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Background: The nuclear export of myocardin (Mycd) family members is unclear.
Results: CRM1 binding to Mycd is weaker than to MRTF-A and is under the control of multiple inhibitory mechanisms.
Conclusion: Compared with Mycd, MRTF-A is much more likely to be exported from the nucleus.
Significance:Our findings provide new insight into the functional regulation of Mycd family members.

Myocardin (Mycd), a key factor in smooth muscle cell differ-
entiation, is constitutively located in the nucleus, whereas myo-
cardin-related transcription factorsA andB (MRTF-A/B) reside
mostly in the cytoplasm and translocate to the nucleus in a Rho-
dependent manner. Here, we investigated the nuclear export of
Mycd family members. They possess two leucine-rich sequenc-
es: L1 in the N terminus and L2 in the Gln-rich domain.
Although L2 (but not L1) served as a CRM1-binding site for
Mycd, CRM1-mediated nuclear export did not affect its subcel-
lular localization. Serum response factor (SRF) competitively
inhibited Mycd/CRM1 interaction. Furthermore, such interac-
tion was autonomously inhibited. The N terminus of Mycd
bound intramolecularly to Mycd, resulting in masking L2. In
contrast, the CRM1-binding affinity of MRTF-A was much
higher than that of Mycd because both L1 and L2 of MRTF-A
served as functional CRM1-binding sites, and the autoinhibi-
tion observed in the Mycd/CRM1 interaction was absent in the
MRTF-A/CRM1 interaction. Additionally, because the SRF-
binding affinity of MRTF-A was lower than that of Mycd, the
inhibitory effect of SRF on the MRTF-A/CRM1 interaction was
weak. Thus, MRTF-A is much more likely to be exported from
the nucleus. These differences could be the reason for the dis-
tinct subcellular localization of Mycd and MRTF-A.

Themyocardin (Mycd)2 family members,Mycd, myocardin-
related transcription factor (MRTF) A (MAL/MKL1), and
MRTF-B (MAL16/MKL2), bind to serum response factor (SRF)
and function as its specific coactivator (1, 2). The expression of
Mycd is restricted to cardiac and smooth muscles (3), but
MRTF-A andMRTF-B are ubiquitously expressed (1, 4, 5). Two
isoforms of Mycd (cardiac cell-type Mycd and smooth muscle
cell (SMC)-type Mycd) arise by alternative mRNA splicing (6).

Initiation of translation from the first ATG codon in exon 1
produces a cardiac cell-type Mycd protein. However, in SMCs,
translation initiation from the second ATG codon in exon 4
gives rise to an SMC-Mycd protein that lacks theN-terminal 79
amino acids. In this study, we refer to cardiac cell-type Mycd
and SMC-Mycd as Mycd WT and SMC-Mycd/Mycd �N79,
respectively. Although Mycd plays a critical role in the differ-
entiation of cardiac cell and SMC lineages (3, 7), Mycd knock-
out mice die by embryonic day 10.5 due to a lack of vascular
SMCs (VSMCs), but their heart development is unaffected (8).
MRTF-A and MRTF-B expressed in the heart (2, 9) may com-
pensate for the loss of Mycd under these conditions, and SMC
gene expression is eliminated by suppression of Mycd function
(10, 11). These findings suggest that Mycd is specifically
required for VSMC differentiation. In contrast, MRTF-A and
MRTF-B are involved in multiple cell functions in a variety of
non-muscle cells. They activate the expression of several genes
encoding cytoskeletal proteins in a Rho signaling-dependent
manner (1) and are involved in transforming growth factor
�1-induced epithelial-mesenchymal transition (12). The
MRTF-A/SRF signaling pathway is also critical for tumor cell
migration and metastasis (13). Furthermore, a null mutation of
MRTF-A results in the failure ofmammarymyoepithelial cell to
differentiate during lactation (14), andMRTF-B nullmice die at
about embryonic day 13.5 from abnormalities in SMCs within
the aortic arch (15).
TheN termini ofMycd familymembers (which possess three

actin-binding RPEL motifs) are involved in their subcellular
localization. Mycd appears to be constitutively located in the
nucleus (3), whereas MRTF-A and MRTF-B reside mainly in
the cytoplasm and transiently translocate to the nucleus in
response to a signaling-induced decrease in monomeric actin
(G-actin) (1, 9, 16).Moreover, the RPELmotifs ofMRTF-A and
MRTF-B have a much higher affinity for G-actin compared
with Mycd (17). These properties are also closely related to the
subcellular localization of Mycd family members (17–20).
Guettler et al. (17) published a model for such actin dynamics-
dependent regulation ofMRTF-Anucleocytoplasmic shuttling.
The basis of this model is as follows: G-actin binding to the
RPEL motifs of MRTF-A inhibits its nuclear import at high
G-actin concentrations, thereby facilitating CRM1-mediated
nuclear export. However, at the time the model was published,
the nuclear import machinery had not yet been identified.
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Recently, we (21) and Treisman and co-workers (22) found that
the nuclear import of Mycd family members is mediated by
importin �/�1 heterodimers. In cultured VSMCs, the importin
�1/�1 heterodimer plays a critical role in the nuclear import of
Mycd, and the expression of importins �1 and �1 and Mycd is
closely related to the VSMC phenotype (21). We further estab-
lished that the N-terminal basic domain of Mycd family mem-
bers, which is also known as B2 (1), functions as a binding site
for the importin �/�1 heterodimer (21). Actin dynamics does
not affect the interaction between Mycd and the importin
�1/�1 heterodimer and the nuclear localization of Mycd, but
G-actin significantly suppresses the interaction between
MRTF-A/B and importin �1/�1 and affects the nuclear import
of MRTF-A/B (21). Furthermore, Treisman and co-workers
(22) argued that the importin �/�1 heterodimer interacts with
a bipartite nuclear localization signal including the N-terminal
basic domain (B2) plus another N-terminal basic domain (B3)
in the RPEL motifs, and they proposed that a similar competi-
tive inhibition is exerted by G-actin. We have demonstrated,
however, that even in the absence of G-actin,Mycd has a higher
binding affinity for importin�/�1 comparedwithMRTF-A and
MRTF-B and that their serum-inducednuclear import also cor-
relates with their binding affinities for the importin �/�1 het-
erodimers (21). We have therefore come to the conclusion that
the constitutive nuclear localization ofMycd is due to its strong
binding affinity for the importin �/�1 heterodimer even when
the concentration of G-actin is high.
It has been demonstrated that the nuclear export of some

