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ABSTRACT

Megakaryoblastic leukemia (MKL)/ serum
response factor (SRF)-mediated gene
transcription is a highly conserved
mechanism that connects dynamic
reorganization of the actin cytoskeleton to
regulation of expression of a wide range of
genes including SRF itself and many
important structural and regulatory
components of actin cytoskeleton. In this
study, we examined the possible role of
MKL/SRF in the context of regulation of
profilin (Pfn), a major controller of actin
dynamics and actin cytoskeletal remodeling
in cells. We demonstrated that despite being
located on different genomic loci, two major
isoforms of Pfn (Pfnl and Pfn2) are co-
regulated by a common mechanism
involving the action of MKL that is
independent of its SRF-related activity. We
found that MKL co-regulates the expression
of Pfn isoforms indirectly by modulating
signal transducer and activator of
transcription 1 (STAT1) and utilizing its
SAP-domain function. Unexpectedly, our
studies revealed that cellular externalization,
rather than transcription of Pfnl, is affected
by the perturbations of MKL. We further
demonstrated that MKL can influence cell
migration by modulating Pfnl expression,
indicating a functional connection between

1

MKL and Pfnl in actin-dependent cellular
processes. Finally, we provide initial
evidence supporting the ability of Pfn to
influence MKL and SRF expression.
Collectively, these findings suggest that Pfn
may play a role in a possible feedback loop
of the actin/MKL/SRF signaling circuit.

Keywords: MKL, SRF, profilin, SAP,
STAT, actin, cell migration

INTRODUCTION

Dynamic remodeling of actin
cytoskeleton is an essential feature for many
physiological processes. This is thought to
partly depend on the gene expression
program orchestrated by serum-response
factor (SRF), a ubiquitously expressed and
highly conserved transcription factor. SRF
binds to the CArG [CC(A/T)sGG)]
consensus sequence found in the control
regions of a wide array of genes including
SREF itself and many involved in regulating
actin cytoskeletal, adhesion and contractility
functions (e.g. actin, myosin, vinculin,
filamin, integrin, calponin, Arp3, cofilin)
(1). Depending on the target gene, SRF-
dependent gene expression is potently
stimulated by two broad classes of
transcriptional cofactors: Myocardin and
TCF (ternary complex factors). Myocardin-
family transcriptional coactivators include
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myocardin (expressed exclusively in cardiac
and smooth muscle cells) and broadly
expressed two myocardin-related
transcription factors, namely MRTF-A (also
known as MAL or MKL1 [megakryoblastic
leukemia-1]) and MRTF-B (or MKL2).
Depending on the context, the two isoforms
of MKL either exhibit functional
redundancy or have unique functions (2).

Contrasting the constitutively active
characteristic of myocardin, MKL function
is highly signal responsive. MKL-SRF
signaling axis is tightly regulated by the
state of actin polymerization in cells. Under
the basal condition, MKL binds to G-actin,
and this interaction holds MKL inactive by
promoting its cytoplasmic sequestration.
Actin polymerization in response to
extracellular signals liberates MKL from G-
actin allowing nuclear accumulation of
MKL and SRF activation. Therefore,
MKL/SRF signaling is considered to be a
key pathway that connects dynamic
reorganization of actin cytoskeleton to gene
expression control. Since transcriptional
targets of SRF include structural and
regulatory components of actin cytoskeletal
system, and MKL and SRF can influence
each other’s expression, a complex feedback
loop exists between MKL-SRF signaling
and actin polymerization in cells (3-6).

Profilins (Pfns) belong to a class of
small 14-17kD actin-binding proteins found
in virtually every eukaryotic organism. The
two main isoforms of Pfn (Pfnl and Pfn2)
are encoded by distinct genes located at
different genomic loci. Pfnl (the most
widely studied form) is ubiquitously and
abundantly expressed in all cell types with
the exception of skeletal muscle cells. In
vertebrates, Pfn2 is highly enriched in the
brain but is also expressed in low amounts
(generally at a much lower level than Pfn1)
in other cell types. Because of their abilities

to a) promote nucleotide-exchange (ADP-to-
ATP) on actin, and b) stimulate actin
polymerization driven by various actin-
assembly factors through direct interaction,
Pfn isoforms play key roles in regulating
actin dynamics and actin cytoskeletal
remodeling in cells. Pfn has been
functionally linked to many actin-dependent
cellular functions ranging from cell
migration to cytokinesis, vesicle trafficking,
and transcription/splicing control of genes
(reviewed in (7,8)).

How expression of Pfn is regulated in
cells is poorly understood. There is evidence
in the literature that SRF can bind to a
conserved intronic region of Pfnl gene (9)
(10) although the functional relevance of
this interaction remained unexplored. Given
SRF’s prominent role in the regulation of
cytoskeletal gene expression and MKL
being an important cofactor for SRF
activation, in this study we investigated
whether MKL plays any role in the
regulation of Pfn expression. We herein
demonstrate that even though Pfnl and Pfn2
are encoded by distinct genes, intracellular
levels of these two isoforms can be co-
regulated by a common mechanism that
indirectly involves the action of MKL but
does not appear to be dependent on its SRF-
related activity. Unexpectedly, our studies
reveal that cellular externalization rather
than the transcription of Pfnl is affected by
perturbations of MKL thus highlighting a
novel mechanism of regulation of
intracellular level of Pfnl. Finally, we
provide initial evidence that the reverse
phenomenon may also be true i.e. Pfn could
have the ability to modulate MKL and SRF
(a transcriptional target of MKL/SRF unit)
expression. These findings suggest a
possible feedback system between MKL and
Pfn, adding another complexity in the
current model of actin/MKL/SRF signaling.
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RESULTS
MKL is an important upstream regulator
of Pfn expression

To explore the potential role of MKL in
Pfn regulation, we first performed gene
silencing of MKL in HEK-293 (a human
embryonic kidney epithelial cell line) and
MDA-MB-231 (MDA-231 - a human breast
cancer cell line). In both cell lines,
knockdown of MKL1 alone significantly
downregulated the expression of SRF (this is
consistent with MKL’s ability to promote
SRF activity and in turn stimulate SRF
expression) and concomitantly reduced the
levels of Pfnl and Pfn2 (Fig 1A; the
knockdown efficiency of MKL1 in these cell
lines ranged from 70-80%). On an average,
Pfnl expression was reduced by 60% and
50% in HEK-293 and MDA-231 cells,
respectively, in response to MKL1
knockdown; the corresponding reduction in
Pfn2 expression in these two cell lines were
70% and 50%, respectively (at least in
MDA-231 cells, co-silencing of MKL2
expression did not reduce Pfnl expression
any further — data not shown). Pfn
downregulation in HEK-293 cells in
response to MKL1 knockdown was also
verified by a second siRNA (MKL1 siRNA
#2) targeting a different region of MKL1
mRNA (Supplementary Fig S1). To further
determine whether MKL1 depletion
downregulates the expression of one Pfn
isoform downstream of the other, we
performed isoform-specific knockdown of
Pfn in both HEK-293 and MDA-231 cells.
Consistent with the previous findings in
normal mammary epithelial cells and breast
cancer cell lines by another group (11), we
also found that selective knockdown of Pfn1
had negligible effect (10-20% change — not
statistically significant) on the expression of
Pfn2 and vice-versa in either HEK-293 or
MDA-231 cells (supplementary Fig S2).
These data argue against the regulation of
one Pfn isoform downstream of the other,

and likely suggest that MKL1 depletion
leads to downregulation of Pfnl and Pfn2 in
a coordinated fashion through a common
upstream mechanism.

