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Abstract

Yes-associated protein (YAP) and myocardin-related transcription
factor (MRTF) play similar roles and exhibit significant crosstalk in
directing transcriptional responses to chemical and physical extra-
cellular cues. The mechanism underlying this crosstalk, however,
remains unclear. Here, we show MRTF family proteins bind YAP via
a conserved PPXY motif that interacts with the YAP WW domain.
This interaction allows MRTF to recruit NcoA3 to the TEAD-YAP
transcriptional complex and potentiate its transcriptional activity.
We show this interaction of MRTF and YAP is critical for LPA-
induced cancer cell invasion in vitro and breast cancer metastasis
to the lung in vivo. We also demonstrate the significance of MRTF-
YAP binding in regulation of YAP activity upon acute actin
cytoskeletal damage. Acute actin disruption induces nucleo-
cytoplasmic shuttling of MRTF, and this process underlies the
LATS-independent regulation of YAP activity. Our results provide
clear evidence of crosstalk between MRTF and YAP independent of
the LATS kinases that normally act upstream of YAP signaling. Our
results also suggest a mechanism by which extracellular stimuli
can coordinate physiological events downstream of YAP.
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Introduction

A cell’s fate—its proliferation and differentiation—is influenced by
extracellular cues from its microenvironment. Growth factors,
contact with neighboring cells, and the physical stiffness of the
extracellular matrix all contribute to cellular morphogenesis, func-
tion, and division (Joyce, 2005; Scadden, 2006). This means cellular
fate determination requires both extracellular detectors of environ-
mental change and intracellular signaling networks that translate
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these changes to appropriate physiological responses. As so many of
these physiological responses comprise significant shifts in gene
expression, transcription factors are central players in the intracellu-
lar signaling networks that respond to most extracellular cues.

YAP is an oncogene involved in stem/progenitor cell expansion
as well as cancer development and progression (Zhao et al, 2011).
YAP is an effector and transcriptional coactivator in the Hippo
tumor suppressor pathway. It activates transcriptional programs
that control tissue homeostasis by inhibiting differentiation and
promoting adult stem/progenitor cell proliferation (Yu & Guan,
2013). As an oncogene, YAP is often over-expressed in various types
of cancers (Overholtzer et al, 2006; Zender et al, 2006). Both trans-
genic mice over-expressing wild-type YAP and Hippo pathway
mutant mice with hyperactive YAP show undifferentiated stem/
progenitor cell expansions in epithelial organs (e.g., lung, liver,
skin, and intestine) (Lee et al, 2008; Schlegelmilch et al, 2011; Zhou
et al, 2011; Yimlamai et al, 2014) that subsequently develop into
tumors. YAP also induces many of the hallmarks of cancer: prolifer-
ation, anchorage-independent growth, cellular invasion and metas-
tasis, as well as tumor initiation activity (Overholtzer et al, 2006;
Cordenonsi et al, 2011; Lamar et al, 2012). Although YAP binds
several transcription factors (e.g. RUNX3, p73, AP-1, SRF, and
TEAD; Strano et al, 2001; Vassilev et al, 2001; Zaidi et al, 2004;
Shao Diane et al, 2014; Kim et al, 2015), TEAD seems to play the
major role in YAP’s oncogenic functions (Zhao et al, 2008). Consis-
tent with this, pharmacological or genetic disruptions of TEAD-YAP
binding dramatically reduce YAP-induced oncogenesis (Liu-
Chittenden et al, 2012).

TEAD-YAP has recently received considerable attention as a
central transcriptional mediator of responses to both chemical and
physical extracellular cues (Halder et al, 2012). YAP activity is
altered by cell-to-cell contacts, actomyosin tension, and RhoA-
activating G-protein-coupled receptor (GPCR) ligands like lysophos-
phatidic acid (LPA) (Dupont et al, 2011; Yu et al, 2012). We and
others have shown extracellular cues that affect the actin cytoskele-
ton can alter LATS activity, which subsequently affects YAP local-
ization and activity (Zhao et al, 2012; Kim et al, 2013). Indeed,
actin-disrupting chemicals do not affect the localization of a mutant
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form of YAP that is refractory to LATS-mediated phosphorylation
(Zhao et al, 2012; Kim et al, 2013). Using LATS1/2-knockout mouse
embryonic fibroblasts (MEFs), we also confirmed LATS is required
for YAP export upon disruption of the actin cytoskeleton (see
below). Piccolo and colleagues, however, observed reduced YAP
target gene expression upon actin-disrupting chemical treatment
even with a mutant form of YAP that cannot be phosphorylated by
LATS (Cordenonsi et al, 2011; Aragona et al, 2013). This suggests
the existence of a LATS-independent mechanism for regulating YAP
activity in response to changes in the actin cytoskeleton. The identi-
fication of such a LATS-independent mechanism would be a signifi-
cant advance in our understanding of YAP and its control of cellular
differentiation and proliferation.

We noticed the mechanisms of YAP regulation are similar to
those that regulate myocardin-related transcription factor (MRTF)
family proteins, which are SRF transcriptional coactivators (Wang
et al, 2002). Similar to YAP, MRTF is translocated to the nucleus
upon actin cytoskeletal assembly and RhoA activation by GPCR
ligands (Miralles et al, 2003). MRTF and YAP both promote epithe-
lial-mesenchymal transition and cancer metastasis (Morita et al,
2007; Medjkane et al, 2009; Lamar et al, 2012). As various extracel-
lular stimuli induce the nuclear localization and activation of both
MRTF and YAP, we speculated there may be crosstalk between YAP
and MRTF. Consistent with this hypothesis, MRTF is reportedly
enriched at genomic loci containing TEAD-binding sequences
(Esnault et al, 2014). In addition, MRTFA and YAP bind and
together promote the expression of RhoA-regulated genes induced
by GPCR activation (Yu et al, 2015). Another recent study showed
MRTF and TAZ regulate one another’s activity (Speight et al, 2016).
Together, these studies suggest SRF-MRTF and TEAD-YAP may act
together to coordinate transcriptional responses to various extracel-
lular stimuli. Unfortunately, these previous studies have several
limitations. For example, these studies neither addressed the molec-
ular mechanisms of MRTF-YAP binding nor of TEAD-YAP activity
regulation, especially at the level of the transcriptome. The in vivo
significance of MRTF-YAP binding is also unclear.

