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Cellular localization and dendritic function of rat isoforms
of the SRF coactivator MKL1 in cortical neurons

Mitsuru Ishikawa®*, Jun Shiota®*, Yuta Ishibashi®*, Tomoyuki Hakamata®*,
Shizuku Shoji?, Mamoru Fukuchi?, Masaaki Tsuda® Tomoaki Shirao®,

Yuko Sekino®, Jay M. Baraban® and Akiko Tabuchi?

The ability of megakaryoblastic leukemia 1 (MKL1)

to function as a serum response factor (SRF) coactivator
is regulated through its association with G-actin. In the
cytoplasm, MKL1 binds to G-actin through RPXXXEL
(RPEL) motifs. However, dissociation of MKL1 from G-actin
triggers its translocation into the nucleus where it
stimulates SRF-mediated gene expression. Previous
characterization of rat MKL1 gene products has identified
several isoforms: full-length MKL1, basic, SAP, and coiled-
coil domain (BSAC), MKL1-elongated derivative of yield
(MELODY), and MKL1met. In this study, we have
investigated whether these MKL1 isoforms, which contain
different numbers of RPEL motifs, differ in their subcellular
localization, transcriptional activity, and effect on dendritic
number and axonal length. Immunofluorescent staining

of cultured cortical neurons expressing individual FLAG-
tagged MKL1 isoforms indicated that all MKL1 isoforms are
present in both the cytoplasm and the nucleus. However,
MKL1met, which contains two RPEL motifs, shows
enhanced nuclear staining compared with the other three
isoforms, full-length MKL1, basic, SAP, and coiled-coil
domain, and MKL1-elongated derivative of yield, which
contain three RPEL motifs. Consistent with its preferential
nuclear localization, overexpression of MKL1met, but not
other isoforms, increases SRF-mediated transcriptional
responses and reduces the number of dendrites. In

Introduction

Serum response factor (SRF) plays critical roles in
pathological and biological processes including brain
development and function [1-6]. SRF-mediated gene
expression is tightly regulated by SRF binding cofactors,
which are classified into at least two families. One family
contains the Ets-like transcription factor (Elkl), SRF
accessory protein 1 (SAP1)/Elk4, and a newly described
Ets transcription factor (Net)/Ets-related protein/SAP2/
Elk3 [6]. The other, referred to as the myocardin and
megakaryoblastic leukemia (MKL) family, consists of
megakaryocytic acute leukemia/MKL1/myocardin-related
transcription factor-A/basic SAP and coiled-coil domain
(BSAC) and MKLZ/MRTF-B [7-11]. The ability of
MKIL1 to bind to G-actin through its RPXXXEL (RPEL)
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contrast to the inhibitory effect of MKL1met on dendritic
number, axonal length is not affected by overexpression
of any of the MKL1 isoforms. These findings suggest that
the subcellular localization of MKL1 isoforms, which is
mediated by the number of actin-binding RPEL motifs,
regulates their effect on SRF-mediated gene expression
and dendritic morphology. NeuroReport 25:585-592 ©
2014 Wolters Kluwer Health | Lippincott Williams & Wilkins.
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motifs plays a prominent role in restraining its transcrip-
tional activity. Conversely, actin rearrangement can lead
to its dissociation from G-actin allowing it to translocate
into the nucleus [12,13]. Accumulating evidence suggests
that MKL.1 and MKL2 are enriched in the brain [14] and
are deeply involved in regulating neuronal migration
and morphology [14,15]. Therefore, analyzing the expres-
sion and function of MKL family members in neurons might
provide novel insights into the impact of SRF-mediated
transcription on neuronal morphology and function.

