The Journal of Biological Chemistry

e

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 39, Issue of September 24, pp. 41077-41084, 2004
Printed in U.S.A.

Regulation of the Cell Surface Expression and Function of
Angiotensin II Type 1 Receptor by Rabl-mediated Endoplasmic
Reticulum-to-Golgi Transport in Cardiac Myocytes*

Received for publication, May 28, 2004, and in revised form, July 2, 2004
Published, JBC Papers in Press, July 12, 2004, DOI 10.1074/jbc.M405988200

Catalin M. Filipeanui, Fuguo Zhou}, William C. Claycomb§, and Guangyu Wui1

From the Departments of Pharmacology and Experimental Therapeutics and §Biochemistry and Molecular Biology,
Louisiana State University Health Sciences Center, New Orleans, Louisiana 70112

Rabl GTPase coordinates vesicle-mediated protein
transport specifically from the endoplasmic reticulum
(ER) to the Golgi apparatus. We recently demonstrated
that Rabl is involved in the export of angiotensin II
(Ang II) type 1 receptor (AT1R) to the cell surface in
HEK293 cells and that transgenic mice overexpressing
Rabl in the myocardium develop cardiac hypertrophy.
To expand these studies, we determined in this report
whether the modification of Rabl-mediated ER-to-Golgi
transport can alter the cell surface expression and func-
tion of endogenous AT1R and AT1R-mediated hyper-
trophic growth in primary cultures of neonatal rat ven-
tricular myocytes. Adenovirus-mediated gene transfer
of wild-type Rabl (Rab1WT) significantly increased cell
surface expression of endogenous AT1R in neonatal car-
diomyocytes, whereas the dominant-negative mutant
Rab1N1241 had the opposite effect. Brefeldin A treat-
ment blocked the RablWT-induced increase in AT1R
cell surface expression. Fluorescence analysis of the
subcellular localization of AT1R revealed that Rabl reg-
ulated AT1R transport specifically from the ER to the
Golgi in HL-1 cardiomyocytes. Consistent with their ef-
fects on AT1R export, Rab1WT and Rab1N124I differen-
tially modified the AT1R-mediated activation of ERK1/2
and its upstream kinase MEK1. More importantly, ade-
novirus-mediated expression of Rab1N124I markedly at-
tenuated the Ang Il-stimulated hypertrophic growth as
measured by protein synthesis, cell size, and sarcomeric
organization in neonatal cardiomyocytes. In contrast,
Rab1WT expression augmented the Ang II-mediated hy-
pertrophic response. These data strongly indicate that
ATIR function in cardiomyocytes can be modulated
through manipulating AT1R traffic from the ER to the
Golgi and provide the first evidence implicating the ER-
to-Golgi transport as a regulatory site for control of
cardiomyocyte growth.

Angiotensin II (Ang II),* an octapeptide hormone, plays an
important role in the development of cardiac hypertrophy
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through the activation of cell surface Ang II receptors (1). There
are two major subtypes of Ang II receptors, the Ang II type 1
receptor (AT1R) and the Ang II type 2 receptor (AT2R), and
both receptor subtypes belong to the seven transmembrane-
spanning receptor superfamily coupling to heterotrimeric G
proteins (2, 3). In cardiomyocytes, AT1R couples to the G,
protein to stimulate phospholipase C, leading to the formation
of intracellular inositol 1,4,5-triphosphate, the release of cal-
cium from intracellular stores, and the activation of mitogen-
activated protein kinases (MAPK) (4—6). A number of studies
have demonstrated that AT1R activation induces hypertrophic
growth in both cultured cardiomyocytes and animal hearts. In
cultured cardiomyocytes, Ang II stimulation induces many
characteristics of cardiomyocyte hypertrophy including in-
creased expression of fetal genes, enhanced protein synthesis,
enlargement of overall cell size, and sarcomeric organization
(7-10). In transgenic animal models, increased AT1R expres-
sion in the myocardium is sufficient to initiate hypertrophic
growth (11, 12). Furthermore, AT1R antagonist treatment pre-
vents the development of cardiac hypertrophy in experimental
animal models and in hypertensive patients (13).

The intracellular trafficking of AT1R is a critical event in
regulating its function. After being synthesized, folded, and as-
sembled in the endoplasmic reticulum (ER), the AT1R is trans-
ported to the Golgi apparatus, where post-translational modifi-
cations (e.g. glycosylation) occur (14). Then, it is transported to
the plasma membrane. The AT1R at the plasma membrane
undergoes internalization in the continuous presence of the ago-
nist Ang II. The internalized AT1R may then be transported to
the lysosome for degradation or recycled back to the plasma
membrane (15-19). Therefore, the number of AT1Rs at the
plasma membrane is determined by the overall balance of AT1R
export to the cell surface, internalization, recycling, and degra-
dation. Although most studies on AT1R trafficking have focused
on the events involved in the internalization, recycling, and deg-
radation (15-19), the export of AT1R from the ER through the
Golgi to the cell surface and regulation of receptor function by
these processes remain poorly understood.

Intracellular protein trafficking between organelles is coor-
dinated by Rab proteins, the largest branch of the Ras-like
small GTPases, consisting of 11 members in yeast and 63
members in mammalian cells (20, 21). Although most of the
Rab proteins identified so far are ubiquitous and highly con-
served in their structure and function, each Rab protein has a
distinct intracellular localization and regulates discrete protein
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transport steps in secretory and endocytic pathways. Among
multiple Rab GTPases involved in the regulation of vesicular
protein transport between intracellular organelles, Rab1 is one
of the most extensively studied and best understood Rab GT-
Pases (22-27). Rabl is localized in the ER and Golgi and
regulates antegrade protein transport specifically from the ER
to the Golgi and between the Golgi compartments.