In this study, we examined the crosstalk between MRTF and
YAP. We discovered MRTF binding to YAP recruits the NCOA3
transcriptional coactivator, enhancing TEAD-YAP target gene
expression. We found MRTF-YAP binding is required in vitro for
LPA-induced cancer cell invasion and in vivo for the metastasis of
4T1 breast cancer cells. We also implicated cytoplasmic MRTF
translocation in the LATS-independent regulation of YAP that occurs
upon disruption of the actin cytoskeleton. In summary, this study
characterizes the molecular interaction between MRTF and YAP that
allows TEAD-YAP to coordinate transcriptional responses to various
extracellular stimuli.

Results

MRTF proteins activate TEAD-YAP transcriptional activity
independent of the Hippo pathway

To determine whether MRTF proteins affect TEAD-YAP activity, we
first co-expressed MRTFA and MRTFB (hereafter collectively
referred to as MRTF) with YAP in the presence of a TEAD luciferase
reporter containing eight tandem TEAD-binding DNA motifs
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(5’-CATTCC-3’, TBS-luc). We found MRTF over-expression induces
a marked up-regulation of the TEAD luciferase reporter’s activity
(Fig 1A). We next monitored genome-wide changes in YAP target
gene expression upon MRTF over-expression. To do this, we
performed RNA sequencing on MCF-10A cells over-expressing either
a hyperactive YAP (YAP 5SA) or a hyperactive MRTFB. MRTFB AN
lacks the RPEL domains that induces its cytoplasmic sequestration
upon binding to globular actin (Miralles et al, 2003). We found
a significant overlap between the gene sets induced by over-
expression of YAP and those induced by over-expression of MRTFB
(Fig 1B). According to a gene set enrichment analysis (GSEA) of
MRTF-induced targets, MRTFB over-expression induces up-
regulation of known YAP target genes (Fig 1C). We next validated
our RNA sequencing results using qPCR. Of the YAP target genes
up-regulated by over-expression of hyperactive MRTFB, some are
known targets of SRF-MRTF (e.g., CTGF, CYR61) while others
are not (e.g., PTGS2, EDN1, TGFB2) (Fig 1D and E). In addition, we
found MRTFA and/or MRTFB depletion additively down-regulate
YAP target genes (Fig 1F-H).

Since many of the TEAD-YAP targets, including CTGF and
CYR61, are known SRF-MRTF targets, changes in their expression
may merely reflect changes in SRF-MRTF activity. We first tested
whether SRF-MRTF activity can influence TEAD-YAP activity by
performing TEAD-activity and SRF-activity luciferase reporter assays
in the presence of MRTFB over-expression and SRF depletion. We
found that while SRF depletion significantly attenuates the activity
of the SRF luciferase reporter that is induced by MRTFB, it has no
effect on the TEAD-activity reporter. This suggests MRTF regulates
the activity of TEAD-YAP independent of SRF-MRTF complex forma-
tion (Fig 1I). To confirm MRTF proteins regulate TEAD-YAP activ-
ity, we performed a luciferase reporter assay using a fragment of the
CTGF promoter containing its TEAD-binding sequence but lacking
its distal SRF-binding site (Muehlich et al, 2007). As expected,
MRTFB over-expression potently activates the activity of this TEAD
reporter (Fig EV1A). In further confirmation, we used the CRISPR/
Cas9 system to make a targeted mutation of the endogenous SRF-
binding site within the CTGF promoter (Fig EV1B). We found CTGF
expression in these CTGF promoter mutant cells is insensitive to the
SRF-MRTF activator cytochalasin D (Fig EV1B). YAP induction of
CTGF, in contrast, is unaffected in these cells, suggesting normal
responsiveness to TEAD-YAP. Intriguingly, MRTF depletion still
reduces CTGF expression in these CTGF promoter mutant cells,
presumably due to down-regulation of TEAD-YAP activity (Fig 1J).
We acknowledge the contribution of SRF-MRTF activity to the
expression of many TEAD-YAP targets, but these data suggest MRTF
can, at least in part, directly regulate TEAD-YAP transcriptional
targets independent of SRF.

We next investigated the mechanism by which TEAD-YAP activ-
ity is regulated by MRTF. Since YAP is mainly regulated by phos-
phorylation leading to cytoplasmic sequestration by the Hippo
pathway, we asked whether MRTF affects YAP phosphorylation or
localization. While MRTF depletion does not alter YAP phosphoryla-
tion in MDA-MB-231 cells, it reduces both YAP target gene expres-
sion and the activity of a TEAD luciferase reporter (Fig 2A). In
contrast to recent reports, we were unable to observe any change in
TAZ expression upon MRTF depletion (Fig 2A) (Liu et al, 2016a;
Speight et al, 2016). Consistent with this, neither MRTF depletion
nor MRTFB over-expression changes the nucleo-cytoplasmic
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Figure 1. MRTF enhances TEAD-YAP transcriptional activity.

A TEAD luciferase reporter assay in 293T cells expressing MRTFA/B and/or YAP (n = 3). Note that the TEAD luciferase reporter construct lacks any putative SRF-binding
DNA motif.

B Genes up-regulated by either YAP or MRTF over-expression in the RNA sequencing results.

C GSEA for MCF-10A cells over-expressing a control or constitutively active MRTF.

D Heatmap of the RNA sequencing results for MCF-10A cells over-expressing either hyperactive YAP or MRTF. Data are presented as fold change relative to average
expression level of control cells in Log2.

E gPCR analysis of representative TEAD-YAP target genes in MCF-10A cells over-expressing the indicated genes (n = 3).

F, G Western blots from MCF-10A cells over-expressing YAP and treated with shRNAs against (F) MRTFA or (G) MRTFB. Asterisk indicates non-specific band.

H gPCR analysis of representative TEAD-YAP target genes in MCF-10A cells infected with the indicated viruses (n = 3).

| TEAD-YAP activity reporter (TBS-luc) and SRF-MRTF activity reporter (SRF-RE-luc) luciferase assay with 293T cells expressing MRTFB and shRNA against SRF (n = 3).

J gPCR analysis of CTGF expression in MCF-10A cells treated with a control guide RNA (sgCAG) or a guide RNA against the SRF-binding region of the CTGF promoter

and infected with the indicated viruses (n = 3).

Data information: Data are presented as means + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant (P > 0.05); Student’s t-test.
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Figure 2. MRTF-mediated regulation of YAP is independent of YAP localization.

A (top left) Western blots, (bottom left) TEAD luciferase reporter assay, and (right) gPCR (n = 3) analysis of representative TEAD-YAP target genes in MDA-MB-231 cells
expressing either control shRNAs or shRNAs against MRTFA and MRTFB.

B, C Nuclear-cytoplasmic fractionation of MDA-MB-231 cells (B) over-expressing MRTFB or (C) depleted of MRTFA and MRTFB.
D Representative images of control (sgCAG) or MRTF-knockout (sgMRTFA+B) MDA-MB-231 cells. Note the localization of YAP/TAZ. This localization of YAP (left) and

TAZ (right) is quantified below (n = 3, Scale bars: 10 pm).