proteins depends on a nuclear export signal (NES) that consists
of a leucine-rich sequence (23) and that CRM1 mediates the
nuclear export of NES-containing proteins (24). In this process,
Ran-GTP is required for CRM1 to bind its cargo protein (25),
and leptomycin B (LMB) specifically blocks CRM1 binding to
theNES of cargo proteins (26). There is substantial circumstan-
tial evidence to suggest that CRM1 may mediate the nuclear
export of Mycd family members (19–21). However, in contrast
to their nuclear import mechanism, their nuclear export mech-
anism has remained obscure, and it is still unclear whyMycd is
constitutively accumulated in the nucleus, but MRTF-A is
located primarily in the cytoplasm. In this study, we therefore
investigated the regulation of the nuclear export ofMycd family
members to further understand the differences in their subcel-
lular localization. Our findings have led us to conclude that
Mycd is less likely to interact with CRM1 compared with
MRTF-A. This is the first report to characterize the inhibitory
mechanism for the nuclear export of Mycd, and our findings
provide new insight into the functional regulation ofMycd fam-
ily members and their related physiological events.

EXPERIMENTAL PROCEDURES

Reagents andAntibodies—The following commercially avail-
able primary antibodies were used in this study: anti-FLAG
M2-agarose, anti-FLAG (catalog number F7425), anti-�-
smooth muscle actin (clone 1A4), and anti-�-tubulin (clone
DM1A) antibodies (Sigma-Aldrich); anti-HA affinity matrix
and anti-HA (clone 3F10) antibodies (Roche Applied Science);
anti-histone H2B, anti-c-Myc, anti-Mycd, anti-MRTF-A, and
anti-SRF antibodies (Santa Cruz Biotechnology, Santa Cruz,

CA); and anti-DYKDDDDK (anti-FLAG) antibody (Trans-
Genic, Inc., Kobe, Japan). Protein A-Sepharose was purchased
from GE Healthcare. Secondary antibodies were conjugated to
Alexa Fluor 568 (Molecular Probes, Eugene, OR).
Plasmids—Construction of the expression plasmids for

FLAG-tagged Mycd family members, �-actin R62D (unpo-
lymerized mutant), and Myc-tagged SRF has been described
previously (11, 21). In brief, the cDNAs of mouse full-length
Mycd WT (GenBankTM accession number AF384055),
MRTF-A (accession number NM_153049), and MRTF-B
(accession number AF532598) were inserted into mammalian
expression plasmid pCS2� with the indicated tag. The expres-
sion plasmid for SMC-Mycd/Mycd�N79 (6) was similarly con-
structed. The cDNA of human �-actin (accession number
NM_001101) was amplified and inserted into the same expres-
sion plasmid. The expression plasmid for unpolymerized
mutant �-actin (�-actin R62D) was constructed by PCR-medi-
atedmutagenesis. Similarly, the cDNAof humanCRM1 (acces-
sion numberBC032847)was amplified byRT-PCRand inserted
into the same expression plasmid with an HA tag. A series of
expression plasmids for truncated and/or mutated derivatives
of Mycd family members were constructed by PCR-mediated
methods, and their sequences were confirmed. Introduction of
mutations in L1 and/or L2 of Mycd WT was performed as
reported previously (20); the L1 sequence (LQLRL) and/or the
L2 sequence (LFLQL) was changed to LQARL (L22A) and/or
LFLQA (L295A), respectively. Introduction of mutations in L1
(L21A for MRTF-A and L46A for MRTF-B) and/or L2 (L307A
for MRTF-A and L328A for MRTF-B) of MRTF-A/B was sim-
ilarly performed. The Mycd derivative with CBmut carries a
mutated central basic domain (CB) in which all of the lysine
residues in the CB have been changed to alanine. A bacterial
expression plasmid for the GST fusion protein of the FLAG-
tagged constitutively active form of humanRan (RanQ69L) was
kindly provided by Drs. Sekimoto and Yoneda (Osaka Univer-
sity Graduate School of Medicine) (27).
Cell Culture and Transfection—COS-7 cells were cultured in

Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. The preparation of primary cultured rat aortic
VSMCswas described in our previous report (21). Transfection
of the indicated expression plasmids was performed using
TransIT-LT1 (PanVera Corp., Madison, WI) according to the
manufacturer’s instructions. The transfected cells were then
cultured under the indicated conditions for 24 or 48 h.
Knockdown of SRF Using siRNA—An siRNA against rat SRF

(Rn_Srf_7084) and a scrambled siRNA for control experiments
were purchased from Sigma-Aldrich. VSMCs were transfected
with the indicated siRNAs using Lipofectamine RNAiMAX
(Invitrogen).
Immunocytochemistry—Cells were fixed with 4% formalde-

hyde for 30 min; permeabilized; and blocked with 0.1% Triton
X-100, 10% normal goat serum, and 0.2% bovine serum albu-
min in phosphate-buffered saline for 1 h at room temperature.
The cells were then incubated with the indicated primary anti-
bodies for 1 h, followed by the specified secondary antibodies
with Hoechst 33258 for 1 h at room temperature. Fluorescent
images were collected using a BIOREVOBZ-9000 fluorescence
microscope (KeyenceCorp.,Osaka, Japan). The expression pat-
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terns of Mycd derivatives were categorized into three groups:
nuclear localization, diffuse distribution in the nucleus and
cytoplasm (defined as equivalent immunostaining intensities of
the target molecules in the cytoplasm and nucleus), and cyto-
plasmic localization. In each experiment (n � at least three
independent experiments), 100–200 cells were analyzed. The
proportion of FLAG-positive cells exhibiting the respective
expression patterns (mean � S.E.) is presented.
Protein/Protein Interaction Analyses—A GST-FLAG-

