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Background: Intracellular trafficking of RGS proteins determines their function as G-protein inhibitors.

Results: The function and trafficking of RGS4 through intracellular endosomal pools are highly regulated by different Rab proteins.
Conclusion: Rab5 and Rab11 regulate the intracellular trafficking and function of RGS4-.

Significance: Identifying novel mechanisms whereby RGS4 localization and function may be regulated might lead to new

strategies for the selective regulation of G-protein signaling.

RGS4, a heterotrimeric G-protein inhibitor, localizes to
plasma membrane (PM) and endosomal compartments. Here,
we examined Rab-mediated control of RGS4 internalization and
recycling. Wild type and constitutively active Rab5 decreased
RGS4 PM levels while increasing its endosomal targeting. Rab5,
however, did not appreciably affect the PM localization or func-
tion of the M1 muscarinic receptor (M1R)/G, signaling cascade.
RGS4-containing endosomes co-localized with subsets of
Rab5-, transferrin receptor-, and Lamp1l/Lysotracker-marked
compartments suggesting RGS4 traffics through PM recycling
or acidified endosome pathways. Rab7 activity promoted TGN
association, whereas Rab7(dominant negative) trapped RGS4 in
late endosomes. Furthermore, RGS4 was found to co-localize
with an endosomal pool marked by Rabll, the protein that
mediates recycling/sorting of proteins to the PM. The Cys-12
residue in RGS4 appeared important for its Rabl1-mediated
trafficking to the PM. Rabl1l(dominant negative) decreased
RGS4 PM levels and increased the number of RGS4-containing
endosomes. Inhibition of Rab11 activity decreased RGS4 function
as an inhibitor of M1R activity without affecting localization and
function of the M1R/Gg signaling complex. Thus, both Rab5 acti-
vation and Rab11 inhibition decreased RGS4 function in a manner
that is independent from their effects on the localization and func-
tion of the M1R/G, signaling complex. This is the first study to
implicate Rab GTPases in the intracellular trafficking of an RGS
protein. Thus, Rab GTPases may be novel molecular targets for the
selective regulation of M1R-mediated signaling via their specific
effects on RGS4 trafficking and function.

The regulator of G-protein signaling (RGS)? proteins modu-
late cellular signaling mediated by G-protein-coupled recep-
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tors. The superfamily of RGS proteins (1, 2) contains >35
members, many of which function as GTPase-activating pro-
teins for Ga subunits (3, 4). RGS4 is one of the most widely
studied members of this family. RGS4 has been shown to be an
effective inhibitor of M1 muscarinic and other receptors cou-
pled to both G, and G;. Indeed, genetic deletion models have
been used to show that RGS4 regulates a wide variety of GPCR-
mediated physiological pathways in the brain (5, 6), sinoatrial
node (7), pancreas (8, 9), and metastatic tumor cells (10).
Indeed, changes in RGS4 expression have been identified in
numerous pathogenic conditions, including schizophrenia (11,
12), Alzheimer disease (13, 14), and heart failure (15), linking its
altered function to disease pathogenesis and progression. Thus,
understanding the cellular mechanisms by which RGS4 func-
tion is regulated at the intracellular level may be an important
step toward understanding its role in various tissues under nor-
mal and pathophysiological conditions. Specifically, we are
interested in uncovering novel intracellular pathways that reg-
ulate the function of RGS4 as an inhibitor of G-protein-coupled
receptor signaling in mammalian cells as a first step to the
design of therapeutic strategies for the treatment and preven-
tion of disease.

Previously, our group showed that efficient localization of
RGS4 to the plasma membrane was an important determinant
of its G-protein inhibitory function. Somewhat unexpectedly,
RGS4 was also observed to traffic through an endosomal com-
partment in a manner that was highly dependent on Cys-2
palmitoylation (16). Thus, we set out to examine the cellular
mechanisms that mediate RGS4 localization to the endosomal
compartment and to characterize the cellular pathways that
control RGS4 trafficking between endosomal pools and the
plasma membrane.