E (top) Western blots and (bottom) qPCR (n = 3) analysis of Lats1/2-floxed MEFs treated with adenovirus-expressing Cre and/or lentivirus expressing ShRNAs against

both Mrtfa and Mrtfb (shMrtfa/b).

Data information: Data are presented as means + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant (P > 0.05); Student’s t-test.
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localization of YAP or TAZ (Figs 2B-D and EV2A). Next, we
performed similar experiments in LATS1/2-knockout MEFs and
found MRTF depletion still reduces the expression of TEAD-YAP
target genes (Fig 2E). This confirms MRTF depletion alters TEAD-
YAP activity independent of YAP phosphorylation by LATS. We also
used the CRISPR/Cas9 system to knockout LATS1/2 in 293T cells.
Similar to the results shown in Fig 2E, MRTF depletion in these cells
still reduces TEAD-YAP target gene expression and TEAD-YAP luci-
ferase reporter activity (Fig EV2B). These results together suggest
MRTF regulates TEAD-YAP activity independent of the canonical
Hippo pathway, especially the LATS-dependent phosphorylation
and translocation of YAP.

MRTF proteins physically interact with YAP via a PPXY motif-WW
domain interaction

Recent studies suggest the myocardin family of proteins interact
with YAP (Xie et al, 2012; Yu et al, 2015). We were able to confirm
MRTF and YAP bind one another when expressed at both exoge-
nous and endogenous levels (Fig 3A and B). Since MRTF is enriched
at TEAD-binding genomic loci, we hypothesized TEAD, YAP, and
MRTF may form a complex on TEAD-responsive promoters. Using a

A B S

& S, &c

MRTF activates TEAD-YAP Tackhoon Kim et al

DNA pulldown assay, we confirmed binding of all three proteins to
the TEAD-binding DNA motifs of CTGF promoter (Fig 3C). Using a
serial co-immunoprecipitation (IP) assay, we further confirmed all
three proteins form a trimeric complex (Fig 3D). We next performed
co-IP experiments with MRTFB and a series of YAP truncation frag-
ments to map the binding domains responsible for their interactions.
We found that a WW domain-containing fragment of YAP binds
MRTFB (Fig EV3A). WW domains reportedly bind proline-proline-
X-tyrosine (PPXY) motifs (Chen & Sudol, 1995). Strikingly, all
members of the myocardin protein family bear a conserved PPXY
motif within their C-terminal transactivation domains (Fig 3E).
Targeted deletion of the YAP WW domain completely abolishes
MRTFB binding (Fig 3F). Conversely, we confirmed that MRTFB’s
PPXY motif is required for its binding to YAP (Fig 3G). The MRTFB
Y305A mutant, which does not bind SRF (Zaromytidou et al, 2006),
and the MRTFB APY mutant, which does not bind YAP, both retain
their ability to bind YAP and SRF, respectively. This suggests SRF-
MRTF binding and YAP-MRTF binding are independent of one
another (Fig 3G). TEAD-YAP binding does not seem to affect YAP-
MRTF binding because the YAP truncation mutant and the TEAD-
binding deficient YAP point mutant both bind MRTFB with affinity
comparable to that of wild-type YAP (Figs 3F and EV3A). We also
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Figure 3. MRTF and YAP interact via their PPXY and WW domains.

Serial co-IP analysis with 293T cells expressing the indicated genes.
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Co-IP analysis with 293T cells expressing the indicated MRTFB mutants.
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Co-immunoprecipitation (IP) analysis with 293T cells expressing the indicated genes.
Co-IP analysis with 293T cells examining the interaction of MRTFA or MRTFB with YAP at endogenous levels of expression.
DNA pulldown analysis with lysates of 293T cells expressing the indicated genes and DNA fragments comprising the promoters of the indicated genes.

Schematics of the functional domains and peptide sequences near the PPXY motif of myocardin family proteins.
Co-IP analysis with 293T cells expressing MRTFB and the indicated mutant version of YAP.
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found consistent differences in the affinity with which MRTFA and
MRTFB bind SRF and YAP. While MRTFA shows a preference for
SRF binding, MRTFB is biased toward YAP binding (Fig EV3B). This
result is consistent with our finding that while MRTFB activates the
SRF luciferase reporter twice as much as MRTFA, it activates the
TEAD-YAP luciferase reporter nearly ten times as much as MRTFA
(Fig EV3C). Previous studies also reported that MRTFA shows
higher affinity for SRF than MRTFB does (Wang et al, 2002). In
summary, while MRTFA and MRTFB demonstrate some functional
redundancy, MRTFA preferentially activates SRF and its target genes
and MRTFB preferentially activate YAP and its target genes.

MRTF-YAP binding is required for TEAD-YAP target
gene activation

We next measured the impact of MRTF binding to its cognate tran-
scriptional regulators by performing transcription reporter assays.
Consistent with our observation that SRF-MRTF binding and YAP-
MRTF binding do not affect one another, the APY and Y305A muta-
tions fail to activate the TEAD-YAP and SRF luciferase reporters,
respectively (Fig 4A). To verify the contribution YAP-MRTF binding
makes to TEAD-YAP transcriptional activation, we depleted MRTFA
and MRTFB and reconstituted MRTFB expression with either wild-
type MRTFB or mutants deficient in binding YAP and/or SRF. Then,
we activated TEAD-YAP target genes by either over-expressing YAP
(Fig 4B) or serum stimulation (Fig 4C) and measured YAP target
gene expression. We did not observe any differences in YAP phos-
phorylation and abundance or TAZ abundance after either MRTF
depletion or MRTFB reconstitution (Fig 4B and C). There was one
exception, where mutant MRTFB deficient in binding both YAP and
SRF (Y305A/APY) decreased YAP phosphorylation in serum-
stimulated condition (Fig EV4A). While the causes of this difference
may be of interest for future studies, as decrease in YAP phosphory-
lation is expected to activate YAP, this change does not explain the
failure of this mutant MRTFB to rescue YAP activity. Expectedly, the
MRTFB APY mutant produces a far less potent activation of TEAD-
YAP target genes upon YAP over-expression (Fig 4B) or serum stim-
ulation (Fig 4C). This same mutant does not affect SRF-MRTF target
gene expression upon serum stimulation (Fig EV4B).

