
effect of overexpression of WT versus functional mutants
of MRTF-A on experimental metastasis of BC cells, 1 X 10°
cells GFP+/Luc+MDA-231 cells engineered for DOX-
inducible expression of various MRTF-A constructs or
empty vector (EV) as control were suspended in 100 ul PBS
and injected into the left cardiac ventricle of anesthetized
6-week-old female NOD scid gamma (NSG) mice (Source:
Jackson Laboratory). Mice were provided with water sup-
plemented with DOX (2 mg/ml with 5% sucrose) to induce
and maintain expression of MRTF-A constructs in vivo.
Bioluminescence imaging (BLI) of anesthetized mice was
acquired with IVIS Spectrum at 15min after intraperito-
neal injection of D-luciferin (50 mg/kg; PerkinElmer, cata-
log #122799). Images were analyzed by Living Image 4.3
software (PerkinElmer). Hematoxylin and Eosin (H&E)
staining of bone sections (utilizing the service provided by
the histology core) were performed for orthogonal confir-
mation of bone metastases. For orthotopic xenograft stud-
ies, 1x10° GFP+/Luc+MDA-231 cells belonging to the
various sublines were reconstituted in 50pl of 1:1 PBS/
matrigel mix and were inoculated into the fourth ingui-
nal mammary fat pad of anesthetized 5-6 week-old female
NSG mice and tumor growth was monitored.

2.8 | Quantitative RT-PCR

Total RNA was extracted from cultured cells from MoT
assay (scaled up a six-well-setting) using RNeasy mini kit
(Qiagen, catalog #74104) according to the manufacturer's

instructions. Complementary DNA (cDNA) was syn-
thesized from 1 pg of RNA using the Quantitect reverse
transcription kit (Qiagen, catalog #205311) following the
manufacturer's instructions. Each PCR was prepared
with 50ng of cDNA, 12.5 pl of SYBR Select Master Mix
(Thermo Fisher, catalog #4472903), 1 pM (final concen-
tration) forward and reverse primers, and water for a
total volume of 25ul. Thermal cycling and data analysis
were performed using the StepOne Plus Real-Time PCR
System and StepOne Software (Applied Biosystems) to de-
tect quantitative mRNA expression of CTGF and GAPDH
(endogenous control). The primer sequences for GAPDH
were 5-CGGAGTCAACGGATTTGGTCGTAT-3’ (sense)
and 5-AGGCTTCTCCATGGTGGTGAAGAC-3" (anti-
sense). The primer sequences for CTGF were 5'-GCAG
GCTAGAGAAGCAGAGC-3’ (sense) and 5-GGTGCAG
CCAGAAAGCTC-3' (antisense). The PCR cycling condi-
tions for GAPDH and CTGF were 95°C (30s), 55°C (305s),
and 72°C (1 min) for a total of 40 cycles.

2.9 | Statistics

When comparing two groups for in vitro studies, we per-
formed either student t-test or a nonparametric t-test
(Mann-Whitney). For multiple group comparisons, we
used ANOVA followed by Tukey post hoc test. For in vivo
multiple group comparisons, we used ANOVA followed
by Tamhane's T2 non-equal variance post hoc test. A
p <0.05 was considered statistically significant.

3 | RESULTS

3.1 | MRTF depletion suppresses
single-cell outgrowth of BC cells in 3D
culture

Because of the complex nature of the in vivo envi-
ronment, many important biological insights under-
lying post-extravasation behavior of BC cells were
previously elucidated from experiments utilizing widely
used Matrigel-on-Top (MoT) assay. This assay measures
single-cell outgrowth competency of BC cells in a 3D cul-
ture environment and accurately predicts their lung colo-
nization competency in vivo.>>*’"** To determine whether
MRTF plays an important role in single-cell outgrowth of
BC cells, we first assessed the effect of transient co-silencing
of MRTF isoforms on single-cell outgrowth behavior of
both ER-positive (ER+) and ER-negative (ER—) BC cells
in MoT assays. Specifically, we performed these studies
using human T47D luminal-A (ER+) BC and MDA-231
TNBC cell lines. Immunoblots in Figure 1A demonstrates
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FIGURE 1 Effect of silencing of myocardin-related transcription factor (MRTF) on single-cell outgrowth of breast cancer cells in

