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Biochemical analyses. Mice (body weight, approximately 20 g) were injected
with following agonists: LIF (1 x 10* U), NRG-1 (5 ug), HB-EGF (S ug),
EGF (S ug), FGF2 (2 ug), IGF-1 (5 ug), HGF (2 ug), PDGF-BB (S ug), and
erythropoietin (600 IU). Briefly, mice anesthetized by avertin were injected
i.v. via the inferior vena cava with various growth factors and cytokines dis-
solved in 100 ul of normal saline. The hearts were isolated S minutes after
injection and washed with ice-cold 4°C PBS. After removing both atria, the
ventricles were snap-frozen in liquid nitrogen. The ventricles were homog-
enized in lysis buffer containing SO mM HEPES, 100 mM sodium fluoride,
2 mM sodium orthovanadate, 4 mM EDTA, 1% Tween-20,0.1% SDS, and a
protease inhibitor cocktail Complete (Roche Applied Science) using a poly-
tron homogenizer as described previously (50). The lysates were cleared by
centrifugation at 17,000 g for 30 minutes. Protein concentration was mea-
sured with BCA protein assay kit (Pierce). Lysates of cultured cells were pre-
pared essentially as described previously (13). After stimulation, cells were
immediately lysed in ice-cold lysis buffer (20 mM Tris-HCI (pH 7.4), 150
mM NaCl, 1% NP-40, 1 mM sodium vanadate, 1 mM dithiothreitol, and a
protease inhibitor cocktail Complete). The cleared lysates were subjected to
IP and IB following standard procedures as described previously (13).

Creation of a conditional Gabl mutant allele. Genomic DNA fragments of
Gabl were isolated from a A-FixII 129/Sv mouse strain genomic library, and
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Figure 8

Gab1 and Gab2 are required for the
NRG-1p-induced Ang1 upregulation and
endothelial stabilization in the heart. (A)
RNAs from the ventricles of control and
DKO mice (n = 3 per group) were prepared
8 hours after injection with NRG-1p or
vehicle. This preparation was performed
twice. We used pooled RNAs from 3 mice
and performed Affymetrix DNA microarrays
independently 2 times (indicated as 1st
and 2nd). Cluster analysis was performed
of upregulated (red) and downregulated
(green) genes in NRG-1p—treated control
and DKO mice. Color intensity is relative
to the median (black). (B) Northern blot
analysis demonstrated the upregulation of
Ang1 mRNA in the hearts of control mice
but not in those of DKO mice following
injection with NRG-1p (n = 3 per group).
GAPDH mRNA was checked for gel load-
ing. (C) Quantitative analysis of Ang1
mRNA (normalized to GAPDH mRNA)
(n = 3 per group; **P < 0.01 between the
indicated groups). (D and E) Ang1 expres-
sion was upregulated in cardiomyocytes
but not in noncardiomyocytes after stimula-
tion with NRG-1p. (F) Quantitative analy-
sis of Ang7 mRNA normalized to GAPDH

- + - +
Control _DKO mRNA (n =4; **P < 0.01). (G) Cryosections
of the hearts from control and DKO mice

H . were immunostained with anti-CD31 Ab.
G Representative results are shown. Scale
g bars: 50 um. (H) Capillary densities were
& 2000 counted from the number of capillaries per
»% square millimeter. **P < 0.01.
S 1000
O

0
Control DKO

a targeting construct was engineered using a triple-loxP system (provided by
W. Reith, Department of Pathology and Immunology, University of Geneva
Medical School, Geneva, Switzerland). We flanked exon 2, which encodes
part of pleckstrin homology domain with 2 loxP sites (which codes for
amino acids 25-123). The linearized construct DNA was introduced into
R1 embryonic stem cells by electroporation. G418-resistant cell colonies
were screened for homologous recombination by PCR, as reconfirmed by
Southern blot analysis. Embryonic stem cell clones with a loxP-floxed exon 2
(Gab1f*¥) without the TK-neo cassette were obtained by transient transfec-
tion with a pCre-Pac (provided by T. Yagi, Osaka University) (51). The engi-
neered embryonic stem cells were injected into C57BL/6] blastocysts.
Generation of GablCKO and DKO mice. Gab1fo~ allele was generated in
129/Sv-CS7BL/6] mixed background. The transgenic mice expressing Cre
recombinase under the control of a-MHC promoter in C57BL/6] back-
ground (a-MHC-Cre mice) were generated as previously reported (35).
Gab1fex/fle mice were crossed with a-MHC-Cre mice to generate GablCKO
mice (Gab1fo/flxGab2*/*a-MHC-Cre(+)). We had also previously created
Gab2KO mice and reported that these mice are viable and display defects
in mast cells (9, 11). We further crossed Gab1 CKO mice with Gab2KO mice
to create DKO mice (Gab1e¥/flexGab2-/-0-MHC-Cre(+)). PCR primers used
for mouse genotyping are listed in the supplemental information. All mice
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July 2007 1779



Endocardial or capillary endothelium
Endothelial stabilization
s g

T s e
i

58473
Maintenance of | Gah1/Gab2 | |
cardiac function 3 ERKJAKT |
Angl 1=zl

{TSP1, EphAd4 |

Myocardium

Figure 9

Schematic illustration of the roles of Gab family proteins in the myo-
cardium. NRG-1p shed from the endocardial or capillary endothelium
in the heart activates ErbB receptors on the myocardium, resulting
in tyrosine phosphorylation of Gab family proteins and subsequent
activation of ERK and AKT. NRG-1p/ErbB-Gab1/Gab2 signaling in
the myocardium is directly required for postnatal maintenance of myo-
cardial function. In addition, NRG-1p/ErbB-Gab1/Gab2 signaling indi-
rectly contributes to postnatal stabilization of capillary or endocardial
endothelium, possibly through Ang1 upregulation (dotted line).

were maintained on a 129/Sv-C57BL/6] mixed background. We housed
all animals in a virus-free facility on a 12-hour light/12-hour dark cycle
and fed them a standard mouse food. Animal experiments were approved
by the National Cardiovascular Center Research Committee and were pet-
formed according to the institutional guidelines.

Histological analyses. Hearts from mice at indicated ages (see Results and
Figure 3 legend) were fixed with 10% neutralized formalin, embedded in
paraffin, and sectioned at 4 um thickness. Masson trichrome and elas-
tica van Gieson staining were performed on serial sections. To examine
the capillary density, hearts of 4- to 6-week-old mice were fixed with 4%
paraformaldehyde, cryoprotected with 20% sucrose, and frozen in OCT
compound (Sakura). Cryosections (10 um) were stained with rat mono-
clonal anti-CD31 Ab and FITC-conjugated secondary Ab. Paraffin sec-
tions of hearts from 4- to 6-week-old mice were immunostained with
anti-vWF or anti-a-SMA Ab from the EnVision+ Kit (Dako) according
to the manufacturer’s instructions.

Physiological analyses. For echocardiography, male mice at the indicated
ages were anesthetized with 2.5% avertin (Wako; 15 ul/g body weight).
Echocardiography was performed using a Hewlett Packard Sonos 5500
Echocardiography System and a 15-MHz linear transducer. Ventricular
dimensions were measured on M-mode images at least 3 times for each
group of mice. For hemodynamic measurements, 12-week-old male mice
were anesthetized with i.p. injection of urethane (750 mg/kg) and a-chlo-
ralose (50 mg/kg) dissolved in normal saline (52). The right common
carotid artery was exposed via the midline incision. To allow the use of a
physiologic closed-chest preparation, the LV was catheterized retrogradely
from the carotid artery using a high-fidelity pressure transducer cathe-
ter (1.4 French; Millar Instruments) (53). The LV pressure was digitized,
stored on the hard disk of a dedicated laboratory computer system, and
analyzed with custom software.

Northern blot analysis. The probes for ANP, a-SKA, and GAPDH were
kindly donated by K.R. Chien (Massachusetts General Hospital, Bos-
ton, Massachusetts, USA). Total RNA was prepared by TRIZOL reagent
(Invitrogen) according to the manufacturer’s instructions. RNAs from
the ventricles of mouse hearts and cultured cardiomyocytes were sub-
jected to Northern blot analyses against a panel of cDNA probes indi-
cated in Results and the legends for Figures 6 and 8. Hybridization was
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performed using Quikhyb (Stratagene). Quantitative data were collected
after normalizing the results to GAPDH.

Gene expression profiling using Affymetrix DNA microarrays. Gene expres-
sion in cardiac ventricular tissue was analyzed by Affymetrix microarray
hybridization. Control and DKO male mice at 6 weeks of age were injected
with 5 ug of NRG-1p or vehicle (normal saline) via tail vein. The ventricles
were isolated at 8 hours after injection and subjected to extraction of total
RNA using TRIzoL reagent. We pooled total RNA from 3 mouse ventricles
for each group and subjected to the microarray hybridization as described
previously (54). Preparation of cRNA and hybridization of probe on arrays
were performed according to the manufacturer’s instructions (Affymetrix).
Each array experiment was performed in duplicate. FileMaker Pro 8.0 soft-
ware was used to analyze genes that demonstrated identical patterns in
2 independent microarray experiments. Data were analyzed according to
the minimum information about a microarray experiment (MIAME) rule.
Annotation of the probe numbers and targeted sequences are shown on the
Affymetrix website (https://www.affymetrix.com/site/login/login.affx).

Statistics. All data are expressed as mean + SEM. Differences among mul-
tiple groups were compared by 1-way ANOVA followed by a post-hoc com-
parison using Scheffe’s method. The 2-tailed Student’s ¢ test was used to
analyze differences berween 2 groups. P < 0.05 was considered statistically
significant. Survival curves were generated using Kaplan-Meier method,
and significance was evaluated using the log-rank test.
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R-Ras is a Ras-family small GTPase that regulates various cellular functions such as apoptosis and cell adhesion. Here,
we demonstrate a role of R-Ras in exocytosis. By the use of specific anti-R-Ras antibody, we found that R-Ras was enriched
on both early and recycling endosomes in a wide range of cell lines. Using a fluorescence resonance energy transfer-based
probe for R-Ras activity, R-Ras activity was found to be higher on endosomes than on the plasma membrane. This high
R-Ras activity on the endosomes correlated with the accumulation of an R-Ras effector, the Rgl2/RIf guanine nucleotide
exchange factor for RalA, and also with high RalA activity. The essential role played by R-Ras in inducing high levels of
RalA activity on the endosomes was evidenced by the short hairpin RNA (shRNA)-mediated suppression of R-Ras and
by the expression of R-Ras GAP. In agreement with the reported role of RalA in exocytosis, the shRNA of either R-Ras
or RalA was found to suppress calcium-triggered exocytosis in PC12 pheochromocytoma cells. These data revealed that

R-Ras activates RalA on endosomes and that it thereby positively regulates exocytosis.