For a genome-wide picture of the ways MRTF-YAP binding affects
the transcriptome, we generated MCF-10A cells over-expressing
mutant forms of MRTFB that are constitutively localized in the
nucleus (MRTFB AN) but otherwise wild type (WT), YAP-binding
deficient (APY), SRF-binding deficient (Y305A), or both binding defi-
cient (Y305A/APY). When we performed RNA sequencing on these
cells, we found many target genes that were up-regulated by wild-
type MRTFB and significantly down-regulated by MRTFB APY
(Fig 4D). GSEA indicated these MRTFB APY-expressing cells show
significantly lower expression of YAP signature genes and no change
in SRF signature genes (Fig 4E). We also observed consistent reduc-
tions in TEAD-YAP target genes upon MRTFB APY over-expression
and no change in SRF-MRTF target genes (Figs 4F and EV4C).

It is interesting to note that while the MRTFB Y305A mutant
shows no defect in TEAD-YAP luciferase reporter activation
(Fig 4A), it does not properly activate TEAD-YAP target genes. This
suggests that, similar to the TEAD-AP-1 interactions necessary for
TEAD-YAP target gene expression (Zanconato et al, 2015; Liu et al,
2016b), there are widespread genomic interactions that bring the

© 2016 The Authors
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TEAD and SRF transcription complexes together to activate TEAD-
YAP target gene expression (see the Discussion section). This is
supported by recent in vivo ChIP-seq data showing enrichments for
SRF and MRTF at TEAD-binding DNA motifs (Esnault et al, 2014).
Also, since MRTF is expected to depend on nuclear YAP, the rela-
tively modest defect MRTFB APY shows in activating TEAD-YAP
target genes may reflect weak endogenous YAP activity in MCF-10A
cells. Consistent with this interpretation, the MRTFB APY mutant
has more pronounced defects in activating TEAD-YAP target genes
in MDA-MB-231 cells, which have higher endogenous YAP activity
(Fig EV4D) (Lamar et al, 2012). While the exact transcriptional
mechanisms of crosstalk between MRTF-YAP and MRTF-SRF bind-
ing remain unclear, our results suggest MRTF-YAP binding is
required for full TEAD-YAP target gene activation.

MRTF recruits NcoA3 to the TEAD-YAP transcription complex

We next wanted to determine how MRTF protein activates the
TEAD-YAP transcription complex. First, we measured the binding
affinity of TEAD for YAP in the presence and absence of MRTF, but
found no apparent changes (Fig 5A and B). Since MRTF can recruit
various transcriptional coactivators and chromatin remodelers (Li
et al, 2007; Lockman et al, 2007; Zhang et al, 2007; Kihara et al,
2008), we generated shRNAs against each transcriptional coactiva-
tor known to bind MRTF. Then, we asked whether depletion of
these candidates alters TEAD-YAP activity in the presence of either
YAP or MRTFB over-expression. We found shRNAs against NcoA3
(nuclear receptor coactivator 3) consistently reduce the activity of
the TEAD-YAP luciferase reporter in the presence of YAP or MRTFB
over-expression (Fig 5C). NcoA3-specific shRNAs, but not others,
also blunt the YAP over-expression-dependent induction of CTGF
and ANKRD1 (Fig 5D). We also found NcoA3 depletion reduces the
expression of many other genes induced by over-expression of
either wild-type YAP or a constitutively active MRTFB (Fig 5E and
F). NcoA3 depletion also reduces endogenous TEAD-YAP target
gene expression in MDA-MB-231 cells (Fig 5G). This indicates
NcoA3 is necessary for the activation of target gene expression by
the TEAD-YAP-MRTF complex. Recently, TEAD and NcoA3 were
found to interact for YAP target gene expression (Zhang et al,
2015a; Liu et al, 2016b). Thus, we asked whether MRTF enhances
the association of TEAD and YAP with NcoA3. Indeed, we found
MRTFB over-expression increases TEAD2/YAP-NcoA3 binding
(Fig 5H and I), while MRTF depletion decreases TEAD2/YAP-NcoA3
binding (Fig 5J and K). These results suggest MRTFB activates
TEAD-YAP via recruitment of NcoA3 (Fig 5L).

MRTF-YAP binding mediates LPA-induced cellular invasion and
cancer metastasis

The MRTF and YAP coactivators are activated by a common set of
extracellular cues, including LPA (lysophosphatidic acid), which
induces a GPCR-dependent activation of RhoA. Thus, we asked
whether MRTF and YAP exhibit functional crosstalk upon cellular
exposure to LPA. First, we found LPA exposure enhances the bind-
ing of YAP with MRTF (Fig 6A). While YAP and MRTFB are located
in the cytoplasm of serum-starved cells, LPA dramatically increases
their nuclear co-localization in various cell lines (Figs 6B and EV5).
LPA is also known to induce YAP-dependent changes in cell
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Figure 4. MRTF-YAP binding enhances TEAD-YAP transcriptional activity.
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TEAD-YAP target gene activation.

Co-IP analysis for TEAD2 and NcoA3 with 293T cells in the presence of shRNAs against MRTFA and MRTFB.
Co-IP analysis for YAP and NcoA3 with 293T cells in the presence of shRNAs against MRTFA and MRTFB.
Schematic for MRTF-mediated TEAD-YAP activation. MRTF recruits NCOA3 to the TEAD-YAP complex. This may, in turn, recruit other transcription factors for full

TEAD luciferase reporter assay with 293T cells expressing either (left) YAP or (right) MRTFB and shRNAs against the indicated genes (n = 3).
gPCR analysis of MCF-10A cells expressing YAP and shRNAs against the indicated genes (n = 3).

gPCR analysis of representative TEAD-YAP target genes in MCF-10A cells over-expressing the indicated genes (n = 3).
qPCR analysis of representative TEAD-YAP target genes in MDA-MB-231 cells infected with lentivirus expressing control (ShNTC) or NcoA3 shRNA (n = 3).
Co-IP analysis for TEAD2 and NcoA3 with 293T cells expressing the indicated genes.

Data information: Data are presented as means + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant (P > 0.05); Student’s t-test.
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Figure 6. MRTF-YAP binding regulates LPA-induced cancer cell invasion in vitro and breast cancer metastasis in vivo.

Co-IP analysis with 293Ad cells treated with vehicle or LPA for the indicated time.

Immunofluorescence assay examining the localization of MRTFB and YAP before and after LPA treatment (Scale bars: 10 pum).

Representative images of the invasion assay with 4T1 cells expressing the indicated genes. Arrows indicated invaded cells (Scale bars: 50 pum).
Quantification of the invasion assay performed in (C) (n = 3).

Quantification of the invasion assay with control (shNTC) and YAP/TAZ-depleted (shYAP/TAZ) 4T1 cells infected with the indicated viruses (n
GSEA for the transcriptomes of MCF-10A cells expressing either wild type (WT) or YAP-binding deficient (APY) MRTFB.

