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Arp5 is a key regulator of myocardin in smooth

muscle cells

Tsuyoshi Morita and Ken’ichiro Hayashi

Department of Neuroscience, Osaka University Graduate School of Medicine, Suita, Osaka 565-0871, Japan

yocardin (Myocd) and Myocd-related transcrip-

tion factors (MRTFs) are robust coactivators of

erum response factor (SRF). RPEL motifs are
monomeric globular actin (G-actin) binding elements
that regulate MRTF localization and activity. However,
the function of the RPEL motif in Myocd is largely un-
known because of its low affinity for G-actin. Here, we
demonstrated that the Myocd RPEL motif bound to actin-
related protein 5 (Arp5) instead of conventional actin,
resulting in a significant suppression of Myocd activity.
In addition, Arp5 bound to a DNA binding domain of

Introduction

Myocardin (Myocd) is a cardiac and smooth muscle—specific
coactivator of serum response factor (SRF) that regulates the
expression of cardiac and smooth muscle marker genes in an
SRF-dependent manner (Wang et al., 2001; Chen et al., 2002).
Myocd knockout mice die by embryonic day 10.5 and exhibit
defective vascular smooth muscle cell (VSMC) differentiation
(Li et al., 2003), illustrating that Myocd is a principal regulator of
smooth muscle cell differentiation. MAL/MKL1/Myocd-related
transcription factor-A (MRTF-A) and MAL16/MKL2/MRTF-B,
the other members of the Myocd family, are distributed in a wide
variety of cell types and tissues and function in various biological
processes (Miralles et al., 2003; Oh et al., 2005; Li et al., 2006;
Morita et al., 2007a,b; Medjkane et al., 2009). All the Myocd fam-
ily proteins contain three tandem RPEL repeats, which are mono-
meric globular actin (G-actin) binding motifs, at their N-terminal
RPEL domain. In MRTFs, G-actin tightly binds to the RPEL
motifs to prevent the nuclear localization of MRTF proteins
(Miralles et al., 2003). When actin polymerization is accelerated by
the activation of Rho signaling, cytoplasmic G-actin is depleted,
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SRF via its C-terminal sequence and prevented the as-
sociation of the Myocd-SRF complex with the promoter
regions of smooth muscle genes. Well-differentiated smooth
muscle cells mainly expressed a specific splicing variant of
arp; therefore, the protein level of Arp5 was markeo”y
reduced by partial messenger RNA decay and transla-
tional suppression. In dedifferentiated smooth muscle
cells, Arp5 knockdown restored the differentiated phe-
notype via Myocd activation. Thus, Arp5 is a key regula-
tor of Myocd activity.

resulting in the translocation of free MRTFs from the cytoplasm
to the nucleus and subsequent transcriptional activation. In con-
trast, Myocd continuously localizes to the nucleus because of a
low affinity of Myocd RPEL motifs for G-actin (Guettler et al.,
2008). Thus, in contrast to MRTFs, the functional importance of
Myocd RPEL motifs remains largely unknown.

Several types of actin family proteins and actin-associated
proteins exist in the nucleus and they participate in chroma-
tin remodeling and nuclear organization (Dion et al., 2010;
de Lanerolle and Serebryannyy, 2011). Recently, Vartiainen
et al. (2007) reported that nuclear G-actin also interacts with
MRTF RPEL motifs and suppresses MRTF activity via a
mechanism that is different from that regulating the subcel-
lular localization of MRTFE. In vertebrates, there are at least
eight homologous proteins of conventional actin, known as
actin-related proteins (ARPs), and among these, four ARPs
(Arp4, Arp5, Arp6, and Arp8) predominantly localize to the
nucleus (Dion et al., 2010). Unlike conventional actin, how-
ever, nuclear ARPs cannot polymerize to form filamentous
structures and they function as components of the chromatin-
remodeling complex (Meagher et al., 2009; Dion et al., 2010).
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Figure 1.  Arp5 interacts with Myocd and suppresses Myocd activity. (A) Hek293T cells were transfected with the indicated combinations of expression
vectors and coimmunoprecipitation was performed. (B) The indicated expression vectors were transfected into Hela cells with the Myocd expression vec-
tor and 3x CArG-Luc, and the luciferase reporter assay was performed. Data represent the mean + SEM of seven independent experiments. *, P < 0.05,
Student's ttest. (C) Direct interaction between Myocd and Arp5 was determined by coimmunoprecipitation assay using bacterially synthesized recombinant
Myocd and Arp5 proteins (left). Purified recombinant proteins were visualized on a Coomassie-stained gel (right). Arrowheads indicate the positions of
fulHength recombinant Myocd and Arp5 proteins. Because the Myocd protein was too large for bacterial expression, it was partially degraded. (D) Immuno-
staining of endogenous Arp5 (left, green) and Myocd (right, green) in A7r5 cells. The nuclei were visualized by Hoechst 33342 (blue). Bars, 50 pm.
(E) Interaction between endogenous Myocd and Arp5 was determined by coimmunoprecipitation using anti-Myocd antibody in A7r5 cells. (F) A7r5 cells were
transfected with the myc-Arp5 expression vector and then immunostained with anti-Myocd (green) and anti-myc (red) antibodies. Bar, 50 pm. (G) FLAG-
Myocad expression vector was transfected into A7r5 cells with a myc-Arp5 expression vector (Arp5°F) or Arp5 siRNAs (Arp5 sil and si2). Arp5 protein
expression levels were determined by Western blotting (top panels). The subcellular distribution of FLAG-Myocd was determined by cell fractionation and
Western blotting (bottom panels). C and N indicate the cytoplasmic fraction and the nuclear fraction, respectively. (H) Hek293T cells were transfected with
the indicated combinations of expression vectors and coimmunoprecipitation was performed. (|| The indicated expression vectors were transfected into
Hela cells with the MRTF-A expression vector and 3xCArG-luc, and the luciferase reporter assay was performed. Data represent the mean + SEM of four
independent experiments. *, P < 0.05, Student's  test.

Although Arabidopsis thaliana nuclear Arps have been re- key regulator of Myocd. Arp5 bound more tightly to Myocd
ported to be involved in multicellular development (Meagher RPEL motifs than {-actin and significantly suppressed
et al., 2009), developmental roles of animal nuclear Arps re- Myocd activity in the nucleus. Furthermore, Arp5 modulated
main unclear. In the present study, we identified Arp5 as a the VSMC phenotype via Myocd—SRF signaling. This is the
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first report of the importance of RPEL motifs in the activity
regulation of Myocd and a novel function of Arp5 in smooth
muscle cell differentiation.