INTRODUCTION

R-Ras is a Ras-family GTPase and its amino acid sequence is
55% identical to those of the classical types of Ras (H-, K-,
N-Ras, collectively referred to hereafter as “Ras”) (Lowe et
al., 1987). As is the case with the other Ras-family GTPases,
R-Ras is regulated primarily by two classes of protein, gua-
nine nucleotide exchange factor (GEF) and GTPase-activat-
ing protein (GAP). Reflecting the high sequence similarity
among Ras-family GTPases, many GEFs and GAPs for R-Ras
catalyze other Ras-family GTPases as well (Ohba et al., 2000).
Furthermore, R-Ras is known to interact with many effectors
of Ras, such as Raf-1, Ral GEFs, and the p110a subunit of
phosphoinositide 3-kinase (PI3K) (Rey et al., 1994; Spaargaren
and Bischoff, 1994; Spaargaren et al., 1994; Marte et al., 1997).
Despite this redundancy between R-Ras and Ras, R-Ras

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E06-08-0765)
on March 7, 2007.
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exhibits various properties that are distinct from those of
Ras. For example, R-Ras preferentially activates Ral GEFs
and PI3K, but it does not activate Raf (Huff ef al., 1997;
Rodriguez-Viciana et al., 2004). The transforming activity of
constitutively active R-Ras is substantially less potent than
that of the constitutively active Ras (Cox et al., 1994), al-
though it should be noted that a recent report has suggested
the involvement of R-Ras in human gastric cancer (Nishigaki
et al., 2005). Meanwhile, R-Ras is known to regulate cell
adhesion, cell spreading, and phagocytosis through the ac-
tivation of integrin (Zhang et al., 1996; Keely et al., 1999;
Berrier et al., 2000; Self et al., 2001). R-Ras-null mice have
recently been shown to exhibit excessive vascular responses,
in spite of the fact that they are otherwise normal (Komatsu
and Ruoslahti, 2005). This phenotype seems to reflect higher
levels of expression of R-Ras in smooth muscle cells, includ-
ing blood vessel cells. The results obtained with R-Ras-null
mice have also demonstrated that an R-Ras defect can be
almost entirely compensated for by other gene products.
Ral GEFs, effectors of Ras-family GTPases, are activators
of the two Ral proteins, RalA and RalB, which are also
Ras-family GTPases (Wolthuis and Bos, 1999; Quilliam et al.,
2002; Rodriguez-Viciana ef al., 2004). It has been suggested
that this Ral GEFs-Ral pathway is more important in the
Ras-dependent oncogenesis of human cells than are other
Ras-dependent pathways, such as those involving Raf and
PI3K (Hamad et al., 2002; Rangarajan ef al., 2004; Lim et al.,
2005; Gonzalez-Garcia et al., 2005). The activated Ral then
binds to various Ral-binding proteins and thereby regulates
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various cellular functions (Feig, 2003). The characterization
of such Ral effector proteins has suggested that Ral may be
involved in vesicular trafficking. For example, the Ral-bind-
ing protein RalBP1 is thought to regulate endocytosis, sug-
gesting the involvement of Ral in endocytosis (Nakashima et
al., 1999). Ral may also regulate exocytosis, because Ral
binds to two components of the exocyst complex, Sec5 and
Ex084 (Moskalenko et al., 2002, 2003).

The exocyst complex was originally identified by genetic
and biochemical studies as a cluster of molecules required
for exocytosis in budding yeast, and it was later character-
ized in a wide range of eukaryotes. The exocyst complex
consists of eight subunits: Sec3, Sec5, Sec6, Sec8, Secl0,
Secl5, Exo70, and Exo84 (Lipschutz and Mostov, 2002).
These proteins are primarily involved in the tethering
and/or docking process of trafficking vesicles, which occurs
before the fusion process (Finger et al., 1998; Tsuboi et al.,
2005). Due to their fundamental role in exocytosis, any mal-
function of the proteins in the exocyst complex can disrupt
various cellular events, such as the basolateral transport of
vesicles in polarized epithelial cells, neurite outgrowth in
PC12 cells, paraxial mesoderm formation in mice, and secre-
tory vesicle-mediated abscission in Drosophila (Friedrich et
al., 1997; Grindstaff ef al., 1998; Vega and Hsu, 2001; Murthy
et al., 2003; Gromley et al., 2005).

To gain a better understanding of the function of R-Ras
and its potential role in Ral-mediated exocytosis, it will be
essential to elucidate not only the subcellular localization
but also the activity change of these proteins. Thus, we
developed specific anti-R-Ras sera and a probe for R-Ras
activity based on the principle of fluorescence resonance
energy transfer (FRET), a technique that has been shown to
be extremely useful for the spatiotemporal analysis of small
GTPases (Kurokawa et al., 2004b). Using these tools, we
found that endogenous R-Ras is enriched and activated at
endosomes and that these R-Ras proteins promote exocyto-
sis by activating RalA.

MATERIALS AND METHODS

Probes Based on FRET

ERET probes for R-Ras, designated as Raichu-R-Ras, were prepared essen-
tially as described previously (Mochizuki ef al., 2001; Takaya ef al., 2004). From
the amino terminus, Raichu-R-Ras consisted of a modified yellow fluorescent
protein (YFP) designated as “Venus” (Nagai et al., 2002) {(amino acids [aa]
1-239), a spacer (Leu-Asp), human R-Ras (aa 1-199), a 17-amino acid-spacer
(Gly-Gly-Gly-Thr-Gly-Gly-Gly-Gly-Gly-Ser-Gly-Gly-Thr-Gly-Gly-Gly-Thr), the Ras-
binding domain of RalGDS (aa 785-871), a spacer (Gly-Gly-Arg), a mod-
ified cyan fluorescent protein (CFP) designated as “"SECFP” (Lys*’Arg,
Asp!30Ala, Asn'6>His, Ser'76Gly) (aa 1-237), a spacer (Gly-Arg-Ser-Arg), and
the carboxy-terminal region of R-Ras (aa 195-218) (Figure 1A). The character-
ization of Raichu R-Ras was performed as described previously (Takaya et al.,
2004).

Plasmids

PCXN2-mCFP, pCXN2-mRFP, and pCXN2-mCherry are expression vectors
encoding a monomeric SECFP (Zacharias ef al., 2002), a monomeric red
fluorescent protein (RFP) (Kurokawa et al., 2004a), and mCherry, respectively.
c¢DNA of mCherry was provided by R. Y. Tsien (University of California at
San Diego). The pERedNLS and pERedMito expression vectors contain an
internal ribosomal site followed by the cDNAs of DsRed-Express (Clontech,
Mountain View, CA) with nuclear and mitochondrial localization signals,
respectively (Aoki et al,, 2005). pCXN2-5Myc and pCXIN2-Flag are mamma-
lian expression vectors containing Myc and Flag epitope tags, respectively.
¢DNAs of RalBP1 and Rgl were provided by A. Kikuchi (Hiroshima Univer-
sity, Hiroshima, Japan). cDNA of p110a and p85a were obtained from Y.
Fukui (University of Tokyo, Tokyo, Japan), and cDNA of Rab5A was obtained
from Y. Takai (Osaka University, Osaka, Japan). Rap1B ¢DNA was provided
by N. Minato (Kyoto University, Kyoto, Japan). The cDNAs of K-Ras and
N-Ras were obtained from L. A. Feig (Tufts University, Boston, MA). cDNAs
of Rab7, Rabl1A, and RalB were purchased from Guthrie cDNA Resource
Center (Sayre, PA). pAcGFP1-Endo was purchased from Clontech. pVenus-
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N1-NPY was obtained from A, Miyawaki (The Brain Science Institute, RIKEN,
Wako-shi, Japan) (Nagai et al., 2002). pHA-EYFP-GH1 has been described
previously (Matsuno ef al., 2005). pCXN2-Flag-CalDAG-GEFII, pCXN2-Flag-
CalDAG-GEFII, pCXN2-Flag-R-RasGAP, pCAGGS-Flag-p120RasGAP, pCXN2-
Flag-raplGAP1B, pCAGGS-RasGRF, pCAGGS-mSosl, and pEF-BOS-myc-Gapl™
have been described previously (Yamamoto ef al., 1995; Gotoh et al., 1997; Ohba et al.,
2000). pCXN2-5Myc-R-RastRNAi (RNA interference-resistant clone) encodes a R-
Ras mutant resistant to the short hairpin RNA (shRNA) vector. For the preparation
of the glutathione S-transferase (GST) fusion proteins, cDNAs were subcloned into
pGEX vectors and recombinant proteins were prepared according to the manu-
facturer’s protocol (GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom).

Cells, Antibodies, and Reagents

293T cells were obtained from B. J. Mayer (University of Connecticut, Storrs, CT).
The line of Cos7 cells used in this study was Cos7/E3, a subclone of Cos7 cells
established by Y. Fukui. The PC12 cells were obtained from S. Kuroda (Univer-
sity of Tokyo). Hela and Madin-Darby canine kidney (MDCK) cells were pur-
chased from the Human Science Research Resources Bank (Sennan-shi, Osaka,
Japan). The GH3 cells used here have been described previously (Matsuno et al.,
2005). The PC12 cells were maintained in DMEM (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal calf serum and 5% horse serum. GH3 cells were
cultured in Ham’s F-10 (Sigma-Aldrich) supplemented with 15% horse serum
and 2.5% fetal calf serum. Other cells were maintained in DMEM supplemented
with 10% fetal calf serum. GH3 cells stably expressing R-Ras were prepared
essentially as described previously (Akagi et al., 2003). Anti-green fluorescent
protein (GFP) rabbit serum was prepared in our laboratory. Anti-RalA and
anti-RalB were purchased from BD Biosciences (San Jose, CA). Anti-FLAG M2
and tetradecanoyl phorbol-13-acetate (TPA) was purchased from Sigma-Aldrich.
Anti-Myc 9E10 was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-GFP antibody was also purchased from Takara Bio (Otsu, Japan). Anti-Akt,
anti-phospho Akt (Thr308), anti-phospho-mitogen-activated protein kinase ki-
nase (MEK) 1/2 (Ser217/221), and anti-R-Ras were purchased from Cell Signal-
ing Technology (Beverly, MA). Alexa 488 anti-rabbit immunoglobulin G (IgG),
Alexa 488 anti-rat 1gG, and Alexa 568 anti-mouse IgG were purchased from
Invitrogen (San Diego, CA). To generate anti-R-Ras sera, three rabbits were
injected with GST-R-Ras.

RNA Interference

Synthetic siRNAs against R-Ras and Ral proteins were prepared as described
previously (Oinuma et al., 2004; Wozniak et al., 2005). siRNAs were trans-
fected using Oligofectamine or Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. pSuper.retro.puro vector (OligoEngine, Seat-
tle, WA) was used for short hairpin RNA. The shRNA sequences for rat R-Ras
and RalA have been described previously (Oinuma et al., 2004; Vitale ef al.,
2005), and the sequence for rat RalB was 5'-GCCGACAGTTACAGAAAGA-
3'. After transfection, the cells were incubated for at least 48 h before analysis.