Western blots for 4T1 cells expressing the indicated genes.

Representative images of the in vivo metastasis assay with cells generated in (G). Arrows indicate metastatic nodules (Scale bars: 1 mm).
Quantification of the metastatic nodules in the metastasis assay performed in (H) (n = 6).
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(n = 3-6 for each group). Representative images are shown in Fig EV6.

Data information: Data are presented as means + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s,, not significant (P > 0.05); Student’s t-test.
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migration, invasion, and proliferation (Yu et al, 2012). Therefore,
we next attempted to confirm this MRTF/YAP crosstalk upon LPA
stimulation by knocking down endogenous MRTF and reconstitut-
ing its expression with either wild-type or mutant MRTFB lacking
the ability to bind YAP and/or SRF. We found MRTF knockdown
reduces the LPA-induced invasion of 4T1 mouse breast cancer cells.
While wild-type MRTFB expression effectively restores the meta-
static potential of MRTF-depleted 4T1 cells, mutant MRTFB APY,
which cannot bind YAP, does not (Fig 6C and D). To confirm that
MRTFB APY’s defect in rescuing invasive potential is secondary to a
defect in YAP-MRTF binding, we compared the invasion potential
conferred by wild type and APY MRTFB in control and YAP/TAZ-
depleted backgrounds. Intriguingly, not only does YAP/TAZ-
depletion attenuate the invasion induced by MRTFB, it also negates
the reduction in invasion induced by expression of MRTFB APY
(Fig 6E). This suggests MRTF APY’s defect in promoting cell inva-
sion is secondary to a deficit in YAP-MRTF binding.

Finally, we examined the physiological significance of MRTF-
YAP binding in vivo. We focused this effort on cancer metastasis
because both YAP and MRTF promote metastasis (Medjkane et al,
2009; Lamar et al, 2012). The GSEA for both MRTFB WT and
MRTFB APY suggests MRTF-YAP binding promotes the expression
of genes associated with high-grade metastatic cancers (Fig 6F). In
the metastatic breast cancer cell line 4T1, MRTF depletion down-
regulates the expression of PTGS2, which is associated with breast
cancer metastases to the lung (Minn et al, 2005; Ma et al, 2006).
Although expression of MRTFB WT rescues PTGS2 expression in
the same cell line, the rescue induced by the YAP-binding deficient
MRTFB mutant is much less significant (Fig 6G). Therefore, we next
performed an in vivo metastasis assay with 4T1 cells expressing the
various MRTFB mutants. While wild-type MRTFB expression
increases the metastatic potential of MRTF-depleted 4T1 cells,
MRTFB mutants that do not bind YAP and/or SRF do not (Fig 6H
and I). Finally, we examined whether MRTFB APY’s deficiency in
MRTF-YAP binding is directly responsible for attenuation in meta-
static potential by in vivo metastasis assay with 4T1 cells expressing
wild type or APY MRTFB, and compared the promotion of meta-
static potential in control and YAP/TAZ-depleted background
(Figs 6J and EV6). Strikingly, not only does YAP/TAZ-depletion
attenuate the metastasis induced by MRTFB, it also negates the
attenuation in metastasis induced by expression of MRTFB APY.
Together, these results suggest TEAD-YAP activation by MRTF-YAP
binding enhances the metastatic potential of breast cancer cells.

Nucleo-cytoplasmic shuttling of MRTF reveals LATS-independent
regulation of TEAD-YAP activity upon acute cytoskeletal damage

Disruption of the actin cytoskeleton is known to reduce TEAD-YAP
activity even in the presence of mutant YAP that cannot be phos-
phorylated and that is retained in the nucleus (Dupont et al, 2011;
Zhao et al, 2012; Aragona et al, 2013). Consistent with this result,
we were able to confirm LATS disruption results in nuclear reten-
tion of YAP despite actin disruption using LATS knockout MEFs
(Fig 7A). Notably, changes in YAP localization by actin disruption
were MRTF independent. MRTF, which we discovered activates
nuclear YAP, is also known to respond to changes in the actin
cytoskeleton (Miralles et al, 2003). This led us to hypothesize that
cytoplasmic sequestration of MRTF upon actin disruption may

© 2016 The Authors
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reduce the activity of nuclear YAP (Fig 7B). While the association of
YAP 5SA, which is retained in the nucleus, with wild-type MRTF is
reduced upon actin disruption, its association with the MRTF AN
mutant, which is also retained in the nucleus, is maintained
(Fig 7C). We observed a modest decrease in binding between YAP
SSA and MRTFB AN mutant. We believe this is caused when YAP
hyperactivity triggers a negative feedback loop (Moroishi et al,
2015; Park et al, 2016) that disrupts YAP-MRTF binding by an
unknown mechanism. Nevertheless, this supports a role for MRTF-
YAP binding in the changes in TEAD-YAP activity that occur down-
stream of acute actin disruption. Although YAP 5SA alone does not
block the reductions in TEAD-YAP target gene expression induced
by Latrunculin A-mediated actin disruption, those reductions do not
occur when YAP 5SA is expressed in the MRTF-knockout back-
ground (Fig 7D). We observed similar results with actin disruption
by other drugs (e.g., blebbistatin and Y27632) (Fig EV7A and B).
Knockout of Lats alone does not block the reductions in TEAD-YAP
target gene expression induced by actin disruption. The simultane-
ous knockout of Mrtf and Lats, however, actually increases TEAD-
YAP target gene expression upon actin disruption (Fig 7E). We
found a similar phenomenon when looking at the effects of actin
disruption on TEAD-YAP luciferase reporter with simultaneous
expression of both YAP 5SA and MRTF-specific shRNAs (Fig 7F). Of
note, while acute actin disruption does not affect TEAD-YAP target
gene expression in YAP 5SA-expressing and MRTF-depleted cells,
long-term actin disruption, as with prolonged dense culture condi-
tions or soft matrix culture conditions, does in the same cells
(Fig EV7C and D). These differences between acute and long-term
actin disruption suggests the existence of an alternative, slow-acting
mechanotransducer that attenuates YAP activity upon long-term
disruption of actin cytoskeletal tension. We plan to identify this
mechanotransducer in a future study. In conclusion, our results
suggest MRTF sequestration represents a largely unexplored mecha-
nism by which acute changes in a cell’s external physical environ-
ment alter TEAD-YAP activity.