Use of alternative 5'-exons and translation start sites on
the MKL1 gene gives rise to multiple MKL1 iso-
forms [8,12]. Previously, we identified several rat MKL1
transcripts, including full-length MKL1 (FLMKL1),
BSAC, and a novel isoform, MKL1-elongated derivative
of yield (MELODY), each of which uses a distinct
5’-exon [16]. These three transcripts are enriched in the
testis and brain and are differentially regulated during
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brain development [16]. The deduced exon-intron organ-
ization, domain structure, and different N-termini of rat
MKL1 transcripts are illustrated in supplementary HFg. 1
(Supplemental Digital Content 1, Aup://links.bww.com/WNR/
A275) [16]. Although the N-terminal regions just ahead of
the first RPEL motifs are different between BSAC and
MELODY, these two transcripts encode proteins that
contain three RPEL motifs (Supplementary Fig. 1B and C,
Supplemental Digital Content 1, Aup://links.tww.com/WNR/
A275) [16]. In contrast, two isoforms are generated from the
FLMKL1 transcript through the use of two alternative
translational start sites: the upstream site (CTG) yields the
FLLMKL1 isoform, which has three RPEL motifs, whereas
the downstream start site (ATG) yields MKL1met, which
contains only two RPEL motifs (Supplementary Fig. 1B and
C, Supplemental Digital Content 1, &zzp://links.fww.com/WNR/
A275) [12,16]. As RPEL motifs bind to G-actin, it is possible
that the number of RPEL motifs affect nucleocytoplasmic
localization or function of MKL1. In this study, we expressed
these four MKL1 isoforms in rat cortical neurons to compare
their subcellular localization and impact on SRF-mediated
transcription and neuronal morphology.

Materials and methods

Animals

Neurons of pregnant Sprague-Dawley rats used to
prepare primary neuronal cultures were purchased from
Sankyo Labo Service Corporation Inc. (Tokyo, Japan). All
experiments were carried out in accordance with the
guidelines of the Animal Care and Experimental Com-
mittee of the University of Toyama, Sugitani Campus.
The protocols were approved. Every effort was made to
minimize suffering, including anesthetizing with pento-
barbital (50 mg/kg, intraperitoneal injection).

Plasmids and antibodies

Construction of FLAG-tagged rat MKL1 vectors (FLAG-
FLMKL1, FLAG-BSAC, FLAG-MELODY, and FLAG-
MKL1met) has been described previously [16]. The
expression vector for enhanced green fluorescent protein
(GFP; pEGFP-C1) was purchased from Clontech (Mountain
View, California, USA). The SRF reporter vector, 3DA-Luc,
was generously supplied by Dr R. Tieisman (Cancer
Research Institute, London, UK) [12,17,18]. The CRE-
reporter vector, pCRE-Luc (CRE-Luc), and the SRE
reporter vector, pSRE-Luc (SRE-Luc), were purchased from
Stratagene (La Jolla, California, USA). An internal control
vector, RSV-Pgal vector, has been described previously [14].

The following antibodies were used at the indicated
dilutions: Alexa Fluor 488 or 594-conjugated anti-rabbit
IgG (Life Technologies, Carlsbad, California, USA,
A-11008 and A-11012, respectively; 1:1000) and Alexa
Fluor 488 or 594-conjugated anti-mouse IgG (Life Techno-
logies, A-11001 and A-11005, respectively; 1:1000)
produced in goats. The following rabbit polyclonal
antibodies were used: anti-GFP (Life 'Technologies,

A-11122 or Medical and Biological Laboratories, 598;
1:500 or 1:1000). The following mouse monoclonal
antibodies were used: anti-FLLAG (Sigma, St Louis,
Missouri, USA, F3165; 1:1000), anti-Tau-1 (Chemicon,
Temecula, California, USA, MAB3420; 1:1000), and anti-
MAP2 (Sigma, M4403; 1:1000).

Cell culture

Dissociated cortical cell cultures were prepared from rat
embryos at embryonic day 17 as described previously [14].
For reporter assays, cells were plated at 2 x 10° cells/well
in six-well plates coated with poly-D-lysine (Sigma). For
dendritic morphological assays, cells were seeded at a
density of ~7 x 10° cells/well onto 18-mm circular cover-
slips coated with poly-D-lysine that had been placed in
12-well plates. For measurement of axonal length, cells
were seceded onto coverslips as described above at a
density of ~3.0 x 10° cells/well.