To further corroborate the gene silencing
results, we next investigated whether Pfn
expression is susceptible to pharmacological
loss of MKL function. G-actin plays a key
role in negative regulation of MKL/SRF
signaling since G-actin binding restrains
MKL in the cytoplasm through inhibiting its
nuclear import as well as promoting its
nuclear export. Accordingly, treating cells
with actin depolymerizing drug Latrunculin
B (LatB) is a commonly used technique to
induce cytoplasmic accumulation of MKL
and inhibit SRF activation (LatB increases
the cellular G-actin level and stabilizes G-
actin:MKL complex in the cytoplasm) (3,4).
Consistent with the effects of gene silencing
of MKL1, overnight (16-18 hrs) LatB
treatment also led to a dramatic (~65%) co-
reduction of Pfn isoforms in MDA-231 cells
(Fig 1B). We also performed a short-term (3
hrs) treatment of LatB in MDA-231 cells
which also showed a trend of Pfn
downregulation, although the extent of Ptn
downregulation was more prominent in the
case of overnight LatB treatment (Fig 1C).
Since LatB experiments were not feasible in
weakly adherent HEK-293 cells (LatB
treatment even for a short duration caused
detachment of these cells), to extend our
observations in another cell type, we
performed similar experiments in HmVEC-
1, an immortalized human microvascular
endothelial cell (EC) line. We saw similar
downregulation of Pfnl and Pfn2 expression
after either overnight or short duration (3
hrs) exposure to LatB (supplementary Figs
S3A-B). Consistent with LatB’s effects, co-
silencing of MKL1 and MKL2 (as MKL2 is
abundantly expressed in EC — mean
knockdown efficiency of MKL isoforms was
~85%) also resulted in dramatic reduction in
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the expression of the two Pfn isoforms (Pfnl
by 76%, Pfn2 by 80%) along with SRF in
HmVEC-1 cells (supplementary Fig S3C).

Although LatB is widely used to
suppress MKL/SRF signaling, since LatB’s
action is not specific to MKL, we wanted to
further confirm the sensitivity of Pfn
expression to a more direct and selective
strategy of MKL inhibition. In unstimulated
(serum-starved) cells, MKL rapidly shuttles
back and forth between the nuclear and the
cytoplasmic compartments, and serum-
stimulation blocks the nuclear export of
MKL thus effectively promoting nuclear
accumulation of MKL (4). Nuclear import
of MKL can be blocked by CCG-1423, a
small molecule inhibitor of that binds to the
actin-binding domain of MKL and interferes
with its interaction with the nuclear import
factor importin a/f complex (12,13). It is
now a widely used pharmacological agent to
block MKL/SRF signaling. Therefore, we
next studied the effect of CCG-1423
treatment on Pfn expression in serum-
starved MDA-231 cells. Consistent with the
outcome of the previous loss-of-function
experiments (gene silencing and LatB
treatment) of MKL, we observed a dramatic
>80% depletion of both Pfnl and Pfn2
expression within 24 hours of CCG-1423
treatment in MDA-231 cells (Fig 1D). On a
quantitative measure, the extent of Pfn
downregulation upon either LatB or CCG-
1423 was greater than that elicited by MKL
knockdown - this was not entirely surprising
since knockdown of MKL was not 100% in
our experiments.

Based on the results of the foregoing
loss-of-function experiments, we next asked
whether forced elevation of MKL is capable
of increasing the cellular level of any of the
Pfn isoforms. We initially performed pilot
experiments to examine the changes in Pfn
expression in response to graded

overexpression of wild-type (WT) MKLI as
a flag-tagged fusion protein in HEK-293
cells. In our first set of pilot experiments, the
amount of MKL1 plasmid for a 35 mm dish
culture dish was titrated from 0.25 to 1 pg.
Even with this modest range of plasmid
dosage, we were able to achieve an
estimated ~10-30-fold increase in MKL1
level compared to the vector control group.
Under these conditions, we observed co-
elevation of Pfn isoforms (the ranges of
Pfnl and Pfn2 increases were 1.8-2- and
2.2-2.8- fold, respectively- these values
represent the mean fold-changes based on 2
independent pilot experiments)
(supplementary Figs S4A). In follow-up
pilot experiments, we titrated down MKL1
plasmid dosage which showed that even 3.5-
fold overexpression of MKL1 is sufficient to
elicit elevation of Pfnl and Pfn2 expression
by 3.6-fold and 3.1-fold, respectively (these
values represent the mean fold-changes
based on 2 independent pilot experiments),
(supplementary Figs S4B). Note that since
MKIL2 level was not considered in these
fold-change calculations, the overall fold-
change in MKL is somewhat overestimated.
Importantly, if one takes into account the
increase of both Pfn isoforms, the total Pfn
level increase on an absolute scale is not
trivial. Although MKL1-dependent Pfn
induction did not quantitatively correlate
with the level of rise of MKL (we speculate
that this could be due to an internal adaptive
feedback mechanism between MKL/SRF
signaling and Pfn, limiting excessive
intracellular levels of Pfn in cells), the
general observation was nonetheless
qualitatively consistent with the results from
MKL1 knockdown experiments. To
statistically validate these results in HEK-
293 cells and further extend these findings
in MDA-231 cells, we performed WT
MKL1 overexpression in these two cell
types, and analyzed Pfn expression (in these
and all subsequent experiments, we followed
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a transfection protocol of 1 pg plasmid in a
35 mm culture dish). We confirmed that
MKL1 overexpression led to concomitant
elevation of SRF and Pfn expression in both
HEK-293 and MDA-231 cells (Fig 2A). On
an average, Pfnl expression increased by
2.3- and 1.7-fold in HEK-293 and MDA-231
cells, respectively; the corresponding
increase in Pfn2 expression in these two cell
lines were ~2.5- and 2.4-fold, respectively.
Since these results were based on transient
transfection experiments where transfection
efficiency is typically around 70-80%, these
fold-change values were likely
underestimated to some extent. These
overexpression experimental data taken
together with the findings from the
foregoing loss-of-function experiments
suggested that MKL is an upstream
regulator of Pfn expression.

As both LatB and CCG-1423 are
known to functionally inhibit MKL through
impairing its nuclear localization, we asked
whether MKL-dependent induction of Pfn
can be also prevented by a molecular
strategy that is capable of reducing nuclear
accumulation of MKL. The basic-rich Bl
domain of MKL1 contains one of the two
nuclear localization signal sequences of
MKL1 (a schematic representation of MKL1
with its different domains is shown in Fig
2B), and previous studies have shown that
deletion of the entire B1 domain
prominently reduces the ability of MKL1 to
localize on the nucleus. Conversely, upon
deletion of the N-terminal actin-binding
RPEL domain, MKL cannot be sequestered
in the cytoplasm by the action of actin
monomers and therefore exhibits higher
propensity to localize in the nucleus and
activate gene transcription in a constitutive
manner (i.e. even in the absence of any
serum stimulation) (14) (15). We next
overexpressed either WT-MKL1 or mutants
of MKL1 that lack either the entire B1

domain (AB1-MKL1) or the first 100 amino
acids containing the RPEL domain (AN100-
MKL1 — note that the last RPEL domain
ends at amino acid 89, and that AN100
deletion does not interfere with any other
functional domains of MKLI1 as the next
known domain starts at amino acid 219) in
HEK-293 cells, and analyzed the changes in
Pfn expression. Immunofluorescence and
subcellular fractionation studies confirmed
reduced nuclear localization of AB1-MKLI
compared to the other two variants of MKL1
as expected (Fig 2C-D). Immunoblot
analyses of total cell extracts showed that
deletion of the B1 domain blocks MKL1’s
ability to induce Pfn isoforms when
overexpressed in HEK-293 cells (Fig 2E;
overexpression of AN100-MKL1 mutant
resulted in Pfn elevation similar to the effect
of WT-MKL1). These data are consistent
with the requirement of nuclear localization
of MKL1 for its ability to promote Pfn
expression in cells. However, we cannot rule
out an alternative explanation (not mutually
exclusive) that the B1 domain of MKL1
might mediate molecular interactions that
are important for Pfn regulation.