Discussion

In this study, we identified MRTF proteins as key coactivators of the
TEAD-YAP transcriptional complex. Although recent studies have
uncovered a functional relationship between MRTF and YAP/TAZ
(Yu et al, 2015; Speight et al, 2016), our study substantially
improves our understanding of MRTFs and their activation of the
TEAD-YAP transcriptional complex. First, we have demonstrated the
significance of MRTF-YAP binding in the direct regulation of
TEAD-YAP activity independent of its crosstalk with Smad or SRF.
Specifically, we have taken a genome-wide view of the impact of
MRTF-YAP binding on the transcriptome. Second, we have demon-
strated the physiological relevance of MRTF-YAP binding in cancer
cell invasion and metastasis. Third, we have identified MRTF as a
regulator of nuclear YAP activity. This is particularly interesting
because most known YAP regulation occurs via LATS-mediated YAP
phosphorylation and nuclear translocation. Our results add another
layer to the regulation of YAP activity, fine-tuning it in response to
GPCR activation (i.e., by LPA) or actin cytoskeletal disruption.

In addition, our results contradict some previously published
findings. We failed to observe any change in TAZ expression or
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Figure 7. Cytoskeletal disruption alters TEAD-YAP activity by inducing nucleo-cytoplasmic shuttling of MRTF.

A

F

Lats1~/~; Lats2™ or Lats1™/~; Lats2*/2 cells treated with sgRNAs against control (sgCAG) or Mrtfa and Mrtfb (sgMrtfa/b) were treated with either DMSO or
Latrunculin A (Lat. A, 0.5 uM, 1 h). Then, YAP localization was examined using immunofluorescence (scale bars: 10 um).

Schematic for the regulation of TEAD-YAP activity upon actin disruption. Even in the presence of YAP 5SA, which cannot be phosphorylated, actin-disrupting drugs
induce the translocation of MRTF out of the nucleus, reducing TEAD-YAP activity despite the nuclear retention of YAP.

Co-IP analysis with 293T cells transfected with the indicated plasmids and treated with Latrunculin B (Lat. B).

gPCR analysis of representative TEAD-YAP target genes in either control (sgCAG) or MRTF-knockout (sgMRTFA+B) MCF-10A cells expressing YAP 5SA and treated with
Lat. A (n = 3).

gPCR analysis of representative TEAD-YAP target genes in either control (sgCAG) or MRTF-knockout (sgMrtfa/b) Lats1/2 floxed, or deleted cells treated with Lat. A
(n=3).

TEAD-YAP luciferase reporter assay with 293T cells transfected with the indicated plasmids and treated with Lat. B (n = 3).

Data information: Data are presented as means + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant (P > 0.05); Student’s t-test.
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localization upon over-expression or depletion of MRTF. Instead,
we discovered MRTF recruits the coactivator NcoA3 to the TEAD-
YAP complex. These differences between our results and those of
other studies may reflect different cellular contexts. Future experi-
ments will be necessary to determine the relative contributions of
those differences to TEAD-YAP regulation in each cellular context.

Our study reveals intimate crosstalk between the transcriptional
coactivators YAP and MRTF, which both respond to extracellular
stimuli. Although MRTF is not required for TEAD-YAP activity, it
does enhance it. While YAP and MRTF are both activated by
common extracellular stimuli, they differ in their regulation. MRTF
binds globular actin via a RPEL motif, while YAP responds to acto-
myosin tension in a way that is still poorly characterized (Miralles
et al, 2003; Dupont et al, 2011). This suggests MRTF may act to fine-
tune TEAD-YAP activity. For example, while cell attachment and
spreading can induce YAP activation directly, further cytoskeletal
maturation characterized by the formation of filamentous actin and
the depletion of globular actin may further enhance TEAD-YAP activ-
ity by activating MRTF. We, therefore, suggest MRTF-mediated
enhancement of TEAD-YAP activity may strengthen a bi-stable cellu-
lar signaling pathway that can be activated either by GPCR activation
or by increasing cellular tension. Once activated, this pathway can
induce a transcriptional program that reinforces itself. Recently, SRF-
MRTF was found to activate TAZ transcription (Liu et al, 2016a;
Speight et al, 2016). This, along with our finding that MRTF potenti-
ates TEAD-YAP activity, suggests the presence of a positive feedback
loop that efficiently modulates cellular phenotypes in response to
extracellular stimuli. This bi-stable switch may contribute to
phenomena like tissue morphogenesis, cancer invasion, and cellular
differentiation, which are all regulated by cellular tension and GPCR
activation (Marinissen & Gutkind, 2001; Paszek et al, 2005). We
expect further studies of the physiological relevance of such a multi-
layered regulation of the TEAD-YAP transcription complex will prove
both interesting and important in cancer therapeutics.

Adding to the complexity of TEAD-YAP activity regulation, two
recent studies revealed intimate crosstalk between TEAD-YAP and
other transcriptional machinery including AP-1 (Zanconato et al,
2015; Liu et al, 2016b). It is thus possible YAP acts as a transcrip-
tional hub relaying various transcription factor complexes to accom-
plish fine-tuned regulation of target gene expression. Consistent
with this idea, YAP is enriched at several distal enhancers across the
genome (Galli Giorgio et al, 2015; Zanconato et al, 2015). We have
shown recruitment of NcoA3 to the TEAD-YAP complex by MRTF is
necessary for full TEAD-YAP activity. Another recent report impli-
cated NcoA3 as a molecular bridge between TEAD-YAP and AP-1—
and possibly other transcription factors—that is necessary to fully
activate target gene expression. Indeed, NcoA3 is already known to
act as a molecular hub that brings together the various transcription
factors in embryonic stem cells that maintain their pluripotency
(Percharde et al, 2012). With our results, these reports suggest the
sequential binding of MRTF and NcoA3 to TEAD-YAP induces the
formation of a massive transcriptional complex that maximally acti-
vates YAP target genes. Future studies of mutant cells lacking the
various components of the full TEAD-YAP transcriptional complex
will reveal the nature of such higher order genomic interactions and
how they affect YAP target genes genome-wide.

We observed that mutant MRTFs lacking the PPXY- or SRF-
binding motifs are specifically defective in activating TEAD- or

© 2016 The Authors
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SRF-reporters, respectively. We found it interesting that MRTF that
is incapable of binding SRF can neither activate conventional SRF-
MRTF target genes nor TEAD-YAP target genes. This suggests that,
at least in certain genomic contexts, MRTF-SRF binding is important
in regulating TEAD-YAP activity. Consistent with this idea, SRF and
TEAD reportedly bind one another (Gupta et al, 2001). Along with
our discovery that MRTF recruits NcoA3 to the TEAD-YAP transcrip-
tional complex, this suggests MRTF-SRF binding may coordinate
transcriptional responses by facilitating the interaction of SRF with
TEAD-containing transcription complexes through NcoA3.