The Rab superfamily of small GTPase proteins contains a
large number of key regulators of endosome trafficking and
remodeling. In their GTP-bound (activated) state, Rabs have a
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ANOVA, analysis of variance; FR, fluorescence ratio.
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number of physiological roles, including the following: (i) bind-
ing specific tethering proteins (i.e. EEA1, Fip) that are critical
for endosome membrane recognition (17-19); (ii) interacting
with SNARE proteins that are important for membrane fusion
(20, 21); and (iii) coupling endosomes to microtubules to allow
anterograde and retrograde trafficking throughout the cyto-
plasm (22, 23). Some Rab proteins are known to specifically
reside within distinct endosomal pools. For example, Rab5,
Rab7, and Rab11 are widely established markers for early/sort-
ing, late, and recycling endosomal pools, respectively (24 —26).
Specifically, Rab5 regulates clathrin-mediated endocytosis
from the plasma membrane to the early/sorting endosome pool
(27). The early/sorting endosome is an intersection point for
many proteins where they can either be sorted to undergo deg-
radation via a Rab7-dependent late endosome/lysosomal route
or be sorted for recycling back to the plasma membrane via a
Rab11-dependent recycling endosome pathway (28). Like the
Rabs, the small GTPases such as Arf6 also can direct endosomal
internalization and trafficking. Arf6 is located at the plasma
membrane and mediates clathrin-independent endocytosis
from the plasma membrane Rab5-containing early/sorting
endosomes (29, 30).

Here, we used a variety of wild type and mutant constructs
for the Rab and Arf family of proteins, discussed above, to study
the effect of altered small GTPase activity on the intracellular
trafficking and function of RGS4. Our data show for the first
time that Rab-mediated internalization and intracellular traf-
ficking of an RGS protein are important components of the
intracellular mechanisms that regulate its plasma membrane
targeting and function as an inhibitor of GPCR signaling.

EXPERIMENTAL PROCEDURES

Materials—HEK293 cells (tsA-201 derivative) were a kind
gift from Zhong-Ping Feng (University of Toronto). All tissue
culture media and transfection reagents were purchased from
Invitrogen and Roche Applied Science, respectively. The
pEYFP-C1 plasmid was originally purchased from Clon-
tech/BD Biosciences. The pIRESpuro-GLUE plasmid, used to
generate the hemagglutinin (HA)-tagged RGS4-HA, RGS4-
HA, was a kind gift from Stephane Anger (University of
Toronto). Fluorescent-tagged versions of the trans-Golgi net-
work marker protein TGN38 were from J. Lippincott-Schwartz
(National Institutes of Health, Bethesda), and CFP-Rab5a, CFP-
Rab5SN, and CFP-Rab11 were generously provided by Marino
Zerial (Max Planck Institute). CFP-Arf6, CFP-Arf6TN, RFP-
Lampl, and RFP-Rab7 were obtained from addgene.org. Texas
Red®-conjugated transferrin and Lysotracker® Red were pur-
chased from Invitrogen. Rhodamine B-labeled phosphatidyle-
thanolamine was from Avanti Polar Lipids (Alabaster, AL).
Anti-HA antibody was from Roche Applied Science, and the
horseradish peroxidase-coupled anti-mouse secondary anti-
body was from GE Healthcare (catalog no. NXA931). Unless
otherwise stated, all other reagents and chemicals were from
Sigma.

Cell Culture—HEK293 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM)/Ham’s F-12 medium (1:1), sup-
plemented with 10% (v/v) heat-inactivated fetal bovine serum, 2
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mM glutamine, 10 ug/ml streptomycin, 100 units/ml penicillin
at 37 °C in a humidified atmosphere with 5% CO,,.