Transfection into rat cortical neurons

For analyzing transcriptional activity, cellular localization,
and dendritic morphology, rat cortical neurons cultured for
7 days were transfected using the calcium phosphate
precipitation method as described previously [14]. Accord-
ing to our previous observation of the expression levels of
FILAG-tagged MKI1 isoforms in NIH3T3 cells [16], we
adjusted the amounts of the expression vectors used for
transfection of necuronal cultures (see figure legends
for specific amounts used for each of these plasmids). We
evaluated the expression levels by comparing band
intensities on western blotting and observed the same
expression levels when the ratio of the expression vectors
for transfection was empty vector : FLMKIL1 : BSAC : MEL-~
ODY:MKLImet=2:1:2:1:1.5 [16]. The transfection
efficiencies of all samples were equal, as the expression of
the internal control GFP, which was cotransfected with the
FLAG-tagged expression vector, was equal [16].

Immunostaining

The procedures used to process cortical cultures for
immunostaining have been described previously [14]. In
this experiment, fluoromount (Diagnostic BioSystems,
Pleasanton, California, USA) was used to mount cover-
slips containing cortical cultures onto microscope slides.

Localization of FLAG-tagged MKL1

After immunostaining, immunofluorescence images were
acquired using a Zeiss LSM700 confocal microscope
(Zeiss, Oberkochen, Germany). Thereafter, the fluores-
cence intensitics of FLAG-MKL1 isoforms in the
cytoplasm and the nucleus were measured using LSM
Software ZEN (Zeiss). The cytoplasmic signal was
captured as the FLAG-derived immunoreactivity in the
GFP-positive and 4',6-diamidino-2-phonylindole (DAPI)-
negative areas and the nuclear signal was captured as the
FLAG-derived immunoreactivity in the GFP and DAPI
double-positive areas. Twenty neurons were examined
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Cellular localization of rat MKL1 isoforms in cortical neurons. (a) Either the empty (empty: 2.0 pg/well), FLAG-tagged FLMKL1 (1.0 ug/well), BSAC
(2.0 pg/well), MELODY (1.0 pg/well), or MKL1met (1.5 pg/well) vector was cotransfected with the GFP vector (2.0 ug/well) into rat cortical neurons.
To equalize the total amount of vectors (4 pg total/well) used for transfection, the empty vector was added as needed. Cells were fixed 24 h after
transfection and stained with anti-GFP antibody (top row), anti-FLAG antibody (middle row), and DAPI (bottom row). Scale bar: 20 um. (b) The ratio
of nuclear/cytoplasmic localization of rat MKL1 isoforms under the experimental conditions shown in (a). Bar graphs represent the mean+SD from
three independent experiments (N=3). The average value for each experiment was based on evaluation of 20 neurons. The fluorescence intensities
of the nucleus and cytoplasm were measured using ZEN software (Zeiss). #*#Significance level of P<0.01 compared with FLMKL1. BSAC, basic,
SAP, and coiled-coil domain; DAPI, 4',6-diamidino-2-phonylindole; FLMKL1, full-length megakaryoblastic leukemia 1; GFP, green fluorescent protein;
MELODY, megakaryoblastic leukemia 1-elongated derivative of yield; MKL1met, megakaryoblastic leukemia 1 met.

in each of three independent experiments used for
statistical analyses.

Reporter assay

Transcriptional activity was monitored on the basis of
either firefly luciferase or B-galactosidase activity as
described previously [14]. In brief, cortical neurons,
grown on the six-well plates, were transfected with vectors
(4 pg/well) in the following ratios: reporter vector:
expression vector = 1:3 and firefly luciferase : B-galacto-
sidase =5:1. Cell lysates from cortical neurons were

prepared using Tropix lysis solution (Applied Biosystems,
Foster City, California, USA). Firefly luciferase and
B-galactosidase activities were measured by mixing the
cell lysates and substrates. The transcriptional activity
was calculated by dividing firefly luciferase activity by
B-galactosidase activity.