Although SRF-MRTF binding plays a pervasive role in regulating
all MRTF target genes, YAP-MRTF binding is important in regulating
TEAD-YAP activity. Finally, in a previous study, we found an associ-
ation between SRF and YAP for the activation of a specific subset of
YAP target genes that endow mammary stem cell-like properties
(Kim et al, 2015). In that study, TEAD and MRTF were not part of
the relevant SRF-YAP transcriptional complex. Thus, we propose
the existence of multiple mutually exclusive combinations of
transcriptional regulators. The TEAD-YAP-MRTF transcriptional
complex fully activates most YAP target genes, while the SRF-YAP
transcriptional complex regulates specific subsets of YAP target
genes.

Our results suggest a mutual dependence of MRTF and YAP in
transcriptional responses to extracellular stimuli. We also propose
YAP-induced tumorigenesis and stem/progenitor cell expansion
may depend on MRTF. YAP is a critical oncogenic driver of uveal
melanoma, which depends on active RhoA (Feng et al, 2014; Yu
et al, 2014). YAP is also responsible for the changes in cell invasion
and cell growth in 3D in vitro culture that occur upon manipulation
of the stiffness of the extracellular matrix (Aragona et al, 2013).
Since these same cellular contexts also activate MRTF, it may also
play a role in the onset of uveal melanoma and in the induction of
cell invasion upon changes in extracellular matrix stiffness. Our
study also suggests a possible role for TEAD-YAP in cellular
responses thought to be induced by SRF-MRTF. We have shown
that MRTF-mediated cancer metastasis, once thought to be a conse-
quence of SRF-MRTF, also depends on TEAD-YAP activity. Previ-
ously, MRTFA knockout mice were reported to show defects in
mammary myoepithelial cell differentiation (Li et al, 2006; Sun
et al, 2006). The fact that TAZ knockout mice show similar defects
(Skibinski et al, 2014) strongly suggests the combined action of
MRTF-TAZ induces myoepithelial cell differentiation.

Finally, our study also contributes to a mechanistic understand-
ing of some therapeutics that have been successful against
YAP-associated tumors. Verteporfin is used as an inhibitor of the
association between TEAD and YAP (Liu-Chittenden et al, 2012),
but its specificity and mechanism of action remain controversial
(Zhang et al, 2015b). Our results suggest CCG-1423, a Rho/
SRF-MRTF pathway and MICAL2 inhibitor (Evelyn et al, 2007;
Lundquist Mark et al, 2014), may be effective as an alternative inhi-
bitor of TEAD-YAP that blocks its activation by MRTF. NcoA3 is
amplified in some breast cancers (Anzick et al, 1997), possibly
making it a therapeutically relevant target in YAP-amplified cancers
itself. Chemical NcoA3 inhibitors like bufalin and gossypol (Wang
et al, 2011, 2014) may interfere with MRTF’s activation of TEAD-
YAP by degrading NcoA3. Despite its initial description as an activa-
tor of the estrogen receptor, NcoA3 is frequently over-expressed in
estrogen receptor-negative breast cancers (Burandt et al, 2013) that
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usually show higher YAP activity (Kim et al, 2015). NcoA3 inhibi-
tors may therefore be particularly effective against YAP-active triple-
negative breast cancers. Future experiments should address the
in vivo efficacy of candidate inhibitors of the SRF-MRTF/YAP/
NcoA3 pathway for use individually or in combined therapies.

Materials and Methods

Cell culture

293T, 293Ad, 4T1, MDA-MB-231, and MDA-MB-231-LM2 cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). MCF-10A were grown
in a 1:1 mixture of DMEM and Ham’s F12 medium (DMEM/F12)
supplemented with 5% horse serum, 20 ng/ml EGF, 0.5 pg/ml
hydrocortisone, 100 ng/ml cholera toxin, and 10 pg/ml insulin. All
cells except 4T1 and MDA-MB-231-LM2, which was a gift from Mi-
Young Kim, are obtained from ATCC. Cell lines were validated by
DNA fingerprinting at TPOX, THO1, vWA, and D5S818 loci. Cells
were routinely tested for the presence of mycoplasma with 4,6-
diamidino-2-phenylindole staining.

Antibodies

The antibodies used in this study were as follows: anti-Flag (Sigma
M2, 1:500), anti-HA (Biolegend, 1:1,000), anti-YAP (raised against
201-450 amino acids of human YAP, 1:1,000), anti-YAP (Abfrontier
2F12, 1:1,000 for immunofluorescence and immunoprecipitation),
TAZ (Cell Signaling, 1:1,000 for Western blot, 1:100 for immunoflu-
orescence), anti-y-tubulin (Santa Cruz, 1:1,000), anti-MRTFA (Santa
Cruz, 1:1,000), anti-MRTFB (Bethyl Laboratories, 1:1,000 for
Western blot, 1:100 for immunofluorescence), anti-NcoA3 (Santa
Cruz, 1:1,000), anti-CTGF (Santa Cruz, 1:250), anti-Myc (Santa Cruz
9E10, 1:200), and anti-phospho-YAP S127 (Cell Signaling, 1:1,000).
Unless otherwise noted, the given dilutions were for Western blots.

shRNA

The shRNA target sequences used for this study were as follows:
shMRTFA #1 (human): 5-GACTATCTCAAACGGAAGATT-3’, shMR
TFA #2 (human): 5-GCTCAAGTACCACCAGTACAT-3', shMRTFB #1
(human): 5-GCAGACACTTTCACCGAGATT-3’, shMRTFB #2(human):
5'-GACACTTTCACCGAGATTATG-3', shMrtfa/b (targets both mouse
Mrtfa and Mrtfb): 5-CATGGAGCTGGTGGAGAAGAA-3', shSRF:
5'-CGATGTTTGCCATGAGTATTA-3', shNcoA3: 5-GATCAGAAGGCA
GGATTATA-3/, shNcoA6: 5-GCCCATTGTTGGTCAACTTAT-3’, shBR
G1: 5-CCCGTGGACTTCAAGAAGATA-3', shSPT16: 5-TGAGCAGATG
GAACGAGAAAT-3', shKkDM3A: 5'-GCTTTGATTGTGAAGCATTTA-3'.