Results

Arp5 is a negative regulator of Myocd

Compared with MRTFs, which shuttle between the cytoplasm
and the nucleus, Myocd continuously localizes to the nucleus
(Wang et al., 2001; Miralles et al., 2003). To determine whether
nuclear-localized actin family proteins contribute to the regula-
tion of Myocd activity, coimmunoprecipitation between Myocd
and the nuclear ARPs was performed (Fig. 1 A). As reported pre-
viously (Guettler et al., 2008), 3-actin weakly bound to Myocd,
whereas Arp5, Arp6, and Arp8 more tightly bound to Myocd.
Arp4 showed no affinity for Myocd, despite the fact that Arp4
has the highest similarity to conventional actin in the nuclear
ARPs (Dion et al., 2010). We performed a luciferase reporter
assay using an SRF binding cis-element CArG box in HeLa cells.
Only Arp5 markedly suppressed Myocd-induced activation of
SRF-CATrG signaling (34.0 + 2.7% of vehicle control; P < 0.001,
Student’s ¢ test; Fig. 1 B). Although the suppression by Arp8 was
also statistically significant, the efficacy was considerably low
(82.1 = 1.7%; P = 0.008; Fig. 1 B). Thus, Arp5 is a promising

candidate for the nuclear regulatory factor of Myocd. In addition,
we confirmed that exogenous Myocd and Arp5 formed a com-
plex in HeLa cells (Fig. S1) and that purified recombinant Myocd
and Arp5 proteins directly interacted with each other in vitro
(Fig. 1 C). In the A7r5 rat aortic smooth muscle cell line, endog-
enous Myocd and Arp5 were localized in nucleus (Fig. 1 D) and
formed a complex (Fig. 1 E). Furthermore, neither overexpres-
sion nor knockdown of Arp5 affected the nuclear localization of
Myocd (Fig. 1, F and G). This indicated that Arp5 directly bind
to Myocd and suppress its activity in the nucleus. MRTF-A in-
teracted with Arp5, although this interaction was very weak as
compared with that with 3-actin (Fig. 1 H). In addition, MRTF-A
activity was remarkably suppressed by excess [3-actin but not by
Arp5 (Fig. 1 I), which suggested that ArpS was not involved in
regulating MRTF-A activity.

Identification of Myocd binding and
inhibitory domains of ArpS

Arp5 has short unique sequences at its N terminus (S1) and C
terminus (S3) and a long insertion sequence at its central region
(S2; Figs. 2 A and S2). In the luciferase reporter assay, the S3
sequence was necessary for Arp5 to suppress Myocd activity,
whereas deletion of S1 and S2 sequences did not affect the Arp5
function (Fig. 2 B). In contrast, full-length Arp5 and S1, S2, or
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S3 deletion mutants equivalently bound to Myocd (Fig. 2 C).
N-terminal half (N-domain) and C-terminal half (C-domain)
sequences, which are conserved regions in actin family pro-
teins (Figs. 2 A and S2), bound to Myocd (Fig. 2 D), although
they did not suppress Myocd activity (Fig. 2 B). We confirmed
that N- and C-terminal half sequences of (3-actin also bound
to Myocd (Fig. 2 E). The N/C-domain deletion mutant (Arp5-
AN/C) did not bind to Myocd and suppress its activity (Fig. 2,
B and D). Although the N-domain deletion mutant (Arp5-AN)
and the C-domain deletion mutant (Arp5-AC) contained the S3
sequence, bound to Myocd (Fig. 2 F), Arp5-AN did not sup-
press Myocd activity (Fig. 2 B). These data indicate that Arp5
interacts with Myocd through the N/C-domains, whereas the
N-domain and S3 sequence are necessary for its inhibitory
function against Myocd.

Identification of Arp5 binding domains

of Myocd

To identify the interaction domain of Myocd with Arp5, coim-
munoprecipitation was performed with various domain deletion
mutants of Myocd (Fig. 3 A). Arp5 tightly bound to the Myocd
N-terminal fragment (Myocd-N), containing RPEL domain, a
basic region, a Q-rich region, and an SAP domain, but not to the
C-terminal fragment (Myocd-C; Fig. 3 B). The RPEL domain
deletion mutant (Myocd-ARPEL) exhibited considerably weak
interaction with Arp5 (Fig. 3 C). The Q-rich region and SAP
domain were not involved in the Arp5—Myocd interaction,
whereas deletion of the basic region attenuated their interaction
(Fig. 3 C). Double deletion of the RPEL motifs and basic region
almost eliminated the interaction (Fig. 3 C). The luciferase
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reporter assay also showed the importance of RPEL domain in
Arp5-mediated Myocd inhibition, although Myocd-ARPEL activ-
ity was still weakly suppressed by Arp5 (79.6 = 1.3% of Arp5—
Myocd-AN; P = 0.015), which may be caused by the remaining
basic region (Fig. 3 D). The contribution of the basic region was
not investigated because it is necessary for Myocd—SRF inter-
action (Fig. 3 D; Wang et al., 2001).

Creemers et al. (2006) reported two alternative splicing iso-
forms of Myocd, a cardiac isoform (Card-Myocd) and a smooth
muscle isoform (SM-Myocd). sm-myocd mRNA contains an al-
ternative exon 2a between exon 2 and 3, resulting in the synthesis
of 79—amino acid—shorter proteins compared with Card-Myocd.
We confirmed that SM-Myocd was mainly expressed in smooth
muscle-rich tissues such as the aorta and bladder (Fig. 3 E). Al-
though SM-Myocd lacks RPEL1 and RPEL2 motifs (Fig. 3 A),
Arp5 bound to SM-Myocd and suppressed its activity (37.8 +
1.5% of SM-Myocd/(—)ArpS; P = 0.003; Fig. 3, F and G).