MKL regulates Pfn expression through its
SAP-domain function

Given the parallel between the changes
in SRF and Pfn expression upon various
perturbations of MKL as seen in previous
experiments and that deletion of the B1
domain (which is also responsible for SRF
binding) abrogates MKL’s ability to induce
Pfn, we next asked whether MKL-dependent
modulation of Pfn expression is through its
effect on SRF activation. We initially
analyzed the effect of silencing of SRF on
Pfn expression in various cell lines.
Surprisingly, transient knockdown of SRF in
HEK-293, MDA-231 and HmVEC-1 cells
did not elicit any significant change in the
basal level of expression of either of the two
Pfn isoforms (the average knockdown
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efficiencies of SRF in HEK-293, MDA-231
and HmVEC-1 cells were 70%, 70% and
90%, respectively) (Fig 3A; supplementary
Fig S3C). However, since SRF knockdown
was not complete, we could not completely
rule out a possibility that some low levels of
residual SRF activity in SRF-silenced cells
may be sufficient to maintain Pfn
expression. We also examined Pfn levels in
previously generated sublines of mouse 3T3
fibroblasts that stably expressed either
control- or SRF-shRNA (two independent
SRF-shRNA clones (#1, #2) were analyzed).
Downregulation of transcriptional activity of
SRF in these two clones of SRF-depleted
fibroblasts was previously confirmed by
dramatic attenuation of serum-induced
transcription of SRF-target genes including
EGR2 and CTGF) (16). We estimated the
knockdown efficiency of SRF to be equal to
~97% and ~70% in clones #1 and #2,
respectively. Pfnl level was essentially
unaffected by stable knockdown of SRF in
3T3 cells (Fig 3B; note that we were not
able to detect Pfn2 expression in these
fibroblasts presumably because of general
low abundance of Pfn2 in most non-
neuronal cells). Although MKL1 promoter
has SRF-binding sites (10), interestingly,
neither stable or transient knockdown of
SRF led to any noticeable reduction in the
basal expression level of MKLI1 (Figs 3A,
3B, S3). These data suggest that at its
endogenous level of activation, SRF is likely
dispensable for regulating the basal
expression level of MKL1 (which also
explains why Pfn expression was unchanged
upon SRF depletion). These SRF
knockdown studies in multiple cell lines
provided a preliminary indication that SRF
may not play a key role in controlling at
least the basal expression level of Pfn. In
complementary experiments, although
overexpression of SRF led to elevated Ptn
levels in both HEK-293 and MDA-231 cells,
SRF overexpression was also associated

with elevated MKL1 level in these cell lines
thus suggesting that hyperactivation of SRF
can stimulate MKL expression (Fig 3C). We
proposed that SRF overexpression-induced
elevation of Pfn expression is an indirect
effect of MKL upregulation rather than SRF
being a direct downstream mediator of
MKL-dependent induction of Pfn. To test
this postulate, we next investigated the
effect of disrupting SRF-activating function
on MKL'’s ability to stimulate Ptn level in
HEK-293 cells. Mutagenesis studies
revealed that K237, Y238, H239 and Y241
residues located in the B1 domain of MKL1
are critical for its SRF interaction, and that
alanine substitution on these residues
abrogates MKL1:SRF interaction and
MKL1-mediated SRF activation (15).
Therefore, we overexpressed either WT
MKLI or a triple-point-mutant version of
MKL1 (K237A/Y238A/H239A — denoted as
MKL 13Pmut-BD) in HEK-293 cells, and
analyzed the changes in Pfn expression, the
results of which are shown in Fig 3D.
Overexpression of WT-MKL1 but not
MKL13PmuBY Jed to increased SRF
expression which confirmed the inability of
this MKL1 mutant to activate SRF.
However, MKL 13P(M%-BD) was able to elevate
Pfn expression and to an extent comparable
to that seen in WT-MKL1 overexpressers.
These results argue against SRF being a
direct downstream mediator of MKL1-
dependent regulation of Ptn.

A previous study demonstrating
differential gene expression and phenotypic
distinctions between MKL- and SRF-
knockout megakaryocytes suggested that
MKL can have SRF-independent
transcriptional activity in cells (17). It has
been shown that MKL can transcriptionally
regulate gene expression in breast cancer
cells in an SRF-independent manner that is
dependent on its SAP-domain (a homology
domain that is found in SAF-A/B, Acinus
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and PIAS proteins, and thought to facilitate
DNA-binding of MKL) function (note that
some of the MKL-regulated genes require
both SAP- and SRF-related function) (18).
Since our findings suggested that MKL
likely regulates Pfn expression without a
direct involvement of SRF, we wondered
whether SAP-domain-directed
transcriptional function of MKL1 might be
important in the context of Pfn regulation.
To address this question, we next
investigated the effect of deletion of either
the SAP or the transcriptional activation
(TA) domain on MKL1’s ability to promote
Pfn expression in HEK-293 cells. We found
that upon deletion of either the SAP (ASAP-
MKL1) or the transcriptional activation
(ATA-MKLI1 — this construct is completely
impaired in transcriptional activity) domain,
MKL1 was unable to induce Ptn elevation
when overexpressed in HEK-293 cells (Fig
3E). These data are consistent with a
scenario in which MKL regulates Pfn
expression through its SAP-domain directed
transcriptional activity.

MKL'’s regulation of Pfn expression is
STAT1-dependent

Our next goal was to search for
alternative pathways that might link SAP-
domain function of MKL to Pfn regulation.
A previous study had shown that conditional
deletion of MKL1 gene in mouse mammary
gland is associated with alterations in the
transcript levels of certain STAT (signal
transducer and activator of transcription)-
pathway associated genes (19). There is
evidence of STAT3’s ability to be recruited
to the promoter and transcriptionally
regulate the expression of Pfnl in rat aortic
endothelial cells specifically in response to
diabetic-condition mimicking stimuli (20).
STAT has been shown to bind to the
promoter of chickadee, the drosophila
homolog of Pfnl (note that unlike in
mammals, drosophila has only one STAT

isoform that is structurally similar to
STAT3/STATS) (21). Based on these
findings, we explored whether there could
be a potential connection between MKL,
STAT and Pfn. To test this, we first
examined the effects of knockdown and
overexpression of MKL1 on the expression
levels of two major STAT isoforms, namely
STAT1 and STATS3, in various cells. We
found that in all three cell lines (HEK-293,
MDA-231 and HmVEC-1), STAT1
expression was reduced upon silencing of
MKIL1 either alone or in conjunction with
MKL2 (as done in HmVEC-1 cells) (Fig
4A; supplementary Fig S3C). STATI
downregulation in response to MKL1
knockdown was also verified by a second
siRNA (MKLT1 siRNA #2) targeting a
different region of MKL1 mRNA
(Supplementary Fig S1). STAT3 expression
also followed a similar trend in response to
MKL knockdown although STAT3
downregulation in MDA-231 cells was not
as pronounced as observed in the other two
cell lines (Fig 4A; supplementary Fig S3C).
Consistent with these knockdown
experiment results, overexpression of WT-
MKL1 led to elevation of both STAT1 and
STATS3 levels in HEK-293 (mean fold
changes: ~2.1 (STAT1) and ~2.5 (STAT3))
and MDA-231 (mean fold-changes: ~1.5
(STAT1) and ~2.5 (STAT3)) cells (Fig 4B).
Together these results demonstrate that
MKL can modulate the expression level of
certain STAT family members. As in the
case of Pfn, silencing SRF had no impact on
the expression of either of the two STAT
isoforms in any of the three cell lines
(supplementary Figs S3, S5), and
furthermore, deletion of either the SAP or
the TA domain blocked MKL1’s ability to
upregulate STAT isoforms when
overexpressed in HEK-293 cells (Fig 4C).
Collectively, these data suggest that MKL
modulates STAT expression in a SAP-
domain function-directed manner.
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We next investigated the effects of
knockdown and overexpression of these two
variants of STAT on Pfn expression. First,
in HEK-293 cells, knockdown of only
STAT1 (but not STAT3) resulted in
prominent 60% downregulation of Pfn
isoforms (Fig SA). Conversely, Pfn isoforms
were coordinately elevated (mean values of
increase of Pfnl and Pfn2 equal to 2.5- and
3-folds, respectively) upon overexpression
of only STATI but not STAT3 (Fig SB).
Although we estimated 10-15-fold increase
of STAT1 or STAT3 expression in our
overexpression experiments, judging from
the immunoblot data in Fig S4, it is possible
that even modest level of STAT]1 increase
may be sufficient to induce Pfn elevation. In
these cells, perturbation of STAT1 did not
affect the expression of STAT3 and vice-
versa (Figs SA-B). In fact, even when
STAT3 expression was forcibly knocked
down, STATI overexpression was still able
to result in Pfn elevation in HEK-293 cells
(Fig 5C). We also extended some of these
findings in HmVEC-1 and MDA-231 cells.
In these two cell lines, knockdown of either
STATI or STAT3 caused prominent
downregulation of Pfn isoforms
(Supplementary Figs S6A-B). Depending on
the cell type and the STAT variant, the
reduction of Pfnl and Pfn2 level ranged
from 50-90%. However, in these two cell
lines, knockdown of one STAT variant also
led to concomitant downregulation of the
other variant (it was not surprising since
there is evidence of crosstalk between
STATI and STAT3 signaling in context-
dependent manner (22,23). STATI
knockdown-induced reduction of Pfnl and
Pfn2 expression in HmMVEC-1 cells was also
verified by a second STATI1 siRNA (STATI
siRNA #2) targeting a different region of
mRNA (supplementary Fig S7A).
Conversely, forced overexpression of either
STATI1 or STATS3 led to co-elevation of Pfn