CRISPR-Cas9-mediated gene editing

Cas9-mediated gene editing was performed by lentiviral infection of
sgRNA and spCas9 using the lentiCRISPR v2 vector (Sanjana et al,
2014). Clones were isolated and screened for successful ablation of
genes using Western blot, and sequencing of genomic DNA. The
guide RNA sequences used for this study were as follows: CTGF
promoter: 5-ACTGTCCAGATGCCCATATA-3' LATS1: 5-GCAACCTA
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ACATACCAGTG-3’, LATS2: 5-GTAGGACGCAAACGAATCG-3’, MRT
FA (human): 5-GCTGCGCTGTGACTTCTCAC-3/, MRTFB (human):
5-ATAGACACCGAGGATGAAGT-3/, Mrtfa/b (mouse): 5-TTCTTCT
CCACCAGCTCCAT-3'. Taz (mouse): 5-AGAGATACTTCCTTAATC
ACA-3'. Yap (mouse): 5-TGAGAACAATGACAACCAATA-3'.

Co-immunoprecipitation

Cells were lysed in NETN lysis buffer (20 mM Tris—HCl pH 8.0,
100 mM NacCl, 0.5% NP-40, 1 mM EDTA). 1 pg of antibody was
added to the cleared lysate and incubated overnight. Then, 15 pl of
protein A/G agarose was added to the lysate, incubated for 1 h,
washed with NETN three times, and boiled in Laemmli’s sample
buffer. The samples were then subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot
analysis.

DNA pulldown assay

After 48 h, 293T cells transfected with the relevant plasmids were
washed once with PBS and lysed in NETN buffer. Next, 1 mg of the
cleared lysate was incubated for 1 h with 3 pg of a random 50-bp
competitor probe corresponding to a region of human ACTB (5'-
CGTTGCTATCCAGGCTGTGCTATCCCTGTACGCCTCTGCCGTACCA
CTG-3') to eliminate non-specific DNA interacting proteins.
Meanwhile, 3 pg of biotinylated PCR products containing promoter
regions of human CTGF, TAGLN, and ACTB lying 701-bp down-
stream of the TSS was incubated with 20 pl of streptavidin agarose
(Thermo Scientific). Then, DNA-bound beads were washed three
times in lysis buffer and mixed with the pre—cleared lysate. The
beads were again washed three times in lysis buffer and resus-
pended in Laemmli buffer for resolution by SDS-PAGE.

RT-gPCR

RNA was extracted from cells with easy-Blue solution (Intron
Biotechnology). c¢cDNA was synthesized from total RNA using
M-MLV reverse transcriptase (Enzynomics) for 2 h at 37°C. All gene
expression levels were normalized to that of GAPDH. See Table EV1
for the relevant primers.

Immunofluorescence

Cells were seeded on gelatin-coated coverslips. Cells were fixed in
4% paraformaldehyde (Sigma) in phosphate-buffered saline (PBS),
permeabilized in 0.1% Triton X-100 in PBS, and blocked with 1%
bovine serum albumin (BSA) in PBS. Cells were then incubated in
the appropriate primary antibody diluted in 1% BSA in PBS at 4°C
overnight. Appropriate secondary antibodies (Jackson Laboratories
and Life Technologies) diluted in PBS were then added for 1 h at
37°C. Finally, the coverslips were mounted on slides using Vecta-
shield mounting medium with DAPI (Vector Laboratories).

Luciferase assay
293T cells were seeded in 96-well plates. Cells were transfected in

triplicate with a mixture of DNAs of the desired expression vectors,
firefly luciferase vectors driven by promoters of interest, and Renilla
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luciferase vectors driven by CMV. Twenty-four hours after transfec-
tion, relative luciferase activity was measured with the dual-Glo
luciferase kit (Promega).

RNA sequencing

RNA was extracted as described above, and RNA sequencing was
performed with a Truseq RNA library prep kit v2 (Illumina) and Hi-
seq 2000 equipment. The Multi-experiment Viewer (MeV) program
was used to draw heatmaps.

In vitro invasion assay

4T1 cells were trypsinized, resuspended in serum-free DMEM
supplemented with 0.1% BSA, and counted. 1 x 10° cells were
seeded in the upper chamber of cell culture inserts with a polyethy-
lene terephthalate (PET) membrane with 8-um pores (SPL Life
Sciences) coated with 15 pl of 20% matrigel diluted in serum-free
DMEM. Serum-free DMEM supplemented with 1 pM LPA was added
to the lower chamber to serve as a chemoattractant. After 24 h, the
membranes of the cell culture inserts were removed and mounted
on slides using Vectashield mounting medium with DAPI (Vector
Laboratories). Three random fields from each membrane were
photographed using a fluorescent microscope for quantification.

In vivo metastasis assay

4T1 cells were trypsinzed, resuspended in PBS supplemented with
0.1% BSA, and counted. 2 x 10° cells were injected into the tail vein
of 6-week-old BALB/c female mice (Daehan Biolink). Mice were
sacrificed 18 days after injection. Then, the lungs were removed
and metastatic nodules were counted. This experiment was not
performed blind. All animal experiments were performed in accor-
dance with KAIST IACUC. Our work is compliant with ARRIVE
guidelines.

Acrylamide hydrogel fabrication

Hydrogels with an elastic modulus of ~0.7 kPa were fabricated
according to Cretu et al (2010). Briefly, 18 mm & coverslips were
immersed in 0.1N NaOH for 3 min. After aspiration, 3’APES was
added for 3 min. Following aspiration and rinse with DW, 0.5%
glutaraldehyde was added. After 30 min of incubation, coverslips
were rinsed and allowed to dry completely. Next, 4% NHS was
added to the acrylamide mix, then poured onto the coverslips.
Immediately, coverslips that have been siliconized using DCDMS
were carefully placed on the gel mix, and incubated the “sandwich”
at 37°C for 2 h for polymerization to occur. Then, the siliconized
top coverslips were carefully pushed off, and the bottom coverslip
containing the solidified gel was exposed to UV radiation for
30 min. After rinsing with 1x PBS, hydrogels were immersed in
0.1 mg/ml collagen in PBS, then placed on a rocker at 4°C overnight
to allow covalent linkage to occur. Next day, remaining collagen
was aspirated and rinsed, and then, 1 mg/ml heat-inactivated BSA
in serum-free media was added for 30 min in 37°C incubator to
block any unreacted NHS. Finally, coverslips were washed with
PBS, and then, an appropriate number of cells were seeded. Cells
were harvested via trypsinization 72 h after plating for assay.
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Statistics, sample size, and data analysis

All statistical analysis are done with GraphPad prism 7. Sample
sizes were set as default to three samples for in vitro studies, and
six samples for in vivo studies. In case sufficient statistical power
was not achieved, we performed additional experiments. They
usually yielded enough statistical power. There were no excluded
data in the analysis. There was no blinding, nor randomization.

Data deposition

The raw and processed RNA sequencing data are uploaded in NCBI
gene expression omnibus (GEO) with accession number GSE89182.

Expanded View for this article is available online.
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