Arp5 binds to Myocd RPEL motifs

To characterize the interaction between ArpS and Myocd RPEL
domain in detail, we constructed the expression vectors of RPEL
domain or RPEL motifs fused with the N terminus of GFP
(Fig. 4 A). GFP-fused RPEL domain (RPELs-GFP) bound to
Arp5, and the deletion of each of the RPELI, 2, and 3 motifs di-
minished the interaction with Arp5 (Fig. 4 B). For B-actin, the
deletion of RPEL2 motif did not affect its interaction with RPELs-
GFP (Fig. 4 C), which was consistent with a previous study show-
ing that the RPEL2 motif dose not contribute to the interaction
of B-actin with Myocd RPEL domain (Guettler et al., 2008). Arp5
also bound to GFP-fused 32—amino acid RPEL motif peptides
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(RPEL1-, RPEL2-, and RPEL3-GFP), but not to GFP only
(Fig. 4 D), which indicated that all three RPEL motifs were bind-
ing sites for ArpS. As shown in Fig. 1 A, full-length Myocd bound
more tightly to Arp5 than to 3-actin, but RPEL domain binding to
Arp5 and B-actin was comparable (Fig. 4 E). These differences
were probably because Arp5 but not 3-actin could bind to other
regions of Myocd than the RPEL domain (Figs. 3 C and 4 F).

A previous structural study determined the critical residues
in RPEL motifs for binding to $-actin (Mouilleron et al., 2008).
Two leucine residues in helix a1, two arginine or proline residues
in the R-loop, and three leucine or isoleucine residues in helix a2
are critical for the interactions between RPEL motifs and -actin.
However, in the case of Arp5, mutations in helix a1l or o2 of the
Myocd RPEL1 motif (a1** or a2***) retained the interactions
with Arp5, whereas mutations in the R-loop (DD) eliminated this
interaction (Fig. 4, A and D). This experiment therefore shows
that although Arp5 can bind Mycd RPEL1 sequence, its mode of
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interaction must be significantly different from that of actin itself.
Based on these results, we constructed a Myocd-3DD mutant in
which all of the critical residues in the R-loop of Myocd RPEL1,
2, and 3 motifs were substituted by aspartate. Similar to Myocd-
ARPEL (Fig. 3 D), the activity of Myocd-3DD was only mod-
estly suppressed by Arp5 (Fig. 4 G).

Unlike conventional actin, nuclear ARPs do not form fila-
mentous structure by polymerization. However, Arp4 and Arp8
have been reported to form homodimers or heterodimers in vitro
(Fenn et al., 2011; Saravanan et al., 2012). Coimmunoprecipita-
tion assay revealed that Arp5 bound tightly to itself (Fig. 4 H).
Furthermore, homooligomer formation of purified recombi-
nant Arp5 protein was found in vitro by chemical cross-linking
using bis(sulfosuccinimidyl) suberate (BS®; Fig. 4 ), indicating
that Arp5 also formed homodimers/homooligomers, at least
under the experimental conditions. The chemical cross-linking
between purified Arp5 and RPEL1-GFP contained a 30-kD
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Figure 5. Mapping the interaction domain of A - B B P
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RPEL1-GFP and an ~100-kD complex that was predicted to be
between RPEL1-GFP and monomeric Arp5 with a 1:1 stoichi-
ometry, which were detected by Western blotting using an anti-
GFP antibody (Fig. 4 J). Thus, RPEL motifs appear to interact with
only the monomeric form of Arp5 protein, similar to that of
B-actin. Cross-linking between 17-kD RPEL domain peptides and
Arp5 resulted in ~160- and 240-kD complexes, which were pre-
dicted to comprise two or three molecules of ArpS and RPEL do-
main peptide (Fig. 4 K). Consistent with the Arp5 binding studies
using isolated RPEL motif peptides, this experiment suggests that
the Mycd RPEL domain binds multiple Arp5 molecules.

Arp5 S3 sequence is necessary for
Arp5-SRF interaction

In a previous study, the physical interaction between con-
ventional actin and SRF was not detectable (Posern et al., 2002).
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In contrast, the interaction between Arp5 and SRF was detected
by coimmunoprecipitation (Fig. 5, A—C; and Fig. S1). The
C-terminal region of Arp5, particularly the S3 sequence, was
important for this interaction (Fig. 5, C and D). When -actin
C-terminal sequences were replaced by equivalent C-terminal
regions of Arp5 containing the S3 sequence, these chimeric
proteins bound tightly to SRF (Fig. 5 E), indicating that the
Arp5 C-terminal region is critical for SRF binding. To deter-
mine whether Arp5 forms a ternary complex with SRF and
Myocd, coimmunoprecipitation was performed in the presence
of Myocd. Arp5 simultaneously bound to SRF and Myocd,
and the Arp5-SRF interaction was remarkably enhanced in
the presence of Myocd (Fig. 5 F). Consistent with this, the
depletion of endogenous Myocd by RNA interference reduced
the Arp5—SRF interaction in A7r5 cells, whereas Arp5 knock-
down did not affect the Myocd—SRF interaction (Fig. 5, G and H).



Furthermore, Arp5-AC2 bound to SRF only in the presence of
Myocd (Fig. 5 F), which suggested that Myocd formed a bridge
between SRF and Arp5-AC2. Thus, Arp5 could form a ternary
complex with SRF and Myocd.

The formation of the Arp5—SRF complex raises the possi-
bility that Arp5 directly suppresses SRF activity independently
of Myocd. The promoter region of c-fos contains a CArG box
and a ternary complex factor binding site. The c-fos promoter is
reportedly enhanced by SRF with its cofactor Elks but not by
Myocd (Zhou and Herring, 2005). SRF and Elk-1 coordinately
increased the c-fos promoter activity, and Arp5 did not suppress
them (Fig. 5 I), suggesting that Arp5 cannot directly suppress
SRF activity in the absence of Myocd.

ArpS suppresses CArG-dependent
expression of smooth muscle genes

To determine the effect of excess Arp5 on the endogenous
expression of smooth muscle genes, stable cell lines overex-
pressing ArpS were established in A7r5 cells (A7r5 + Arp5).
The expression levels of smooth muscle marker genes that
were driven by the SRF-CArG box were decreased in these
clones, particularly in clone 7, which highly expressed exog-
enous Arp5 (Fig. 6, A and B). In contrast, there was no dif-
ference in the expression levels of CArG-independent smooth
muscle marker genes and c-fos between A7r5 + Arp5 cells and
parental A7r5 cells (Fig. 6, A and B). A chromatin immuno-
precipitation (ChIP) assay showed that Arp5 inhibited SM-Myocd
recruitment to the CArG box—containing promoter regions of
acta2, myhll, and tagin in A7r5 cells (Fig. 6 C). In addition,
DNA-protein binding assay revealed that Arp5 prevented the
SM-Myocd—-SRF complex from binding to a 3x CArG DNA
probe but Arp5-AC2 did not (Fig. 6 D). Arp5 bound to a DNA
binding domain (DBD) of SRF and inhibited SRF-DBD bind-
ing to the CArG probe (Fig. 6, E-G), which suggested that the
Arp5 C-terminal region masked the DNA binding site of SRF.
The chimeric proteins (3-actin/C1, C2, and C3, which included the
C-terminal SRF binding domain of Arp5 (Fig. 5 A), suppressed
Myocd activity (Fig. 6 H), whereas 3-actin and (3-actin + S3 did
not, despite that they also bound to Myocd (Fig. 6 I). This sup-
ported our hypothesis that the Arp5 C-terminal region is critical
for Myocd—SRF inhibition.