MoT assay. (A) Representative immunoblots of MRTF-A and MRTF-B from the extracts of MDA-231 andT47D cells transfected with the
indicated siRNAs (tubulin blot--loading control). (B) Representative images of outgrowth of MDA-231 and T47D cells treated with the
indicated siRNAs. (C) A bar graph summarizing the relative outgrowth of MRTF-silenced culture compared to control siRNA-transfected
culture (summarized from three independent experiments). (D-F) Representative phase-contrast images (panel D; scale bar—200 pm) and
fluorescence images of phalloidin-stained cells (panel E; scale bar 10 pm) showing morphological changes and defect in FLP formation
(arrows) caused by MRTF depletion in MDA-231 cells in 3D culture. The insets show magnified images of the regions of interest outlined
by squares. The bar graph in panel F summarizes the average number of FLP per cell of control versus MRTF-depleted cells. Values are
presented as mean + SD summarized from two independent experiments with at least 20 cells analyzed from each group (**p <0.01)

successful KD of MRTF-A and MRTF-B in these cell
lines. Co-depletion of MRTFs led to a significant impair-
ment in 3D outgrowth of both MDA-231 and T47D cells
(Figure 1B,C). MRTF-deficient cells were either arrested
at a single-cell stage or failed to progress beyond a cluster
of few cells during the period of observation suggesting in-
duction of a dormancy-like response in these BC cell lines.
Metastatic outgrowth of extravasated BC cells is critically
dependent upon early changes in actin cytoskeletal archi-
tecture marked by formation of F-actin-rich filopodial pro-
trusions (FLP) and contractility-driven assembly of actin
stress-fibers (SFs). These cytoskeletal structures enable
activation of a proliferation-inducing signaling axis initi-
ated by cell-ECM adhesion in disseminated BC cells lead-
ing to metastatic outgrowth. Failure to initiate FLP and
actin SF assembly induces dormancy in disseminated BC
cells in vitro (in MoT assay) and in vivo.*>*’* We noticed
morphological differences between 3D cultures of control
and MRTF-KD MDA-231 cells. While control cells formed
robust protrusive structures and displayed elongated phe-
notype, MRTF KD cells predominantly assumed round
morphology with clear evidence for a defect in forming
protrusive structures (Figure 1D). Correlated with these
phenotypes, phalloidin staining further revealed that KD

of MRTFs induces defects in FLP formation in 3D cul-
ture as indicated by a prominent reduction in average
FLP count/cell in MRTF KD relative to the control group
(Figure 1E,F). Collectively, these data demonstrate that
actin organization, cellular morphology, and outgrowth
ability of BC cells are sensitive to loss of MRTF.

3.2 | MRTF-A overexpression
promotes single-cell outgrowth as
well as progression of pre-established
outgrowth of BC cells in 3D culture
requiring both SRF's interaction and
SAP-domain function

Next, to determine the impact of overexpression of
MRTF on single-cell outgrowth, we engineered sublines
of GFP/luciferase (Luc)-expressing MDA-231 cells for
stable DOX-induced overexpression of either wild-type
MRTF-A (denoted as WT-MRTF-A) or mutant constructs
of MRTF-A, with empty vector transduced cells serving
as control. Mutant constructs of MRTF-A were either
impaired in binding to SRF (through introducing pre-
viously described K237A/Y238A/H239A/Y241A point



GAU ET AL.