RGS4 Expression Constructs—For subcellular localization
studies, RGS4-YFP expression plasmids were generated in the
pEYFP-C1 vector by cloning the human RGS4 cDNA into the
Nhel/Agel sites to generate a carboxyl-terminal YFP fusion.
Robust expression was ensured by inclusion of an optimized
translation initiation signal in the context of the first methio-
nine codon (GCCACCATGGCG). For analysis of RGS4 expres-
sion levels, RGS4-HA was generated by cloning RGS4 coding
sequences into the Notl/Ascl polylinker sites of the pIRESpuro-
GLUE plasmid. Cysteine point mutations were introduced by
site-directed mutagenesis as described previously (16). All plas-
mid constructs were purified using the Endofree Maxi kit (Qia-
gen) and verified by sequencing of the complete protein-coding
region. Protein expression was analyzed by Western blotting on
nitrocellulose membranes using anti-HA antibody and the ECL
detection.

Generation of Mutant Rab Constructs—The dominant nega-
tive Rab1l construct, CFP-Rab11-S25N, was generated from
the wild type CFP-Rabl1 construct using the following primer
pair: 5'-agattctggtgttgggaagaataatctcttgtctcg-3' and its reverse
complement. The constitutively active construct, CFP-Rab5-
Q79L, was similarly created using the following primer: 5’-ata
tgg gat aca gct ggt ctc gag cga tac cat agc cta gca-3' and its
reverse complement. Dominant negative Rab7, mRFP-Rab7-
T22N, was likewise created from mRFP-Rab7 using 5'-gat tct
gga gtt ggt aag aat tca ctc atg aac cag tat-3'.

Assays of Fura 2 Calcium Assay—The function of RGS4 as an
inhibitor of G -coupled signaling was studied by ratiometric
calcium imaging in cells selected for similar RGS4-YFP protein
expression levels as described previously (31). In brief, M1-HEK
cells were seeded on poly-L-lysine-coated number 1 glass cov-
erslips and transiently transfected with the indicated constructs
using Xtremegene HP™ transfection reagents. Twenty four
hours after transfection, cells were loaded with fura-2AM in
Cal buffer (11 mm glucose, 130 mm NacCl, 4.8 mm KCl, 1.2 mm
MgCl,, 17 mm HEPES, and 1 mm CaCl,, pH 7.3), and coverslips
were washed and loaded into a modified Leyden chamber. Cells
were perfused at 37 °C with Cal buffer for 5 min. Base-line
fluorescent ratio (FR) values were collected for 10 -20 s before
the addition of carbachol for a final concentration of 200 um.
Peak relative percent FR increase above base-line = ((peak
stimulated FR/unstimulated baseline FR) — 1) X 100%.

Confocal Microscopy—HEK293 cells were plated at 50% in
tissue culture-treated microscopy dishes (Ibidi, catalog no.
81156) and transfected overnight with 1 ug of each construct to
be tested using 2.5 ul of Xtremegene HP transfection reagent
according to the manufacturer’s instructions. At the outset of
each series of experiments, the experimenter was blinded to the
identity of the transfectants immediately following the trans-
fection step and unblinded following data collection and anal-
ysis (as detailed below). Following 24 h of incubation, dishes
were examined by confocal microscopy to determine their
plasma membrane/cytosol localization ratio containing trans-
fected cells. Confocal microscopy was performed on live cells at
37 °Cin an environmental chamber maintained at 5% CO, that
was built onto an Olympus FluoView™ FV1000 laser-scanning
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confocal microscope. Images represent a single equatorial
plane on the basal side of the cell obtained with a X60 oil objec-
tive, 1.42 numerical aperture. Confocal images were processed
with Microsoft Office 2010. Membrane/cytosol ratios were
measured using the Image] (freeware) software package. For
movies and co-localization data, the cells were visualized on a
WaveFX spinning-disk confocal microscope (Quorum Tech-
nologies, Guelph, Canada), composed of an Olympus IX81
microscope stand, a Yokogawa CSU10 spinning-disk unit, and a
Hamamatsu C9100-13 EM-CCD camera, controlled by the
Volocity software. Imaging was performed using a X60/
1.42NA oil immersion objective, using 405-, 488-, and 561-nm
solid-state lasers for the excitation of CFP, FP, and mRFP/rho-
damine/Texas Red, respectively. Emission wavelength param-
eters of each were matched to the appropriate bandpass emis-
sion filters, and where more than one fluorescent channel was
examined in a single cell, the possibility of bleed through fluo-
rescence was excluded prior to evaluation of the co-localization
of different proteins.