Quantitative regulation of Arp5S

expression by smooth muscle-specific
alternative splicing

Cultured rat VSMCs expressed a common variant of arp5 mRNA
with a 1,827-bp open reading frame (arpS-com; Fig. 7 A). In me-
dial VSMC layers from rat abdominal aortae, however, ~2,500-bp
arp5 mRNA, referred to as arp5-sm, was majorly expressed
(Fig. 7 A). cDNA sequence analysis revealed that arp5-sm mRNA
contained a 19-bp-short exon 7 (exon 7b) and a 661-bp-long exon
9 (exon 9b) compared with arp5-com mRNA (Figs. 7 B and S3).
The short exon 7b leads to a frameshift and premature stop codon
(PSC) in exon 7b; therefore, arp5-sm mRNA is predicted to en-
code a 456—amino acid protein (Figs. 7 B and S3). When the
expression profile of these splicing variants was investigated

in various tissues, arp5-sm expression was highly restricted to
smooth muscle-rich tissues such as the aorta, colon, and bladder
(Fig. 7 C). arp5-com mRNA was broadly expressed; however,
its expression level was comparably low in the aorta, heart, and
skeletal muscle (Fig. 7 C).

In general, mRNA containing PSC is degraded by an mRNA
decay pathway, known as nonsense-mediated mRNA decay
(NMD; Kervestin and Jacobson, 2012). We constructed Arp5
expression vectors containing introns 7 and 8 (Fig. 7 D) because
introns downstream of PSC are required for mRNAs to undergo
NMD (Kervestin and Jacobson, 2012). The Arp5(7a + intron)
construct, which contained exons 1-7a, 8, and 9a and introns 7
and 8, was transcribed into arp5-com mRNA. The Arp5(7b +
intron) construct contained exon 7b instead of exon 7a, and it
was transcribed into chimeric mRNA containing exons 7b and
9a because intron 8 was spliced in the same manner as arp5-
com even in cultured VSMCs and A7r5 cells. To mimic the splic-
ing product of arp5-sm, the 661-bp sequence specific for exon
9b (Fig. S3) was inserted upstream of exon 9a or downstream of
exon 8; however, the inserted sequence interfered with the nor-
mal splicing of intron 8. Therefore, the specific sequence for
exon 9b was inserted downstream of exon 9a (Arp5[mimic]),
resulting in the splicing into arp5-sm-like mRNA containing
exon 7b and 9b-like exon 9 (Fig. 7 D). When equal amounts of
these vectors were transfected into HeLa cells, the amounts of
mRNAs transcribed from Arp5(7b + intron) and ArpS(mimic)
were lesser than that transcribed from Arp5(7a + intron) (40.7 £
2.1% of Arp5[7a + intron]; P = 0.001, in Arp5(7b + intron); 20.5 +
1.0%; P < 0.001, in Arp5[mimic]; Fig. 7 E). This reduced ex-
pression was restored by treatment with cycloheximide (CHX),
which inhibits the NMD pathway (Carter et al., 1995), although
the expression levels of cotransfected GFP were not changed
(Fig. 7 E). In cultured VSMCs, arp5-sm mRNA was slightly
expressed (Fig. 7 A) and its expression levels were markedly in-
creased by CHX treatment, whereas the amount of arp5-com
mRNA remained unchanged (Fig. 7 F). These data strongly
suggest that arp5-sm mRNA is a target of NMD and is partially
degraded in smooth muscle cells.