We recently demonstrated that AT1R exit from the ER is
mediated by a motif consisting of a phenylalanine and a
dileucine spaced by six residues in the membrane-proximal
carboxyl terminus of the receptor (28) and that Rabl regu-
lates the transport of AT1R from the ER to the cell surface in
HEK293T cells (29). We also demonstrated that transgenic
overexpression of Rabl in the myocardium induces cardiac
hypertrophy (30), suggesting that an alteration in Rab1 func-
tion may play a role in the development of cardiomyocyte
hypertrophy. The present studies were undertaken to deter-
mine whether modifying the ER-to-Golgi transport, as a con-
sequence of manipulating Rab1 function, could alter the cell
surface expression and function of endogenous AT1R in car-
diomyocytes, and if so, whether Rabl-mediated alteration in
AT1R function contributes to the development of cardiomyo-
cyte hypertrophy. We demonstrated that adenovirus-medi-
ated gene transfer of Rab1WT and its dominant-negative
mutant elicit opposing effects on the ER-to-Golgi transport
and cell surface expression of AT1R as well as AT1R-medi-
ated signaling and hypertrophic response in cardiomyocytes.
These data indicate that AT1R function can be modulated
through manipulating AT1R traffic from the ER to the Golgi
in cardiomyocytes and provide the first evidence implicating
the ER-to-Golgi transport as a regulatory site for control of
cardiomyocyte growth.

EXPERIMENTAL PROCEDURES

Materials—Angiotensin II type 1A receptor in vector pCDM8 was
kindly provided by Dr. Kenneth E. Bernstein (Department of Pathology,
Emory University, Atlanta, GA). Adenoviral AdEasy system compo-
nents (31) were kindly provided by Dr. Bert Vogelstein (The Johns
Hopkins Oncology Center, Baltimore, MD). Antibodies against Rabl,
phospho-ERK1/2, MEK]1, calregulin, and rhodamine-conjugated anti-
hemagglutinin (HA) antibody were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Antibodies against phosphor-MEK1 were
kindly provided by Dr. Andrew Catling (Department of Pharmacology
and Experimental Therapeutics, Louisiana State University Health
Sciences Center, New Orleans, LA). Anti-GM130 antibody was from BD
Transduction Laboratories. High affinity fluorescein-conjugated an-
ti-HA antibody 3F10 was from Roche Applied Science. Brefeldin A
(BFA), PD123319, isoproterenol, norepinephrine, L-ascorbic acid, fi-
bronectin, and anti-FLAG M2 monoclonal antibody were obtained from
Sigma. Claycomb medium and fetal bovine serum were purchased from
JRH Biosciences (Lenexa, KS). Human Ang II was purchased from
Calbiochem. Penicillin-streptomycin and L-glutamine were from In-
vitrogen. Alexa Fluor 594- and 488-labeled anti-mouse or anti-rabbit
secondary antibodies, Alexa Fluor 594-labeled phalloidin, and 4,6-dia-
midino-2-phenylindole were obtained from Molecular Probes (Eugene,
OR). Normal donkey serum was purchased from Jackson ImmunoRe-
search Laboratories (West Grove, PA). [*H]Leucine (specific activity =
173 Ci/mmol) and [*H]Ang II (specific activity 50.5 = Ci/mmol) were
purchased from PerkinElmer Life Sciences. All other materials were
obtained as described elsewhere (32-34).

Plasmid Constructions—AT1Rs tagged with green fluorescent pro-
tein (GFP) at its carboxyl terminus (AT1R-GFP) and with HA epitope at
its amino terminus (HA-AT1R) were generated as described previously
(28, 29). The GFP and HA epitopes have been used to label G protein-
coupled receptors, including AT1R, resulting in the receptors with
similar characteristics to the wild-type receptors (28, 29). Rab1 (acces-
sion number AF226873) cloned from a mouse cardiac cDNA library (30)
was tagged with the FLAG epitope at its amino terminus (FLAG-Rab1)
as described previously (29). Constitutively active Rabl (Q70L, a GTP-
bound and GTPase-deficient form) and dominant-negative (S25N, a
GDP-bound form, and N124I, a guanine nucleotide binding-deficient
form) mutants were generated using the QuikChange site-directed
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mutagenesis (Stratagene, La Jolla, CA). These Rab1l mutants have been
well characterized and extensively utilized to explore the function of
endogenous Rabl (22-27, 29). The structure of each construct used in
the present study was verified by restriction mapping and nucleotide
sequence analysis (Louisiana State University Health Sciences Center
DNA sequence core).

Generation of Adenovirus Stocks—Wild-type or mutant Rabl was
inserted into pShuttle-CMV at the Sall/HindIII restriction sites by
PCR. After linearization with Pmel, the plasmid was co-transformed
into Escherichia coli strain BJ5183 together with pAdEasy-1, the viral
DNA plasmid. The recombinant adenoviral constructs were screened by
restriction endonuclease digestion. The adenoviral constructs were di-
gested with Pacl and transfected into 911 cells to produce viral parti-
cles. Subsequent processing and purification of adenovirus were per-
formed in the Louisiana State University Health Sciences Center vector
core facility by standard procedures.