RanQ69L protein was expressed in Escherichia coli and puri-
fied with glutathione-Sepharose 4B (GE Healthcare) according
to the manufacturer’s instructions. The recombinant protein
thus obtained was associated with GTP as described (27) with
slight modifications. In brief, purified GST-FLAG-RanQ69L
proteinwas incubated for 1 h in phosphate-buffered saline con-
taining 2 mM GTP and 1 mM 2-mercaptoethanol on ice. Other
proteins were prepared using the TNT SP6 high-yield expres-
sion system based on an optimized wheat germ extract (Pro-
mega) according to the manufacturer’s instructions. We pre-
liminarily confirmed that there was no significant protein
cross-reaction between each of the antibodies against Mycd
family members, SRF, and nuclear import/export proteins and
this wheat germ extract for in vitro translation and checked the
expression levels of in vitro translated proteins by immunoblot-
ting (IB) using the specified antibodies (data not shown). The
composition of the immunoprecipitation (IP) buffer in this
study was as follows: 20 mM Tris-HCl (pH 7.5), 0.5% Nonidet
P-40, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 50 mM NaF, 10
mM �-glycerophosphate, and protease inhibitors (cOmplete
Mini, Roche Applied Science). The IP buffer mixtures (total of
500 �l) containing approximately equal amounts of FLAG- or
HA-taggedMycd, MRTF-A, orMRTF-B (5–20 �l) and defined
amounts of the indicated proteins (HA-tagged CRM1 protein,
10�l; SRF protein, 15�l;�-actin R62D protein, 10 or 20�l; and
GTP-bound GST-FLAG-RanQ69L protein, 3 �l) were sub-
jected to IP analyses. The IP buffer mixtures were first incu-
bated with a control gel or control immunoglobulin G-bound
protein A-Sepharose beads for 1 h to clear nonspecific interac-
tions and then incubatedwith either the control gel or the spec-
ified affinity gel (antibody) for 6 h at 4 °C. The protein/protein
interaction was also examined using cell extracts. Whole cell
extracts were prepared from COS-7 cells transfected with the
indicated expression plasmids according to previously
described methods (11). In brief, cells were incubated for 30
min at 0 °C in lysis buffer; the salt concentration was then
decreased to a physiological state; and the resulting whole cell
extracts were further incubated for 30 min in the presence of 2
mM GTP. Equal amounts (400 �g of protein) of the whole cell
extracts thus obtained were subjected to IP analysis as
described above. Proteins in the immunoprecipitates were
detected by IB using the specified antibodies. Target proteins
were detected with a SuperSignal chemiluminescence detec-
tion kit (Pierce). In the immunoblot analysis, 3.3% of the input
proteins and 22.2% of the immunoprecipitated proteins were
loaded on the input and IP lanes, respectively. Quantification of
the respective immunoblot signal intensities was performed
with NIH Image software. These interaction analyses were
repeated at least three times. Representative data are shown.

Preparation of Cytoplasmic and Nuclear Fractions—The
subcellular proteomes were extracted from cultured VSMCs
using the ProteoExtract subcellular proteome extraction kit
(Calbiochem) according to the manufacturer’s instructions.
The cytoplasmic and nuclear fractions obtained were analyzed
by IB using the indicated antibodies. In this analysis, histone
H2B and �-tubulin were used as loading controls for the
nuclear and cytoplasmic fractions, respectively. Quantification
of the respective immunoblot signal intensities was performed
withNIH Image software. These analyses were repeated at least
three times. Representative data are shown.
Promoter Assays—COS-7 cells were transfected with a lucif-

erase reporter gene carrying the SM22� promoter (SM22P-
Luc) (11), pSV-�-gal (Promega), and the indicated expression
plasmids for MRTF-A derivatives and then cultured for 48 h.
The cell extracts were prepared using passive lysis buffer (Pro-
mega) according to the manufacturer’s instructions and
assayed for luciferase activity with a luciferase assay kit
(Promega).

RESULTS

Interaction between CRM1 and Mycd—Mycd WT possesses
two NES-like Leu-rich sequences: the N-terminal Leu-rich
sequence in the first RPEL motif (L1) extending from amino
acids 18 to 22 and the Leu-rich sequence in the Gln-rich
domain (L2) extending from amino acids 291 to 295. They are
well conserved among Mycd family members (Fig. 1A). To
determine whether these sites are functional CRM1-binding
sites, we examined the interaction in vitro between CRM1 and
Mycd WT or each truncated Mycd (Mycd �N128 and Mycd
N128) (Fig. 1B). Mycd �N128 and Mycd N128 lack the N-ter-
minal region from amino acids 1 to 128 (N128) and the C-ter-
minal region from amino acids 129 to the C-terminal end,
respectively (Fig. 1A, left). We found that Mycd WT and each
truncatedMycd bound toCRM1 in the presence ofGTP-bound
GST-FLAG-RanQ69L but with different binding affinities (Fig.
1B). When GTP-bound GST-FLAG-RanQ69L was absent, no
such binding occurred (Fig. 1C). We also confirmed the Mycd/
CRM1 interaction using the whole cell extracts from COS-7
cells coexpressing FLAG-tagged Mycd WT and HA-tagged
CRM1 (data not shown). The order of Mycd CRM1-binding
affinities was as follows: Mycd �N128 (786.3 � 73.1%) � Mycd
N128 (164.8 � 25.7%) � Mycd WT (100%) (Fig. 1B, left). Fur-
thermore, to assess whether L1 or L2 functions as a CRM1-
binding site in Mycd WT, we introduced mutations into L1
(L22A) and/or L2 (L295A) of Mycd WT and examined their
CRM1 binding in vitro (Fig. 2). Although the CRM1-binding
affinity of Mycd L22A was comparable with that of Mycd WT
(Fig. 2,A, lanes IP1 and IP2; andB), theCRM1-binding affinities
ofMycdL295AandMycdL22A/L295Aweremarkedly reduced
(decreases to 31.3 � 5.1% (Mycd L295A) and 32.1 � 7.4%
(Mycd L22A/L295A) of the original binding affinity) (Fig. 2, A,
lanes IP3 and IP4; and B). These results indicate that L2 func-
tions as the CRM1-binding site in Mycd WT, but L1 does not.
We then analyzed the subcellular localization of exogenously
expressed Mycd WT and Mycd L295A in COS-7 cells. In the
vast majority of cells expressing Mycd WT, the protein was
observed primarily in the nucleus (90.9 � 2.1%), and cells
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expressingMycd L295A did not show any significant difference
in its subcellular localization compared with cells expressing
Mycd WT (data not shown). This evidence suggests that the
CRM1-mediated nuclear export system does not affect the sub-
cellular localization of Mycd WT.
Critical Roles of L1 and L2 ofMRTF-A in Its CRM1-mediated

Nuclear Export—We addressed the functional role of two Leu-
rich sequences (L1 and L2) of MRTF-A in the interaction with
CRM1 in vitro (Fig. 3). Introduction of a mutation in either L1
(MRTF-A L21A) or L2 (MRTF-A L307A) resulted in a moder-
ate reduction in CRM1 binding (decreases to 50.5 � 8.3%
(MRTF-A L21A) and 64.5 � 17.2% (MRTF-A L307A) of the
original binding affinity) (Fig. 3, A, lanes IP2 and IP3; and B).