Morphological analysis

To monitor dendritic morphology of cortical neurons,
Sholl analysis was carried out for evaluating dendritic
complexity. Detailed procedures have been described
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previously [14]. For measurement of axonal length, a 500-
pl cell suspension of cortical neurons (5.0 x 10° cells),
freshly prepared from rat embryos, was used for electro-
poration-mediated transfection using the Amaxa Rat
Neuron Nucleofector Kit (Lonza, Allendale, New Jersey,
USA). FLAG-tagged MKL1 vectors were cotransfected
with the GFP vector into rat cortical neurons by
electroporation at 0 DIV. Immediately after transfection,
~4.0 x 10° cells in DMEM medium containing 10% fetal
calf serum with 100 pg/ml kanamycin sulfate were seeded
onto the poly-D-lysine-coated 18-mm circular coverslips,
onto which 3.0 x 10° cells were already preseeded (total
cell number: 7.0 x 10°cells) in 12-well plates. The
medium was changed to B27-containing neurobasal
medium 3h after transfection. Forty-eight hours later,
cells were fixed and stained with anti-GFP and anti-Tau-1
antibodies and DAPI. Image] software (National
Institute of Health, Bethesda, Maryland, USA) was used
for the measurement of axonal length by tracing Tau-1
and GFP double-positive processes from the cell body.

Statistical analysis

Statistical significance of treatment effects was analyzed
by one-way analysis of variance with the Tukey—Kramer
post-hoc test. The number of samples is provided in each
figure legend.

Results

Nuclear/cytoplasmic localization of rat MKL1 isoforms

To examine possible differences between the localization of
FLMKIL.1, BSAC, MELODY, and MKL1met, we compared

the nuclear and cytoplasmic localization of the MKIL1 iso-
forms in rat cortical neurons. FLAG-tagged MKL1 isoforms
were cotransfected into cortical neurons with a GFP
expression vector, and their nuclear and cytoplasmic
localization was quantified (Fig. 1a). As shown in Fig. 1b,
the ratio of nuclear/cytoplasmic localization was ~1.0 for
FLMKL1, BSAC, and MELODY isoforms, indicating that
comparable levels of these three isoforms were localized to
the cytoplasm and the nucleus (left three lanes 1-3). In
contrast, the ratio of nuclear/cytoplasmic localization of
MKLI1met was significantly higher than that of the other
MKI1 isoforms tested (Fig. 1b; lane 4, P < 0.01 compared
with FLMKI.1). Thus, the nuclear localization of MKL.1met
was the highest of all four isoforms.

SRF coactivator function of rat MKL1 isoforms

Next, we checked the SRF coactivator function of MKL1
isoforms in cortical neurons (Fg. 2a—c). To detect SRF
transcriptional activity, we used the 3DA-Luc reporter
vector, which has three SRF binding sites but is devoid
of ternary complex factor binding sites [12,17,18], and
the SRE reporter vector (5 x SRE-Luc), which has five
SRF binding sites. All four MKL1 isoforms increased SRF-
mediated transcriptional responses with MKL1met show-
ing a stronger effect than the other three isoforms in
cortical neurons (Fig. 2a and b; *P<0.05 vs. empty;
**P<0.01 vs. empty; 77P<0.01 vs. FLMKLI). In
contrast, all four MKL1 isoforms did not activate cAMP
response element-mediated transcription significantly in
cortical neurons (Fg. 2¢; P> 0.05).