As shown in Fig. 7 A, the expression of arp5-sm mRNA
was sufficiently detected in medial VSMC layers, although its
expression level was lower than that of arp5-com mRNA in cul-
tured VSMCs. This may have been caused by incomplete
degradation by NMD as in the case of Arp5(7b + intron) and
Arp5(mimic). However, the expression of Arp5-sm protein,
which is predicted to have a lower molecular mass than 70-kD
Arp5-com proteins, was not detected in medial VSMC layers
(Fig. 7 G). Furthermore, Arp5(7b + intron) and Arp5(mimic)
constructs were also scarcely translated, although there were
transcribed in HeLa cells (Fig. 7, E and H), raising the possibil-
ity that besides NMD, translational control is involved in Arp5
expression. Without introns and 3'UTR sequences, Arp5-com
and Arp5-sm expression constructs (Arp5[7a9a] and Arp5[7b —
stop]) were equally transcribed and translated as 70- and 63-kD
proteins, respectively (Fig. 7, I and J). To investigate the involve-
ment of 3'UTR in translational suppression, we constructed
Arp5-sm expression vectors with 3'UTR, including exon 9a
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Figure 6. Arp5 suppresses the expression of CArG-dependent smooth muscle-specific genes. (A) Total RNA was extracted from FLAG-Arp5—expressing
stable cell lines (A7r5 + Arp5, clone 1 and clone 7) and parental A7r5 cells, and RT-PCR was performed with the indicated gene-specific primer pairs.
(B) Smooth muscle genes’ expression levels in A7r5 cells and A7r5 + Arp5 cell lines were quantitated by realtime RT-PCR. Data represent the mean + SEM
of three independent experiments. *, P < 0.05, Student's ttest. (C) A7r5 cells were transfected with the indicated combinations of expression vectors, after
which a ChIP assay was done. Immunoprecipitated DNA was visualized by PCR using primer pairs for amplifying a part of the promoter region of acta2,
myh11, or tagln (leff) or quantitated by realtime PCR (righ). ND, not detected. Data represent the mean = SEM of four independent experiments. *, P <
0.05, Student's t test. (D) A DNA-protein binding assay was done using a biotinylated 3x CArG DNA probe. The DNA-protein complexes were pulled
down using Dynabeads M-280 Streptavdin. (E) Schematic representation of the domain deletion constructs for SRF. Gray box, DBD; black box, MADS
domain. Numbers indicate amino acid positions. (F) Hek293T cells were transfected with the indicated combinations of expression vectors and coimmuno-
precipitation was performed. (G) A DNA-protein binding assay was performed using a biotinylated 3x CArG DNA probe. The DNA-protein complex
was pulled down using Dynabeads M-280 Streptavdin. (H) The indicated expression vectors were transfected into Hela cells with 3x CArG-Luc, and the
luciferase reporter assay was performed. Data represent the mean = SEM of four independent experiments. *, P < 0.05, Student's ttest. (I) Hek293T cells
were transfected with the indicated combinations of expression vectors and coimmunoprecipitation was performed.
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Figure 7. Quantitative regulation of Arp5 in smooth muscle cells by alternative splicing. (A) Total RNA was extracted from cultured VSMCs (cVSMC) and
medial VSMC layers of abdominal aortae (mVSMC), and RT-PCR was performed with a primer pair for amplifying fulllength arp5 mRNA. (B) Schematic
representation of the alternative splicing of rat arp5. White box, 5’ and 3'UTR; gray box, exon; bar, intron. (C) Tissue-expression pattern of arp5-sm and
arp5-com mRNA. Total RNA was extracted from the indicated rat tissues, and RT-PCR was performed with arp4 variant-specific primer pairs. (D) Schematic
representation of expression constructs for arp5 variants. White box, 3'UTR; gray box, exon; black box, exon 9b characteristic sequence; bar, intron.
(E) NMD of exogenous arp5 variants. Hela cells were cotransfected with the indicated Arp5 variants and GFP expression vectors and treated with 100 pg/ml
CHX or DMSO as a vehicle control for 4 h. Total RNA was extracted and RT-PCR was performed with a primer pair for amplifying exogenous arp5
(exo-arpd) or gfp (top panels). The amounts of PCR products were quantified by densitometry with normalization to gfo mRNA and statistically analyzed
(bottom). Data represent the mean = SEM of four independent experiments.*, P < 0.05, Student's t fest. (F) NMD of endogenous arp5 mRNA in cultured
VSMCs. Total RNA was extracted from cultured VSMCs treated with CHX or DMSO for 4 h. RT-PCR was performed with arp5 variantspecific primer pairs.
(G) Total proteins were extracted from cultured VSMCs (cVSMC) and medial VSMC layers of abdominal aortae (mVSMC), and Western blotting was
performed with anti-Arp5 antibody and anti—a-tubulin and anti-B-actin antibodies as loading controls. (H) Hela cells were cotransfected with the indicated
Arp5 variant and GFP expression vectors, and Western blotting was performed with anti-myc and anti-GFP antibodies. () Hela cells were cotransfected
with the indicated Arp5 variant and GFP expression vectors. Total RNA was extracted and RT-PCR was performed with the indicated gene-specific primer
pairs. (J) Hela cells were cotransfected with the indicated Arp5 variant and GFP expression vectors, and Western blotting was performed with anti-myc
and anti-GFP antibodies (top panels). The amounts of Arp5 variant proteins were quantified by densitometry with normalization to the GFP protein and
statistically analyzed (bottom). Data represent the mean = SEM of three independent experiments. *, P < 0.05, Student's t fest.

(Arp5[7b9a]) or exon 9b (Arp5[7b9b]). These constructs were P = 0.002, in Arp5[7b9b]; Fig. 7 J). These data indicate that

transcribed at the same level as Arp5(7b-stop) (Fig. 7 I); how-
ever, their translational levels were significantly reduced (36.2 +
1.9% of Arp5[7a9a], P < 0.001, in Arp5[7b9a]; 14.5 + 4.1%,

Arp5-sm expression is strongly suppressed by a dual mecha-
nism: PSC-mediated NMD and 3'UTR-mediated translational
suppression. The degree of these suppressive effects was more
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Figure 8. Knockdown of Arp5 restores smooth muscle phenotypes in dedifferentiated VSMCs. (A) Total RNA was extracted from VSMCs transfected with
control or Arp5 siRNA for 4 d, and RT-PCR was performed with the indicated gene-specific primer pairs. (B) Smooth muscle genes’ expression levels in the
control or Arp5-knockdown VSMCs were quantified by realtime RT-PCR. Data represent the mean = SEM of three independent experiments. *, P < 0.05,
Student's ttest. (C) Cultured VSMCs were transfected with control or Arp5 siRNA2 for 4 d, and immunostaining was performed with anti-aSMA (top) or anti-
SM22 (bottom) antibodies. Bar, 100 pm. (D) VSMC contractility was determined by a collagen gel lattice contraction assay. VSMCs were transfected with
control or Arp5 siRNA for 3 d and then seeded info collagen gels. The contractile response was initiated by stimulation with 100 yM carbachol. The well
area was set as 100%. Data represent the mean = SEM of three independent experiments. *, P < 0.05, Student's ttest. (E) A7r5 cells were transfected with
control or Arp5 siRNA2 for 5 d, and the luciferase reporter assay was performed using the indicated promoter—reporter constructs, which contained wild-
type (WT) or mutated (mut) CArG boxes. Data represent the mean + SEM of four independent experiments. *, P < 0.05, Student's ttest. (F) Human Arp5 or
Arp5-AS3 expression vector was transfected into A7r5 cells with the indicated promoter—reporter constructs. Subsequently, these cells were transfected for
5 d with control or Arp5 siRNAT, which was designed against endogenous rat Arp5 but not against human Arp5, and then the luciferase reporter assay
was performed. Data represent the mean + SEM of four independent experiments. *, P < 0.05, Student's  test.

severe in exon 9b—containing mRNAs compared with that in phenotype, Arp5 expression was knocked down by RNA inter-
exon 9a—containing mRNAs (Fig. 7, E and J), indicating that an ference in cultured VSMCs. In ArpS-knockdown VSMCs, the
alternative exon 7b was critical for the quantitative regulation of expression levels of CArG-dependent smooth muscle marker genes
Arp5-sm and that an alternative exon 9b also modestly contrib- were significantly increased, whereas those of CArG-independent
uted to this regulation. marker genes and c-fos were not altered (Fig. 8, A and B).