Supplemental Movie Acquisition—All movies were gener-
ated on a WaveFX Spinning-Disk confocal microscope (Quo-
rum Technologies, Guelph, Canada as detailed above. In
supplemental movie 1, RGS4WT traffics via intracellular endo-
some pools under basal conditions. HEK293 cells transfected
with RGS4WT-YFP (green channel) was imaged 24 h post-
transfection. Images were collected every 800 ms for 60 s. In
supplemental movie 2, increased Rab5 activity increases the
extent of RGS4 endosomal trafficking. HEK293 cell co-trans-
fected with RGS4WT-YFP (green channel) and Rab5Q79L were
analyzed 24 h post-transfection. Images were collected every
500 ms for 70 s. In supplemental movie 3, RGS4WT co-localizes
with transferrin-Texas Red, HEK293 cells transfected with
RGS4WT-YFP (green channel) were imaged 40 min after trans-
ferrin-Texas Red (red channel) addition, for a final concentra-
tion of 25 ug/ml. Merged two-color images were collected
every 1.5 s for 60 s.

Preparation of Rhodamine B Phosphatidylethanolamine—
The lipid was received in chloroform/methanol (2:1; v/v) and
stored at —20 °C. The day of use, aliquots were dried undera N,
stream and resuspended in the same volume using 100% etha-
nol. After addition of 10 ul of the lipids to cells and incubation
for 1 hat4 °C, cells were washed with cold PBS and incubated at
37 °C, 5% CO, for 3 h prior to observation.

Western Blotting—Proteins were transferred to Trans-Blot
(Bio-Rad) nitrocellulose membrane. Membranes were blocked
for 1 h in 0.1% Tween 20 and 5% bovine serum albumin. Pri-
mary antibodies were added to 5% BSA at concentrations pro-
vided by the vendor’s instructions and incubated with mem-
branes overnight at 4°C before removing by washing.
Horseradish peroxidase-linked secondary mouse antibody in
5% BSA was added for 2 h, before washing and signal detection
using Super Signal West Pico Chemiluminescent Substrate
(Thermo Scientific).

Statistical Analysis—One-way ANOVA with Tukey’s post
hoc analysis was used to analyze the experimental results. p <
0.05 was considered significant. Where indicated in the text,
summarization of the raw data (including means * S.E. and
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p values) appear in the data supplement in the form of supple-
mental tables.

RESULTS

RGS4 localizes to the plasma membrane in mammalian cells
(53) where it inhibits GPCR signaling and function. Previous
work using immunogold labeling and electron microscopic
analysis of RGS4 in the macaque cerebral cortex showed that it
can be localized to intracellular endosomal structures (32).
Consistent with this observation, our data showed that exoge-
nously expressed RGS4 is localized to different endosomal
pools and that its trafficking through this compartment is
highly dependent on its palmitoylation status (16). To investi-
gate the pathways controlling the intracellular trafficking and
function of RGS4, we here examined its cellular distribution
and function in the presence of several co-expressed markers
and mediators of intracellular endosomal trafficking. Under
basal conditions, when RGS4-YFP is co-expressed with the
pECFP control vector, it localizes efficiently to the plasma
membrane and to a variety of endosomal structures of different
size, speed, and fluorescence intensity that are visible against
the background fluorescence of RGS4-YFP in the cytosol (Fig.
1, A and B, and supplemental movie 1). In the absence of per-
turbations in membrane trafficking, RGS4-containing endo-
somes were clearly identified in 43% of RGS4-transfected cells
(Fig. 1C); however, this number is likely an underestimate based
on our observation that cytosolic RGS4-YFP can sometimes
interfere with the detection of RGS4 on smaller endosomes.
Indeed, as demonstrated previously in our original description
of this intracellular pool (16), the majority of the RGS4-contain-
ing endosomes observed under the basal state are small in size
and relatively motile. Given that RGS4 may be degraded via
ubiquitin-dependent pathways (10, 33, 34), we examined
whether some of the larger and more fluorescent endosomal
structures may represent deposition of RGS4 in aggresomes,
centrosome-associated sites of protein accumulation/degrada-
tion that had been previously described for some overexpressed
proteins (35). Notably, the large RGS4-containing endosome
structures were neither co-localized with PLK1 (a centrosomal
marker) nor were they affected in size or number by addition of
the proteasomal inhibitor MG132 (supplemental Fig. 1, A and
B). Moreover, these structures are regularly shaped with an
obvious lumen when we use confocal image collection and
image processing parameters (lower /v values and deconvolu-
tion) that allow us to study them in isolation (supplemental Fig.
1C). Together, these data suggested that the larger RGS4-con-
taining endosomes were not strictly aggresome-type sites of
misfolded RGS4 deposition.