Isolation, Culture, and Adenoviral Infection of Neonatal Rat Ventric-
ular Myocytes—Neonatal ventricular myocytes were isolated from the
hearts of 1-2-day-old Sprague-Dawley rats through trypsin digestion
(50 wpg/ml, overnight at 4 °C) in calcium- and magnesium-free Hank’s
balanced salt solution (pH 7.4) and collagenase digestion in Leibovitz’s
L-15 media (Worthington Biochemical Corp.). The myocytes were pre-
plated on a noncoated dish to reduce contamination of fibroblast cells.
Based on immunofluorescence analysis after staining with antibodies
against «-actinin, greater than 95% cells isolated by this procedure are
cardiomyocytes. Isolated neonatal cardiac myocytes were cultured in
DMEM medium supplemented with 10% fetal bovine serum and anti-
biotics. After a 24-h culture, myocytes were switched to serum-free
DMEM and infected with control parent adenovirus or adenovirus
expressing Rab1WT or its dominant-negative mutant Rab1N124I at a
multiplicity of infection (m.o.i.) of 20. After infection for 6 h, the medium
was changed, and the myocytes were further cultured in DMEM. The
efficiency of adenoviral infection of neonatal myocytes was evaluated by
immunostaining using anti-FLAG antibodies.

Culture and Transfection of HL-1 Cardiomyocyte—HL-1 myocytes
were plated onto fibronectin-gelatin-coated plates or coverslips and
cultured in Claycomb medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 100 pg/ml streptomycin, 0.1 mM nore-
pinephrine, and 2 mM L-glutamine as described (35). Transient trans-
fection of the HL-1 myocytes was carried out using Lipofect AMINE
2000 reagent (Invitrogen). The efficiency of transfection based on the
GFP fluorescence was between 60 and 80% in HL-1 cardiomyocytes. For
measurement of Rabl expression and AT1R expression at the cell
surface, HL-1 myocytes were cultured in 6-well dishes and transfected
with 0.8 ug of ATIR-GFP and 2.0 pg of pcDNA3.1 or FLAG-Rabl
constructs. For immunofluorescence microscopy analysis, HL-1 myo-
cytes were cultured in 6-well dishes and transfected with 30 ng of GFP-
or HA-tagged AT1R and 300 ng of Rab1 constructs.

Measurement of ATIR Expression at the Cell Surface—Cell surface
AT1R expression in neonatal cardiomyocytes was measured by [*’H]Ang
II binding to intact myocytes as described (36—38) with modifications.
Briefly, neonatal myocytes were plated at a density of 5 X 10° cells/well
in 12-well plates and infected with adenoviral constructs as described
above. Infected cells were incubated with phosphate-buffered saline
(PBS) containing [*H]Ang II at 4 °C (to limit AT1R internalization
induced by ligand Ang II during the binding) overnight with constant
shaking. To exclude the contribution of AT2R to ligand binding, all
solutions were supplemented with 1 um PD123319, a specific AT2R
antagonist. The nonspecific binding was determined in the presence of
nonradioactive Ang IT (10 um). The cells were washed twice with 1 ml of
ice-cold PBS, and the cell surface-bound [PH]Ang II was extracted by
mild acid treatment (2 X 5 min with 0.5 ml of buffer containing 50 mm
glycine, pH 3, and 125 mm NaCl). The radioactivity was counted by
liquid scintillation spectrometry in 6 ml of Ecoscint A scintillation
solution (National Diagnostics, Inc., Atlanta, GA). We first determined
the Ang II dose-dependent binding curve (2.5-20 nM) in cardiomyocytes
infected with control parent adenovirus. Ang II binding to cardiomyo-
cytes increased linearly at concentrations between 2.5 and 15 nm and
reached maximal binding at the concentration of 15 nMm. Therefore, the
cell surface expression of AT1R in neonatal cardiomyocytes infected
with Rab1WT adenovirus was measured at a saturating concentration
of 20 nM.

Total AT1R expression at the cell surface in HL-1 myocytes was
measured by flow cytometry as described previously (29). Briefly, HL-1
myocytes were transfected with HA-AT1R, collected and resuspended
in PBS containing 1% fetal calf serum at a density of 4 X 10° cells/ml,
and incubated with high affinity fluorescein-conjugated anti-HA anti-
body 3F10 at a final concentration of 2 ug/ml for 30 min at 4 °C. After
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washing twice with 0.5 ml of PBS and 1% fetal calf serum, the cells were
resuspended, and the fluorescence was measured in a flow cytometer
(BD Biosciences FACSCalibur). Because the staining with the anti-HA
antibodies was carried out in the unpermeabilized cells and only those
receptors expressed at the cell surface were accessible to the anti-HA
antibodies, the fluorescence measurement reflected the amount of re-
ceptor expressed at the cell surface.

Immunofluorescence Microscopy—Cardiomyocytes were grown on
coverslips, fixed with a mixture of 4% paraformaldehyde and 4% su-
crose in PBS for 15 min, permeabilized with PBS containing 0.2%
Triton X-100 for 5 min, and blocked with 5% normal donkey serum for
1 h. The cells were then incubated with primary antibody for 1 h. After
washing with PBS (3 X 5 min), the cells were incubated with Alexa
Fluor 594- or -labeled secondary antibody (1:2000 dilution) for 1 h at
room temperature. The coverslips were mounted, and fluorescence was
detected with a Leica DMRAZ2 epifluorescence microscope or a Bio-Rad
radiance confocal microscope (28, 29).