isoforms (by 2-2.7-fold (mean) depending
on the Pfn isoforms) in MDA-231 cells
(note that STAT1 overexpression also
promoted STAT3 expression and vice-versa)
(Supplementary Fig S6C). Collectively,
these results clearly demonstrated
importance of STAT in the regulation of Pfn
expression. Although HEK-293 cell data
suggest that STAT]1 alone is sufficient to
promote Pfn expression, we do not rule out a
possibility of STAT3 as a collaborator in a
cell-type specific context.

Given the ability of MKL to
simultaneously elevate the expression levels
of STAT1 and Pfn isoforms, we further
asked whether STAT1 plays any role in
MKL-dependent regulation of Pfn. To test
this, we overexpressed WT-MKL1 in
control vs STAT1-siRNA transfected cells
and analyzed the changes in Pfn expression.
We found that silencing STAT1 expression
prevented MKL1-induced elevation of both
Pfnl and Pfn2 in HEK-293 cells (Fig 5D;
this result was further verified by the use of
STATI siRNA #2 — supplementary Fig
S7B) suggesting that MKL-mediated
regulation of Pfn is STAT1-dependent.

MKL regulates Pfn expression in a post-
transcriptional manner

In order to gain insight into the mode
of regulation of Pfn by MKL, we analyzed
the mRNA levels of Pfn in control vs MKL1
siRNA transfected HEK-293 cells by
quantitative RT-PCR. Although silencing of
MKL1 elicited 60% decrease in the
expression of Pfnl at the protein level,
surprisingly, we found no significant
difference in the mRNA level of Pfnl
between control and MKL1 KD HEK-293
cells (Fig 6A). We detected a small ~20%
difference in the average Pfn2 mRNA level
between the control and MKL1 KD groups
which also clearly did not correlate with the
robust 70% change in the corresponding
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protein expression. With knockdown using
MKL1 siRNA#2, we did not detect any
significant change in the mRNA level of
either Pfnl or Pfn2 in HEK-293 cells (Fig
6A). Similarly, the mRNA levels of Pfn
isoforms were also not significantly affected
when STATI1 expression was knocked down
— supplementary Fig S8). These data suggest
that Pfn expression is altered upon MKL1
knockdown in a post-transcriptional manner.
We further asked whether altered protein
stability might be responsible for MKL1-
dependent changes in Pfn expression.
However, blocking either proteasomal (by
MG-132 treatment)- or lysosomal (by
ammonium chloride treatment)-mediated
protein degradation pathway failed to
reverse MKL1-KD induced downregulation
of Ptn expression (Figs 6B-C). These
experimental observations tend to further
rule out the possibility of accelerated protein
degradation accounting for Pfn
downregulation upon loss of MKL1
function.

Although Pfn is mainly an intracellular
protein, a previous study reported presence
of Pfnl along with several other cytoskeletal
proteins in exosomes (24). Pfnl has been
also detected in the secretome of pancreatic
cancer cells (25) and serum (26). These
observations suggest that a certain fraction
of cellular Pfnl may be externalized into the
extracellular milieu. Therefore, to explore
whether loss-of-function of MKL could
affect the intracellular level of Pfn by
somehow impacting its externalization, we
next analyzed Pfnl and Pfn2 levels in the
conditioned media of HmVEC-1 and MDA-
231 cells following overnight treatment of
either LatB or CCG-1423. For both cell
types, we observed significantly elevated
level (depending on the cell-type and the
treatment, the mean fold-increase ranged
from 3 to ~5 fold) of Pfn1 in the conditioned
media concomitant with the expected

decreased in the corresponding cellular
fractions in response to either LatB or CCG-
1423 treatment (Figs 6D-F). In alignment
with these results, knockdown of MKL1
expression also led to prominent increase in
the level of externalized Pfnl in the
conditioned media of MDA-231 cells (Fig
6G). Interestingly, we also detected GAPDH
and tubulin in the conditioned media in our
experiments; this is consistent with the
previously reported findings of the presence
of these two proteins in the exosomes
(27,28). Unfortunately, because of general
low abundance of Pfn2 in non-neuronal
cells, we were not able to detect Pfn2 in the
conditioned media by immunoblot analyses.
We also performed live-dead staining of
HmVEC-1 and MDA-231 cells for either
CCG-1423 treatment or MKL knockdown
settings which showed 97-99% cell viability
under these experimental conditions
(supplementary Fig S9). Note that CCG-
1423 reduced cell proliferation (accounting
for ~15-20% lower overall cell number
compared to DMSO-treated group) and
spreading. A more obvious phenotypic
change elicited by CCG-1423 compared to
MKL knockdown was not entirely
surprising for at least two reasons. First,
MKL knockdown was not complete by
siRNA treatment. Second, there is evidence
of at least one other cellular target (MICAL)
of CCG-1423 besides MKL (29), and
therefore the biological effect of CCG-1423
likely extends beyond its action on MKL.
Nonetheless, no biologically significant
difference in cell viability between the
different experimental settings strongly
suggest that our observation of substantial
increase in the released amount of Pfnl
upon loss-of-function of MKL is not a result
of compromised cell viability.

In complementary experiments, we
further analyzed the effect of overexpression
of WT-MKL1 on the mRNA level and
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externalized content of Pfnl. Consistent
with the results of the knockdown
experiments, overexpression of MKL1 also
did not significantly change the mRNA level
of either Pfnl or Pfn2 in HEK-293 cells
(supplementary Fig S10A). Furthermore,
overexpression of MKL1 was associated
with an average of 40% reduction (based on
2 independent experiments) in the level of
Pfnl in the conditioned media concomitant
with the expected elevation of its
intracellular level in MDA-231 cells
(supplementary Fig S10B). Based on these
collective findings, we conclude that MKL
plays an important role in somehow
regulating the cellular retention of at least
Pfnl.

Pfn may also be an important
determinant of MKL/SRF expression
Consistent with Pfn1’s important role in
facilitating actin polymerization in cells,
Treisman group had previously shown that
overexpressing Pfnl in fibroblasts promote
nuclear localization of MKL and
transcriptional activity of SRF, at least
measured in a transfection-based reporter
assay, and these effects are dependent on
Pfn1’s ability to interact with actin (3,5). To
further extend these observations, we next
studied the effect of perturbations of Pfn on
MKL and SRF (as SRF is a transcriptional
target of SRF itself) levels in MDA-231
cells. We first found that co-depletion of Pfn
isoforms led to a significant reduction in
both MKL1 and SRF levels in MDA-231
cells (Fig 7A). Consistent with these
observations, we also found overexpression
of Pfn1 alone resulted in elevation of both
MKLI1 (~2.75-fold) and SRF levels (by ~1.5
fold) in MDA-231 cells (Fig 7B). Note that
even though MKL1 level was elevated, Pfn2
expression did not appear to be affected (Fig
7B: the possible reason is addressed in the
“discussion” section). Based on our initial
evidence supporting Pfn1’s ability to
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influence MKL/SRF expression along with
our foregoing results of Pfnl being
modulated downstream of MKL, a feedback
loop between MKL/SRF, Pfnl and dynamic
control of actin polymerization integrating
the action of STAT is possible as
schematically hypothesized in Fig 7C.