We next examined the relationship between the plasma
membrane and endosomal pools of RGS4. Two members of the
small GTPase superfamily, Arf6 and Rab5, are known to pro-
mote endocytosis of a wide number of plasma membrane pro-
teins, including GPCRs (36 —39). Manipulation of Arf6 function
via expression of either wild type or dominant negative Arf6
(T27N) resulted in a modest increase in the percentage of trans-
fected cells containing visible endosomes and the number of
endosomes/cell (Fig. 1, C and D). By contrast, manipulation of
Rab5a function had pronounced Rab5 activity-dependent
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FIGURE 1. Rab5 and Arf6 activity promote altered endosomal trafficking of RGS4. A and B, RGS4-YFP expression was imaged using a spinning disc confocal
microscope following a 24-h co-transfection with the indicated constructs. Images are taken at the equatorial plane of the cells and are representative of >30
cells viewed in each of three independent experiments carried out on separate days. Scale bars represent 1 um. C, for each experimental condition, cells with
low to intermediate RGS4 fluorescence intensity were scored for the presence or absence of endosome structures. Shown are the mean values for the
percentage of cells with visible RGS4-containing endosomes. (n > 30 cells/experiment/condition.) One-way ANOVA was used to determine differences
between groups (¥, p < 0.05). S.E. is indicated by error bars. D, histogram plots for the relative frequency of RGS4 visible endosomes per cell when co-expressed
with the indicated construct. Mean = S.E. values are presented in supplemental Table 1.

effects on the endocytotic activity and endosome distribution
profiles. Specifically, increased Rab5a activity (WT and Q79L)
markedly increased both the percentage of cells showing endo-
somes and the number of endosomes/cell, with the Q79L clone
having the greatest effect (Fig. 1, B—D, supplemental movie 2,
and supplemental Table 1), whereas dominant negative
Rab5(S17N) showed a trend toward reduced cellular endosome
content.

Consistent with the notion that endocytotic activity can
affect the plasma membrane targeting of RGS4, co-expression
with both Rab5a and Rab5a(Q79L) decreased the plasma mem-
brane/cytosol YFP fluorescence ratio, whereas dominant nega-
tive Rab5(S17N) showed a trend toward increased plasma
membrane targeting (Fig. 24). Notably, manipulation of Arf6
activity had very little effect on plasma membrane targeting of
RGS4. Because plasma membrane targeting is a determinant of
the RGS4 G, inhibitory function (16), we examined whether
changing Rab5 activity could affect the ability of RGS4 to inhibit
M1 muscarinic receptor signaling. Using fura-2-loaded cells
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stably expressing the M1 receptor, we examined the function of
RGS4 as an inhibitor of receptor/G -mediated calcium release
(Fig. 2B). In the absence of Rab5 co-expression and in the pres-
ence of dominant negative Rab5S17N (supplemental Fig. 2),
RGS4 potently inhibited peak intracellular calcium release fol-
lowing stimulation of the M1 muscarinic receptor when com-
pared with the RGS-inactive mutant control (EN-AA). Notably,
Rab5 co-expression reduced the function of RGS4 as an inhib-
itor of M1 receptor-dependent calcium release by 29.3% rela-
tive to the controls. The effect of Rab5 in this setting appeared
to be selective for its effect on RGS4 localization, because Rab5
did not alter the base-line M1 receptor activity (compared with
CEP controls) in cells expressing the inactive RGS4 mutant
(EN-AA). Consistent with this observation, neither the M1R
nor the G, protein showed altered levels of plasma membrane
localization when co-expressed with Rab5 compared with the
empty vector controls (Fig. 2C).