ﬂWILEY FASEB: o Advances —_—

mutations in the basic-rich B1 domain [21]—referred to as
ASRF-MRTF-A hereon) or lacked the entire SAP-domain
(referred to as ASAP-MRTF-A hereon) (see Figure 2A
for a structural schematic of MRTF showing its various
functional domains). Since commonly used BC cell lines
with metastatic propensity in experimental settings are
generally TN in nature, we focused on MDA-231 TN
cell line as our main model cell line for majority of our
experiments. Immunoblot data in Figure 2B shows the
relative expressions of the various MRTF-A constructs in

these sublines of MDA-231 cells. Since SRF is also tran-
scriptionally regulated by the MRTF/SRF complex, cells
overexpressing either MRTF-A or ASAP-MRTF-A but
not ASRF-MRTF-A had higher level of SRF relative to
control as expected (Figure 2B). Consistent with our KD
experimental results, overexpression of WT-MRTF-A-
stimulated single-cell outgrowth of MDA-231 cells in 3D
culture (Figure 2C,D). Likewise, stable overexpression of
MRTF-B also enhanced the outgrowth ability of MDA-231
cells in MoT assay (Figure S1). While overexpression of
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FIGURE 2 Effect of overexpression of wild-type versus functional mutants of MRTF-A on single-cell outgrowth of breast cancer cells in
MoT assay. (A) Structural schematic of MRTF: Actin-binding (RPEL: R1, R2, R3), basic-rich (B1 [SRF-binding], B2, B3), glutamine-rich (Q),
putative chromatin-binding (SAP), dimerization-inducing leucine-zipper (LZ), and transcriptional activation (TAD) domains--Numbers
denote the last amino acid of human MRTF isoforms. (B) Immunoblot showing doxycycline (DOX)-inducible stable overexpression (OX) of
indicated MRTF-A constructs and associated changes in SRF level in GFP/luciferase (luc) expressing MDA-231 cells (tubulin and GAPDH

blots serve as the loading controls for MRTF-A and SRF, respectively).

(C, D) Representative images (panel C) and quantification (panel D)

summarizing single-cell 3D outgrowth of the indicated MRTF-A expressing sublines of MDA-231 cells in MoT assay. (E) A comparison of
the proliferation of the same sublines in 2D cell culture. All data are summarized from three independent experiments (*p <0.05; **p <0.01).
Values are presented as mean = SD (**p <0.01). Scale bar represents 200 pm
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either of the two mutants of MRTF-A failed to elicit this
change, ASRF-MRTF-A expressers displayed the most
dramatic outgrowth-deficient phenotype with many cells
arrested at single-cell stage (a characteristic of dormancy-
like phenotype). Reduced outgrowth competency of
ASRF-MRTF-A expressers relative to control cells is sug-
gestive of a dominant-negative action of this mutant,
a feature that is expected because MRTFs homo- and
hetero-dimerize. Interestingly, only ASRF-MRTF-A but
not ASAP-MRTF-A expressers exhibited proliferation de-
fect in rigid 2D tissue-culture substrate (Figure 2E), pos-
sibly suggesting that substrate stiffness may dictate the
requirement for the SAP-domain function in tumor cell
proliferation.

To determine how actin cytoskeleton is impacted by
functional disruptions of MRTF, we performed phalloidin
staining of the various sublines of MDA-231 cells in ei-
ther 2D or 3D MoT culture. Overexpression of either WT-
MRTF-A or ASAP-MRTF-A but not ASRF-MRTF-A led
to a prominent increase in the overall level of polymer-
ized actin including induction of actin stress-fibers in 2D
culture (Figure 3A,B). In 3D culture, control cells exhib-
ited FLP structures (denoted by blue arrows) as expected
(Figure 3C). While both WT-MRTF-A and ASAP-MRTF-A
expressers exhibited stronger F-actin staining than control
cells, these two sublines formed strong F-actin clusters
(denoted by yellow arrows) instead of exhibiting FLPs, a
feature that was also completely absent in ASRF-MRTF-A
expressing cells. These data underscore the importance of
MRTF-SRF interaction in determining the overall cellular
ability to polymerize actin and formation of various actin-
based structures in BC cells.