Loss of MKL1 promotes breast cancer
cell motility through downregulating Pfn
expression

Finally, to explore a possible functional
connection between MKL1 and Pfn, we next
asked whether Pfn plays any role in MKL-
mediated regulation of actin-dependent
cellular events such as cell migration.
Specifically, we investigated the effect of
MKL1 knockdown on random motility of
MDA-231 cells without or with transient
overexpression of Pfnl. We found that
knockdown of MKL1 reduced the basal
level of Pfnl as expected (Fig 8A) and
increased the average speed of MDA-231
cells by ~1.9 fold (Fig 8B; this result was
further confirmed by the use of a second
MKL]1 siRNA [MKL siRNA #2]
(supplementary Fig S11)). This is consistent
with our previously published finding of
enhanced motility of MDA-231 cells upon
Pfnl knockdown, a phenotype that was
related to altered phosphoinositide signaling
(30). Hypermigratory phenotype of MDA-
231 cells upon MKL1 depletion was
completely reversed when Pfnl expression
was forcibly elevated thus suggesting that
12downregulation of Pfnl expression
contributed to enhanced motility of MKL1-
silenced MDA-231 cells (Fig 8B). In the
absence of MKL1 knockdown, transient
overexpression of Pfnl also reduced the
average speed of MDA-231 cells which is
consistent with our previously published
findings related to the effect of stable
overexpression of Pfnl on MDA-231 cell
motility (31). These data provided a proof-
of-principle of MKL’s ability to impact
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cellular phenotype through modulating Pfn
expression.

DISCUSSION

Although Pfns are important control
elements of actin polymerization, very little
is known about how their expression is
controlled in cells. In this study, we report
several novel findings. First, we show that
despite their different genomic locations, the
two main cellular isoforms of Pfn can be co-
regulated through a common signaling
pathway involving the action of the
transcriptional coactivator MKL and
importantly, this mechanism is generalizable
across different cell types. However,
contrasting the conventional paradigm of
transcriptional control of cytoskeletal genes
by the MKL/SRF axis, our studies suggest
an unconventional SRF-independent mode
of action of MKL indirectly linking to a
post-transcriptional regulation of Pfn
isoforms. With further evidence of MKL1-
dependent changes in the extracellular
release of at least Pfnl, we show for the first
time that the cellular level of Pfn can be
modulated at the level of its externalization.
In light of these findings, the functional
significance of SRF’s binding to Pfnl
promoter as originally discovered by Miano
lab (9) still remains unclear (it is possible
that SRF may act as a distal transcription
factor regulating the expression of some
genes around Pfn locus). Although SRF is
not a direct downstream mediator of MKL-
dependent modulation of Pfn, our SRF-
overexpression studies suggest that SRF
hyperactivation could lead to elevated Pfn
level in cells indirectly through increasing
MKL expression; whether this occurs in any
physiological scenario remains to be seen.
Second, we identify STATI as an important
upstream regulator of Pfn expression and
further show that MKL regulates Pfn
expression indirectly through controlling the
level of STATI via its SAP-domain (a

1"

putative DNA-binding domain of MKL that
has been implicated in SRF-independent
transcriptional control of MKL (18,32))
function. SAP-domain-directed
transcriptional regulation by MKL is
recently gaining attention; however, the key
downstream players in this process remain
to be identified. Since STAT isoforms are
regulated by the SAP-domain-activity of
MKL, it further raises the possibility of a
STAT-centric gene expression control
downstream of SRF-independent, SAP-
domain activity of MKL that can extend
beyond and above the context of regulation
of Pfn. Third, consistent with the molecular
evidence of MKL’s role in Pfn regulation,
we demonstrate for the first time the
feasibility of a pharmacological strategy to
trigger Pfn depletion using CCG-1423, a
small molecule that has already shown
significant promise in preclinical studies
either as an anti-fibrotic agent (33) or a
possible therapeutic agent in Type II
diabetes (34). Given the association of
increased Pfn expression with certain
cancers and vascular pathology (35-39) (11)
(26,40), this study now opens up the
possibility of CCG-1423 as a potential
pharmacological agent to reverse Pfn-
associated aberrant cellular phenotypes in
disease conditions. Therefore, our findings
may have a potential translational
significance. Fourth, similar to MKL’s
ability to indirectly regulate Ptn levels, we
provide initial evidence of Pfn being a
possible determinant of the expressions of
MKL and SRF. Finally, we provide
evidence of a functional connection between
MKL and Pfn in the context of regulation of
cell motility suggesting that MKL-
dependent modulation of cellular phenotype
is Pfn dependent.

Some of the details of how MKL
regulates Pfn level through controlling
STAT expression are still unclear. It was
previously shown that conditional knockout
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of MKL1 in the mammary gland is
associated with transcriptional upregulation
of SOCS3 (suppressor of cytokine signaling
3), a key negative regulator of JAK-STAT
signaling (19). Therefore, it is possible that
MKL regulates STAT expression through
modulating SOCS3 transcription (either
directly or indirectly). An alternative
possibility is that MKL may directly
regulate STAT transcription. At least it has
been reported that SRF can bind to the
STATS3 promoter (10), and MKL1 and
STAT3 can physically interact and
transactivate gene expression in breast
cancer cells (41). Whether other STAT
members can directly interact with MKL1 or
at least co-complex with MKL1:STATS3 are
not known. Since STAT family members
can homo- and hetero-dimerize to regulate
the expressions of their own and other
STATs, it is also possible that MKL1:STAT
interaction may play a role in regulating
STAT expression. Although there is
evidence of STAT3’s ability to directly bind
to the promoter of and stimulate the
transcription of Pfnl gene in rat aortic
endothelial cells, STAT3 recruitment to the
Pfnl promoter was shown to occur only in
response to certain stimulus (such as
oxysterol treatment as demonstrated in that
study) (20). These findings suggest that
STATS3 has the potential to transcriptionally
enhance Pfn expression under certain
conditions, but it is not one of the main
regulators of Pfn under basal conditions.
Potential roles of other STAT family
members in the context of Pfn regulation
have not been explored previously. Our
studies show that STAT1 can promote Pfn
expression without requiring STAT3. Our
RT-PCR experiments revealed no
appreciable changes in Pfn mRNA levels
upon either MKL1 or STAT1 knockdown
(this likely explains why alteration in Pfn1
expression was also never reported in any of
the previous microarray studies involving
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either knockout or dominant negative
mutant of MKL1 (19) (18). However, we do
not exclude the possibility of a
transcriptional component of Pfn gene
regulation in hyperactivated STAT scenario.
Although beyond the scope of the present
work, we need to address in the future how
loss of MKL function ultimately leads to
increased cellular release of Pfnl and what
the mode of release of Pfn1 is. Clearly,
exosomal release of Pfnl will be an
interesting avenue to pursue in the future.

It was shown previously that
overexpression of Pfnl can promote nuclear
localization of MKL1 and increase SRF
activation, and this effect of Pfnl on
MKL/SREF signaling requires its actin-
binding function (3,5). MKL and Pfnl can
also compete for G-actin binding (6).
Therefore, Pfnl likely promotes MKL/SRF
activation via inhibiting MKL:actin complex
formation through direct competition with
MKL and/or promoting actin
polymerization. The present findings of
MKL1’s positive regulation of Pfn1 through
STATI, and our initial evidence supporting
Pfn1’s ability to promote MKL and in turn
SRF expression raise the possibility of a
feedback loop between MKL/SRF, Pfnl and
dynamic control of actin polymerization
integrating the action of STAT (Fig 7C).
Although further studies are needed to
examine this hypothetical feedback model in
detail and extend the generality of such a
model across various cell types, a few points
are still worth addressing with regard to this
model. First, according to this feedback
model, increased expression and/or nuclear
localization of MKL1 induced by Pfnl
overexpression would be expected to cause
an increase in Pfn2 expression but this was
not observed in our studies. This may be
caused by a possible negative feedback
signal from hyperactivated SRF somehow
dampening the autoregulatory loop (as
illustrated in Fig 7C). An alternative
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explanation could be that since all of our
overexpression experiments were done in
serum-containing culture where MKL is
predominantly nuclear, additional
contribution from Pfnl overexpression in
terms of regulating MKL localization may
be inconsequential. Second, our data
showing LatB-induced Pfn depletion (also
consistent with the proposed schematic
model) raises an interesting possibility that
Pfn may be regulated in a G-actin-sensitive
manner. Future studies investigating the
effects of F-actin stabilizing drugs or
perturbation of other actin-polymerization
regulatory proteins on Pfn expression will
shed further insight into this process. Third,
Pfn’s ability to regulate MKL/SRF (a major
transcriptional system) suggests that we
should consider additional pathways by
which Pfn may regulate actin-dependent
processes such as cell migration beyond the
traditional model of Pfn’s role in regulating
actin polymerization at the leading edge as
conceived in the literature. In fact, a recent
proteomic study by Moens and our group
revealed that overexpression of Pfnl in
MDA-231 cells is associated with alterations
in the expression of many proteins that have
been functionally linked to cytoskeletal
regulation, adhesion, proliferation and
survival (42). Of particular interest, cofilinl,
a SRF target gene (9) and a major regulator
of actin cytoskeleton dynamics and cell
motility, was shown to be one of the
differentially expressed proteins between
control and Pfnl overexpressing cells.