Arp5-knockdown VSMCs showed a more spindle-shaped

morphology with enhanced expression of contractile proteins

aSMA and SM22 (Fig. 8 C), and therefore increased contrac-
As shown in Fig. 7 G, the expression levels of Arp5 proteins tility as shown in a collagen gel contraction assay (77.7% of
were extremely low in well-differentiated VSMCs, caused by control siRNA, P < 0.001, in Arp5 siRNAT; 78.5%, P < 0.001,
the splicing switch of arp5. To investigate the contribution of in Arp5 siRNAZ2; Fig. 8 D). Thus, decreased expression of Arp5
Arp5—Myocd signaling in the modulation of the smooth muscle is involved in the maintenance of the differentiation phenotype



of VSMCs. The luciferase promoter assay using CArG contain-
ing the promoter regions of acta2, myhll, and tagln demon-
strated that Arp5 knockdown strongly enhanced activities of
these promoters but not those of CArG-mutated ones in A7r5
cells (Fig. 8 E). These enhanced promoter activities were re-
versed by reconstitution with wild-type Arp5 expression but not
with Arp5-AS3 expression (Fig. 8 F). These data support the
hypothesis that Arp5S modulates the smooth muscle phenotype
by regulating the expression levels of smooth muscle genes via
Myocd-SRF-CATrG signaling.

Discussion

Previous studies have elucidated the regulatory mechanism of
MRTFs via interaction with G-actin through their N-terminal
RPEL motifs (Miralles et al., 2003; Guettler et al., 2008). In
contrast, the functional significance of Myocd RPEL motifs was
not understood because of their considerably low affinity for
G-actin (Guettler et al., 2008). In the present study, we demon-
strated that Myocd RPEL motifs bound to Arp5 by alternative
mechanism, which was partly different from the conventional
actin binding mechanism (Fig. 4). We have summarized the
interaction domains and functional mechanisms of Arp5 in
smooth muscle cell differentiation in Fig. S4. Arp5 interacts
with Myocd through its N- and C-domain, whereas it inter-
acts with SRF through the C-terminal region, which contains
the C-domain and S3 sequence. The N-domain—-mediated in-
teraction with Myocd is necessary for inhibiting Myocd—SRF
activity, and the C-domain does not substitute for it. Both the
C-domain and the S3 sequence are required for the full extent
of the SRF binding, but the S3 sequence is only essential for
the Myocd—SRF inhibition. Thus, the N-domain and the S3 se-
quence are critical regions for the inhibitory role of Arp5 during
Myocd-SRF signaling. In differentiated VSMCs, the smooth
muscle—specific splicing isoform of arp5 (arp5-sm) is primarily
expressed, although its mRNA is largely degraded by the NMD
pathway. In addition, its expression is remarkably suppressed
at the translational level, resulting in a low expression level of
Arp5 protein in differentiated VSMCs. In contrast, dedifferenti-
ated VSMCs highly express the common variant of Arp5 (Arp5-
com), which forms a ternary complex with Myocd and SRF and
inhibits their DNA binding; this results in low Myocd—SRF sig-
naling activity.

Arp5 has a unique S3 sequence that is not conserved
among other actin family proteins. This sequence was essential
for the Arp5-mediated Myocd inhibition (Figs. 5 and 6), and the
chimeric (3-actin proteins that have the Arp5 C-terminal region
acquired the ability to inhibit Myocd—SRF signaling (Fig. 6 H).
Thus, the distinct function of Arp5 among actin family proteins
is defined by this C-terminal sequence. Although Arp5 and SRF
were directly associated, Arp5 did not suppress SRF activity in
the absence of Myocd (Fig. 5 I). The binding of Arp5 to SRF
was rather weak as compared with that to Myocd (Fig. S1).
Therefore, Myocd reinforced the Arp5—SRF interaction by
forming a bridge between Arp5 and SRF (Fig. 5, F and G). This
suggested that the interaction between Arp5 and SRF in the ab-
sence of Myocd may be too weak to suppress SRF activity.

Although Arp5 functions have been poorly understood,
some studies revealed that Arp5 is one of the components of
the chromatin-remodeling complex INOSO (Shen et al., 2003;
Kitayama et al., 2009). Arp5 is required for the recruitment of
INO80 complex to chromatin, and the depletion of Arp5 im-
pairs the DNA repair process after DNA double-strand breaks
(Kitayama et al., 2009). Considering that chromatin remodeling
by INO80 complex is also involved in the transcriptional regula-
tion of several yeast genes (Ebbert et al., 1999; Shen et al., 2000),
there remains the possibility that ArpS regulates smooth muscle
differentiation via the INO80 complex—mediated chromatin-
remodeling pathway. INO80 complex generally enhances tran-
scriptional activity by opening chromosomal structure (Ebbert
et al., 1999; Shen et al., 2000; Neumann et al., 2012). In con-
trast, Arp5 knockdown, which impairs INO80 complex func-
tion, increased the expression levels of SRF-dependent smooth
muscle genes accompanied by morphological changes and en-
hanced contractility of VSMCs (Fig. 8). These changes were
also reported for cells that exogenously overexpressed Myocd
(Yinetal., 2011). In addition, the luciferase reporter assay using
episomal plasmids revealed increase in the CArG-dependent
promoter activity by Arp5 knockdown, which was reversed by
reconstitution with exogenous wild-type Arp5 but not with mu-
tant Arp5-AS3 that could not bind to SRF (Fig. 8, E and F).
Considering this in addition to our other data, it is probable that
Arp5 contributes in regulating the Myocd—SRF signaling path-
way by directly interfering with the formation of the Myocd—
SRF-CArG complex rather than by INO80 complex—mediated
chromatin remodeling.

In addition to actin family proteins, several transcription
factors were involved in the regulation of Myocd activity.
FOXO04 and Msx1/2 have been reported as transcription factors
that directly interact with Myocd (Liu et al., 2005b; Hayashi
et al., 2006). They bind to Myocd through its SAP domain and/or
basic region but not RPEL motifs. Both proteins form a ternary
complex with Myocd and SRF and suppress Myocd activity.
GATA4 also binds to Myocd and SRF and stimulates or sup-
presses Myocd activity in a target gene-specific manner (Oh et al.,
2004). Some transcription factors indirectly suppress Myocd
activity by binding to SRF (Doi et al., 2005; Liu et al., 2005a;
Tanaka et al., 2008). Thus, Arp5 and these transcription factors
would cooperatively function in Myocd regulation.