To further investigate whether perturbing MRTF alters
the growth progression of pre-established tumor-cell colo-
nies (an in vitro mimic of micro- to macro-metastasis pro-
gression), we seeded control, WT-, and mutant-MRTF-A
overexpressing MDA-231 cells in MoT culture initially in
an uninduced state (i.e., without pre-exposure to DOX).
We then allowed these cells to outgrow for 7days to es-
tablish small colonies before triggering the expressions of
the various transgenes by DOX and measuring the end-
point outgrowth on day 14. Based on comparable levels
of MRTF-A expression between these various sublines
even after 1 month of culture without exposure to DOX
in pilot experiments, we were able to confirm that there
is no leaky expression of the transgenes in the absence of
DOX exposure (Figure S2). Our experiments showed com-
parable outgrowth of various groups of cells on day 7 as
expected but triggering of WT-MRTF-A overexpression
accelerated the subsequent growth, which was abrogated
by disruption of either SRF's interaction or SAP-domain
function (Figure 4). Between the two mutants, ASRF-
MRTF-A had the strongest growth suppressive effect when
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overexpressed. Collectively, these results demonstrate that
MRTF accelerates single-cell outgrowth as well as pro-
gressive growth of BC cells requiring its SRF's interaction
and SAP-domain functions with stronger dependence on
its SRF interaction.

3.3 | MRTF-SRF interaction is critical for
metastatic growth of BC cells in vivo

To determine the consequence of selective disruption of
SRF's interaction and SAP-domain functions of MRTF on
metastatic colonization of BC cells in vivo, we performed
experimental metastasis assays with the various sublines
of MDA-231 cells in immunodeficient NOD-scid-gamma
(NSG) mice. We preferred intracardiac injection (ICI)
over tail-vein injection model because unlike tail-vein
injection model where metastasis is restricted to lungs
only, ICI-based experimental assay leads to wide-spread
metastases including in mechanically stiffer organs (such
as bones) which has not been explored in previous studies
involving MRTFs. We performed two sets of experimen-
tal metastasis experiments. In our first set of experiments,
overexpression of the various MRTF-A constructs were
pre-induced by DOX treatment before tumor cells were in-
oculated in mice and the transgene expression was main-
tained until the end of the experiment by feeding animals
with DOX (2 mg/ml)-supplemented water (schematically
shown in Figure 5A). The metastatic burden was longi-
tudinally monitored until sacrifice by bioluminescence
imaging [BLI] and quantified either by overall (whole
animal) BLI signal readout or distant BLI readout (farther
away from chest region) where we specifically focused our
regions of interest in the head and lower extremities (rep-
resentative images of end-point BLI images for various
groups are shown in Figure 5B). Regardless of the method
of quantification, animals inoculated with WT-MRTF-A
overexpressing cells exhibited much higher mean BLI
readout than control animals, and the mean BLI signal of
those bearing ASRF-MRTF-A expressers was found to be
significantly lower than even control animals (Figure 5C).
Although the overall BLI signal of animals bearing ASAP-
MRTF-A expressers was lower than those inoculated with
WT-MRTF-A expressers (p = 0.09—failure to reach statis-
tical significance likely stems from large standard devia-
tion of the latter group), the distant BLI readouts of these
groups were not different (p = 0.63). These data suggest
MRTF-SRF interaction plays a key role in development of
distant metastases from circulating tumor cells.