Fig. 2
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Effects of MKL1 isoforms on SRF-mediated and CREB-mediated transcriptional responses in rat cortical neurons. (a—c) Either the empty (empty:
3.0 ug/well), FLAG-tagged FLMKL1 (1.5 pg/well), BSAC (3.0 pg/well), MELODY (1.5 pg/well), or MKL1met (2.25 pg/well) vector was cotransfected
with the firefly luciferase vector indicated [(a) 3DA-Luc, (b) 5 x SRE-Luc, (c) 4 x CRE-Luc, 1.0 pg/well] and the B-galactosidase reporter vector
RSV-Bgal (0.2 pg/well) into cortical neurons at 7 DIV. Forty-eight hours later, luciferase and B-galactosidase activities were measured. Bar graphs
represent the mean+SD [(a) N=4; (b) N=4; (c) N=3] from at least three to four samples. *P<0.05 (vs. empty), ** P<0.01 (vs. empty), #*#p<0.01
(vs. FLMKL1). BSAC, basic, SAP, and coiled-coil domaim; CRE, cAMP response element; CREB, cAMP response element-binding protein;
FLMKLI1, full-length megakaryoblastic leukemia 1; GFP, green fluorescent protein; MELODY, megakaryoblastic leukemia 1-elongated derivative of
yield; MKL1met, megakaryoblastic leukemia 1 met; SRE, serum response element.
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Dendritic morphology of cortical neurons expressing rat MKL1 isoforms. (a) Either the empty (Empty: 2.0 pg/well), FLAG-tagged FLMKL1

(1.0 pg/well), BSAC (2.0 ug/well), MELODY (1.0 ug/well), or MKL1met (1.5 pg/well) vector was cotransfected with the GFP vector (2.0 pg/well)
into rat cortical neurons at 7 DIV. To adjust the total amount of vectors (4 pg total/well) for transfection, the empty vector was added as needed. Forty-
eight hours later, cells were fixed for immunostaining. Images shown were first converted to gray scale and then transformed into negative images.
The images were adjusted as follows: brightness —70%. (b) Dendritic complexity analyzed under the experimental conditions shown in (a). Graphs
represent the meantSD from four independent experiments (N=4). In each experiment, a minimum of 20 neurons were monitored to obtain the
average value. (c) Statistical significance of Sholl analysis in (b). *P<0.05, **P<0.01. BSAC, basic, SAP, and coiled-coil domain; FLMKLT1,
full-length megakaryoblastic leukemia 1; GFP, green fluorescent protein; MELODY, megakaryoblastic leukemia 1-elongated derivative of yield;

MKL1met, megakaryoblastic leukemia 1 met.

Taken together, these findings suggest that the increased
ability of MKL1met to drive SRF-mediated transcription
may be because of its higher level of nuclear localization.

Neuronal morphology of cortical neurons expressing
rat MKL1 isoforms

Previous studies have shown that MKI1 affects neuronal
morphology [14,18]. Accordingly, we examined the effect
of rat MKL1 isoforms on the morphology of cortical

neurons. Cortical neurons were immunostained after
being cotransfected with expression vectors for GFP
and one of the FLAG-tagged MKL1 isoforms (Fig. 3). To
examine the effect of MKIL1 isoforms on dendritic
morphology, we carried out Sholl analysis (Fig. 3b).
Compared with the control, overexpression of FLMKIL.1,
BSAC, and MELODY had little effect on dendritic
number (Fig. 3b; P> 0.05). In contrast, MKL1met
decreased dendritic number (Fig. 3b and c; *P < 0.05
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BSAC (2.0 ug/well), MELODY (1.0 pg/well), or MKL1met (1.5 pg/well) vector was cotransfected with the GFP vector (2.0 ug/well) into rat cortical
neurons using electroporation at 0 DIV. To equalize the total amount of vectors (4 pg total/well) used for transfection, the empty vector was added as
needed. Imlmunostaining and morphological analysis are described in the Materials and methods section. Images shown here were converted to gray
scale and then adjusted as follows: brightness —40% and contrast —40%. (b) Axonal length analyzed under the experimental conditions shown
in (a). ImageJ software (National Institute of Health) was used for the measurement of axonal length by tracing Tau-1 and GFP double-positive
processes from the cell body. Graphs represent the mean+SD from three independent experiments (N=3). At least 20 neurons were measured in
each experiment. BSAC, basic, SAP, and coiled-coil domain; FLMKL1, full-length megakaryoblastic leukemia 1; GFP, green fluorescent protein;
MELODY, megakaryoblastic leukemia 1-elongated derivative of yield; MKL1met, megakaryoblastic leukemia 1 met.
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vs. empty at 100, 120, 200 um; *P < 0.05 vs. FLMKLI1 at
60, 80pm; *P<0.05 vs. BSAC at 80, 100, 200 pm;
*P < 0.01 vs. empty at 60, 80 pm; *P < 0.01 vs. FLMKL.1
at 100 pm). We also confirmed that mouse MKL1met
exerted similar effects on dendritic number following
transfection of rat cortical neurons (data not shown). In
contrast, we found that none of the four MKL1 isoforms
affected axonal length of cortical neurons significantly
(Fig. 4a and b; P> 0.05). Taken together, these findings
suggest that the most prominent effects of MKLI1
isoforms on neuronal morphology are shown by the
MKL1met isoform, which selectively affects dendritic
morphology.