In smooth muscle cells, many kinds of contractile genes
such as caldesmon, tropomyosin, vinculin, and myosin heavy
chain are expressed as smooth muscle—specific variants gener-
ated by tissue-specific alternative splicing (Koteliansky et al.,
1992; Aikawa et al., 1993; Kashiwada et al., 1997). The differ-
entiation state of smooth muscle cells is highly plastic, and the
expression of these variants is immediately lost after dedif-
ferentiation. In the present study, we isolated a novel smooth
muscle—specific splicing variant of arp5, arp5-sm (Fig. 7, A and B).
Well-differentiated VSMCs in the aortic medial layer majorly
expressed arp5-sm but scarcely expressed arp5-com. Similar to
other smooth muscle genes, dedifferentiated cultured VSMCs
showed a variant switch from arp5-sm to arp5-com. arp5-sm
mRNA contains PSC created by frameshift, and thereby it was
partially degraded by NMD, which would result in the lower
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expression of arp5-sm mRNA in media VSMCs than that of
arp5-com mRNA in cultured VSMCs (Fig. 7, D-F). In addition
to NMD, the expression level of Arp5-sm was also suppressed
at the translational level (Fig. 7, H-J). The long 3'UTR down-
stream of PSC but not introns was required for this translational
suppression. Such regulations were also reported in mutated
TGFBR2 containing a frameshift mutation and PSC (You et al.,
2007). mRNA of mutated TGFBR2 escapes from NMD-mediated
degradation; however, its translation was suppressed depending
on long 3'UTR, suggesting that the expression of some PSC-
containing mRNAs is also regulated at the translational level.
Thus, Arp5-sm protein expression was remarkably suppressed by
the dual mechanism in differentiated VSMCs. Even if the suppres-
sion is not complete, leaking Arp5-sm protein was probably
nonfunctional because it lacked the critical C-terminal sequence
(Figs. S3 and S4). In differentiated VSMCs, some Arp5-com pro-
tein expression still remained (Fig. 7 G), which probably contrib-
uted in the inhibition of Myocd—SRF—-dependent gene expression.

This is the first paper to identify Arp5 as a regulatory pro-
tein of Myocd via interacting with its RPEL motifs instead of
conventional actin in MRTF regulation. We also identified a novel
alternative splicing variant of Arp5 restricted to smooth muscle
cells and broadened our understanding of ArpS function.
Although further studies are required to clarify the roles of Arp5
in smooth muscle cell differentiation during embryonic develop-
ment and smooth muscle phenotypic modulation during athero-
sclerosis, our present results provide new insights into the regulatory
mechanism of Myocd and Arp5 function.

Materials and methods

Materials

CHX and carbachol were purchased from Nacalai Tesque and Santa Cruz
Biotechnology, Inc. The following antibodies were purchased: anti-Arp5
(Proteintech Group), anti-aSMA (Sigma-Aldrich), anti-SM22 (Leica), anti-
a-fubulin (Sigma-Aldrich), anti-B-actin (Sigma-Aldrich), anti-cfos (Santa Cruz
Biotechnology, Inc.), anti-GFP (Invitrogen), anti-SRF (Santa Cruz Biotechnol-
ogy, Inc.), anti-FLAG (Sigma-Aldrich), anti-HA (Roche), and anti-myc (Santa
Cruz Biotechnology, Inc.). Anti-Myocd antibody was produced in New Zea-
land rabbits against a synthesized Myocd peptide (CSKSLGDSKNRHKKPKD)
and purified by affinity chromatography using this peptide.

Cell culture, transfection, and RNA interference

A7r5, Hela, and HEK293T cells were cultured in DMEM supplemented
with 10% FCS. VSMCs were isolated from rat aortae as described pre-
viously (Nakamura et al., 2010). In brief, the abdominal aortae were re-
moved from anesthetized é-wk-old male Sprague-Dawley rats, and the
medial VSMC layers were separated from the adventitia and vascular en-
dothelium by collagenase treatment. VSMCs were dispersed by collage-
nase and elastase treatment and then cultured in DMEM with 10% FCS.
Cultured cells were transfected using Lipofectamine LTX and Plus Reagent
(Invitrogen). To establish stable cell lines expressing FLAG-Arp5, A7r5 cells
were transfected with pcDNA3.1(+)-FLAG-Arp5 and cultured with 100 pg/ml
geneticin (Invitrogen) to isolate drug-resistant clones. In RNA interference
experiments, cultured VSMCs or A7r5 cells were transfected with siRNA
against rat arp5 or control siRNA using Lipofectamine RNAi MAX (Invitro-
gen) and cultured for 4-5 d. MISSION siRNA Universal Negative Control
(Sigma-Aldrich) was used as the control siRNA. Arp5 siRNA sequences
used in this study are presented in Table S1.

Immunostaining and microscopy

VSMCs cultured on coverslips were fixed using 4% paraformaldehyde and
then incubated with a blocking solution (0.1% Triton X-100, 0.2% BSA, and
10% normal goat serum, in PBS [Nacalai Tesque]). The cells were incu-
bated with the primary antibodies diluted in the Can Get Signal immuno-
stain reagent (TOYOBO) and then incubated with Alexa 488 or Alexa
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568-conjugated secondary antibodies (Invitrogen) diluted in the blocking
solution. To label the nuclei, Hoechst 33342 (Invitrogen) was added to the
secondary antibody solution. The stained cells were mounted with Fluoro-
mount (Diagnostic BioSystems) and observed using an all-inone fluores-
cence microscope (BZ-9000; Keyence) with a CFl Plan Apochromat A 20x
lens (Nikon) at room temperature. Fluorescent images were acquired with
an infernal charge coupled device camera using BZ:l Analyzer software
(Keyence) and processed with Photoshop Element 10 software (Adobe).

Expression plasmids

The coding regions for human B-actin, Arp4, Arp5, Arp6, Arp8, SRF, Elk-1,
rat Arp5, mouse card-myocd, sm-myocd, MRTF-A, and the infronic sequences
of rat arp5 were amplified by PCR and subcloned into the highly efficient
mammalian expression plasmids pCAGGS, pCS2+, or pcDNA3.1(+) (Invit-
rogen) for the establishment of stable cell lines. FLAG, myc, or HA tag se-
quences were fused to the 5 end of the coding sequences. Expression
plasmids for SRF derivatives, SRF-DBD (amino acid 133-266) and SRF-ADBD,
were constructed by PCR-mediated method and subcloned into the mamma-
lian expression plasmid pcDNA3.1(+) (Invitrogen).