Measurement of ERK1/2 and MEKI Activation—The activation of
ERK1/2 and its upstream kinase MEK1 was measured as described
previously (28, 29, 39). Cardiac myocytes were plated at a density of 1 X
10%well in 6-well plates, infected with Rab1l constructs as described
above, and cultured in DMEM without serum for 48 h. The cells were
then preincubated with 10 um PD123319 for 5 min and stimulated with
100 nM Ang II for 2 min. The reaction was stopped by the addition of 600
wul of 1X SDS gel loading buffer. After solubilizing the cells, 30 ul of total
cell lysates was separated by 10% SDS-PAGE, and ERK1/2 and MEK1
activation was determined by immunoblotting.

[PH]Leucine Incorporation—Protein synthesis rate was determined
as described (40, 41). Briefly, neonatal cardiomyocytes were plated in
12-well plates at a density of 6 X 10°/well in DMEM supplemented with
10% fetal bovine serum. After infection with the desired construct, the
myocytes were made quiescent by incubation for 48 h in DMEM without
fetal bovine serum. The cardiomyocytes were then incubated with
[*H]leucine (1 uCi) for 24 h with or without 100 nM Ang II and 10 um
PD123319. The reaction was terminated by aspirating the medium. The
cardiomyocytes were washed twice with 1 ml of 5% trichloroacetic acid
followed by an extraction with 1 ml of 5% trichloroacetic acid for 1 h in
ice. The cells were lysed with 1 ml of 1 M NaOH for 6 h. The lysate was
transferred to scintillation vials, neutralized with 1 ml of 1 M HCI, and
counted by liquid scintillation spectrometry in 5 ml of Ecoscint A scin-
tillation solution. Since Rab1l influences protein synthesis, the effect of
Rabl on Ang II-stimulated protein synthesis was calculated using the
following formula: {[Ang II and Rabl] — [Rab1]}/{[Ang II and control
adenovirus] — [control adenovirus]}

Measurement of Cell Surface Area—To measure the cell surface area,
cardiomyocytes were stained with Alexa Fluor 594-conjugated phalloi-
din (1:50 dilution) for 10 min to visualize F-actin. Cell images from at
least 20 randomly chosen fields (X40 objective) of 100 cardiomyocytes
were measured in three separate experiments using NIH image soft-
ware. Only these myocytes that were completely in the field were
measured. The effect of Rabl on the Ang II-mediated increase in cell
size was determined using the same formula as for the protein synthe-
sis described above.

Immunoblotting—Western blotting was carried out as described pre-
viously (29, 42). For measurement of Rab1l expression, cardiomyocytes
were harvested and homogenized in buffer containing 5 mm Tris-HCI,
pH 7.4, 5 mm EGTA, and 5 mm EDTA supplemented with Complete
Mini protease inhibitor mixture (Roche Applied Sciences). Fifty ug of
total homogenate was separated by 12% SDS-PAGE, and Rab1 expres-
sion was detected by Western blotting using anti-FLAG antibodies.
ERK1/2 and MEKI1 activation was determined by measuring their
phosphorylation with phospho-specific antibodies. The membranes
were stripped and reprobed with anti-MEK1 or ERK2 antibodies to
determine the total amount of kinases and to confirm equal loading of
proteins. The signal was detected using ECL Plus (PerkinElmer Life
Sciences) and a Fuji Film luminescent image analyzer (LAS-1000 Plus)
and quantitated using the Image Gauge program (Version 3.4).

Statistical Analysis—Differences were evaluated using Student’s ¢
test or one-way analysis of variance, and p < 0.05 was considered as
statistically significant. Data are expressed as the means = S.E.

RESULTS

Effect of Adenovirus-mediated Gene Transfer of Rabl into
Neonatal Rat Ventricular Myocytes on AT1R Expression at the
Cell Surface—To determine whether Rab1 regulates the export
of endogenous AT1R from the ER to the cell surface, we first
determined the effect of adenovirus-mediated expression of
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Fic. 1. Adenovirus-mediated expression of Rabl in neonatal
rat ventricular myocytes. A, Western blot analysis of expression of
Rab1WT and dominant-negative mutant Rab1N124I driven by adeno-
virus. Neonatal myocytes were infected with empty adenoviral vector
(Control) or recombinant FLAG-Rab1WT adenovirus for 1, 2, 3, and 4
days or with Rab1N1241 for 2 days at an m.o.i. of 20. Fifty ug of whole
cardiomyocyte lysate was separated by 12% SDS-PAGE, and FLAG-
Rab1 expression was detected by immunoblotting with anti-FLAG an-
tibody M2. The immunoblot is representative of results obtained in two
different experiments. B, localization of RablWT and estimation of
infection efficiency. Cardiomyocytes were cultured on coverslips and
infected with control or FLAG-Rab1WT adenovirus as above. Localiza-
tion of FLAG-RablWT in infected cardiomyocytes was revealed by
fluorescence microscopy following immunostaining with anti-FLAG an-
tibodies as described under “Experimental Procedures.” Similar results
were obtained in at least three separate experiments. Scale bar, 10 um.

Rabl on ATI1R expression at the cell surface. Recombinant
adenovirus encoding FLAG-tagged Rab1WT and its dominant-
negative mutant Rab1N124I were generated to infect cardiom-
yocytes isolated from neonatal rat ventricles. Rabl expression
was determined by Western blotting using a FLAG high affin-
ity monoclonal antibody (Fig. 1A). Fluorescent microscopic
analyses following immunostaining with anti-FLAG antibodies
revealed that greater than 95% of the cardiomyocytes were
infected (Fig. 1B). Consistent with the localization of endoge-
nous Rab1 in other cell types, infected Rab1WT was localized to
the perinuclear region of the myocytes, presumably in the ER
and the Golgi (22, 29). These data indicate that Rabl was
successfully transferred into primary cultures of neonatal rat
ventricular myocytes with adenoviruses.