Furthermore, MRTF-A L21A/L307A, in which both of the two
Leu-rich sequences weremutated, exhibited a severe reduction
in CRM1 binding (a decrease to 23.3 � 6.2% of the original
binding affinity) (Fig. 3, A, lane IP4; and B). These results indi-
cate that unlike in the case ofMycdWT, both L1 andL2 serve as
functional CRM1-binding sites.
To assess the roles of L1 and L2 in the nuclear export of

MRTF-A in cultured cells, we analyzed the subcellular localiza-
tion of exogenously expressed wild-typeMRTF-A andmutants
in COS-7 cells (Fig. 4). In the majority of cells expressing wild-
type MRTF-A, the protein was observed primarily in the cyto-
plasm (67.2 � 8.0%). Treatment with LMBmarkedly increased
the percentage of cells showing a nuclear accumulation of

FIGURE 1. Interaction between CRM1 and Mycd WT. A, left, schematic representation of Mycd WT and truncated Mycd isoforms. The two Leu-rich sequences
are indicated by black vertical lines: L1 in the first RPEL motif and L2 in the Gln-rich domain (Q). NB, N-terminal basic domain; CC, coiled-coil domain; TA,
transactivation domain. Right, sequences of L1 and L2 (gray letters) in Mycd WT and MRTF-A/B orthologs from different species (mouse (m) and human (h)). B
and C, interaction between CRM1 and Mycd WT or each truncated Mycd. Mixtures of HA-tagged CRM1 and each indicated FLAG-tagged Mycd with (B) or
without (C) GTP-bound GST-FLAG-RanQ69L were immunoprecipitated with a control gel or anti-HA affinity gel, and the immunoprecipitates thus obtained
were analyzed by IB using the indicated antibodies (left). The positions of molecular mass markers are between the panels in kilodaltons. Control experiments
using the control gel did not show any significant signals on immunoblots (data not shown). Quantification of the IP analysis is shown (B, right). The respective
IP/IB signal intensities were quantified as described under “Experimental Procedures.” The percentages indicate relative binding affinities for CRM1 normalized
by the affinity of Mycd WT, which was set at 100%. Results are means � S.E. of three independent experiments (error bars).
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MRTF-A (from 10.0 � 3.5 to 57.8 � 2.4%) (data not shown).
The expression of MRTF-A L21A or MRTF-A L307A resulted
in reduced percentages of cells with cytoplasmic localization
(46.7 � 1.4% for MRTF-A L21A and 58.9 � 3.0% for MRTF-A
L307A). In contrast, in cells expressing MRTF-A with muta-
tions in both L1 and L2 (MRTF-A L21A/L307A), it was distrib-
uted primarily in the nucleus (65.4 � 3.4%). These results
indicate that both L1 and L2 play a critical role in the CRM1-
mediated nuclear export of MRTF-A. A similar marked
increase in the nuclear localization of MRTF-A L21A/L307A
was also observed when cells were restimulated with serum
(data not shown). In accordance with the subcellular localiza-
tion of MRTF-Amutants (Fig. 4), enhancement of SM22� pro-
moter activity byMRTF-A L21A orMRTF-A L307A was mod-

erate, but that byMRTF-A L21A/L307Awasmore potent (data
not shown).
We addressed the relationship between theMRTF-A/CRM1

interaction and actin dynamics and found a novel function of
G-actin in the MRTF-A/CRM1 interaction (Fig. 5). In the
presence ofG-actin (�-actinR62D), CRM1binding toMRTF-A
was dose-dependently suppressed (Fig. 5A). The interaction
between MRTF-A L307A and CRM1 was inhibited by �-actin
R62D, but that between MRTF-A L21A and CRM1 was not
(Fig. 5, B and C), indicating that CRM1 binding to only L1 is
inhibited by G-actin.
We also addressed the roles of L1 and/or L2 in the nuclear

export of MRTF-B in cultured cells (Fig. 6). Introduction of
mutations in both L1 (L46A) and L2 (L328A) of MRTF-Bmore
significantly decreased the percentage of cells showing a cyto-
plasmic localization of MRTF-B L46A/L328A (46.5 � 6.2% for
MRTF-BL46A/L328Aand88.5� 0.8% forwild-typeMRTF-B).
However, unlike MRTF-A with mutations in both L1 and L2
(MRTF-A L21A/L307A), a marked increase in the nuclear
accumulation ofMRTF-B L46A/L328A was not observed. This
is probably due to lower nuclear import activity of MRTF-B
(21). There was no significant difference in the subcellular
localization of wild-type MRTF-B in the cells with LMB and

FIGURE 2. Effects of mutations in L1 (L22A) and/or L2 (L295A) on binding
affinity of Mycd WT for CRM1. A, mixtures of HA-tagged CRM1, GTP-bound
GST-FLAG-RanQ69L, and each indicated FLAG-tagged Mycd were subjected
to IP analyses as described in the legend for Fig. 1. B, the respective IP/IB signal
intensities were quantified as described under “Experimental Procedures.”
The percentages indicate relative binding affinities for CRM1 normalized by
the affinity of Mycd WT (wt), which was set at 100%. Results are means � S.E.
of three independent experiments (error bars).

FIGURE 3. Effects of mutations in L1 (L21A) and/or L2 (L307A) on binding
affinity of MRTF-A for CRM1. A, mixtures of HA-tagged CRM1, GTP-bound
GST-FLAG-RanQ69L, and each indicated FLAG-tagged MRTF-A were sub-
jected to IP analyses as described in the legend for Fig. 1. B, the respective
IP/IB signal intensities were quantified as described under “Experimental Pro-
cedures.” The percentages indicate relative binding affinities for CRM1 nor-
malized by the affinity of wild-type MRTF-A (wt), which was set at 100%.
Results are means � S.E. of three independent experiments (error bars).
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that of MRTF-B L46A/L328A in the cells without LMB.
Nuclear accumulation of wild-type MRTF-B was still low even
in the cells with LMB. These results clearly indicate that
MRTF-B is unlikely to be imported into the nucleus. In conclu-
sion, these immunocytochemical data suggest that both L1 and

L2 play a functional role in the CRM1-mediated nuclear export
of MRTF-B.
Inhibitory Effects of SRF on Mycd Family Member/CRM1

Interaction—It has been reported that the SRF-binding region
of Mycd extends from CB to the Gln-rich domain (10). The

FIGURE 4. Effect of mutation in L1 (L21A) and/or L2 (L307A) on subcellular localization of MRTF-A. A, COS-7 cells were transfected with expression
plasmids for the indicated FLAG-tagged MRTF-A under serum-stimulated conditions. For the final 20 h, the cells were cultured under serum-starved conditions.
The cells were then stained with anti-DYKDDDDK (FLAG) antibody (red) and Hoechst 33258 (blue). Representative images from at least three independent
experiments are shown. Scale bar � 20 �m. B, the images were quantified as described under “Experimental Procedures.” N, nuclear accumulation; NC, diffuse
distribution in the nucleus and cytoplasm; C, cytoplasmic localization. Statistical differences were calculated using Student’s t test. *, p � 0.05 versus wild-type
MRTF-A.