Finally, it was previously shown that co-
depletion of MKL isoforms (MKL1 and
MKL?2) leads to faster migration of strongly
adherent cells (such fibroblasts) but has an
opposite effect on the motility of weakly
adherent transformed epithelial cells and
breast cancer cells including MDA-231 cells
(43). Inhibition of MDA-231 motility upon
co-depletion of MKL1 and MKL2 was
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attributed to impairment in cell-substrate
adhesion. Our studies demonstrate that
MDA-231 cells actually become
hypermotile if expression of only one of the
isoforms of MKL (MKL1 in our case) is
selectively suppressed, a phenotype that is
related to downregulation of Pfnl
expression. Although we do not have
sufficient evidence yet to propose a
generalizable hypothesis, it is possible that
there may be an optimum range of MKL
activity that is most productive for migration
of certain types of cells (such as MDA-231
cells). Future structure-function studies
dissecting the role of various functional
domains of MKL on cell migration will
likely yield mechanistic insights into this
phenomenon.

Experimental Procedures

Cell culture and reagents: HEK-293 and
MDA-MB-231 (MDA-231) cells were
cultured as described previously (44).
HmVEC-1 cells (ATCC, CRL-3243) were
cultured in MCDBI131 (Life Technologies)
growth medium [10% (v/v) FBS, 100U/mL
Penicillin, 100pg/mL Streptomycin,
10ng/mL EGF, 1pg/mL Hydrocortisone,
10mM L-Glutamine]. Generation and
maintenance of sublines of 3T3 fibroblasts
stably expressing either control or SRF-
shRNA have been described previously (16).
Latrunculin B, CCG-1423 and MG-132
were purchased from Cayman Chemicals
(Ann Arbor, MI), Santa Cruz (Dallas, TX)
and Sigma (St. Louis, MO), respectively.

Plasmids and siRNAs: Wild-type and
deletion constructs of MKL1 (Flag-tagged)
have been previously described (14). Flag-
tagged STATla- construct was kindly
provided by Dr. Jennifer Grandis
(University of California, San Francisco).
SRF and Flag-tagged STAT3 plasmids were
obtained through Addgene. Pfnl cDNA was
subcloned into pIRES2-AcGFP backbone
vector (Clonetech) at the Xhol and BamH1
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cloning sites. The MKL13PMuBD mytant
was generated on the Flag-MKL1 plasmid
using the following primers: K237A (sense:
5’- GAAGAAGCTCGCGTACCACCAGT-
3’), K237A Y238A (sense: 5°-
GAAGAAGCTCGCGGCCCACCAGT-3’),
and K237A Y238A H239A (sense: 5°-
GCTCGCGGCCGCCCAGTACATCC-3).
Plasmid DNA transfections for HEK-293
and MDA-231 cells were done using
XtremeGENE HP (Roche, Basel,
Switzerland) and Lipofectamine 3000 (Life
Technologies, Carlsbad, PA, USA)
transfection reagents, respectively,
according to the manufacturer’s instructions.
For knockdown of genes, MKL1 siRNA
(Santa Cruz, Dallas, TX, sc-43944;
Thermofisher Scientific, Waltham, MA,
133259 (#2)), MKL2 siRNA (Santa Cruz,
sc-61074), SRF siRNA (Santa Cruz, sc-
36563), STATI siRNA (Santa Cruz, sc-
44123; Thermo Fisher Scientific, s279 (#2)),
STAT3 siRNA (Santa Cruz, sc-29493),
smartpool Pfnl siRNA (GE Dharmacon,
Lafayette, CO; M-012003-01-0005), or
smartpool Pfn2 siRNA (Santa Cruz, sc-
78482), were transfected using either
Transfection Reagent 1 (Dharmacon) or
Transfection Reagent 2 (Dharmacon) for
HEK-293/HmVEC-1 or MDA-231 cells,
respectively. As control, smart-pool non-
targeting siRNA (D-001206-13-05,
Dharmacon) was transfected in cells. All
siRNA transfection was performed at a 100
nM concentration. The targeting sequences
of SRF-shRNAs have been described
previously (16).

Subcellular Fractionation: Cells were
extracted from 10 cm dishes at 80%
confluence for 15 min in Buffer A (10mM
HEPES, 10mM KCI, 0.1mM EDTA, 0.1%
NP-40, ImM DTE, protease and
phosphatase inhibitors, pH 7.9). Samples
were centrifuged at 5,000 rpm for 10 min
and the supernatant was collected as the
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cytoplasmic fraction. The cell pellet was
washed and centrifuged (5,000 rpm, 5 min)
3x with Buffer A. The pellet was then re-
suspended in Buffer B (20mM HEPES,
0.4mM NaCl, ImM EDTA, 10% glycerol,
ImM DTE, 0.1% SDS, protease and
phosphatase inhibitors, pH 7.9) and
vigorously vortexed for 1 h at 4 °C. Samples
were centrifuged at 13,000 rpm for 10 min
and the supernatants were collected as the
nuclear fractions. Purity of the cytoplasmic
and nuclear fractions were assessed by
tubulin and Histone-H3 immunoblots.

Conditioned media preparation:
Conditioned media was collected from the
culture dish following overnight incubation
of cells in serum-free media. The collected
media was filtered (0.45 pum size) and
concentrated using a 10 kDa cut-off filter.
The concentrate was reconstituted with 2X
laemmli sample buffer and boiled before
being analyzed by gel electrophoresis.

Immunostaining: Cells expressing various
Flag-MKL constructs were washed with
PBS, fixed with 3.7% formaldehyde for 15
min, and permeabilized with 0.5% Triton-X
100 for 5 min. Following blocking with 10%
goat serum in PBS at room temperature for
30 min, cells were incubated with a
monoclonal Flag antibody (Sigma Aldrich;
1:100) diluted in 5% goat serum for 1 hr at
room temperature. After washing cells two
times with 0.02% tween-20 and twice with
PBS, cells were incubated with FITC-
conjugated secondary antibody (Jackson
Immunoresearch, West Grove, PA) for 1 hr.
Cells were again washed with 0.02% tween-
20 and PBS, two times each, before
mounting with the mounting medium with
DAPI (Sigma Aldrich). Slides were imaged
using a 20X/0.4 NA objective on an
Olympus IX71 inverted microscope.
Quantification of Flag-MKLI1 localization
was performed by overlaying green
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fluorescence (Flag-MKL1) and DAPI fields.
Cells were scored based on the presence of
Flag-MKL1 either completely within the
nucleus, completely outside of the nucleus,
or present in both compartments. Percentage
of cells within each compartment was
calculated for data representation.

Cell viability assay: HmVEC-1 and MDA-
231 cells were stained using a live/dead
assay kit (source: Life Technologies)
following the manufacturer’s protocol.
Stained cells were imaged with a 4X/0.13
NA objective.