We next evaluated the effect of adenovirus-mediated gene
transfer of Rab1 on the cell surface expression of AT1R using
[*H]Ang II ligand binding in intact neonatal cardiomyocytes.
The cell surface expression of AT1R as measured at a satu-
rating concentration of Ang II (20 nm) was significantly aug-
mented in cardiomyocytes infected with Rab1WT adenovirus
as compared with that from cardiomyocytes infected with
control adenovirus. In contrast, AT1R expression at the cell
surface was markedly attenuated in cardiomyocytes infected
with the dominant-negative mutant Rab1N1241 adenovirus
(Fig. 2). These data indicate that manipulation of Rab1 func-
tion modifies the cell surface expression of endogenous AT1R
in neonatal cardiomyocytes.

Effect of Rabl on the ER-to-Golgi Transport of ATIR in
Cardiomyocytes—To determine whether the effect of Rabl on
AT1R expression at the cell surface is mediated through mod-
ifying receptor transport from the ER to the Golgi, we tested
whether BFA could block Rab1 effect. BFA is a fungal metab-
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Fic. 2. Effect of adenovirus-mediated expression of RablWT
and Rab1N124I on AT1R expression at the cell surface in neo-
natal cardiomyocytes. Cardiomyocytes were cultured and infected
with control, Rab1WT, or Rab1N124I adenovirus. For BFA treatment,
the Rab1WT-infected cardiomyocytes were incubated with BFA at a
concentration of 5 pg/ml for 8 h. Two days after adenoviral infection, the
cell surface expression of AT1R was determined by ligand [*H]Ang II
binding as described under “Experimental Procedures.” Nonspecific
binding obtained in the presence of 10 uM nonradioactive Ang II was
subtracted from the values presented. The mean values of specific
binding were 496 = 112, 779 * 145, and 316 * 85 cpm (n = 8 each in
duplicate) from the cardiomyocytes infected with control, Rab1WT, or
Rab1N124I adenovirus, respectively, and 426 = 50 cpm (n = 3) from the
cardiomyocytes infected with Rab1WT adenovirus and treated with
BFA. The data shown are the percentage of the mean value obtained
from the cardiomyocytes infected with control adenovirus and are pre-
sented as the means = S.E. *, p < 0.05 versus cardiomyocytes infected
control adenovirus; **, p < 0.05 versus cardiomyocytes infected with
Rab1WT adenovirus alone.

olite that disrupts the structures of the Golgi and blocks pro-
tein transport from the ER to the Golgi (43, 44). BFA treatment
significantly blocked Rabl-mediated increase in AT1R expres-
sion at the cell surface (Fig. 2), suggesting Rab1WT-mediated
AT1R increase in cell surface is due to the modification of AT1R
transport from the ER to the Golgi, consistent with the well
established Rab1 function.

To further characterize the functional role of Rabl in regu-
lating AT1R expression at the cell surface, we sought to deter-
mine the effect of transient expression of the dominant-nega-
tive mutant Rab1N124I and the constitutively active mutant
Rab1Q70L on the subcellular distribution of AT1R. To this end,
we choose HL-1 cardiomyocytes, an immortal cardiac muscle
cell line that proliferates and retains phenotypic characteris-
tics of cardiomyocytes (35, 45). HL-1 myocytes can be easily
transfected with epitope-tagged AT1R, allowing us to directly
visualize subcellular localization of the receptor. AT1R tagged
with GFP or HA was co-expressed together with FLAG-tagged
Rab1N124I or Rab1Q70L in HL-1 myocytes. Rabl expression
was detected by immunoblotting with anti-FLAG antibodies
(Fig. 3A), and the subcellular distribution of AT1R was visual-
ized by fluorescence microscopy.

As anticipated, AT1R was mainly localized at the plasma
membrane (Fig. 3B) in the absence of exogenous Rab1l, which
was confirmed by co-localization with tetramethylrhodamine-
conjugated concanavalin A, a plasma membrane marker (data
not shown). Expression of Rab1N1241 markedly reduced the
cell surface expression of AT1R as compared with myocytes
transfected with the receptor and empty pcDNAS.1 vector (Fig.
3B). The receptors were retained in the perinuclear regions of
the transfected myocytes, presumably in the ER and the Golgi
(29). Consistent with microscopic analysis of receptor subcellu-
lar localization, the number of HA-AT1Rs in the plasma mem-
brane quantitated by flow cytometry following staining with
anti-HA antibodies in unpermeabilized HL-1 myocytes was
significantly reduced by 44% (Fig. 3D).

The ER-to-Golgi Transport Controls AT1R Function

Expression of the active mutant Rab1Q70L did not signifi-
cantly change AT1R distribution at the plasma membrane (Fig.
3, C and D) but induced a marked accumulation of AT1R in the
perinuclear region (Fig. 3C). The intracellularly accumulated
AT1R was extensively co-localized with GM130, a Golgi marker
(Fig. 3C), suggesting that the constitutive active mutant
Rab1Q70L facilitated AT1R transport to the Golgi from the ER
in HL-1 myocytes. These data indicate that the activation of
Rab1l GTPase is required for normal export of AT1R from the
ER to the Golgi in cardiomyocytes.