FIGURE 5. Effects of G-actin on interaction between CRM1 and MRTF-A. The indicated proteins were mixed with 10 �l (�) and 20 �l (��) of �-actin R62D,
and their interactions were analyzed by the same procedures as described in the legend for Fig. 1 (upper panels). The respective IP/IB signal intensities were
quantified as described under “Experimental Procedures.” The percentages indicate relative binding affinities for CRM1 normalized by the respective affinities
of wild-type MRTF-A (A), MRTF-A L21A (the L1 mutant) (B), and MRTF-A L307A (the L2 mutant) (C) in the absence of �-actin R62D, which were set at 100% (lower
panels). Results are means � S.E. of three independent experiments (error bars).
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functional CRM1-binding site of Mycd (L2) is located within
this SRF-binding region. These findings led to the hypothesis of
a competitive binding model in which Mycd-SRF complex for-
mation inhibits the Mycd/CRM1 interaction. We first exam-
ined this possibility with an in vitro binding assay. When SRF
was present, the interaction between CRM1 andMycdWTwas
markedly reduced, whereas a significant interaction between
CRM1 and SRF was not observed. In contrast, however, the
presence of Myc-tagged G-actin (�-actin R62D) did not
decrease the Mycd WT/CRM1 interaction (data not shown).
Thus, such a specific effect of SRF would be due to the forma-
tion of an Mycd WT-SRF complex but not the formation of a
complex containing CRM1 and SRF. Because the other Mycd
familymembers,MRTF-A andMRTF-B, also interact with SRF
(28), we compared the CRM1-binding affinities of Mycd family
members and the inhibitory effects of SRF on their binding
affinities (Fig. 7). Their CRM1-binding affinities varied, and
they were found to decrease in the following order: MRTF-A
(207.8 � 12.1%) � MycdWT (100%) � MRTF-B (34.5 � 2.2%)
(Fig. 7A, left, lanes IP1, IP2, and IP3; and right, black bars). The
extent of the inhibitory effects of SRF also varied. The hierarchy
of this inhibition was Mycd WT � MRTF-B � MRTF-A (Fig.
7A, left, lanes IP1�, IP2�, and IP3�; and right, white bars). Unlike
in the case ofMycdWTandMRTF-B, theCRM1-binding affin-
ity of MRTF-A was only modestly reduced in the presence of
SRF. These results suggest that the SRF-binding affinities of
Mycd family members are not similar. Further assessment
revealed that their relative binding affinities for SRF were
decreased in the following order:MycdWT (100%)�MRTF-B
(41.7 � 2.4%) � MRTF-A (30. 0 � 2.9%) (Fig. 7B). This order
shows a good correlation with the hierarchy of the inhibitory
effects of SRF.
Role of N Termini of Mycd WT and MRTF-A in Their Inter-

actions with CRM1—The CRM1-binding affinity of Mycd WT
was low compared with that of Mycd �N128 (Fig. 1B). This
finding led us to speculate that Mycd N128 may prevent the
interaction between CRM1 and Mycd WT by masking L2. To
assess this possibility, we first examined the interaction

between HA-tagged Mycd N128 and FLAG-tagged Mycd WT
orMycd�N128 in vitro (Fig. 8A).Mycd�N128 clearly bound to
Mycd N128 (lane IP2), whereas the binding of Mycd WT to
Mycd N128 was weak (23.2 � 1.7% of the binding affinity
of Mycd �N128) (lane IP1). Similar binding profiles were also
observed when FLAG-tagged Mycd WT or Mycd �N128 was
immunoprecipitated with the anti-FLAG M2 affinity gel (data
not shown). These findings suggest that Mycd N128 binds
intramolecularly to Mycd WT and that this self-association
represses the interaction between CRM1 and Mycd WT in an
autoinhibitory manner. In contrast, this type of intramolecular
association ofMRTF-Awould be unlikely. This is because theN
terminus of MRTF-A extending from amino acids 1 to 125
(MRTF-A N125), which corresponds to Mycd N128, scarcely
interacted with MRTF-A �N125, which corresponds to Mycd
�N128 (Fig. 8B).We then performed domainmapping to iden-
tify a binding site for Mycd N128 inMycd �N128 using several
deletion mutants derived from Mycd �N128 (Fig. 8C). Mycd
�N128/�CB, Mycd �N128/�Q, and Mycd �N128/�SAP lack
CB, the Gln-rich domain, and the SAP domain, respectively.
The Mycd N128-binding affinities of Mycd �N128, Mycd
�N128/�Q, and Mycd �N128/�SAP were equivalent (lanes
IP1, IP3, and IP4), whereas that of Mycd �N128/�CB was
significantly reduced (a decrease to 28.3 � 1.3 of the original
binding affinity) (lane IP2). These results indicate that CB
plays a critical role in the interaction between Mycd N128
and Mycd �N128. Furthermore, introduction of mutations
at all of the lysine residues in CB (Mycd �N128/CBmut)
partially disrupted the interaction with Mycd N128 (a
decrease to 43.0 � 7.3% of the original binding affinity) (data
not shown). Because CB is known to be necessary for inter-
action with SRF (3), we speculated a competitive binding of
SRF and Mycd N128 to Mycd �N128. We examined this
possibility with an in vitro binding assay (Fig. 8D). SRFmark-
edly suppressed the interaction between Mycd �N128 and
Mycd N128 (a decrease to 18.1 � 5.9% of the binding affinity
of Mycd �N128 for Mycd N128 in the absence of SRF) (lanes
IP1 and IP2). In this assay, the Mycd �N128/SRF interaction
was detected (lane IP4), but the Mycd N128/SRF interaction
was not (lane IP2). Thus, this suppressive effect would be due
to the formation of a complex containing Mycd �N128 and
SRF.
To investigate whether Mycd N128 functionally affects the

interaction between CRM1 and Mycd WT, we examined the
interaction between CRM1 andMycd �N128 orMycd �N128/
�CB in the absence or presence of Mycd N128 (Fig. 9A). In the
absence of Mycd N128, both Mycd �N128 and Mycd �N128/
�CB similarly interacted with CRM1 (upper panel, lanes IP1
and IP3). On the other hand, in the presence ofMycdN128, the
CRM1-binding affinity of Mycd �N128 was reduced (a
decrease to 55.1 � 3.3% of the affinity without Mycd N128)
(upper panel, lane IP2), but that of Mycd �N128/�CB was not
(upper panel, lane IP4). No significant interaction between
CRM1 and Mycd N128 was detected in these protein/protein
interaction analyses (upper middle panel, lanes IP1, IP2, IP3,
and IP4). This is thought to be due to the lower binding affinity
of Mycd N128 for CRM1 (Fig. 1B). These results suggest that
MycdN128binds intramolecularly toMycd viaCB and that this