Bos’ Pull-Down Assay

Bos’ pull-down assay for Ral proteins was performed essentially as described
previously (Takaya et al., 2004). Briefly, the cells were lysed in Ral buffer (50
mM Tris-HCl, pH 7.5, 200 mM NaCl, 2.5 mM MgCl,, 1% NP-40, 10% glycerol,
1 mM Na;VO,, 1 mM phenylmethylsulfunyl fluoride, 10 ug/ml aprotinin,
and 10 pg/ml leupeptin) and were clarified by centrifugation. The superna-
tant was incubated with GST-Sec5-RBD or GST-RalBP1-RBD for 30 min at
4°C. The resulting complexes of Ral-GTP and GST fusion proteins were
incubated with glutathione-Sepharose beads (GE Healthcare) for 1 h at 4°C,
and after the bound proteins and cell lysates had been separated by SDS-
polyacrylamide gel electrophoresis (PAGE), immunoblotting with anti-RalA
or anti-RalB antibody was carried out. Bound antibodies were detected by an
ECL chemiluminescence detection system (GE Healthcare), and binding was
quantified with the aid of an LAS-1000 image analyzer (Fuji-Film, Tokyo,
Japan). The pull-down assay for Ras, Rapl, and R-Ras was performed essen-
tially as described above except for the use of GST-RalGDS-RBD.

Immunoprecipitation

Transfected Cos? cells were harvested in ice-cold lysis buffer (50 mM Tris-HCl
pH 7.5, 200 mM NaCl, 2.5 mM MgCl,, 1% NP-40, 0.5% sodium deoxycholate,
10% glycerol, 1 mM Na;VO,, 1 mM phenylmethylsulfuny! fluoride, 10 pg/ml
aprotinin, and 10 pg/ml leupeptin). Anti-Myc antibody, GFP antiserum, or
R-Ras antiserum was added to the cleared lysates. After the lysates were
subjected to 1 h of rotation at 4°C with protein G-Sepharose or protein
A-Sepharose (GE Healthcare), the beads were washed and boiled in sample
buffer. The bound proteins were then subjected to immunoblot analysis.

Immunohistochemistry and Immunogold Electron
Microscopy

Formalin-fixed, paraffin-embedded sections were deparaffinized with xylenes
and rehydrated with ethanol. The sections were treated with normal goat
serum and 1% H,O, to quench endogenous peroxidase activity, and then they
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were incubated with primary antibody overnight at 4°C. After incubation of
the sections with the biotinylated secondary antibody, immunopositive sig-
nals were visualized using 3,3'-diaminobenzidine tetrahydrochloride as a
chromogen. For immunogold electron microscopy, the cells were fixed with
4% paraformaldehyde, 0.35% glutaraldehyde, and 0.2% picric acid at 4°C for
1.5 h, followed by fixation with 4% paraformaldehyde and 0.2% picric acid
overnight at 4°C. After being washed with phosphate-buffered saline (PBS),
the cells were dehydrated with ethanol and embedded in Lowicryl KdM
(Polysciences; Tokyo, Japan). Ultrathin sections were placed on nickel grids
and were immersed in a target retrieval solution (Dako Denmark, Glostrup,
Denmark). Then, the samples were exposed to microwave radiation for 20
min, after which they were washed with distilled water. The grids were
incubated with anti-R-Ras or preimmune rabbit serum at room temperature
for 2 h, and then they were incubated for 1 h with anti-rabbit IgG labeled with
10-nm gold particles (GE Healthcare). After being washed and dried, the
sections were stained with both uranyl acetate and lead citrate; the sections
were then examined with a Hitachi H-800 transmission electron microscope
(Hitachi High-Technologies, Tokyo, Japan). In some experiments, MDCK cells
expressing an endosomal marker protein, AcGFP-Endo, were used for the
analysis. Cells were double stained with anti-R-Ras rabbit serum and anti-
GFP mouse monoclonal antibody (mAb) JL-8, which were detected with
anti-rabbit IgG labeled with 5-nm gold particles and anti-mouse IgG labeled
with 10-nm gold particles, respectively. As a control, anti-R-Ras rabbit serum
preadsorbed to GST-R-Ras, preimmune rabbit serum, nonspecific rabbit IgG,
or nonspecific mouse IgG was also used.

Immunocytochemistry

To stain the endogenous R-Ras protein, MDCK cells were fixed with 3.7%
formaldehyde and then subjected to refixation with methanol at —20°C and
permeabilization with 0.2% Triton X-100, followed by incubation in PBS
containing 3% bovine serum albumin (BSA) and 0.02% Triton X-100 for 1 h. In
some experiments, MDCK cells were fixed with 4% paraformaldehyde, im-
mediately followed by permeabilization with 0.01% Triton X-100 for 1 min
and incubation with 2% BSA in 50 mM NH,Cl-containing PBS. These fixed
cells were incubated for 1 h at room temperature with anti R-Ras rabbit
serum, washed with PBS, and then incubated for 30 min at room temperature
with Alexa 488 anti-rabbit IgG. For the 3HA-tag and 5Myc-tag staining, Cos7
cells were fixed with 3% paraformaldehyde and subjected to permeabilization
and staining as described above. Alexa 488 anti-rat IgG and Alexa 568
anti-mouse IgG were used to detect anti-hemagglutinin (HA) and anti-Myc,
respectively. After being washed, the cells were imaged with an FV-500
confocal microscope equipped with an argon laser and with an HeNe laser
microscope (Olympus, Tokyo, Japan). Twenty-five XY images scanned from
the bottom to the top of the cells were obtained to prepare stacked images of
XY and XZ sections.

Imaging of R-Ras and RalA Activity in Living Cells

R-Ras and RalA activity was visualized with Raichu-R-Ras or Raichu-RalA
essentially as described previously (Mochizuki et al., 2001; Takaya ef al., 2004).
Expression plasmids were transfected into Cos7 cells by Polyfect (QIAGEN,
Valencia, CA) or 293fectin (Invitrogen). More than 36 h after transfection, the
cells were imaged with an Olympus IX70 inverted microscope equipped with
an image splitter, Dual-View (Optical Insights, Santa Fe, NM) and an EMCCD
camera, iXon DV887 (Andor Technology, Belfast, United Kingdom), and the
imaging process was controlled by MetaMorph software (Molecular Devices,
Sunnyvale, CA). In some experiments, cells were imaged with an Olympus
1X81 inverted microscope equipped with a laser-based autofocusing system,
IX2-ZDC, and an automatically programmable XY stage, MD-XY30100T-
Meta, which allowed us to obtain the time-lapse images of several view fields
in a single experiment. For dual-emission ratio imaging of the Raichu probes,
we used previously described filter sets (Takaya et al., 2004), and we obtained
images for CFP and FRET. After background subtraction was carried out, the
FRET/CFP ratio was depicted using MetaMorph software, and this image
was used to represent FRET efficiency. Confocal FRET images were obtained
by an IX51 upright fluorescence microscope (Olympus) equipped with a
CSU-10 spinning Nipkow disk confocal unit (Yokogawa, Tokyo, Japan), a
W-view (Hamamatsu Photonics, Hamamatsu, Japan), and a diode-pumped
solid state 430-nm laser (Melles Griot, Carlsbad, CA).

Exocytosis Assay

The exocytosis assay was carried out using Venus-tagged neuropeptide Y
(NPY) as described previously (Nagai ef al., 2002). pVenus-N1-NPY or pHA-
EYFP-GH1 with or without additional expression vectors was transfected into
PC12 cells or GH3 cells with Lipofectamine 2000 (Invitrogen). Sixty hours
after transfection, the cells were washed in a low-potassium saline solution
(145 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose,
and 15 mM HEPES, pH 7.4). Then, the medium was exchanged for a high-
potassium saline medium (95 mM NaCl, 56 mM KCl, 2.2 mM CaCl,, 0.5 mM
MgCl,, 5.6 mM glucose, and 15 mM HEPES, pH 7.4) to depolarize the cells.
After 20 min in the case of the PC12 cells or 10 min in the case of the GH3 cells,
cell-free supernatants were collected and were stored as the secreted fraction.
Cells remaining on the culture dishes were lysed in PBS containing 1% Triton
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X-100, and they were cleared by centrifugation to obtain the nonsecreted
fraction. The fluorescence of NPY-Venus or EYFP-GH recovered in each
fraction was measured by a FluoroSkan II fluorescence microplate reader
(Global Medical Instrumentation, Ramsey, MN).

Online Supplemental Material

Time-lapse FRET images of Supplemental Figure S3] and Figure 3B are
compiled into QuickTime videos available as supplemental material. Movie 1
shows Cos7 cells transfected with pRaichu-R-Ras and stimulated with TPA as
described in the legend to Supplemental Figure S3K. Movie 2 shows Cos7
cells transfected with pRaichu-R-Ras as described in the legend to Figure 2B.
Images were acquired every 30 s, and the video is displayed at 15 frames per
second. Supplemental Figures 1-6 show characterization of anti-R-Ras serum,
images of colocalization studies, basic property of Raichu-R-Ras probe, and
results of coimmunoprecipitation studies.

RESULTS

Tissue Distribution of Endogenous R-Ras

One of the reasons why the biological function of R-Ras
remains elusive may be the lack of information concerning
its tissue distribution and subcellular localization, which in
turn is likely due to the lack of a specific antiserum. There-
fore, we developed high-affinity anti-R-Ras sera that could
be used for immunohistochemistry. One of the antisera was
found to specifically recognize the endogenous R-Ras pro-
tein by immunoblotting analysis (Supplemental Figure S1).
The obtained anti-R-Ras serum was used for immunohisto-
chemical analyses. We found that R-Ras accumulated at
high levels in the cytoplasm of smooth muscle cells, includ-
ing those in the intestine and blood vessels, as has been
reported recently (Komatsu and Ruoslahti, 2005) (Figure
1A). To a lesser extent, R-Ras expression was also observed
in the neuroendocrine cells of the adrenal medulla and in
islet cells in the pancreas (Figure 1B). Immunohistochemis-
try analysis in other tissues is described in Supplemental
Figure 52.

Localization of Endogenous R-Ras on the Vesicular
Structures Related to Early and Recycling Endosomes

To more closely analyze the subcellular distribution of R-
Ras, we chose MDCK cells, which were found to express
R-Ras most abundantly among the cell lines examined (Sup-
plemental Figure S1C). Quantitative immunoblotting analy-
sis revealed that the number of R-Ras molecules was 1.5 X
10°/cell, which was about one fifth of the number of Ras
molecules but similar to the numbers of RalA and RalB
molecules (data not shown). In MDCK cells, endogenous
R-Ras was enriched on the vesicles and/or on endosome-
like structures, although weak staining of the plasma mem-
brane was also clearly seen (Figure 1, C and D). Such vesic-
ular structures were not observed with preimmune sera or
anti-R-Ras serum preabsorbed with antigen (data not
shown). To further investigate the nature of R-Ras~positive
endosomes, R-Ras was coexpressed with endosomal mark-
ers (Figure 2). R-Ras localization was found to overlap sig-
nificantly with that of transferrin (early and recycling endo-
somes), Rab4A (early and recycling endosomes), Rab5A
(early endosome), and RabllA (recycling endosome), but
not with that of EEAl (early endosome) and Rab7 (late
endosome). Immunoelectron micrographs showed that R-
Ras was localized on cytoplasmic vesicular structures that
were ~50 nm in diameter (Figure 1E). Furthermore, double
staining showed the colocalization of R-Ras and AcGFP-
Endo, an endosomal marker (Figure 1F). These results indi-
cated that the R-Ras-loaded vesicles were related to early
and recycling endosomes, but not to the late endosomes.