Modulation of ATIR Signaling by Rabl in Neonatal Car-
diomyocytes—To determine whether Rabl is capable of regu-
lating AT1R signaling through modifying the ER-to-Golgi
transport of AT1R, we determined the effect of Rabl on the
AT1R-mediated activation of ERK1/2 and its upstream kinase
MEKI1. Adenovirus-mediated Rab1WT expression significantly
enhanced ERK1/2 and MEK1 activation in response to stimu-
lation with Ang II in neonatal cardiomyocytes (Fig. 4). In con-
trast, the dominant-negative Rab1N124I expression markedly
reduced Ang II-induced ERK1/2 and MEKI1 activation. These
data indicate that Rabl modulates not only AT1R traffic but
also its signal transduction.

Cellular Hypertrophy Induced by RabIWT in Neonatal Car-
diomyocytes—We previously demonstrated that transgenic
overexpression of Rabl in the myocardium induces cardiac
hypertrophy (31). To determine whether cardiac hypertrophy
in Rabl transgenic mice is the consequence of hemodynamic
regulation or the direct effect of increased Rab1l expression on
cardiomyocytes, we evaluated the effect of increased expression
of Rabl on hypertrophy of primary cultures of neonatal rat
ventricular myocytes. We first determined the effects of adeno-
virus-mediated gene transfer of Rab1WT on total protein syn-
thesis and overall size of neonatal cardiomyocytes. Total pro-
tein synthesis measured by [®H]leucine incorporation was
significantly increased by 59% (p < 0.05) in cardiomyocytes
infected with Rab1WT at 20 m.o.i. as compared with cardiom-
yocytes infected with parent adenoviral vector (Fig. 5A). Con-
sistent with the augmented protein synthesis, the cell surface
area was also significantly enlarged by 35% (»p < 0.05) in
myocytes infected with Rab1WT (Fig. 5B).

Because cardiomyocyte hypertrophy is accompanied by sar-
comeric organization, we next examined whether Rab1WT in-
fection induces such changes. The number of actin filaments as
revealed by phalloidin staining was largely increased by
Rab1WT infection (Fig. 5C). However, Rab1WT expression was
not enough to induce the formation of highly organized sarco-
meric structures. The cell surface area, total protein synthesis,
and sarcomeric organization obtained from myocytes infected
with parent adenoviral vector were almost the same as those
obtained from noninfected myocytes (data not shown), suggest-
ing that the influence of Rab1 infection on these hypertrophic
parameters could not be attributed to nonspecific effects of
adenoviral infection. These results indicate that adenovirus-
mediated Rab1WT expression induces cellular hypertrophy in
neonatal rat ventricular myocytes, consistent with the car-
diomyocyte hypertrophy observed in the transgenic mouse
hearts overexpressing Rabl.

Effect of Rabl on Ang II-stimulated Hypertrophic Responses
in Neonatal Cardiomyocytes—The preceding data indicated
that adenovirus-mediated expression of RablWT and
Rab1N124I produced opposite effects on AT1R expression at
the cell surface and on cell signaling. We then determined
whether manipulation of Rabl function through adenovirus-
mediated expression of Rab1WT and Rab1N124I could differ-
entially influence Ang II-stimulated hypertrophic growth in
neonatal cardiomyocytes. Ang II stimulation induces neonatal
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Fic. 3. Effect of Rabl on the subcellular distribution of AT1R
in HL-1 cardiomyocytes. A, Western blot analysis of transfected
Rab1 expression. HL-1 myocytes were transfected with the pcDNA3.1
vector (Control), FLAG-Rab1Q70L, or FLAG-Rab1N124I using Lipo-
fect AMINE 2000 as described under “Experimental Procedures.” Fifty
ng of whole myocyte lysate was separated by 12% SDS-PAGE, and
transfected Rab1 expression was detected by immunoblotting with anti-
FLAG antibody M2. B, the effect of dominant-negative mutant
Rab1N124I on the subcellular distribution of AT1R. HL-1 myocytes
cultured on coverslips were transfected with AT1R-GFP (upper panel)
or HA-AT1R (lower panel) plus pcDNA3.1 (Control) or Rab1N1241. The
subcellular distribution of the receptor was revealed by detecting GFP
fluorescence (upper panel) or by fluorescence microscopy following im-
munostaining with rhodamine-conjugated anti-HA antibodies (lower
panel) as described under “Experimental Procedures.” The data are
representative images of three independent experiments. C, the effect
of the constitutively active mutant Rab1Q70L on the subcellular distri-
bution of AT1R. HL-1 myocytes cultured on coverslips were transfected
with AT1R-GFP and FLAG-Rab1Q70L. The cells were stained with
4,6-diamidino-2-phenylindole (DAPI) and antibodies against GM130 (a
Golgi marker; 1:100 dilution). The subcellular distribution and co-
localization with GM130 of AT1R-GFP were revealed by fluorescence
microscopy. The data are representative images of at least three inde-
pendent experiments. Blue, DNA staining by 4,6-diamidino-2-phenylin-
dole (nuclear); red, GM130 (Golgi); green, GFP-AT1R; yellow, co-local-
ization of AT1R and GM130. D, the effect of Rab1Q70L and Rab1N1241
on the cell surface expression of AT1R. HL-1 myocytes were transfected
with HA-AT1R together with pcDNA3.1 (Control), Rab1Q70L, or
Rab1N124I. AT1R expression at the cell surface was quantitated by
flow cytometry following incubation with anti-HA antibodies as de-
scribed under “Experimental Procedures.” The mean values of fluores-
cence obtained from the untransfected myocytes and from myocytes
transfected with HA-AT1R plus pcDNA3.1, Rab1Q70L, or Rab1N124I
were 92 + 7,520 + 14, 541 + 39, and 240 =+ 21, respectively. The data
shown are the percentage of the mean value obtained from the cells
transfected with pcDNA3.1 and HA-AT1R and are presented as the
means = S.E. of three experiments. *, p < 0.05 versus cells transfected
HA-AT1R and pcDNAS3.1 (Control). Scale bars, 10 um.
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cardiomyocyte hypertrophy as indicated by sarcomeric reorga-
nization and a moderate increase in protein synthesis and cell
size (7-10). Protein synthesis and the cell surface area in car-
diomyocytes infected with parent adenoviral vector were in-
creased by about 25 and 35%, respectively, in response to Ang
II (100 nm) after blockade of AT2R function using PD123319
(10 uMm) (data not shown). Ang II effects on hypertrophic growth
were dramatically increased in cardiomyocytes expressing
Rab1WT (Fig. 6, A and B). After subtracting the Rabl effect,
Ang Il-stimulated protein synthesis and the cell surface area
were dramatically increased by 88 and 115%, respectively, as
compared with cardiomyocytes infected with control adenovi-
rus (Fig. 6, A and B).