Discussion

By comparing the localization and function of rat MKL1
isoforms in cultured cortical neurons, we have found that
MKL1met differs from the other three isoforms in three
ways: increased nuclear localization (Fig. 1), enhanced
SRF coactivation (Fig. 2), and reduced dendritic com-
plexity (Fig. 3). As a prominent difference between
MKL1 met and the other isoforms is that it contains one
less RPEL motif, it is tempting to suggest that the
selective effects of MKL1met are due to the reduced
number of RPEL motifs. Five G-actin monomers are
thought to bind to three RPEL motifs in MKL1 [19].
Therefore, the number of G-actin subunits bound to
MKLImet may be lesser than that bound to FLMKLI,
BSAC, and MELODY. As free MKL1, released from
G-actin, has been shown to be able to translocate into the
nucleus in several cell types, it is reasonable to infer that
because MKL1met would be bound to fewer G-actin
molecules, it may move into the nucleus more readily
than the other three MKL1 isoforms in cortical neurons.
G-actin also affects the nuclear export and SRF
coactivator function of MKL1; interaction of MKL1 with
G-actin promotes nuclear export of the complex and
G-actin-bound MKL1 is inactive in the nucleus [20].
Thus, the reduced number of RPEL motifs in MKL1met
may increase its SRF coactivator function by reducing the
suppressive effects of G-actin and increasing its localiza-
tion in the nucleus. It would be interesting to test in
future studies the prediction that deletion of RPEL
motifs from BSAC or MELODY would increase nuclear
localization and SRF-mediated transcription, as well as
decrease dendritic number.

Overexpression of MKLlmet reduced the dendritic
complexity of cortical neurons (Fig. 3). In contrast, over-
expression of MKLZ in cortical neurons increased dendritic
complexity [14]. Although overexpression studies indicate
that both MKL1met and MKL2 act as SRF coactivators
(Ishikawa and colleagues [14,16] and this study), para-
doxically, they have opposite effects on dendritic morpho-
logy. Taken together, these findings suggest that MKL1-
and MKL.2- target different genes that play opposite roles
in dendritic morphology. However, RNAi-mediated MKL1

Role of rat MKL1 isoforms in cortical neurons Ishikawa et al. 591

and MKL2 knockdown showed the same morphological
change, that is, a reduction in dendritic complexity of
cortical neurons [14]. Analysis of MKL1/MKL2 double-
knockout mice also showed that MKIL.1 and MKLZ play
redundant roles in neuronal migration and neurite out-
growth [15]. To investigate whether MKLL1 and MKL2 play
differential or redundant roles in brain function, identifica-
tion of the target genes of MKL.1 and/or MKL.Z in neurons
would likely be helpful.

In summary, we examined the cellular localization and
function of rat MKL1 isoforms in neurons and found that
MKL1met, which has fewer RPEL motifs than the other
three isoforms, shows increased nuclear localization and
SRF coactivator function. Further, this isoform reduces
dendritic complexity, whereas the other isoforms did not
affect this aspect of neuronal morphology. Our previous
study reported that rat MKL1 transcripts show differential
patterns of expression in the developing and the mature
brain [16]. Further studies are warranted to assess whether
different MKL1 isoforms influence the expression of
different genes. Taken together, these studies suggest that
the varying patterns of expression of multiple MKIL1
isoforms with distinctive functional properties contribute
to the rich heterogeneity in neuronal morphology found in
the developing and the adult brain.
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