FIGURE 6. Effects of mutations in L1 (L46A) and/or L2 (L328A) on subcel-
lular localization of MRTF-B. COS-7 cells were transfected with expression
plasmids for the indicated FLAG-tagged MRTF-B and cultured under the same
conditions as described in the legend for Fig. 4. For the last 2 h, the cells were
incubated with vehicle or LMB (5 ng/ml). The cells were then stained with
anti-DYKDDDDK (FLAG) antibody and Hoechst 33258. The images were
quantified as described under “Experimental Procedures.” N, nuclear accu-
mulation; NC, diffuse distribution in the nucleus and cytoplasm; C, cytoplas-
mic localization. Statistical differences were calculated using Student’s t test.
*, p � 0.05 versus wild-type MRTF-B.
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self-association inhibits the interaction between CRM1 and
Mycd WT.
Regulatory Domains in Mycd WT for Suppression of Mycd

WT/CRM1 Interaction—To gain further insight into the regu-
lation of the MycdWT/CRM1 interaction, we investigated the
roles of CB in this interaction. We examined the effect of CB
deletion on the interaction between CRM1 andMycdWT (Fig.
9B). The CRM1-binding affinity of Mycd �CB was markedly
increased (382.2 � 12.3% of the affinity of Mycd WT) (lanes IP1
and IP2). This result indicates that CB plays a critical role in the
suppressionof theMycdWT/CRM1 interaction and suggests that
this suppression is due to self-association as described above.
Differences in Regulation of CRM1 Binding to Mycd Isoforms—

To further address the function of the N-terminal regions of
MycdWT and SMC-Mycd/Mycd �N79, we first compared the
CRM1-binding affinities of Mycd WT, SMC-Mycd/Mycd
�N79, and Mycd �N128 (Fig. 10A). The order of the CRM1-
binding affinities was Mycd �N128 (738.8 � 143.7%) � SMC-

Mycd/Mycd �N79 (513.6 � 38.2%) � Mycd WT (100%), sug-
gesting that a short N-terminal region of SMC-Mycd/Mycd
�N79 (Mycd N80–128) weakly inhibits the interaction
between SMC-Mycd/Mycd �N79 and CRM1. To confirm this
prediction, we examined the interaction between CRM1 and
Mycd �N128 in the absence or presence of Mycd N80–128 or
Mycd N128 (Fig. 10B). The inhibitory effect of Mycd N80–128
onCRM1binding toMycd�N128 (lanes IP1 and IP2)wasmodest
comparedwith that ofMycdN128 (lanes IP4 and IP5).We further
investigated the binding affinities ofMycdN128 andMycdN80–
128 for Mycd �N128 and found that their relative binding affini-
ties were as follows:MycdN80–128 (20.2� 5.0%)�MycdN128
(100%) (Fig. 10C). These results indicate that the difference in
these inhibitory effects of the N-terminal regions of Mycd iso-
forms depends on their binding affinity forMycd �N128.
To address a functional role of the two distinct mechanisms

for the inhibition of the Mycd/CRM1 interaction (competitive
inhibition by SRF and inhibition by Mycd self-association) in

FIGURE 7. Effects of SRF on interactions between CRM1 and Mycd family members. A, the binding affinities of Mycd family members for CRM1 and the
inhibitory effects of SRF on their interactions were compared. Mixtures of HA-tagged CRM1, GTP-bound GST-FLAG-RanQ69L, and each of the indicated
FLAG-tagged Mycd family members with or without Myc-tagged SRF were subjected to IP analyses as described in the legend for Fig. 1 (left). The respective
IP/IB signal intensities were quantified as described under “Experimental Procedures.” The percentages indicate relative binding affinities for CRM1 normalized
by the affinity of Mycd WT in the absence of SRF, which was set at 100% (right). Results are means � S.E. of three independent experiments (error bars). The
reductions in binding affinities for CRM1 by SRF were calculated as follows: 19.5 � 3.9% for Mycd WT, 57.4 � 5.0% for MRTF-B, and 88.1 � 1.5% for MRTF-A. Each
of the binding affinities in the absence of SRF was set at 100%. B, differences in the binding affinities of Mycd family members for SRF. Mixtures of Myc-tagged
SRF and each of the indicated FLAG-tagged Mycd family members were immunoprecipitated with anti-Myc antibody and protein A-Sepharose. The immu-
noprecipitates thus obtained were analyzed by IB using the indicated antibodies (left). In control experiments using a control antibody, no significant signals
were observed on immunoblots (data not shown). The respective IP/IB signal intensities were quantified as described under “Experimental Procedures.” The
percentages indicate relative binding affinities for SRF normalized by the affinity of Mycd WT, which was set at 100% (right). Results are means � S.E. of three
independent experiments (error bars).
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the regulation ofMycd isoform subcellular localization, we first
examined the subcellular localization of endogenous SMC-
Mycd/Mycd �N79 in cultured VSMCs with knockdown of
endogenous SRF. The expression level of SRF protein was
markedly decreased inVSMCs transfectedwith SRF siRNA, but
not inVSMCs transfectedwith a control scrambled siRNA (Fig.
11A). To examine the role of SRF in the nuclear localization of
SMC-Mycd/Mycd �N79, we biochemically analyzed the levels
of SMC-Mycd/Mycd �N79 in the nuclear and cytoplasmic
fractions of VSMCs transfected with the control or SRF siRNA
(Fig. 11B). In VSMCs transfected with the control siRNA,