Since our foregoing experiments cannot discern
whether MRTF promotes development of metastases
from circulating cells by affecting survival of tumor
cell in circulation and/or extravasation and/or early
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adaptation/metastatic seeding, we performed a second these experiments, we inoculated tumor cells in the an-
set of in vivo experiments to specifically query MRTF's imals without prior induction of MRTF constructs and
role in post-seeding metastatic outgrowth of BC cells. In  allowed sufficient time (7 days) for metastatic seeding to
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FIGURE 5 Effect of overexpression of WT versus functional mutants of MRTF-A on experimental metastasis of breast cancer cells. (A)
Schematic representation of experimental metastasis experiments with pre-induced MRTF-A overexpressing MDA-231 cells in NSG mice.
(B, C) Representative bioluminescence imaging (BLI) images (panel B) and quantification of BLI signal (overall and distant metastases—
panel C) of NSG mice 8-10days after intracardiac injection of MDA-231 cells overexpressing the indicated MRTF-A constructs (‘nv’—number
of animal in each group pooled from three experiments) (**p <0.01). (D) Schematic representation of experimental metastasis experiments
involving delayed induction of MRTF-A overexpression in post-inoculated MDA-231 cells in NSG mice. (E, F) Representative BLI images
(panel E) and quantification of BLI signal (overall and distant metastases—-panel F) of NSG mice 21 days after intracardiac injection of
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occur before turning on and maintaining the transgene
expression by DOX exposure and longitudinal follow-up
of development of metastases by BLI until sacrifice (day
21) as schematized in Figure 5D. As expected, our exper-
imental metastasis assay revealed comparable BLI read-
out for all four group of animals on day 7 prior to DOX
exposure, which further suggested no leaky transgene ex-
pression in vivo without the presence of DOX (Figure 5E).
The end-point BLI (both overall and distant) readouts of
animals inoculated with WT-MRTF-A and ASAP-MRTF-A
expressers were dramatically higher than those inoculated
with either control or ASRF-MRTF-A expressing cells. No

statistically significant difference in BLI readout was ev-
ident between animals bearing WT-MRTF-A and ASAP-
MRTF-A expressing cells (Figure 5F). These data further
demonstrate critical importance of MRTF-SRF interaction
in post-seeding metastatic outgrowth of BC cells.

To determine whether disruption of MRTF-SRF in-
teraction has any effect on general tumorigenic ability of
BC cells, we performed orthotopic xenograft experiments
with the various sublines of MDA-231 cells. In these ex-
periments, tumor cells were inoculated in uninduced
condition, and after 10days (thus allowing sufficient time
for engraftment of tumor cells in the mammary gland),
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animals were subjected to DOX-supplemented water
treatment to trigger and maintain transgene expression.
We found that overexpression of either WT-MRTF-A or
ASAP-MRTF-A accelerated primary tumor growth rela-
tive to control group with the average tumor burden high-
est for those inoculated with WT-MRTF-A overexpressing
cells. Immunoblot analyses of tumor lysates prepared
from these animals confirmed mCherry expression (a
marker co-expressed with MRTF-A) confirming trans-
gene expression in vivo (Figure 6A). Note that the weak
intensity of mCherry band in samples prepared from
ASRF-MRTF-A expresser-inoculated tissue is due to se-
vere defect in tumor formation in this group of animals.
Animals injected with ASRF-MRTF-A expressers either
failed to form palpable tumor or formed tumors of negligi-
ble size (Figure 6B,C). Collectively, our data demonstrate
that disruption of MRTF-SRF interaction critically im-
pairs the general tumorigenic ability of BC cells regardless
of primary versus metastatic site.

3.4 | MRTF-targeting small molecule
suppresses outgrowth aggressiveness of BC
cells in vitro and metastatic colonization
in vivo

We next asked whether development of metastases from
circulating tumor cells is susceptible to pharmacologi-
cal intervention of MRTF/SRF signaling. Small molecule
CCG-1423 or its structural analogs (e.g., CCG-203971) bind
to the inhibitory actin-binding RPEL motifs of MRTFs

(A) (B)

—35 control
mCherry " .