Molecular Biology of the Cell
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Figure 1. Tissue distribution and subcellular localization of R-Ras.
(A) Immunohistochemistry analysis of mouse intestine with preim-
mune (left) or anti-R-Ras serum (right). Bound antibodies were
detected with diaminobenzidine tetrahydrochloride, and the nuclei
were counterstained with hematoxylin. Note the staining of the
smooth muscle cell layer. (B) Inmunohistochemistry of the mouse
adrenal gland and pancreas. Note the staining of the adrenal me-
dulla and Langerhans’ islands. MDCK cells were fixed in 3.7%
formaldehyde and methanol (C) or 4% paraformaldehyde (D) as
described in the text, stained with the anti-R-Ras serum and the
Alexa 488-coupled anti-rabbit 1gG antibody, and observed with a
confocal fluorescent microscope. Twenty-five XY images were ob-
tained from the bottom to the top of the cells to prepare the stacked
XY image. Cross sections are also shown at the dotted lines. Bar, 10
pm. (E) Immunoelectron micrograph of a MDCK cell stained with
anti-R-Ras serum before detection with anti-rabbit IgG labeled with
10-nm gold particles. Bar, 100 nm. (F) Immunoelectron micrograph
of a MDCK cell expressing an endosomal marker protein, AcGFP-
Endo. Cells were double-stained with anti-R-Ras rabbit serum and
anti-GFP mouse mAb JL-8, which were detected with anti-rabbit
IgG labeled with 5-nm gold particles and anti-mouse IgG labeled
with 10-nm gold particles, respectively. Inset depicts the magnified
image of the gold particles. Bar, 100 nm.
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Figure 2. Colocalization of R-Ras with early and recycling endo-
some markers. (A) Cos7 cells expressing 3HA-tagged R-Ras and
5Myc-tagged Rab4A (early and recycling endosome marker), Rab5A
(early endosome marker), Rab7 (late endosome marker), or Rab11A
(recycling endosome marker) were double stained with anti-HA
and anti-Myc antibodies and then observed with a laser-scanning
confocal microscope. In the merged images, the red and green areas
indicate anti-Myc and anti-HA antibodies, respectively. Bar, 10 um.
Outlined regions were enlarged and are shown in the insets. (B)
Cos?7 cells were incubated with Alexa-568-conjugated transferrin for
60 min and then stained with anti-R-Ras serum. (C) Cos7 cells were
double stained with anti-R-Ras serum and anti-EEA1 antibody. Bar,
10 pm. Outlined regions were enlarged and are shown in the insets.
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Figure 3. High R-Ras activity on the endosomes. (A) Schematic representation of the Raichu-R-Ras probe. Raichu-R-Ras consisted of a
modified YFP designated as Venus, R-Ras, the RA domain (RA) of RalGDS, a modified CFP designated as SECFP, and the carboxy-terminal
hypervariable region of R-Ras (indicated by the zigzag lines). On R-Ras activation, the intramolecular binding of R-Ras to the RA domain
brings CFP into proximity with YFP, evoking YFP-derived fluorescence by the sensitized FRET. (B) A Cos7 cell expressing Raichu-R-Ras was
imaged for CFP (excitation 430 nm/emission 480 nm) and YFP (excitation 430 nm/emission 530 nm). The images of the ratio (YFP versus
CFP) were generated to represent the level of FRET. The upper and lower limits of the ratio range are shown on the right. Outlined regions
are shown enlarged in the insets. Bar, 10 pm. (C) Cos7 cells expressing Raichu-R-Ras and its mutants were imaged with a confocal
microscope. Bar, 10 um. (D) FRET efficiency (YFP/CEFP ratio) of Raichu-R-Ras, Raichu-R-Ras G38V, and Raichu-R-Ras S43N at the plasma
membrane (left) and on the endosomes (right). For the endosomes, regions that exhibited higher CFP intensity than an appropriate threshold
level were selected, and their YFP and CFP intensities were obtained. For the plasma membrane, three appropriate regions were arbitrarily
selected, and the averages of their YFP and CFP intensities were obtained. Data from at least seven cells are shown in the histograms.

Development of a Probe for R-Ras, Raichu-R-Ras 3A). Raichu-R-Ras fulfills most requirements for a FRET

) . probe as described in the Supplemental Material and Sup-
The unexpected observation that R-Ras was enriched on the plemental Figure S3.

endosomes urged us to investigate the role played by R-Ras
on endosomes. For this purpose, we developed a series of  Activation of R-Ras on Endosomes
FRET probes for the live-cell imaging of R-Ras activity. For

the sake of brevity, only the results Obff‘in?d with tl}le Cos7 cells. The distribution of the Raichu-R-Ras probe was
Raichu-205X probe (hereafter referred to as “Raichu-R-Ras”)  jndistinguishable from that of the authentic R-Ras: The
are described here, because t}ps probg perfomed best  probe was enriched on the endosomes, but also localized
among those tested. From the amino terminus, Raichu-R-Ras diffusely on the plasma membrane (Figure 3B, Supplemental
includes a modified YFP designated as Venus, human R-Ras Figure S4, and Supplemental Movie 2). R-Ras activity, as
(aa 1-199), the Ras-association domain of RalGDS (aa 785- visualized by the FRET level, was higher on the endosomes
871), a modified CFP referred to as SECFP, and the carboxy- than on the plasma membrane. The high R-Ras activity
terminal hypervariable region of R-Ras (aa 195-218) (Figure observed on endosomes was more clearly observed with a

Using Raichu-R-Ras, we visualized R-Ras activity in living
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Figure 4. Binding of R-Ras to Rgl2/RIf. (A) Cos7 cells
expressing mCFP-tagged R-Ras-Q87L. and the Myc-
tagged effector proteins indicated at the bottom of the
panel were used for the analysis. In pl10a expression,
p85a was used for coexpression to stabilize the PI3K
heterodimer complex. From the cell lysates, GFP-tagged
proteins were immunoprecipitated, and bound proteins
were analyzed by immunoblotting with anti-Myc mAb
or anti-GFP mAb. (B) Cos7 cells expressing HA-tagged
R-Ras mutants and Myc-tagged Rgl2/Rlf were lysed
and analyzed as described in A. (C) Endogenous R-Ras
protein was immunoprecipitated with anti-R-Ras serum
from Cos7 cells expressing the Myc-tagged effector pro-
teins. The immunoprecipitates were analyzed as de-
scribed in A. Preimmune serum was used as a control.

spinning disk confocal unit (Figure 3C). To exclude the
possibility that the high FRET level on the endosomes was
caused by accumulation of the probe, we used control
probes, i.e., Raichu-R-Ras G38V and Raichu-R-Ras S43N, the
properties of which are shown in Supplemental Figure S3.
The FRET level was diffusely high on both the plasma mem-
brane and on endosomes in cells expressing Raichu-R-Ras
G38V (Figure 3, C and D). In contrast, cells expressing
Raichu-R-Ras S43N showed low levels of FRET, both on the
plasma membrane and on endosomes (Figure 3, C and D).
The intensity of the probe on each endosome did not affect
the emission ratio of sensitized FRET over CFP in either the
Raichu-R-Ras wild type, G38V mutant, or S43N mutant
(data not shown). Therefore, these results negated the pos-
sibility that the high FRET signal observed on the endo-
somes of Raichu-R-Ras—expressing cells was caused by an
accumulation of the probe. Interestingly, we could not ob-
serve remarkable difference in the localization of the wild-
type and mutant Raichu-Ras proteins. This is probably
because the effector domain of R-Ras-GTP is masked by
the Ras-binding domain of the probe and suggests that the
localization of the probe was determined primarily by the
carboxy terminus of R-Ras.

Endosomal Localization of RgI2/RIf, an R-Ras Effector

Next, we attempted to identify the signaling molecules
downstream of R-Ras on the endosomes. To this end, we
first compared the affinity of R-Ras for Raf-1, B-Raf, RalGDS,
Rgl2/RIf, Rgl, and the p110a subunit of PI3K, all of which
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are known to bind to a wide range of Ras-family GTPases
(Figure 4A). K-Ras and Rap1A were used as controls for the
GTPases (Supplemental Figure S5A). In a coimmunoprecipi-
tation assay, a constitutively active mutant of R-Ras (R-Ras
Q87L) was found to interact most strongly with three GEFs
for Ral, i.e., RalGDS, Rgl, and Rgl2/RIf, and less strongly
with Raf-1, B-Raf, and p110a. These interactions were shown
to depend on GTP loading, because the R-Ras Q87L mutant
showed a markedly higher affinity for Rgl2/RIf than did the
wild-type protein and the nucleotide-free mutant, R-Ras
543N (Figure 4B). However, it should be noted that the
high-affinity binding detected by coimmunoprecipitation
does not necessarily indicate the signaling strength between
the two associated proteins. Thus, we examined the effect of
the activated R-Ras mutant, R-Ras Q87L, on the activity of
downstream effectors. In agreement with the coimmunopre-
cipitation experiments, RalA, RalB, and Aktl (downstream
of p110 PI3K), but not MEK1 (downstream of the Raf pro-
teins), were activated by R-Ras Q87L (Supplemental Figure
S5). Next, we used R-Ras antiserum to examine whether the
endogenous R-Ras protein is also associated with Ras effec-
tors. Among the effector proteins tested, Rgl2/Rif exhibited
the strongest affinity for endogenous R-Ras (Figure 4C).
Finally, we confirmed that Rgl2/RIf, but not Raf-1 or p110«,
colocalized efficiently with R-Ras on the endosomes (Figure
5, A and B). This endosomal colocalization of Rgl2/RIf with
R-Ras was abrogated by the expression of R-RasGAP (Figure
5C). These results strongly suggested that R-Ras is bound to
Rgl2/RIf on endosomes in a GTP-dependent manner.
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Figure 5. Colocalization of R-Ras with Rgl2/RIf. (A) Cos7 cells
expressing HA-tagged R-Ras and Myc-tagged R-Ras effector pro-
teins were stained with anti-HA and anti-Myc antibodies, and the
cells were observed by confocal microscopy. Bar, 10 um. (B) En-
larged images of the outlined regions in A. In the merged image,
green and red indicate 3HA-R-Ras and 5Myc-Rgl2/RIf, respectively.
(C) Cos7 cells expressing HA-tagged R-Ras, Myc-tagged Rgl2/RIf,
and R-RasGAP were stained with anti-HA and anti-Myc antibodies.
Right panels are enlarged images of the outlined regions in the left
panels.