SMC-Mycd/Mycd�N79 was located exclusively in the nucleus
(96.7 � 1.5%), and SRF was detected in the nuclear fraction. In
contrast, in VSMCs transfected with SRF siRNA, the propor-
tion of cytoplasmic SMC-Mycd/Mycd �N79 was slightly but
significantly increased in close correlation with the down-reg-
ulation of SRF (21.2 � 6.1% for SRF siRNA and 3.3 � 1.5% for
control siRNA), implying that the interaction between SMC-
Mycd/Mycd �N79 and SRF plays a partial role in the nuclear
localization of this Mycd isoform. These results were in good
agreement with the subcellular localization of exogenously
expressed SMC-Mycd/Mycd�N79, but exogenously expressed

FIGURE 8. Possibility of self-association of Mycd WT and MRTF-A. A and B, differences in the binding affinities of Mycd WT and Mycd �N128 for Mycd N128
(A) and the less significant possibility of MRTF-A self-association (B). Mixtures of the indicated FLAG-tagged and HA-tagged Mycd or MRTF-A were subjected to
IP analyses. C, mapping of the functional domain in Mycd WT for the interaction with Mycd N128. Mixtures of HA-tagged Mycd N128 and each indicated
FLAG-tagged Mycd were subjected to IP analyses as described in the legend for Fig. 1. The respective IP/IB signal intensities were quantified as described under
“Experimental Procedures.” The percentages indicated at the top of the gels indicate relative binding affinities for Mycd N128 normalized by the affinity of
Mycd �N128, which was at 100%. Results are means � S.E. of three independent experiments. D, effect of SRF on Mycd WT self-association. The binding of Mycd
�N128 to Mycd N128 was examined in the absence or presence of SRF (left). Mixtures of the indicated tagged proteins with or without Myc-tagged SRF were
subjected to IP analysis. The relative binding affinities of Mycd �N128 for Mycd N128 are indicated at the top of the gels; affinity in the absence of SRF was set
at 100%. The interaction between SRF and Mycd �N128 is shown (right). Mixtures of the indicated tagged proteins were immunoprecipitated with anti-Myc
antibody and protein A-Sepharose. The resulting immunoprecipitates were analyzed by IB using the indicated antibodies.
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Mycd WT was absolutely accumulated in the nucleus even in
VSMCs with knockdown of endogenous SRF (data not shown).
Furthermore, knockdown of SRFmarkedly reduced the nuclear
localization of exogenously expressed Mycd �N128 (45.7 �
4.5% for SRF siRNA and 83.2 � 4.4% for control siRNA). We
also performed similar analyses to examine the subcellular
localization of endogenous MRTF-A in VSMCs transfected
with SRF siRNA (Fig. 11C). Knockdown of endogenous SRF
barely affected the subcellular localization of MRTF-A. These
results suggest that the capability of the Mycd isoforms self-

FIGURE 9. Autoinhibition of Mycd WT/CRM1 interaction by N-terminal
region of Mycd WT (Mycd N128). A, inhibitory effect of Mycd N128 on the
interaction between CRM1 and Mycd �N128. The CRM1-binding affinities of
Mycd �N128 and Mycd �N128/�CB were examined in the absence or pres-
ence of Mycd N128. Mixtures of HA-tagged CRM1, GTP-bound GST-FLAG-
RanQ69L, and each indicated FLAG-tagged Mycd were subjected to IP analy-
ses as described in the legend for Fig. 1. The respective IP/IB signal intensities
were quantified as described under “Experimental Procedures.” The percent-
ages at the top of the gels indicate relative binding affinities for CRM1 nor-
malized by the respective affinities of Mycd �N128 and Mycd �N128/�CB in
the absence of Mycd N128 (�), which were set at 100%. Results are means �
S.E. of three independent experiments. B, effect of the CB deletion on the
Mycd WT/CRM1 interaction. Mixtures of HA-tagged CRM1, GTP-bound GST-
FLAG-RanQ69L, and each indicated FLAG-tagged Mycd were subjected to IP
analyses. The respective IP/IB signal intensities were quantified. The percent-
ages at the top of the gels indicate relative binding affinities for CRM1 nor-
malized by the affinity of Mycd WT, which was set at 100%. Results are
means � S.E. of three independent experiments.

FIGURE 10. Differential regulation of CRM1 binding to Mycd isoforms.
A, comparison of the binding affinities of Mycd WT, SMC-Mycd/Mycd �N79,
and Mycd �N128 for CRM1. Mixtures of the indicated tagged proteins were
subjected to IP analyses as described in the legend for Fig. 1. The resulting
immunoprecipitates were analyzed by IB using the indicated antibodies. The
respective IP/IB signal intensities were quantified as described under “Exper-
imental Procedures.” The percentages at the top of the gels indicate relative
binding affinities for CRM1 normalized by the affinity of Mycd WT, which was
at 100%. Results are means � S.E. of three independent experiments. B, dif-
ferences in the inhibitory effects of the N-terminal regions of Mycd isoforms
on the interaction between CRM1 and Mycd �N128. Mixtures of the indicated
tagged proteins without or with 5 �l (�) and 10 �l (��) of the respective
FLAG-tagged N-terminal regions of Mycd WT (Mycd N128) and SMC-Mycd/
Mycd �N79 (Mycd N80 –128) were subjected to IP analyses. The percentages
at the top of the gels indicate relative binding affinities for CRM1 normalized
by the affinity of Mycd �N128 without the N-terminal regions of the Mycd
proteins (lane IP3), which was at 100%. Results are means � S.E. of three
independent experiments. C, differences in the binding affinities of the
respective N-terminal regions of Mycd isoforms for Mycd �N128. Mixtures of
HA-tagged Mycd �N128 and different doses (� and ��) of FLAG-tagged
Mycd N128 or Mycd N80 –128 were subjected to IP analyses.
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association is closely related to the effects of knockdown of SRF
on their nuclear localization.