ASAP-MRTF-A

MRTF-A - +
OX:

+ +
WT ASAP ASRF

preventing their nuclear import and transcriptional activ-
ity Although CCG-series compounds also target other
RPEL-domain bearing proteins, such as MICAL (a redox-
sensitive actin-regulatory protein)** and pirin (an iron-
dependent co-transcription factor,® these are the only
available and widely used pharmacological tools to inhibit
MRTF/SRF signaling. In our previous study, we established
that CCG-1423, when used at 10 pM concentration in 2D
cell culture, causes profound inhibition of cellular MRTF
function in MDA-231 and endothelial cells (as judged by
the extent of reduction of SRF level as expected from SRF
being a transcriptional target of MRTF/SRF complex) with-
out compromising cell viability.** Given our experimental
data suggesting MRTF-dependency for outgrowth of both
ER+ and ER- BC cells, we assessed the effect of addition
of either 10 pM CCG-1423 or in some experiments, 25pM
concentration of CCG-203971 (a concentration that has
been previously used in other studies [***]) on single-cell
outgrowth of a range of BC cells spanning different mo-
lecular subtypes in MoT assays. Treatment with equivalent
concentration of DMSO served as negative control. These
studies were performed with a total of eight different cell
lines representing different molecular subtypes of BC,
which included two human luminal-A (MCF7 and T47D),
two human Her2+ (BT-474 and SKBR3), two human meta-
static TNBC (MDA-231 and MDA-468), and two murine
metastatic TNBC (4T1 and D2A1) cell lines. Similar to the
effect of MRTF KD, treatment of CCG compound also led
to growth arrest of many cells at a single-cell stage dramati-
cally reducing the overall outgrowth of all eight BC cell
lines (Figures 7A,B; Figure S3). By live/dead staining, we

©

WT-MRTF-A

Overall BLI intensity
(relative to control)

MRTF-A - +
ASRF -MRTF-A OX:

+ 4
WT ASAP ASRF

<A

FIGURE 6 Effect of overexpression of WT versus functional mutants of MRTF-A on primary tumor forming ability of breast cancer
cells. (A) Immunoblot of mammary tumor lysates showing DOX-induced expression of mCherry (a reporter co-expressed with MRTF-A) in
vivo from orthotopic xenograft experiments with the indicated MDA-231 sublines (Coomassie staining of lysates serves as loading control).
(B, C) Representative bioluminescence imaging (BLI) images (panel B) and quantification of the overall BLI signal (panel C) demonstrating
relative tumor growth in various groups of animals ~30days after tumor cell inoculation. Cells were induced to overexpress the indicated
MRTF-A constructs 10 days after the initial injection (‘v’—number of animal in each group pooled from two experiments) (**p <0.01)
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confirmed that CCG compound did not compromise cell
viability in either 2D or 3D culture suggesting that reduced
3D outgrowth of BC cells in CCG compound-treatment set-
ting is primarily due to proliferation arrest (Figure S4A-C).
By qRT-PCR and/or immunoblot analyses of 3D culture
extracts, we a priori confirmed CCG-induced reduction in
the expression of connective tissue growth factor (CTGF-
-a bonafide MRTF/SRF-target gene) in MDA-231 and 4T1
cells as an indicator for inhibition of MRTF function
(Figure S4D,E). We also tested the effect of CCG-compound
on the progression of pre-established outgrowth of three
different BC cell lines including MDA-231, D2A1, and
4T1. Essentially, in these experiments, we allowed single-
cell outgrowth for 7days and then treated those cells with
either CCG compound or DMSO for an additional 7days
before the end-point evaluation of the overall outgrowth.
Consistent with the overexpression data, these experiments
revealed that treatment of the CCG compound dramati-
cally retards the progression of established outgrowth for
all three BC cell lines (Figure 7C,D), indicating that pro-
gressive growth of BC cells is also susceptible to small mol-
ecules targeting of MRTF.