Luciferase reporter assay

The promoter region of human acta2 (—419/—1), myh11 (—1548/+63),
tagle (—1343/+62), and c-fos (—588/+155) genes was amplified by PCR
and subcloned into pGL3-basic (Promega). The CArG mutant constructs
were designed with site-directed mutation in the CArG boxes (CC[A/T]6GG
[wild type] to AA(A/T)6GG or CC(A/T)6AA [mutant]). The 3x CArG-luc
vector was constructed as reported previously (Morita et al., 2007b). These
constructs were introduced into Hela or A7r5 cells along with pSV-8Gal
(Promegay), which was used to normalize the transfection efficiency. 2 d after
transfection, luciferase and p-galactosidase activities were measured using
the Luciferase Assay System (Promega) and Luminescent B-Galactosidase
Detection Kit Il (Takara Bio Inc.), respectively. For the reporter assay in Arp5-
knockdown cells, A7r5 cells were transfected with reporter constructs for
24 h and then transfected with Arp5 siRNA2. 5 d after siRNA transfection,
luciferase and B-galactosidase activities were measured.

Coimmunoprecipitation

HEK293T cells transfected with expression vectors were lysed with an NP-
40 buffer (0.5% NP-40, 1 mM MgCl,, and protease inhibitor cocktail for
use with mammalian cell and tissue extracts [Nacalai Tesque], in 1x PBS).
Immunoprecipitation was performed using FLAG Affinity Gels (Sigma-
Aldrich). For coimmunoprecipitation between endogenous proteins, cells
were lysed with the NP-40 buffer, and immunoprecipitation was performed
using the indicated antibody and Protein G Sepharose 4 Fast Flow (GE
Healthcare). To demonstrate the direct interaction, Histagged proteins
were synthesized in Escherichia coli cells using cold-shock expression vec-
tor pCold | DNA (Takara Bio Inc.) or in Hek293T cells using pCAGGS
vector and then purified using TALON Metal Affinity Resin (Takara Bio
Inc.). For in vitro synthesis of recombinant proteins, we used a TNT SP6
High-Yield Wheat Germ Protein Expression System (Promega) with pCS2+
vector. The purified recombinant proteins were diluted in a binding buffer
(0.1% NP-40 and 50 mM imidazole, in 0.5x PBS, pH 7.4) and coimmuno-
precipitation was performed. The resulting beads were boiled in SDS sample
buffer to elute the immunocomplexes.

Chemical cross-linking

Chemical crosslinking was performed as previously described (Weitz et al.,
2002) with some modifications. Purified recombinant proteins were incu-
bated in a Hepes crosslinking buffer (5 mM Hepes, pH. 8.0, 0.5 mM
MgCly, 0.5 mM ATP, 0.2 mM EGTA, and 0.5 mM DTT) or a PBS cross-ink
buffer (1x PBS, 0.5 mM MgCl,, 0.5 mM ATP, 0.2 mM EGTA, and 0.5 mM
DTT) for 30 min at room temperature. The chemical cross-linker BS® (Thermo
Fisher Scientific) was added to the mixture at a final concentration of 0.5 mM.
After 30-min incubation, the cross-linking reaction was terminated by add-
ing SDS sample buffer.

Cell fractionation assay

Cell fractionation assay was performed using a ProteoExtract Subcellular
Proteome Extraction Kit (EMD Millipore). Fractions 1 and 3 were collected
as the cytoplasmic fraction and nuclear fraction, respectively. Anti—a-tubulin
(cytoplasm) and anti-c-fos (nucleus) antibodies were used as subcellular
marker antibodies.

DNA-protein binding assay

myc-ArpS5, myc-SM-Myocd, FLAG-SRF, and FLAG-SRF-DBD proteins were
synthesized in Hek293T cells and diluted with the NP-40 buffer contain-
ing 20 pg/ml of salmon testes DNA (Sigma-Aldrich). A biotinylated DNA


http://www.jcb.org/cgi/content/full/jcb.201307158/DC1

probe containing 3x CArG sequences was synthesized by PCR using the 3x
CArG-luc vector as a template, and it was coupled to Dynabeads M-280
Streptavdin (Invitrogen). The DNA-Dynabeads were incubated in the NP-40
buffer containing 5% BSA to block nonspecific binding. The protein solution
was added fo the beads, followed by incubation for 3 h at 4°C with gentle
rotation. The beads were washed with the NP-40 buffer, and the bound
proteins were eluted with SDS sample buffer for Western blotting.

RT-PCR and real-time PCR

Total RNA was extracted from cells using RNAiso Plus (Takara Bio Inc.) or
illustra RNAspin Mini (GE Healthcare) and reverse transcribed using Super-
Script lll Reverse transcription (Invitrogen) with a random hexamer primer or
gene-specific primer. cDNA was amplified using gene-specific PCR primer
pairs. RealHime PCR was performed using THUNDERBIRD SYBR gPCR Mix
(TOYOBO) and a 7900HY Fast Real-Time PCR System (Applied Biosys-
tems). Primer sequences are presented in Table S1.

ChIP assay
A7r5 cells transfected with FLAG-Myocd and myc-Arp5 expression vectors
were fixed using 1% paraformaldehyde and used in the ChIP assay. The
ChIP assay was performed using the ChIP Assay Kit (EMD Millipore) and
FLAG affinity gels. PCR primer sequences used in this assay are presented
in Table S1.

Collagen gel lattice contraction assay

VSMCs transfected with control or Arp5 siRNA for 3 d were trypsinized
and suspended in collagen type I-A/MEM solution at a density of 0.5 x
10% cells/ml using the Cellmatrix gel culturing kit (Nitta Gelatin, Inc.). A
total of 500 pl of the mixture was pipetted into each well of a 24-well plate,
followed by incubation for 30 min at 37°C to polymerize the collagen gels.
After the polymerization, 500 pl of DMEM with 10% FCS was added into each
well and incubated for 24 h. The contraction assay was initiated by detaching
the gels from the wells with a pipette tip, followed by the addition of 100 pM
carbachol into the medium. After 3 h of carbachol stimulation, the gel areas
were measured using Image) software (National Institutes of Health).

Online supplemental material

Fig. S1 shows the Arp5-SRF and Arp5-Myocd interactions in Hela cells. Fig. S2
shows amino acid alignment between human Arp5 and p-actin. Fig. S3 shows
nucleotide alignment between rat arp5-com and arp5-sm. Fig. S4 shows a
summary of the functional mechanisms for Arp5. Table S1 shows sequences of
PCR primers and siRNAs used in this manuscript. Online supplemental material

is available at http://www.jcb.org/cgi/content/full /jcb.201307158/DC1.
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