In contrast to Rab1WT, expression of the dominant-negative
mutant Rab1N124I significantly attenuated the Ang II-medi-
ated hypertrophic response (Fig. 6). Increases in total protein
synthesis and the cell surface area in response to stimulation
with Ang IT were markedly attenuated by 90 and 68%, respec-
tively, in cardiomyocytes infected with Rab1N124I as com-
pared with cardiomyocytes infected with control adenovirus
(Fig. 6, A and B). Furthermore, the formation of striated sar-
comeric structures in response to Ang II stimulation was also
reduced by Rab1N124I (Fig. 6C). These data indicate that the
reduction of Rab1 function prevents Ang II-mediated cardiom-
yocyte hypertrophic growth, consistent with a decrease in the
cell surface expression and signaling of AT1R induced by the
dominant-negative Rabl mutant in cardiomyocytes.

DISCUSSION

The molecular mechanisms underlying the export process of
G protein-coupled receptors from the ER through the Golgi to
the cell surface and its pathophysiological significance in reg-
ulating receptor function remain largely unknown. As an ini-
tial approach to these issues, we previously determined the role
of Rabl in the export and signal transduction of AT1R, B,-
adrenergic receptor (AR), and a,5-AR using co-transfection
systems (29). To expand these studies, in this report, we deter-
mined whether Rab1 controls the export traffic and function of
endogenous AT1R in cardiomyocytes. The endogenous Rabl
function was manipulated through adenovirus-mediated gene
transfer of RablWT and its dominant-negative mutant
Rab1N124I. We demonstrated that Rab1WT and its dominant-
negative mutant have opposing effects on the ER-to-Golgi
transport and cell surface expression of AT1R as well as AT1R-
mediated signaling and cell growth in cardiomyocytes.

We first determined the effect of Rab1l on endogenous AT1R
expression at the cell surface. Consistent with our previous
data in HEK293T cells (29), inhibition of Rabl function by
expressing dominant-negative mutant Rab1N124I attenuated
the cell surface expression of AT1R in neonatal cardiomyocytes,
further indicating that Rabl is an essential factor for normal
export of AT1R. Interestingly, expression of Rab1WT signifi-
cantly increased endogenous AT1R expression at the cell sur-
face in neonatal cardiomyocytes, suggesting that Rabl may
function as a rate-limiting factor for the transport of endoge-
nous ATI1R to the cell surface. However, Rab1WT and its con-
stitutively active mutant Rab1Q70L had no significant effect
on the overall cell surface expression of AT1R in transfected
HEK293 cells (29) and HL-1 cardiomyocytes (Fig. 3D) overex-
pressing AT1R. Probably, AT1R overexpression has saturated
the export potential of the cell; thus, further increase in Rab1l
would have no effect on the AT1R transport. These data indi-
cate that Rabl is involved in the regulation of AT1R expression
at the cell surface.

The influence of Rabl on AT1R expression at the cell
surface is due to its effect on the export of the receptor from
the ER-to-Golgi compartment. This is supported by the fol-
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lowing results. First, RablWT-induced enhancement in
ATI1R expression at the cell surface was prevented by BFA,
which impairs Golgi function and blocks the ER-to-Golgi
protein transport (43, 44). Second, the dominant-negative
mutant Rab1N124I induced AT1R accumulation in the pe-
rinuclear regions, presumably the ER and Golgi (29), with an
impairment of AT1R transport to the plasma membrane.
Third, the constitutively active mutant Rab1Q70L induced
ATI1R accumulation in the Golgi without influencing normal
cell surface expression of the receptor, suggesting that the
ATI1R transport from the ER to the Golgi is facilitated by the
Rab1Q70L. These data also imply that AT1R transport from
the ER to the Golgi and from the Golgi to the plasma mem-
brane are two separate rate-limiting steps.

To determine whether the modification of AT1R transport
from the ER to the Golgi by Rab1l influenced AT1R function in
neonatal cardiomyocytes, we determined the effect of Rabl on
AT1R-mediated MAPK activation and hypertrophic growth.
Adenoviral expression of Rab1WT significantly augmented and
Rab1N124I attenuated Ang II-stimulated ERK1/2 and MEK1
activation in neonatal cardiomyocytes, mirroring the effects of
Rabl on ATI1R expression at the cell surface. Therefore, we
conclude that the modulation of AT1R-mediated signaling was
due at least in part to the influence of Rabl on AT1R transport
from the ER to the Golgi apparatus and subsequently to the cell
surface. However, we cannot exclude the possibility that alter-
ing Rab1 function may also modulate the intracellular traffick-
ing of other molecules involved in AT1R signaling systems,
which may contribute to the modulation of AT1R function.