Regulation of Vesicular RalA Activity by R-Ras

We next addressed the question of whether R-Ras regulates
the activities of Ral proteins on the endosomes. In results
that were consistent with those of a previous report (Shipitsin
and Feig, 2004), RalA and RalB were detected both on the
plasma membrane and on endosomes (Supplemental Figure
S4C). Because colocalization with R-Ras was clearer in the
case of RalA than RalB, we focused on RalA and examined
the RalA activity on endosomes by use of Raichu-RalA, a
marker for RalA activity (Takaya et al., 2004) (Figure 6). In
contrast to the FRET images obtained with Raichu-R-Ras,
the FRET level varied significantly among endosomes, sug-
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gesting that RalA activity varied among different types of
endosomes (Figure 6A). We considered it likely that such
differences in RalA activity among endosomes might have
depended on the presence of active R-Ras; therefore, we
examined RalA activity in cells expressing R-RasGAP or
shRNA for R-Ras. Under both conditions, the number of
endosomes showing high RalA activity was reduced signif-
icantly (Figure 6, B-D). This shRNA-mediated decrease in
RalA activity was recovered by the coexpression of exoge-
nous R-Ras, the cDNA of which harbors mutations in the
shRNA-binding sequence. The dependence of RalA activity
on R-Ras was confirmed by a pull-down assay with the
RalA-binding region of RalBP1; the net amount of GTP-RalA
was thus shown to have decreased by 20% (Figure 6E). It
should be noted that the basal GTP level of RalA is ~7% of
total guanine nucleotides bound to RalA (Takaya et al.,
2004). Therefore, if we assume based on the immunofluores-
cence data that the proportion of RalA on the endosomes is
significantly smaller than that at the plasma membrane, a 20%
decrease in the net amount of GTP-RalA seemed to be consis-
tent with the significant reduction in the number of endosomes
showing a high GTP-RalA level, as demonstrated by Raichu-
RalA. Finally, we found that knockdown of Rgl2/RIf pro-
foundly decreased the RalA activity on the endosomes, sug-
gesting that the R-Ras-Rgl2/RIf complex is the principal
activator of RalA on the endosomes (Figure 6F).

Requirement of R-Ras and RalA for Calcium-dependent
Exocytosis

It has been reported that RalA is engaged in calcium-trig-
gered exocytosis (Moskalenko et al., 2002; Vitale et al., 2005),
which prompted us to examine the role played by R-Ras in
the same process. YFP-tagged NPY and rat growth hormone
(rGH) were used as markers of exocytosis (Nagai et al., 2002;
Matsuno et al., 2005) (Figure 7 and Supplemental Figure
S4C). In PC12 cells, depolarization-induced NPY secretion
was as significantly inhibited by the expression of active
R-Ras (Q87L) and R-RasGAP as by the expression of active
RalA (G23V) and Rablla (Q70L). The expression levels of
recombinant proteins were examined by a quantitative im-
munoblotting analysis (Supplemental Figure S6). Because
the expression of Rablla T22N was less than R-Ras or RalA
mutants, the ineffectiveness of this particular mutant might
be ascribable to its low expression level. The role played by
R-Ras and RalA was further confirmed with small interfer-
ing RNA (siRNA) (Figure 7B). The reduction of R-Ras and
RalA inhibited depolarization-induced NPY secretion to a
similar extent. Among the three Ral GEFs knocked down by
siRNA, only the reduction of Rgl2/RIf had an inhibitory
effect on NPY secretion (Figure 7C). In GH3 pituitary ade-
noma cells, in which the level of expression of endogenous
R-Ras was found to be low, the exogenous expression of
R-Ras significantly enhanced the depolarization-induced
exocytosis of both rGH and NPY (Figure 7D). The enhance-
ment by R-Ras was abrogated by the knockdown of either
R-Ras or RalA (Figure 7E). These results demonstrated that
R-Ras is involved in depolarization-induced exocytosis,
most likely due to the activation of Ral proteins. Further-
more, the finding that not only inhibition but also constitu-
tive activation of R-Ras inhibits exocytosis suggests that the
on-off cycle of R-Ras is required for this process.

DISCUSSION

We propose the following scenario for the role of R-Ras on
endosomes: 1) R-Ras is activated on the surface of recycling
and early endosomes, and it remains active on the vesicles
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Figure 6. Effect of R-Ras knockdown on RalA activity on the
endosomes. (A) Cos? cells were transfected with expression vectors
as indicated at the top of the panel. For knockdown, we used
pSuper-R-Ras, an shRNA vector. For the rescue from knockdown,
an R-Ras mutant resistant to the shRNA vector was expressed. Sixty
hours after transfection, CFP and FRET images were obtained with
a spinning confocal microscope. (B) MDCK cells were transfected
with expression vectors as indicated at the top of the panel and
imaged 20 h after transfection as in A. Outlined regions were
enlarged and are shown in the insets. Arrowheads indicate repre-
sentative vesicles. Bar, 10 um. (C) Cells transfected with an empty
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derived from these endosomes. 2) The active R-Ras on these
vesicles recruits Ral GEF(s). Among the candidate proteins,
Rgl2/RIf is the most plausible, because R-Ras activates both
Rgl and Rgl2/RIlf more efficiently than it does RalGDS
(Rodriguez-Viciana et al., 2004), and also because the endog-
enous R-Ras was found to colocalize with Rgl2/RIf (Figure
5). However, other Ral GEFs that are also known to bind to
R-Ras (Nancy et al., 1999; Shao and Andres, 2000; Rodriguez-
Viciana et al., 2004) may be recruited to R-Ras on endosomes
in other cell types. 3) These R-Ras-recruited Ral GEFs on the
endosomes activate RalA, followed by the recruitment of
RalA effectors to the endosomes. Among these effectors is
Exo084, a component of the exocyst complex, which marks a
microdomain at the plasma membrane as a delivery site for
exocytotic vesicles (Grindstaff et al., 1998; Yeaman ef al., 2001;
Inoue et al., 2003). 4) The R-Ras-loaded vesicles from endo-
somes are tethered to the plasma membrane via the exocyst
complex. It has been demonstrated that the interaction be-
tween RalA and the exocyst complex is essential for exocy-
tosis (Moskalenko et al., 2002; Polzin et al., 2002; Shipitsin
and Feig, 2004), and the inhibition of the exocyst complex
has been shown to impair calcium-triggered exocytosis
(Tsuboi et al., 2005). Therefore, our observations that R-Ras
was required for the calcium-induced secretion of NPY and
rGH (Figure 7) are suggestive of the positive role played by
R-Ras in the formation of the exocyst complex.

Another prediction contained in our model, but not di-
rectly assessed, is that RalA regulates the assembly of the
exocyst complex, both on the vesicles and on the plasma
membrane, by means of binding to different components of
the exocyst complex: RalA interacts not only with Exo84 but
also with Sec5, another component of the exocyst complex
(Feig, 2003). Secb is primarily present on the plasma mem-
brane, whereas Exo084 is localized primarily on the vesicles
(Moskalenko ef al., 2003). In this context, it should be noted
that RalA is activated on the plasma membrane either by
Ras-dependent or by calcium-dependent pathways (Hofer et
al., 1998; Wolthuis and Bos, 1999). Hence, the tethering of
vesicles may be promoted by the two portions of the exocyst
complex, both of which are anchored to the lipid membranes
via RalA. One portion consists of subunits containing Exo84
and is anchored to the endosomes and/or the vesicles and
endosomes by R-Ras-activated RalA, whereas the other por-
tion consists of subunits containing Sec5, and it is anchored
to the plasma membrane by RalA activated by either Ras or
calcium. The results have thus far suggested that the high
activity of R-Ras and RalA on the surface of vesicles is
constitutive rather than stimulation regulated. Therefore,
RalA activity at the plasma membrane, but not that on

pSuper vector and pSuper-R-Ras were selected as described in A,
and the proteins were analyzed by immunoblotting with the anti-
bodies shown on the left. (D) Histogram of the FRET level of
Raichu-RalA on the endosomes. The histograms were drawn from
the data obtained from 79 endosomes in four Cos7 cells, those
obtained from 66 endosomes in six pSuper-R-Ras—expressing Cos7
cells and those obtained from 89 endosomes in nine Cos?7 cells
expressing both pSuper-R-Ras and pCXN2-5Myc-R-Ras-rRNAI. (E)
HeLa cells were transfected with control siRNA or two different
siRNAs for R-Ras. After 72 h, GTP-RalA levels in the cells were
analyzed by Bos’ pull-down method with GST-RalBP1-RBD. The
knockdown of R-Ras was also confirmed by immunoblotting. (F)
The histograms were drawn from the data obtained from 55 endo-
somes in two Raichu-RalA-expressing Cos7 cells transfected with
siRNA for luciferase and those obtained from 83 endosomes in three
Raichu-RalA-expressing Cos7 cells transfected with siRNA for
Rgl2/RIf.
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Figure 7. Requirement of both R-Ras and
RalA for depolarization-induced exocytosis.
(A) PC12 cells were transfected with pVenus-
NPY together with the indicated constructs.
Sixty hours after transfection, the cells were
stimulated with high-potassium saline for 20
min. The efficiency of NPY-Venus secretion
was determined as the ratio of NPY-Venus
present in the medium versus that remaining
in the cell lysates. The values were normalized

3 % 3 % g to a vector control. Error bars indicate the SD
g E E 2 @ from at least three experiments. The symbols
é g E $ &  indicate the results of f test analysis; *p < 0.002

compared with the control. (B and C) PCI12
cells were transfected with pVenus-NPY and
siRNA for luciferase, R-Ras, RalA, RalB, Ral-
GDS, Rgl, or Rgl2/RIlf. NPY secretion upon
depolarization was examined as described in
A. Error bars indicate the SD from at least
three experiments. The symbols indicate the
results of t test analysis; *p < 0.001 compared
with the control. (D) GH3 cells and GH3/
R-Ras cells were transfected with expression
vectors for NPY-Venus or EYFP-GHL1. Depo-
larization-induced secretion was monitored as
described in A. The symbols indicate the re-
sults of ¢ test analysis; *p < 0.001 compared
with the control. (E) GH3/R-Ras cells were
transfected with expression vectors for NPY-
Venus and an shRNA vector for R-Ras, or

RalA. Depolarization-induced secretion of NPY was examined as described in A. The symbols indicate the results of ¢ test analysis; *p <

0.001 compared with the control (GH3/R-Ras cells).

endosomes, may play a regulatory role in the assembly of the
complete exocyst complex. In agreement with this view, we
have shown that RalA is locally activated in the nascent lamel-
lipodia of epidermal growth factor (EGF)-stimulated or migrat-
ing cells (Takaya et al., 2004). Because exocytosis plays critical
roles in EGF-induced membrane ruffling and cell migration
(Bretscher and Aguado-Velasco, 1998; Schmoranzer ef al., 2003;
Proux-Gillardeaux et al., 2005; Tayeb et al., 2005), RalA acti-
vation at the site of the membrane protrusion may indicate
its role in the transport of lipid bilayer and/or integral
proteins via exocytosis.