Immunoblotting: Equal number of cells for
different experimental groups were seeded
in the wells of 6-well plate 16-18 hrs before
the day of extraction (cells reached
approximately 70-80% confluency at the
time of extraction). Cell lysates were
prepared by 80-90 ul of a modified RIPA
buffer (25 mM Tris—HCl—pH 7.5, 150 mM
NaCl, 1% (v/v) NP-40, 5% (v/v) glycerol, 1
mM EDTA, 50 mM NaF, 1 mM sodium
pervanadate, protease inhibitors
supplemented with 6x sample buffer diluted
to 1x with the final SDS concentration in the
lysis buffer was equivalent to 2%). For
immuneblotting, 10-25 ul lysate (MDA-231,
HEK-293: 10-15 pl; HmVEC- 25 pl) was
loaded onto SDS-PAGE. Immunoblotting
conditions for the various antibodies were:
monoclonal Pfnl (Abcam [ab124904],
Cambridge, 1:3000;), monoclonal GAPDH
(Biorad [G9545], Hercules, CA, 1:3000),
monoclonal p27kipl (BD Biosciences
[610241], Frankin Lakes, NJ, 1:2000),
polyclonal MKL1 (Santa Cruz [sc-32909],
1:500), polyclonal MKL2 (Santa Cruz [sc-
98989], 1:500), polyclonal SRF (Santa Cruz
[sc-335], 1:500), polyclonal Pfn2 (Santa
Cruz [sc-100955], 1:500), monoclonal
STAT]1 (Cell Signaling [9172P], Danvers,
MA, USA, 1:1000), monoclonal STAT3
(Cell Signaling [4904P], 1:1000),
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monoclonal LC3 (Cell Signaling [12741T],
1:1000), monoclonal tubulin (Sigma Aldrich
[T9026], 1:3000), polyclonal CD63
(Systems Biosciences [EXOAB-CD63A-1],
1:1000), Polyclonal Histone H3 (Bioss
Antibodies [bs-0349R], 1:100) and
monoclonal Flag (Sigma Aldrich [F3165],
1:3000).

mRNA Extraction/qRT-PCR

Total RNA was extracted from cultured cells
using the RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions.
Complementary DNA (cDNA) was
synthesized from 1pg RNA using the
Quantitect Reverse Transcription Kit
(QIAGEN) following the manufacturer’s
instructions. Each PCR reaction was
prepared with 50ng cDNA, 12.5uL SYBR
Select Master Mix (Thermofisher
Scientific), 1uM (final concentration)
forward and reverse primers, and water for a
total volume of 25uL. Thermal cycling and
data analysis was performed using the
StepOne Plus Real-Time PCR System and
StepOne Software (Applied Biosystems) to
detect quantitative mRNA expression of
Pfnl, Pfn2, and GAPDH (endogenous
control). The primer sequences for GAPDH
were 5'-
CGGAGTCAACGGATTTGGTCGTAT-3'
(sense), 5'-
AGGCTTCTCCATGGTGGTGAAGAC-3’
(antisense). The primer sequences for Pfnl
were 5'-
CGAGAGCAGCCCCAGTAGCAGC-3’
(sense), and 5'-
ACCAGGACACCCACCTCAGCTG-3'
(antisense). The primer sequences for Pfn2
were 5'-
TGTCGGCAGAGCTGGTAGAGTCTT-3'
(sense), and 5'-
GCAGCTAGAACCCAGAGTCTCTCAA-
3’ (antisense). The PCR cycling conditions
for GAPDH, Pfnl, and Pfn2 were 95°C
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(30s), 55°C (30s), and 72°C (1min) for a
total of 35 cycles.

Migration assay: Single cell random
migration assay with MDA-231 cells was
performed according to our published
protocol (45).

Quantification and Statistics
Immunoblots were quantified using ImageJ
to calculate and normalize band area and
intensity (band intensities of proteins of
interest were normalized with respect to
their loading controls). Quantitative RT-
PCR data were generated using StepOne
Software (Applied Biosystems) and
expressed as mean +/- standard deviation.
ANOVA was performed to determine
statistical significance for the differences in
the mean between the control and the
experimental groups, and a p-value less than
0.05 was considered statistically significant.
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FIGURE LEGENDS

Figure 1: Effect of loss-of-function of MKL on the expression of Pfn isoforms in HEK-293 and
MDA-231 cells. A) Immunoblot analyses of MKL1, SRF, Pfnl and Pfn2 expression in HEK-293 and
MDA-231 cells 72 hrs after transfection with either MKL1- or control siRNA. The bar graph shows
quantification (mean * stdev) of changes in Pfnl and Pfn2 expression in response to MKL1 knockdown
(data summarized from at least 3 experiments; *: p<0.05, **: p<0.01). B-D) Immunoblot analyses of Pfnl
and Pfn2 expression in MDA-231 cells in response to either overnight (O/N~16 hrs) LatB (panel B) or 3
hrs LatB (panel C) or 24 hrs CCG-1423 treatment (panel D). LatB and CCG-1423 were used at 5 uM
concentration. LatB experiments were performed with cultures in complete growth media. For CCG-1423
experiments, cells were serum-starved for 4 hours before treating with CCG-1423 in complete growth
media. The bar graphs alongside show the mean + stdev values of the fold-changes in Pfnl and Pfn2
expression with respect to the corresponding control conditions (data summarized from at least 3
experiments; **p<0.01). GAPDH blots serve as the loading control.

Figure 2: Effect of MKL1 overexpression on Pfn expression. A) Immunoblot analyses of MKL1, SRF,
Pfnl and Pfn2 expression 48 hrs after transfection with either empty vector (EV) or flag-tagged wild-type
(WT) MKL1 in HEK-293 and MDA-231 cells (images of MKL1 bands were acquired at a very low
exposure (0.05s) to prevent saturation of the MKL1 overexpression lane signal, which prevented the
endogenous MKL1 band from being detected). B) Schematic of MKL structure (RPEL: three actin-
binding regions that also has basic rich B2 region containing NLS); B1: basic region that has a second
NLS and SRF binding site; Q: glutamine-rich domain; SAP: DNA-binding domain; LZ: leucine zipper
(dimerization) domain; TA — transcriptional activation domain). C) HEK-293 cells expressing various
Flag-tagged MKL1 constructs (WT, AN100 (lacks the first 100 amino acids), AB1 (internal deletion of
amino acids 222-237)) were immunostained with anti-flag (green) antibody and DAPI (red) and scored
for % cells for subcellular localization of flag-MKL1 as summarized in the graph below (N- exclusively
nuclear, C- exclusively cytoplasmic, N/C — localized in both cytoplasmic and nuclear compartments; ‘n’
indicates the number of cells analyzed in each group). D) Anti-Flag immunoblot analyses of nuclear vs
cytoplasmic fractions prepared from HEK-293 cells 48 hrs after transfection with the indicated Flag-
tagged MKL constructs. Histone-H3 and tubulin blots serve as loading controls for nuclear and
cytoplasmic fractions, respectively. E) Total extracts of HEK-293 cells transfected with the above
constructs were analyzed by immunoblotting for expression of Pfnl, Pfn2 and GAPDH (loading control) -
the anti-Flag blot shows comparable expression levels of the various MKL1 constructs. The bar graph
alongside shows the average=+ stdev of the fold-changes in Pfn expression with respect to the
corresponding control transfection condition (data summarized from 3 experiments; ** p<0.01; *:
p<0.05). The electrophoretic mobility shift of AN100-MKL1 was not apparent in this blot as these
samples were run on a high percentage (15%) gel.