Finally, to determine the effect of small molecule inhi-
bition of MRTF on metastatic colonization of BC cells in
vivo, we performed experimental metastasis assay involv-
ing ICT of luc/GFP+4T1 TNBC cells in syngeneic Balb/c
mice. Since immune cells play critical role in conditioning
pre-metastatic niche to either restrict or favor metastatic
colonization of tumor cells,> choosing 4T1 cells as our
model system allowed us to investigate the effect of MRTF
inhibition on metastatic outgrowth of TNBC cells in a fully
immunocompetent background. In our experiments, mice
inoculated with tumor cells were treated daily with intra-
peritoneal injection of either CCG-1423 or DMSO (as ve-
hicle control) until their sacrifice (~10 days). Percentage of
mice with distant metastasis (most prominent in bone) in
DMSO treated group (9 out of 11--equivalent to 82%) was
significantly higher than that belonging to the CCG-1423-
treated group (4 out 11-—equivalent to 36%) (Figure 8A).
The average value of the overall endpoint BLI signal was
higher in mice treated with DMSO than those subjected
to CCG-1423 treatment (Figure 8B). Bone histology of
BLI signal-positive bones further validated the presence
of metastases (Figure 8C). These data provide a proof-of-
principle of the pharmacological intervention of MRTF as
an effective strategy to reduce metastatic colonization of
BC cells.

4 | DISCUSSION

In the present study, we demonstrate that MRTF promotes
outgrowth initiation and progression, and metastatic

colonization of BC cells, and inhibiting MRTF function,
either by suppressing its expression or pharmacological
intervention, induces a dormancy-like phenotype in BC
cells. Through our in vivo experiments in the setting of
delayed induction of MRTF-A overexpression, we for the
first time demonstrate that post-seeding metastatic out-
growth is critically dependent on MRTF-SRF interaction
elucidating the underlying mechanism of impaired meta-
static colonization of MRTF-deficient BC cells as previ-
ously reported by another group.'” Severe impairment in
primary tumor-forming ability of BC cells as a result of
overexpression of ASRF-MRTF-A further suggest critical
importance for MRTF-SRF interaction for general tumori-
genic ability of BC cells regardless of primary versus meta-
static site.

Initial post-extravasation survival of BC cells in a for-
eign tissue environment is also a critical determinant for
metastatic colonization and a previous study showed that
endothelial cells undergo increased apoptosis upon SRF
depletion in vivo.”” Overexpression of ASRF-MRTF-A is
not molecular equivalent to total loss of either MRTF or
SRF expression——this is further exemplified by defect in
primary tumor formation of ASRF-MRTF-A overexpress-
ing MDA-231 cells in our study versus no effect of either
MRTF or SRF depletion on primary tumor forming abil-
ity of MDA-231 cells as reported previously.'” Although
disruption of MRTF-SRF interaction does not induce
cell death in vitro, and delayed induction experiments
specifically bypass the initial survival phase, we cannot
absolutely rule out the possibility of tumor cell survival
in a foreign tissue microenvironment being augmented
by MRTF's action in an SRF-dependent manner. There
are also several interesting but not mutually exclusive
possibilities of how disruption of MRTF-SRF interaction
impairs metastatic colonization of BC cells. The most in-
tuitive explanation is that a subset of MRTF/SRF-target
genes with pro-proliferative and/or pro-survival actions
are directly responsible for promoting metastatic out-
growth. However, since TCF is an antagonist of MRTF-
dependent SRF-target gene expression, disruption of
MRTF-SRF interaction could hyperactivate the TCF-SRF
gene regulatory pathway. Although TCF's action generally
promotes cell proliferation, induction of cell-cycle arrest/
senescence in tumor cells upon encountering excessive
proliferation signal is not uncommon. Another possibil-
ity is that blockade of MRTF-SRF interaction indirectly
suppresses tumor cell outgrowth by favoring MRTF's abil-
ity to interact with other transcription factors that have
tumor-suppressive functions (e.g., SMADs). Furthermore,
since our experiments were performed in overexpression
settings, we cannot completely ignore a scenario where
disrupting SRF's interaction of MRTF might either indi-
rectly favor SAP-domain-driven gene expression or block
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End-point bioluminescence images superimposed on X-ray images of 4T1-luc cells-administered Balb/c mice following daily intraperitoneal

injection of either DMSO or CCG-1423; Images were taken 10days after intracardiac injection of tumor cells. Quantification of end-point