In agreement with the results of a previous report show-
ing that RalA but not RalB regulates the delivery of E-
cadherin in MDCK cells (Shipitsin and Feig, 2004), we found
that only RalA was involved in calcium-triggered exocytosis
(Figure 7). This difference between the two Ral proteins with
respect to their involvement in exocytosis may be ascribable
not only to the low binding affinity of RalB to Sec5 (Shipitsin
and Feig, 2004) but also to the predominant localization of
RalB on the plasma membrane (Shipitsin and Feig, 2004; Lim
et al., 2005).

Currently, the mechanism underlying the high R-Ras activ-
ity on the endosomes remains unknown. A dominant-negative
mutant of R-Ras has been shown to be more enriched on
endosomes than is the wild-type protein (Furuhjelm and
Peranen, 2003). Because a dominant-negative mutant of Ras
family GTPases sequesters GEFs (Feig, 1999), these observa-
tions strongly suggest that the GEFs for R-Ras are enriched
on endosomes. In contrast to RalA on the vesicles, the ac-
tivity of R-Ras on the vesicles seems constant (Figures 3C
and 6A). Thus, R-Ras may be activated as soon as nascent
R-Ras is recruited to the vesicles and inactivated when the
vesicles are fused to the plasma membrane. Although none of
the GEFs for R-Ras (i.e., RasGRF1, CalDAG-GEF-I/RasGRP2,
CalDAG-GEF-1I/RasGRP1, CalDAG-GEF-III/RasGRP3, and
C3G) have been shown to localize on the endosomes (Ohba
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et al., 2000), this failure to detect GEFs on the endosomes
may simply reflect a lack of high-affinity antibodies that
could be applied for immunostaining. Interestingly, GAPs
for R-Ras seem to localize primarily on the plasma mem-
brane (Anderson ef al., 1990; Margolis et al., 1990; Cozier et
al., 2003; Oinuma ef al., 2004). Thus, R-Ras would be ex-
pected to be inactivated when it is transported from the
endosomes to the plasma membrane. This inactivation of
R-Ras might serve to liberate the components of the exocyst
complex and send them back into the cytoplasm or to send
R-Ras back to the endosomes from the plasma membrane.
Previous studies have implicated R-Ras in the activation
of integrin (Zhang ef al., 1996; Keely et al., 1999; Berrier ef al.,
2000; Self et al., 2001; Oinuma et al., 2006) and also in cell
migration and adhesion (Nakada ef al., 2005; Wozniak et al.,
2005); however, the molecular mechanisms underlying these
phenomena remain elusive. Our finding that the R-Ras-
Rgl2/RIf-RalA pathway regulates exocytosis may account
for some of these biological activities of R-Ras. It is already
known that the inhibition of exocytosis impairs integrin
recycling and thereby also cell migration and cell adhesion
(Proux-Gillardeaux et al., 2005; Tayeb ef al., 2005). Hence, the
inhibition of integrin by the suppression of R-Ras might
initially be caused by the disruption of exocytosis. Although
no direct evidence supporting the involvement of RalA in
the recycling of integrin has yet been reported, Ral proteins
have been shown to be implicated in cell migration (Gildea
et al., 2002; Takaya et al., 2004; Oxford et al., 2005), a process
in which integrin is thought to be coordinately activated and
inactivated. Therefore, it is reasonable to speculate that the
R-Ras-Rgl2/RIf-RalA pathway is involved in the recycling of
integrin and thereby also in the regulation of integrin activity.
In conclusion, we observed high R-Ras activity on early
and recycling endosomes. This high R-Ras activity recruits
RIf/Rgl2 and thereby activates RalA, followed by the assem-
bly of a portion of the exocyst complex. Importantly, in

Molecular Biology of the Cell



addition to RalA, other low-molecular-weight GTPases be-
longing to different families (i.e., TC10, Arf6, and Rab11) are
also known to interact with the exocyst complex (Prigent et
al., 2003; Inoue et al., 2003; Zhang et al., 2004; Wu et al., 2005).
Further study will be needed to determine whether these
GTPases of different families coordinately regulate the exo-
cyst complex on the same endosomes, or whether there are
distinct classes of endosomes containing only some of these
GTPases. It would be of particular importance to examine
the dynamic activity changes of these GTPases during the
vesicular transport, which would be best examined by
FRET-based imaging techniques used here.
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A cardiac myosin light chain kinase regulates
sarcomere assembly in the vertebrate heart
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Marked sarcomere disorganization is a well-documented characteristic of cardiomyocytes in the failing
human myocardium. Myosin regulatory light chain 2, ventricular/cardiac muscle isoform (MLC2v), which is
involved in the development of human cardiomyopathy, is an important structural protein that affects physi-
ologic cardiac sarcomere formation and heart development. Integrated cDNA expression analysis of failing
human myocardia uncovered a novel protein kinase, cardiac-specific myosin light chain kinase (cardiac-
MLCK), which acts on MLC2v. Expression levels of cardiac-MLCK were well correlated with the pulmonary
arterial pressure of patients with heart failure. In cultured cardiomyocytes, knockdown of cardiac-MLCK by
specific siRNAs decreased MLC2v phosphorylation and impaired epinephrine-induced activation of sarco-
mere reassembly. To further clarify the physiologic roles of cardiac-MLCK in vivo, we cloned the zebrafish
ortholog z-cardiac-MLCK. Knockdown of z-cardiac-MLCK expression using morpholino antisense oligo-
nucleotides resulted in dilated cardiac ventricles and immature sarcomere structures. These results suggesta

significant role for cardiac-MLCK in cardiogenesis.

Introduction
Despite recent advances in pharmacologic and surgical therapies,
chronic heart failure (CHF) is still a leading cause of death world-
wide (1). Currently, heart transplant is thought to be the most
effective therapy for end-stage CHF. However, this approach obvi-
ously cannot be used for all of the numerous affected patients and
is not suitable for patients with a mild disease state. Therefore,
there is increasing demand for new therapeutic targets for CHF.
Cardiomyocytes, the most basic cellular unit of the myocardium,
express several sarcomeric proteins, including myosin and actin;
abnormalities in these sarcomeric proteins are major causes of idio-
pathic cardiomyopathies and lead to CHF (2-4). Type Il myosin is
the major constituent of sarcomeres. In the neck region of this pro-
tein, there are binding sites for a pair of myosin light chains, which
are called the essential light chain and the regulatory light chain.
Among the several paralogs of the myosin regulatory light chain in
vertebrates (5), myosin regulatory light chain 2, ventricular/cardiac
muscle isoform (MLC2v) is expressed in the myocardium, where it
performs specific roles in cardiogenesis by contributing to the for-

Nonstandard abbreviations used: ANP, atrial natriuretic peptide; BNP, brain natri-
uretic peptide; CHF, chronic heart failure; cardiac-MLCK, cardiac-specific MLCK;
Dd, end-diastolic dimension; Ds, end-systolic dimension; ES, fractional shortening;
hpf, hours postfertilization; MI, myocardial infarction; MLC2v, myosin regulatory
light chain 2, ventricular/cardiac muscle isoform; MLCK, myosin light chain kinase;
M-mode, motion mode; MO, morpholino antisense oligonucleotide; p-s1SMLC,
antibodies for phosphorylated MLC2v; PAP, pulmonary arterial pressure; ReMK,
antibodies specific for rodent cardiac-MLCK; si-cMK, siRNA targeting cardiac-MLCK;
si-smMK, siRNA targeting rat smMLCK; skMLCK, skeletal muscle MLCK; smMLCK,
smooth muscle MLCK; tMLC, antibodies for total MLC2v; z-, zebrafish;
z-cMKaugMO, MO targeting the AUG translational start site of z-cardiac-MLCK.
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mation of sarcomeres and in increasing the Ca?* sensitivity of muscle
tension at submaximal Ca?* concentrations (6, 7). Currently, 2 mem-
bers of the myosin light chain kinase (MLCK) protein family that act
on myosin regulatory light chain in muscle cells have been identi-
fied, skeletal muscle MLCK (skMLCK) and smooth muscle MLCK
(smMLCK) (8). Among these MLCK family members, smMLCK,
including nonmuscle isoforms, is distributed ubiquitously in vari-
ous tissues and contributes to the contraction of smooth muscle
and several cell activities. Conversely, skMLCK is thought to local-
ize and function in both cardiac muscle and skeletal muscle (9); to
our knowledge, no cardiac-specific MLCK has been reported to date.
skMLCK-deficient mice, however, did not show any heart weight,
body weight, or heart weight/body weight ratio phenotypes, despite
effective knockdown of skMLCK expression (10). Additionally, there
were no significant differences between the knockout and wild-type
animals in regard to MLC2v phosphorylation, suggesting the exis-
tence of as-yet unknown kinases in cardiac muscle cells,

Genome-wide analyses, which have recently become available
in a wide range of clinical settings, such as cancer research, allow
for a global view of gene expression in certain disease states and
the identification of unknown molecules and molecular pathways
that can be exploited as novel therapeutic targets. CHF is a can-
didate disease for this type of genome-wide analysis, because of
its heterogeneous properties and previous difficulties identifying
responsible genes using other conventional modalities.

In this study, we performed microarray analysis of the failing
human myocardium and examined the correlation between the
obtained genomic data and the clinical, physiological, and bio-
chemical characteristics of CHF. In this manner, we sought to
identify candidate genes that are involved in the pathophysiology
of CHF. Consequently, we identified what we believe to be a novel
Number 10
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Table 1
Clinical characteristics of the patients used for microarray analysis

Pt Age Sex Diagnosis Operation Dd EF PAP ANP
(yr) (mm) (%) (mmHg) (pg/ml) (pg/mi)
1 53 M DCM,MI  Batista 88 25 20 25
2 45 M DCM Batista 81 39 45 85
3 72 M DCM Batista 71 14 25 86
4 58 M Mi Dor 76 - - -
5 57 M  HCM, M Dor 52 44 41 20
6 69 M DCM Batista 86 19 59 100
7 40 M AR Unknown 76 42 16 52
8 75 M Mi Dor 51 55 - 39
9 32 M DCM Batista 81 26 26 300
10 51 F  Sarcoidosis  Dor 68 35 - 89
11 54 M Mi Dor 63 37 - 84
12 58 M Myocarditis  Dor 7 22 - 800
N1 27 M Normal - - - - -
N-224 M Normal - - - - -

AR, aortic regurgiiation;‘ DCM. dilated cardiomyopathy; EF, ejection fraction; F,
HCM, hypertrophic cardiomyopathy; M, male; Pt, patient.

cardiac-specific MLCK (cardiac-MLCK; encoded by MYLK3). Phos-
phorylation of MLC2v by cardiac-MLCK regulated the reassembly
of sarcomere structures in cultured neonatal rat cardiomyocytes.
Suppression of cardiac-MLCK expression in zebrafish embryos
using specific morpholino antisense oligonucleotides (MOs) led
to dilation of the cardiac ventricle with incomplete sarcomere for-
mation, suggesting critical roles for cardiac-MLCK in the heart.