We also determined the effect of adenovirus-mediated ex-
pression of Rab1lWT and Rab1N124I on Ang II-mediated hy-
pertrophic responses in neonatal cardiomyocytes. Cardiomyo-
cyte hypertrophy is generally characterized by increased
protein synthesis, morphological alteration in cell size, and/or
enhanced sarcomeric organization. Expression of Rab1WT and
RabN1241I oppositely influenced Ang II-induced neonatal car-
diomyocytes hypertrophy, in which Rab1WT promoted and
Rab1N1241 attenuated Ang II-mediated increase in protein
synthesis, cell size, and sarcomeric organization, consistent
with the effect of Rabl on AT1R expression at the cell surface
and on signaling. Of particular note, the protein synthesis in
responses to Ang II stimulation was markedly increased in
cardiomyocytes infected with Rabl1WT and almost abolished

in cardiomyocytes infected with Rab1N124I as compared with
that from cardiomyocytes infected with control adenovirus.
These data imply that cardiomyocyte growth can be manipu-
lated by controlling the transport of AT1R at the level of the ER
and the Golgi compartment.

We have previously demonstrated that transgenic overex-
pression of Rabl in the myocardium induces cardiac hypertro-
phy with an increase in myocyte size, ventricular mass, and
expression of embryonic cardiac genes (30). Consistent with
cardiac hypertrophy observed in in vivo mouse hearts, in-
creased expression of Rab1WT induced hypertrophy in in vitro
neonatal cardiomyocytes as indicated by an increase in total
protein synthesis, enlargement of the size of individual myo-
cytes, and enhanced actin organization. These data further
suggest that the cardiac hypertrophy observed in transgenic
mouse hearts overexpressing Rabl is a direct consequence of
Rabl-facilitated protein transport in cardiomyocytes, rather
than an indirect effect.

The transport from the ER to the Golgi compartment of G
protein-coupled receptors represents the first step in intracel-
lular trafficking of the receptors and influences the cell surface
expression and function of the receptors (46). In addition to
AT1R, the transport of many other G protein-coupled receptors
from the ER to the Golgi may also be regulated by Rabl in
cardiomyocytes. Indeed, we have demonstrated that Rabl is
required for B,-AR transport from the ER through the Golgi to
the cell surface in HEK293T cells (29). Our preliminary studies
have shown that Rabl is also required for the transport of
B5-AR from the ER to the cell surface and cAMP production in
response to stimulation with isoproterenol, but not forskolin, in
HL-1 cardiac cells.? As the B-AR also plays a crucial role
in regulating cardiomyocyte growth, it will be interesting to
determine whether Rab1 regulates the trafficking and function
of endogenous B-AR in primary cultures of cardiomyocytes. By
virtue of the ability to regulate ER-to-Golgi traffic and signal
propagation of G protein-coupled receptor systems in cardiac
myocytes, Rabl may play an important role in regulating car-
diomyocyte and cardiac function.

Elucidation of the functional role of Rab GTPases in regulat-
ing the intracellular trafficking and signal transduction of G

2 M. Sato and G. Wu, unpublished data.
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FIG. 5. Effect of adenovirus-mediated expression of Rab1WT
on hypertrophy in neonatal cardiomyocytes. A, the effect of ade-
novirus-driven Rab1 expression on total protein synthesis. Cardiomyo-
cytes were cultured in 12-well plates at a density of 6 X 10°/well,
infected with empty (Control) or Rab1WT adenoviruses (20 m.o.i.), and
incubated with 1 uCi of [*H]leucine for 24 h. Total protein synthesis was
measured as described under “Experimental Procedures.” The data are
shown as the -fold increase over the control and represent the means =
S.E. of five separate experiments each performed in duplicate. B, the
effect of Rabl on the cell surface area. Myocytes were cultured and
infected with control or Rabl1WT adenovirus as above. After a 2-day
infection, cardiomyocytes were stained with phalloidin for F-actin. The
cell surface area was measured by using the NIH Image program. At
least 100 myocytes from 20 randomly selected fields in three separate
experiments were measured as described under “Experimental Proce-
dures.” C, the effect of Rab1l on sarcomeric organization. The myocytes
were stained with phalloidin, and fluorescence was detected as de-
scribed under “Experimental Procedures.” The images shown are rep-
resentative of three experiments. *, p < 0.05 versus cardiomyocytes
infected with control adenovirus. Scale bar, 10 um.

protein-coupled receptors has just begun. Our results have
demonstrated that Rabl critically regulates the ER-to-Golgi
transport and function of AT1R. In addition to Rabl, several
other Rab GTPases have also been implicated in the regulation
of intracellular trafficking of G protein-coupled receptors at
other transport processes. For example, Rab5 regulates the
endocytic trafficking from the plasma membrane to the endo-
some of G protein-coupled receptors including B,-AR, AT1R,
dopamine D,, endothelin, p-opioid, m4 muscarinic acetylcho-
line, and neurokinin 1 receptors (38, 47-50). Rab4 and Rab11
may control the recycling of internalized B,-AR and AT1R from
the endosome to the plasma membrane (38, 50, 51). Rab7 may
be involved in the targeting of G protein-coupled receptors to
the lysosome for degradation (51). Therefore, defining the func-
tional role of individual Rab GTPases in cardiomyocyte growth
by modifying the transport of selective G protein-coupled re-
ceptors at distinct steps may provide a novel foundation for the
development of strategies in treating cardiac disease.
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