bioluminescence imaging (BLI) readout for the two groups pooled from three experiments are shown in panel B (n = 11 animals in each

treatment group). (C) H&E staining of histosections of BLI signal-positive bones confirm presence of metastases (arrows); IHC of bone from

mouse not injected with tumor cells is shown alongside for comparison. Scale bars for 4x and 10x represents 200 and 100 pm, respectively

transcription of a subset of genes that require both SAP-
domain and SRF-related activities of MRTF-A thereby
altering cancer cell phenotype. However, given that
ASAP-MRTF-A expressers did not exhibit any defect in
post-extravasation metastatic outgrowth in our studies,
we speculate that the contribution of altered SAP-domain
activity of MRTF, if at all, is minimal in conferring to the
phenotype of ASRF-MRTF-A expressing cells. Future
studies are needed to probe these different possibilities.
Previously demonstrated inhibition of experimental
lung metastasis of melanoma cells by small molecule
CCG-203971 (a derivative of the parent compound CCG-
1423)* provided the first proof-of-concept for the utility
of targeting MRTF/SRF pathway as a potential antimet-
astatic strategy. The present study focusing on BC cells
not only extends the utility of CCG-series compound as

an antimetastatic agent to other types of cancer, but also
addresses two important gaps. First, since the antimet-
astatic activity of CCG compound on melanoma cells
was previously demonstrated in immunodeficient mice,
whether interfering with MRTF signaling is also effective
in inhibiting metastatic colonization of tumor cells in a
fully intact immune background (a physiologically rel-
evant scenario) remained unclear. Second, MRTF is also
a highly mechanosensitive transcription factor. Soft sub-
strates promote cytoplasmic sequestration of MRTF and
conversely, stiff substrates drive nuclear accumulation of
MRTE.* ECM stiffness plays a major role in dormancy-
to-proliferation switch during metastatic outgrowth of
cancer cells. Stiffer ECM substrates allow cancer cells to
escape from dormancy fueling the metastatic growth.*
Therefore, whether metastatic colonization of cancer cells
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in mechanically rigid tissues is also susceptible to phar-
macological inhibition of MRTF signaling was unclear.
These two specific gaps were collectively addressed herein
through demonstration of dramatic inhibition of experi-
mental bone metastasis of BC cells by CCG-1423 in immu-
nocompetent mice.

Metastatic outgrowth of extravasated BC cells is criti-
cally dependent upon early changes in actin cytoskeletal
architecture marked by formation of F-actin-rich FLP and
actin stress-fibers. These cytoskeletal structures enable ac-
tivation of a proliferation-inducing signaling axis initiated
by cell-ECM adhesion in disseminated BC cells leading
to metastatic outgrowth. Failure to initiate FLP and actin
stress-fibers assembly induces dormancy in disseminated
BC cells in vitro and in vivo."*>*”*! Correlated with the out-
growth results, we show that MRTF promotes actin assem-
bly and formation of F-actin-based structures in BC cells.
Actin-binding proteins which are either bonafide tran-
scriptional targets of MRTF (e.g., mDia2)* or indirectly
regulated downstream of MRTF activity (e.g., profilin)*
play an important role in actin-based structure formation
and metastatic colonization of BC cells. Therefore, it will
be interesting to determine in the future whether MRTF
regulates dormancy-emergence behavior of BC cells partly
through actin cytoskeletal modulation. Finally, our studies
showed that in addition to impairing single-cell outgrowth,
CCG treatment significantly dampened the progression of
established outgrowth of BC cells in vitro, consistent with
our findings in MRTF-overexpression setting. Given that
halting and/or reversing of an already progressive meta-
static growth of tumor cells is challenging and an unmet
clinical need, it is tempting to speculate that CCG treat-
ment, either alone or in combination with chemothera-
peutic drugs, could be a potential avenue to halt or regress
established metastases and prolong survival in vivo, which
needs to be examined in future studies.
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