Results

Identification of cardiac-MLCK from failing human myocardia using
microarray analysis. To identify candidate genes involved in the
pathophysiology of CHF, we used an HG-U9S Affymetrix GeneChip
to analyze the gene expression profiles of failing myocardial tissues
obtained from 12 patients who had undergone cardiac exclusion
surgery, such as the Dor or Batista procedures, for end-stage CHF
(Table 1). Figure 1A is an overview flowchart for the selection of
candidate genes. Compared with those of 2 normal control sam-
ples, the expression of 626 probe sets was significantly upregulated
in the failing myocardia. Of these, we selected probe sets whose
expression levels were positively correlated (> 0.7) with pulmonary
arterial pressure (PAP) measurements (129 probe sets) and brain
natriuretic peptide (BNP) mRNA levels (194 probe sets). The tissue
localization of each selected probe set was then analyzed using the
commercially available BioExpress database (Gene Logic Inc.). We
selected 10 probe sets, for which the cardiac expression level was
at least 10-fold the mean expression level of 24 other tissues, for
further analysis. These probe sets represented a set of genes that
included atrial natriuretic peptide (ANP), BNP, small muscle pro-
tein, and a-actin, all of which are known to be involved in heart fail-
ure, cardiac muscle remodeling, and striated muscle function. We
calculated the ratios of expression in cardiac muscle to that in skel-
etal muscle in these probe sets. ANP (36663 _at and 73 106_s_at),
BNP (39215_at), Importin9 (84730_at), and 75678_at exhibited
expression levels that were at least 10-fold greater in the heart than
in skeletal muscle. Expression levels of 75678 _at, for which anno-
tation was not available, were similar to those of ANP and BNP.
We hypothesized that this unknown transcript was involved in the
pathophysiology of heart failure.
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Using §'-RACE, we identified specific sequences
identical to those of NM_182493 (MYLK3) located
4 kb upstream of the probe set sequence. The relative
expression level of this candidate gene was significantly
correlated with the relative PAP value (Figure 1B); in

BNP

904 addition, the expression of this gene was restricted to
217 the heart (Figure 1C). A homology search using the
201 transcript sequence, particularly the sequence coding

- for the C-terminal kinase domain, identified MYLK3
803 as a member of the MLCK family. Thus, we named the
;(75? protein encoded by MYLK3 “cardiac-MLCK.” Two dis-
174 tinct MLCK family genes have been previously reported:
869 MYLK, which encodes smMLCK, and MYLK2, which
339 encodes skMLCK (8). Domain structure analysis
302 revealed a well-conserved serine/threonine kinase
2,710 domain that includes an ATP-binding site and an

- active serine/threonine kinase domain positioned

- near the C terminus of the cardiac-MLCK protein (Fig-
female: ure 1D). The expression patterns of the MLCK family

members were confirmed by Northern blot analysis. As

previously described (11), 2 major transcripts of MYLK

were almost ubiquitously expressed. The larger tran-
script codes for a nonmuscle isoform of smMLCK generated by
alternative splicing. Restricted expression patterns were observed
for both MYLK2 and MYLK3. MYLK2 expression was only detected
in skeletal muscle, whereas MYLK3 expression was only observed
in the heart (Figure 1E). MYLK was also found to be expressed in
the heart, although its expression was not upregulated in failing
myocardia as much as the expression of MYLK3 (data not shown).
To assess the physiological significance of cardiac-MLCK, we gen-
erated an adenovirus vector encoding cardiac-MLCK. In serum-
free conditions, cultured neonatal rat cardiomyocytes showed
predominantly disorganized sarcomere structures. Overexpression
of cardiac-MLCK in cultured neonatal rat cardiomyocytes aug-
mented sarcomere organization under serum-starved conditions
(cells with organized sarcomeres, 28.7% + 11.1% versus 3.1%  2.4%;
P <0.001; Figure 1, F and G), suggesting that cardiac-MLCK par-
ticipates in sarcomere formation in cardiomyocytes.

Cardiac-specific myosin regulatory light chain is a specific substrate of

cardiac-MLCK. Because this protein kinase contained a consen-
sus kinase catalytic domain, we attempted to identify potential
substrates of cardiac-MLCK. To identify physiological substrates
of cardiac-MLCK, we screened murine heart homogenates using
an in vitro kinase reaction. After fractionation of murine heart
homogenates using a cation exchange column, aliquots of each
fraction were subjected to an in vitro kinase reaction with recom-
binant cardiac-MLCK. Fractions 10 and 11 each contained a dis-
tinct 20-kDa band that was labeled with 32P only in the presence of
recombinant cardiac-MLCK (Figure 2A). This 32P-labeled 20-kDa
protein was purified (Figure 2B) and analyzed using matrix-assisted
laser desorption/ionization-time-of-flight mass spectrometry and
peptide mass fingerprinting. The 20-kDa protein contained frag-
ments with amino acid sequences that were homologous to murine
MLC2v (Figure 2C). No additional 3?P-labeled proteins were detect-
ed in fractions obtained following cation or anion exchange col-
umn purification. Further analysis of this phosphorylation event
in vitro revealed endogenous MLC2v, purified from murine heart
homogenates, was phosphorylated by recombinant cardiac-MLCK
in a Ca**-calmodulin-dependent manner (Figure 2D). Thus, we
conclude that cardiac-MLCK is a calmodulin-dependent kinase.
October 2007 2813

Volume 117  Number 10



A RNA from 12 failing myocardiums and 2 normal controls B 6

1

{ =
)
2 #
Affimetrix Human Genome U95 3 o 4 ®
MASS calculation and global scaling a ,o\o o 76678 at
2 X g2 ca o B
Import to GeneSpring > 8 3 5
o~ 5  -®=-PAP
25 2 =
Select CHF>Normal, P <0.01; t-test % 0
626 probe sets o 1 \
0 e as st cces e ate s ————— s teaa )
, l‘ , i 2 3 5 6 7 9 0O
Calculate the correlations with clinical parameters Patient
such as PAP, EF, and mRNA levels of BNP C
vs, relative PAP(r >0.7): 129 probe sets =) 3500.0 3
vs. relative EF (r >0.7): 194 probe sets c < 300001
S = 25000 1
% 20000 {
Select probe sets that result in heart-specific signals that are at least 5 ?9 15000 {
10 times greater than the average signal for the other 24 tissues Lﬁ 8 10000 {
10 probe sets ™ 5000 {
-l S oo I AL e -
P o & N
O Sy & RS A S AL ((\ \c, S ‘O‘e\"e va\\be‘fl(.-@\‘(\:\"“\ &
Select probe sets that result in heart-specific signals that are ST RS oo ‘“#‘o‘“ >‘f\ : Q\o" & “\(\o‘*‘b@i@\\‘)&@\@{:@‘{o&
at least 10 times greater than the signal for skeletal muscle \Q’D QQé‘ S $(&Q0®§@“$®"§P
5 probe sets © VRN
9 %)
D -
smMLCK Q ‘ . ‘t&- - - immunoglobin domain
SkMLCK B
Fibronectin domain
Cardiac-MLCK ‘33- - ATP bindng site
| Active site
MK IR TVIVEE MVEGGE LEERT BDE DR TE SEEIEVMR 01 SE GVEYS v
kMK N xvx&my}gccswrkx'.m:o‘{m.'m WriroTcHol g '
MK . ; Serine-threonine = 0
kinase domain 3 @ g%
smMK & £ = 8
skMK E g 5%
E S« °3
MK E s g - d>; E g .ac)
smMK ggﬁgggcaagg’g—
aKMK 8 § 62038 2E£85 O
o O I HhOF®MWXIHo Jd o kb)
cMK
smMK . : gg
SKMK Cardiac-MLCK ;
oMK (MYLK3) s B
Ad-LacZ G o 501 %
3 e X
= ;
2 404 skMLCK i -2.4
£ (MYLK2) ! i
2 301 a
% 20_ "
Q
e
£ 107 ) smMLCK '
& o- Lty - 4.4

Ad-cMK Ad-LacZ

Figure 1

Microarray analysis for candidate gene selection. (A) Flowchart for the selection of candidate genes. (B) The relative expression levels of
75678_at correlated well with the relative PAP values in the respective patients. (C) Tissue localization of the candidate gene expression was
analyzed using the GeneExpress database; 75678_at was specifically expressed in the heart. (D) Each MLCK family member possesses a highly
conserved serine-threonine kinase domain in the C-terminal region of the protein. Amino acid residues on black backgrounds are the most com-
monly conserved residues at each position; residues on gray backgrounds are similar to the consensus amino acids. (E) Expression analysis of
MLCK family members using multiple human tissue Northern blot membranes. The 2 transcripts transcribed from MYLK (encoding smMLCK)
were ubiquitously expressed with the exception of skeletal muscle, thymus, and peripheral blood leukocytes. In contrast, MYLK2 (encoding
skMLCK) and MYLK3 (encoding cardiac-MLCK) were only expressed in skeletal muscle and heart, respectively. (F) Fluorescence microscopy of
cardiomyocytes cultured in serum-free conditions and infected with adenovirus encoding LacZ (Ad-LacZ) revealed predominantly round-shaped
cells with disorganized sarcomere structures. Infection with adenovirus encoding cardiac-MLCK (Ad-cMK) at a MOI of 120 increased the number
of the cells with organized sarcomere structures. Original magnification, x1,000. (G) The percentage of cells with organized sarcomeres was
significantly higher in cardiomyocytes infected with adenovirus encoding cardiac-MLCK than in those infected with adenovirus encoding LacZ.
Values are mean + SEM. *P < 0.001.
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Next, we generated polyclonal antibodies specific for rodent
cardiac-MLCK (RcMK). Antibodies that detected phosphorylated
MLC2v (p-s1SMLGC; anti-rodent serine 15 phosphorylated MLC2v)
and total MLC2v (tMLC) were also generated. ReMK detected rat
cardiac-MLCK from whole-cell cardiomyocyte extracts as well as
recombinant FLAG-tagged murine cardiac-MLCK (Figure 2E).
Phosphorylated MLC2v and nonphosphorylated MLC2v could be
clearly separated using urea-glycerol gel electrophoresis (12). tMLC
detected both phosphorylated and nonphosphorylated MLC2v,
whereas p-s1SMLC specifically detected the phosphorylated form
of MLC2v (Figure 2F). Overexpression of cardiac-MLCK increased
the levels of phosphorylated MLC2v in cultured cardiomyocytes
(Figure 2G). However, there was no effect on the expression of
other sarcomere proteins involved in sarcomere organization
such as troponin T, desmin, and a-actinin. mRNA expression of
ANP and f myosin heavy chain, representative markers of cardiac
hypertrophy, were also unaffected by cardiac-MLCK overexpres-
sion (data not shown). To further investigate the phosphorylation
of MLC2v by endogenous cardiac-MLCK, we used specific siRNAs
targeting cardiac-MLCK (si-cMKs). These siRNAs effectively sup-
pressed the level of cardiac-MLCK mRNA by more than 70%, as
determined using quantitative real-time PCR 24 hours after trans-
fection (Figure 2H). These siRNAs also effectively suppressed the
level of cardiac-MLCK protein and the amount of phosphorylated
MLC2v 60-72 hours after transfection (Figure 2I), whereas no
remarkable effects were seen for the expression of other sarco-
mere proteins. On the contrary, suppression of smMLCK expres-
sion, which is also distributed in heart, using siRNA targeting rat
smMLCK (si-smMK) did not change either the phosphorylation
status of MLC2v or the expression of sarcomere proteins (Figure
2]). These results indicated that cardiac-MLCK predominantly
phosphorylates MLC2v, which is selectively expressed in cardio-
myocytes. Thus, cardiac-MLCK may regulate morphologic change
in cardiomyocytes, including sarcomere organization, through
MLC2v phosphorylation.