Figure 3: MKL regulates Pfn expression likely through an SRF-independent, SAP domain-directed
function. A) Immunoblot analyses of MKL1, SRF, Pfnl, Pfn2 and GAPDH (loading control) expression
in HEK-293 and MDA-231 cells 72 hrs after transient transfection with either control or SRF-siRNA (the
bar graph alongside shows quantification [mean + stdev] of immunoblot data summarized from 3
independent experiments; NS — not significant). B) Left: Immunoblot analyses of SRF, Pfnl and GAPDH
(loading control) expression in control vs SRF-shRNA expressing mouse 3T3 fibroblasts (two
independent SRF shRNA stable clones (#1, #2) are shown — data representative of 2 independent
experiments; Right: immunoblot analyses of MKL 1 expression in control vs SRF-shRNA (#1) expressers
of 3T3 cells. C) Immunoblot analyses of SRF, MKL1, Pfnl and Pfn2 expression in HEK-293 and MDA-
231 cells 48 hrs after transfection with either SRF overexpression vector or EV (empty vector) as control.
Images of SRF bands were acquired at a very low exposure (0.05s) to prevent saturation of the SRF
overexpression lane signal, which prevented the endogenous SRF band from being detected). The bar
graph below shows the mean + stdev values of the fold-changes in Pfnl and Pfn2 expression with respect
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to the corresponding EV control transfection condition. D-E) Immunoblot analyses of lysates of HEK-
293 cells showing the effects of overexpression of either WT- vs 3p(mut-B1) mutant form of MKL1
(panel D), or WT- vs various deletion mutants form of MKL1 (panel E) on Pfn expression (3p(mut-B1):
K237A/Y238A/H239A; ASAP= deletion of amino acids 343-378; ATA= a truncated form consisting of
the first 630 amino acids); all MKL1 constructs are flag-tagged. The bar graphs alongside show the mean
+ stdev values of the fold-changes in Pfnl and Pfn2 expression with respect to the corresponding EV
control transfection condition. All data are summarized from 3 independent experiments; **: p<0.01; *
p<0.05, NS — not significant). GAPDH blots serve as the loading control.

Figure 4: MKL promotes the expression of STAT isoforms through its SAP domain function. A-B)
Immunoblot analyses of HEK-293 and MDA-231 extracts showing the effects of either knockdown
(panel A) or overexpression (panel B) of MKL1 on STAT1 and STAT3 expression (lysates were prepared
72 and 48 hours after siRNA and plasmid transfections, respectively). The bar graphs alongside show the
mean =+ stdev values of fold-changes in STAT isoforms associated with MKL1 perturbations. C) STAT1
and STAT3 immunoblot analyses of HEK-293 extracts following overexpression of either WT form or
the indicated deletion mutants of MKL1. The bar graphs alongside show the mean =+ stdev values of the
fold-changes in STAT1 and STAT3 expression with respect to the corresponding control transfection
condition. All data are summarized from 3 experiments (**: p<0.01; * p<0.05, NS — not significant).
GAPDH blots serve as the loading control.

Figure 5: MKL promotes Pfn expression through modulating STAT1 in HEK-293 cells. A-B)
Immunoblot analyses of Pfn expression in HEK-293 cells following either knockdown (panel A) or
overexpression (panel B) of STAT variants (lysates were prepared 72 and 48 hours after siRNA and
plasmid transfections, respectively). C) Immunoblot analyses of HEK-293 extracts showing the effect of
STATI1 overexpression with or without STAT3 knockdown on Pfn expression. D) Immunoblot analyses
of HEK-293 extracts showing the effect of Flag-MKL1 overexpression with or without STAT1
knockdown on Pfn expression (siRNA transfection was performed 24 hrs prior to plasmid transfection).
All bar graphs accompanying the immunoblots show the mean + stdev values of the fold-changes in Pfn
expression with respect to the corresponding control transfection condition (all data summarized from 3
experiments; * p<0.05, **: p<0.01; ***: p<0.001; NS — not significant). GAPDH blots serve as the
loading control.

Fig 6: Loss-of-function of MKIL.1 downregulates Pfn expression by promoting its extracellular
release rather than its transcription. A) Quantitative RT-PCR analyses show the mean + stdev values
of the fold-changes in Pfnl and Pfn2 mRNA levels after knockdown of MKL1 (data shown for two
different MKL1 siRNAs) relative to control-siRNA transfectants of HEK-293 cells (data summarized
from 3 independent experiments for each siRNA with 3 technical replicates/group; * p<0.05; NS: not
significant). B-C) Panel B: Immunoblot analyses of MKL1, Pfnl, Pfn2, p27(kip1) and GAPDH (loading
control) expressions in HEK-293 cells 72 hrs after transfection with the indicated siRNAs and following
treatment with either 5 uM MG-132 or DMSO (vehicle control) for 12 hrs. P275P!, a cell-cycle protein
that is rapidly turned over by proteasomal degradation, shows elevation upon MG-132 treatment serving
as a positive control in these experiments (data representative of 3 experiments). Panel C: Immunoblot
analyses of MKL1, Pfnl, LC3 and GAPDH (loading control) expressions in HEK-293 cells 72 hrs after
transfection with the indicated siRNAs and being treated with either 10 mM NH4Cl (blocks lysosomal
degradation pathway) or vehicle control for 12 hrs. LC3, an autophagy-related protein that is subjected to
lysosomal degradation, shows elevation upon NH4Cl treatment serving as a positive control in these
experiments (data representative of 3 experiments). The bar graphs in panels B and C show the mean +
stdev values of the fold-changes in Pfn isoforms (relative to control) associated with the indicated
conditions. D-F) Representative immunoblot analysis of Pfnl level in the conditioned media prepared
from HmVEC (panel D) and MDA-231 (panel E) cells following overnight treatment with either vehicle
(veh) or LatB or CCG-1423. CD63, a well-known marker of extracellular vesicles including exosomes,
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was used as a loading control for conditioned media samples in HmVEC-1 experiments. Coomassie
staining of the SDS-PAGE of conditioned media derived from MDA-231 cells confirmed equal loading.
Panel F summarizes the quantification of fold-changes of Pfnl (N = 3 experiments; **: p<0.01). G)
Representative immunoblot analyses of Pfnl along with the other indicated proteins in cellular extracts vs
the conditioned media prepared from MDA-231 cells following transfection with either control or MKL1
siRNA (note that MKL1, STAT1 and SRF were not detected in the conditioned media). The numbers in
the parentheses represent the individual fold-changes in the released Pfnl content in each of the 2
experiments with the mean fold-change equaling to ~4-fold.

Fig 7: Initial evidence of sensitivity of MKL and SRF expression to perturbations of Pfn. A)
Immunoblot analyses of MDA-231 extracts showing the effect of co-depletion of Pfn isoforms (via
transfection of pooled siRNAs targeting Pfnl and Pfn2) on MKL1 and SRF levels. The bar graph
alongside summarizes the quantification (mean + stdev) of the fold-changes of MKL and SRF (N=3
experiments; *: p<0.05). B) Immunoblot analyses of MDA-231 extracts showing the effect of transient
overexpression of Pfnl (cloned into GFP-IRES backbone vector) on MKL1, SRF and Pfn2 levels (cells
transfected with the GFP-IRES backbone vector served as a control group). The bar graphs alongside
show the mean + stdev values of the fold-changes in MKL1, SRF, and Pfn2 expressions with respect to
the corresponding control transfection condition (N=3 experiments; * p<0.05). GAPDH blots serve as the
loading control. C) A hypothetical model of actin/MKL/Pfn/SRF signaling circuit. This model integrates
the current findings of Pfn being regulated downstream of MKL in an SRF-independent manner through
STAT and our initial evidence supporting Pfn’s ability to also modulate MKL and in turn SRF
expression, thus possibly enabling a positive feedback loop. SRF activation can either elicit a feedforward
(through promoting actin polymerization, MKL expression) action amplifying the response or a negative
feedback action (through elevating G-actin level) thus dampening the response beyond a certain limit
(dashed lines with question marks — mechanisms unknown).

Fig 8: Loss of function of MKL1 promotes MDA-231 cell motility through downregulating Pfn1
expression. A) Immunoblot analyses of MKL1, SRF, Pfnl and GADPH (loading control) expression in
MDA-231 cells co-transfected with the indicated siRNAs (control vs MKL 1) and overexpression vectors
(GFP-IRES backbone (EV) vs GFP-IRES-Pfn1). B) A box-whisker plot summarizing the average speed
of migration of these four groups of cells (transfected cells were identified by GFP fluorescence) in
random-motility assays. In the plot, the middle line, the upper and lower hinges of the box represent the
median, 75" and 25™ percentile of data and the whiskers represent the maximum and minimum values
(data summarized from 3 experiments; n: number of cells analyzed in each group pooled from all
experiments; * p<0.05, **: p<0.01; ***: p<0.001; NS — not significant).
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