DISCUSSION

The novel findings from this study are as follows. 1) L2 (but
not L1) is aCRM1-binding site ofMycdWT.However, L2 is not
involved in the regulation of the subcellular localization of
Mycd WT. In contrast, both L1 and L2 serve as a functional
NES of MRTF-A. Although a signaling-induced decrease in
G-actin promotes the nuclear accumulation of MRTF-A, the
MRTF-A/CRM1 interaction itself is inhibited by G-actin. In
this case, G-actin suppresses CRM1 binding to L1, but not to
L2. 2) SRF inhibits the interactions between CRM1 and Mycd
family members. 3) The differences in the binding affinities of
Mycd family members for SRF and CRM1 are closely related to
the SRF inhibitory effects on the interactions between CRM1
and Mycd family members. 4) Mycd N128 binds intramolecu-
larly to Mycd WT via CB, resulting in inhibition of the Mycd
WT/CRM1 interaction by masking L2. This intramolecular
association is attenuated by SRF. In contrast, such autoinhibi-
tion is moderate in the interaction between SMC-Mycd/Mycd
�N79 and CRM1 and is absent in theMRTF-A/CRM1 interac-
tion. Thus, we conclude that these multiple inhibitory
mechanisms would isolate Mycd isoforms from the CRM1-
mediated nuclear export system. Fig. 12 schematically sum-
marizes the findings of this study combined with the findings
of our previous work: the nuclear localization of Mycd is
determined by its high binding affinity for the importin �/�1
heterodimer (21) and its molecular design to be isolated
from CRM1-mediated nuclear export. In contrast, MRTF-A
is much more likely to be exported from the nucleus because
of its high binding affinity for CRM1 and a lack of the inhib-
itory regulations observed in the Mycd/CRM1 interaction as
described above.
NES of Mycd Family Members and Regulation of Their Inter-

action with CRM1—In Mycd WT, L2 (but not L1) serves as a
CRM1-binding site (Fig. 2B). However, L2 is a functional NES
only in artificial Mycd molecules such as Mycd �N128 and its
derivatives. In MycdWT, L2 is masked by Mycd N128. There-

fore, theCRM1-mediated nuclear export systemdoes not affect
the nuclear localization ofMycdWT.We discussed thismolec-
ular event above. In contrast to Mycd WT, both L1 and L2 of
MRTF-A serve as the functional NES (Figs. 3 and 4), and
MRTF-A exhibits a strong binding affinity for CRM1 (Fig. 7A).
This may be one reason why MRTF-A resides mostly in the
cytoplasm. Although the MRTF-A/CRM1 interaction itself is
suppressed by G-actin (Fig. 5), the nuclear localization of
MRTF-A is inhibited under conditions in which the concentra-
tion of G-actin is increased. We (21) and Pawlowski et al. (22)
have demonstrated that the interaction between MRTF-A and
importin �/�1 is severely inhibited by G-actin, andMouilleron
et al. (30) recently proposed amodel for actin dynamics-depen-
dent competitive binding of importin �/�1 and G-actin to the
MRTF-A RPEL motifs. Based on these findings, the nuclear
accumulation of MRTF-A induced by depletion of the G-actin
pool is critically dependent on the promotion of nuclear import
rather than the modulation of nuclear export.
Role of N-terminal Region of Mycd in Interaction with CRM1—

We proposed a novel function of the N-terminal region of
Mycd besides the critical role in nuclear import (21). Because
the basic amino acids in CB play a partial role in the interaction
between Mycd N128 and Mycd �N128 (data not shown), such
a molecular event is likely to occur as a result of an ionic bond-
ing interaction. We speculate that the acidic amino acid(s) in
Mycd N128, which we have not yet identified, are the bonding
partner(s). The acidic amino acids within the N-terminal 79
amino acid residues of Mycd WT may play a critical role
because the N-terminal region of SMC-Mycd/Mycd �N79
(Mycd N80–128) exhibits significantly lower binding affinity
forMycd �N128 (Fig. 10C). In our previous study (21), we con-
cluded that CB is not the binding site for the importin �/�1
heterodimer and does not play a vital role in the nuclear import
of Mycd WT, whereas it is critically involved in the nuclear
import ofMycd�N128 in an importin�/�1-independentman-
ner. These findings suggest that CB performs distinctly differ-
ent functions in the regulation ofMycd subcellular localization.
The tertiary structures of the respective Mycd molecules prob-

FIGURE 11. Effect of siRNA-mediated knockdown of endogenous SRF on subcellular localization of SMC-Mycd/Mycd �N79 and MRTF-A in VSMCs.
A, VSMCs were transfected with the indicated siRNAs and cultured for 2 days. Whole cell lysates were then subjected to IB using the indicated antibodies. The
level of �-tubulin served as a loading control. B and C, effect of knockdown of endogenous SRF on the subcellular localization of endogenous SMC-Mycd/Mycd
�N79 (B) and MRTF-A (C) in VSMCs. VSMCs were transfected with the indicated siRNAs and cultured for 2 days. Their nuclear (N) and cytoplasmic (C) fractions
(2% of the respective fractions) were analyzed by IB using the indicated antibodies as described under “Experimental Procedures.” Representative results from
at least three independent experiments are shown. The respective IB signal intensities in the nuclear and cytoplasmic fractions were quantified, and the sum
of their intensities in respective cells was set at 100%. The percentages of the intensities of the nuclear and cytoplasmic fractions were calculated, and they are
indicated at the top of the gels. Results are means � S.E. of three independent experiments.
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ably determine the various CB functions. A structural biology
approach is necessary to elucidate these points.
Ransom et al. (31) identified a rare human sequence variation

in Mycd in a patient with congenital heart disease: a missense
mutation at codon 259 resulting in a lysine-to-arginine substi-
tution at codon 259 (K259R). The N-terminal region of this
Mycd mutant acts in an autoinhibitory fashion to bind Mycd,
resulting in severe suppression of SRF binding to Mycd. Our
present data suggest that the self-association of Mycd WT is
easily dissociated under conditions inwhich SRF is present (Fig.
8D). Thus,MycdWT self-association is limited to conditions in
which the expression level of SRF is low. Knockdown of endog-
enous SRF barely affects the subcellular localization of Mycd
WT but moderately affects the nuclear localization of SMC-
Mycd/Mycd�N79 (Fig. 11). As shown below, such heterogene-
ous effects are due to the different effects of self-association in
masking theCRM1-binding site. Self-associationmay serve as a
way to exclude Mycd isoforms from the CRM1-mediated
nuclear export system when the expression level of SRF is
reduced; Mycd isoforms not bound to SRF may undergo self-
association to prevent CRM1 binding to L2. This model could
explain the different effects of SRF knockdown on the subcel-
lular localization of Mycd WT, SMC-Mycd/Mycd �N79, and
Mycd �N128 (Fig. 11). In the case of SMC-Mycd/Mycd �N79,
the capability of self-association is low (Fig. 10). Thus, CRM1 is

more likely to interact with SMC-Mycd/Mycd �N79 in SRF-
depleted cells, resulting in a slight increase in its cytoplasmic
localization. On the basis of these findings, we speculate that
such distinct inhibitory mechanisms would play a significant
role in keeping Mycd proteins in the nucleus.
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