Cardiac-MLCK regulates sarcomere assembly in cultured cardiomyocytes.
To elucidate the precise role of cardiac-MLCK in the sarcomere
structure, we analyzed the effects of MLC2v phosphorylation on
sarcomeres in cultured neonatal rat cardiomyocytes. Polymerized
actin stained with rhodamine-phalloidin revealed a regularly orga-
nized pattern of striations (Figure 3A). Phosphorylated MLC2v
labeling with p-s1SMLC demonstrated a similar striated pattern,
although the labeling was predominantly observed in the A-band
region, a portion of the sarcomere primarily made up of thick fila-
ments (Figure 3, B-D). Diffuse cytosolic fluorescent labeling was
seen when cardiac-MLCK was labeled with ReMK (Figure 3, E-G).

When cardiomyocytes were cultured in serum-free conditions,
the organized striation pattern of actin was disrupted,and the
phosphorylated MLC2v-specific signal decreased (Figure 3K). To
evaluate the morphologic changes observed in cardiomyocytes
upon activation of endogenous cardiac-MLCK, we treated cardio-
myocytes cultured under serum-free conditions with epinephrine.
Stimulation of G protein-coupled receptors with epinephrine
should activate cardiac-MLCK by increasing intracellular Ca?* con-
centrations (13). A marked upregulation of MLC2v phosphory-
lation was obtained following treatment with 2 @M epinephrine
(Figure 3H). Epinephrine-induced phosphorylation of MLC2v,
which was observed as early as S minutes after stimulation,
peaked within 30 minutes (Figure 3I). Treatment of the cardio-
myocytes cultured in serum-free conditions with 2 uM epineph-
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rine also induced reassembly of sarcomere structures and MLC2v
phosphorylation (Figure 3, J, K, and L). To confirm the relevance
of MLC2v phosphorylation by cardiac-MLCK, we introduced
si-cMKs into cardiomyocytes and analyzed the sarcomere patterns
in these cells. The level of phosphorylated MLC2v was reduced
72 hours after transfection with the si-cMKs; however, we did
not observe any remarkable changes in the structures of the sar-
comeres in cardiomyocytes cultured with serum. The sarcomeres
of control siRNA- and si-cMK-treated cells contained organized
filament structures (cells with organized sarcomeres, 97.0% + 1.0%
versus 90.0% + 1.0%; NS; Figure 4, A-F and I). In contrast, the
knockdown of cardiac-MLCK produced significant effects on sar-
comere reassembly. si-cMK inhibited sarcomere reassembly after
epinephrine treatment in cardiomyocytes cultured under serum-
free conditions (cells with organized sarcomeres, 76.0% + 8.5% ver-
sus 43.6% + 7.0%; P < 0.005; Figure 4, A-F and I). We also confirmed
the phosphorylation of MLC2v using immunoblot analysis (Fig-
ure 4G). The results of the immunoblot analysis are quantified
in Figure 4H, and the relative MLC2v phosphorylation levels in
this experiment exhibited a similar pattern as the percentages of
cardiomyocytes with organized sarcomeres (Figure 4I), except in
baseline, serum-containing conditions. These data suggest that
MLC2v phosphorylation by cardiac-MLCK plays a critical role in
initiating sarcomere reassembly.

Cardiac-MLCK is essential for normal cardiac development and fisnc-
tion in zebrafish embryos. In order to further evaluate the physiologic
roles of cardiac-MLCK, genetically engineered animals must be
examined. In mice, however, targeted deletion of the cardiac ven-
tricular myosin light chain, a specific substrate of cardiac-MLCK,
was embryonic lethal at embryonic day 12.5 (6). Because cardiac-
MLCK is an upstream modulator of MLC2v, deletion of the gene
encoding cardiac-MLCK could also be embryonic lethal. There-
fore, we performed in vivo knockdown experiments in Danio rerio,
in which the phenotype generated by disrupting the functions ofa
targeted gene can be analyzed even if loss of the gene’s functions is
fatal. First, we generated a zebrafish cDNA library from which we
cloned the zebrafish ortholog of MYLK3 (zmylk3; encoding z—car-
diac-MLCK). The amino acid sequence of cardiac-MLCK is highly
similar to those of other vertebrate orthologs, especially within
the C-terminal serine/threonine kinase domain (Figure SA). Fur-
thermore, like MYLK3, zmylk3 is located between the genes VPS35
and NP001001436.1 (Assembly ZvSsc; Wellcome Trust Sanger
Institute), indicating that this was the region of synteny between
human and zebrafish. We also performed whole-mount in situ
hybridizations using zmylk3-specific probes; the results indicated
that zmylk3 was expressed only in the heart at 24 and 48 hours
postfertilization (hpf; Figure 5, B-1).

We injected zebrafish embryos with a specific MO directed
against the AUG translational start site of the z-cardiac-MLCK
mRNA (z-cMKaugMO). At 33 hpf, compared to control mock-
injected zebrafish embryos, the heart region was slightly swollen
in the z-cMKaugMO morphants. At 48 hpf, ventral swelling was
observed in 45.6% * 6.8% of the z-cMKaugMO morphants (Fig-
ure 6A). The ventral swelling became more apparent at 72 hpf
(Figure 6B). In contrast, zebrafish embryos injected with an MO
containing 5-base mismatches compared with z-cMKaugMO were
indistinguishable from control zebrafish embryos (Figure 6C). We
furcher examined the effects of 3 additional MOs, which were tar-
geted to delete specific exons of z-cardiac-MLCK and z-MLC2v. Of
these MOs, 2 were directed against the splice donor and acceptor
Ocrober 2607 2815
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Figure 2

Identification of MLC2v as a specific substrate of cardiac-MLCK. (A) A putative 20-kDa substrate that was labeled with P32 in the presence of
cardiac-MLCK was identified in fractionated murine myocardium extracts (arrows). Fraction numbers are shown at top. (B) P32-labeled MLC2v
was purified and visualized by autoradiography (left lane) and silver staining (right lane). (C) Peptides from the purified protein, which matched
the sequences of murine MLC2v, are shown in red. (D) Purified MLC2v from murine myocardia was phosphorylated by cardiac-MLCK in a
Ca2?+-calmodulin—dependent manner. (E) RcMK detected rat cardiac-MLCK from cultured cardiomyocyte cell extracts and FLAG-tagged murine
cardiac-MLCK. (F) Nonphosphorylated MLC2v and phosphorylated MLC2v were separated using urea-glycerol gel electrophoresis. tMLC and
p-s15MLC were confirmed to specifically detect each target protein. (G) Overexpression of murine cardiac-MLCK in cultured cardiomyocytes
following infection with an adenovirus vector encoding murine cardiac-MLCK at MOls of 90 and 150 upregulated the phosphorylation of MLC2v
in a dose-dependent manner. Endogenous rat cardiac-MLCK is shown at top; overexpressed murine cardiac-MLCK is shown below. (H and I)
Both si-cMK-1 and si-cMK-3 effectively suppressed the mRNA (H) and protein levels (1) of cardiac-MLCK, resulting in reduced phosphoryla-
tion of MLC2v. smMLCK, a-actinin, desmin, and troponin T were not affected by suppression of cardiac-MLCK expression. siCTL, control
siRNA. (J) The protein levels of smMLCK were effectively decreased by si-smMK; no remarkable changes were observed in protein levels of
phosphorylated MLC2v or other sarcomere-related proteins.
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Figure 3

Epinephrine treatment induced sarcomere assembly through MLC2v phosphorylation. Original magnification, x1,000 (A-C and E-G). (A-D)
Polymerized actin stained with rhodamine-phalloidin (A) as well as phosphorylated MLC2v labeled with p-s15MLC (B) exhibited regular pat-
terns of striation. (C) Merged image of A and B. (D) Higher magnification of boxed area in C revealed that rhodamine-phalloidin predominantly
stained the I-band, whereas phosphorylated MLC2v (p-MLC2v) was localized in the A-band. Original magnification, x4,000 (D). (E-G) Cardiac-
MLCK (cMLCK) labeled with RcMK showed a diffuse cytosolic labeling pattern. (H) Cultured cardiomyocytes were stimulated with 0.2-20 uM
epinephrine (Epi), which upregulated MLC2v phosphorylation in a dose-dependent manner. (l) Cultured cardiomyocytes were stimulated with
2 uM epinephrine for the indicated time periods. Epinephrine-induced phosphorylation of MLC2v in cultured cardiomyocytes was observed as
early as 5 minutes after stimulation; maximal phosphorylation was obtained after approximately 30 minutes. (J-L) Cardiomyocytes cultured
with serum contained organized patterns of striation and a moderate level of MLC2v phosphorylation. Middle panels show higher magnification
of boxed regions in top panels. Cardiomyocytes cultured in serum-free conditions were incubated in the absence (K) or presence (L) of 2 uM
epinephrine. (K) Cardiomyocytes cultured under serum-free conditions contained disorganized, punctuated actin staining with a reduced level
of MLC2v phosphorylation. (L) Stimulation with epinephrine provoked rapid sarcomere reassembly and augmented MLC2v phosphorylation.
Original magnification, x1,000 (J-L, upper and lower panels); x3,000 (J-L, middle panels).

sites of exons 4 and 6 of z-cardiac-MLCK, respectively. Deletion  diac-MLCK, and its deletion was expected to diminish the pro-
of exon 4 caused a frameshift and resulted in premature termina-  tein’s kinase activity. The third MO was designed to delete exon 2
tion of the transcript. Exon 6 includes the catalytic center of z-car-  of z-MLC2v, which includes the phosphorylatable serine. These 3
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