It is widely appreciated that proteins endocytosed via Rab5a-
dependent pathways may be recycled back to the plasma mem-
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brane or sent to the lysosomal compartment for degradation
(40-42). Consistent with the intracellular trafficking of RGS4
via a Rab5-dependent pathway, we observed that RGS4 was
localized to the large Rab5-containing endosomes either as
spheroid accessory compartments decorating the cytosolic sur-
face of the rings (analogous to gemstones; Fig. 34, arrows) or to
the ring structures themselves (Fig. 34, arrowheads) as well as
to the zones of focal Rab5 accumulation. Corroborating evi-
dence that RGS4 associated with a Rab5-dependent sorting
endosome pool was the observation that these rings were also
labeled by the sorting endosome marker RFP-2 XFYVE (Fig. 3B)
that binds selectively to phosphatidylinositol 3-phosphate
enriched on sorting endosomes. The current paradigm for
Rab5-mediated sorting of membrane proteins suggests that the
appearance of RGS4 in accessory domains decorating the sort-
ing endosome may represent a collection/departure point for
membranes and trafficking proteins from the sorting endo-
some before their trafficking to another endosomal compart-
ment. Indeed, we occasionally observe a transfer of RGS4 from
these structures to other intracellular domains (as seen in the
lower cell of supplemental movie 2). Finally, Lamp1, a protein
that traffics through the PM-sorting endosome-late endosome-
lysosome pathway, can also co-localize with RGS4 in the same
accessory compartment (Fig. 3C). Lampl and RGS4 co-local-
ization also occurred in numerous endosomes that are not asso-
ciated with the Rab5-containing pool (Fig. 3D) indicating that
RGS4 may also target the late endosome or lysosome pools.

The ESCORT-G, protein complex within multivesicular
bodies (MVBs) is a step downstream of the sorting endosome
that directs many GPCRs to either lysosomal degradation or
plasma membrane recycling (43, 44). We labeled the MVBs
with the phosphatidylethanolamine tracer; RGS4-YFP did not
localize to MVB under basal conditions or following manipula-
tion of Rab5 function (Fig. 4, A and B). By contrast, RGS4
showed marked co-localization with LysoTracker ™, a marker
of acidified compartments, including late endosomes and lyso-
somes. Consistent with the notion of Rab5 mediating increased
endocytic flux of RGS4-YFP, the extent of co-localization
between RGS4 and LysoTracker™ was much greater when
Rab5a was co-expressed relative to the dominant negative
Rab5SN (Fig. 5). Together, these data suggest that RGS4 is
endocytosed from the plasma membrane and is internalized/
sorted in a Rab5-dependent fashion en route to an acidic/
Lampl-positive compartment such as late endosomes or
lysosomes.

It is widely appreciated that altered stability of the RGS4 pro-
tein may lead to increased susceptibility to diseases such as
cancer (10, 45, 46). Although the primary mode of degradation

(FR = (emission at 510 nm upon excitation at 355 nm)/(emission at 510 nm
upon excitation at 396 nm)). Peak relative changes in intracellular calcium
(percentage of FR increase above base line = ((peak stimulated FR/unstimu-
lated base-line FR) —1) X 100%) following 200 um carbachol stimulation was
used as an index of M1 receptor activity for each condition (n >100 cell from
at least five independent experiments). Similar data were observed following
1 uMm carbachol addition (see supplemental Fig. 3) S.E. are indicated by error
bars. One-way ANOVA was used to determine differences between groups (¥,
p < 0.05 was considered as significant). p values are shown in supplemental
Table 4. C, laser-scanning confocal images showing localization of G, and
M1R under conditions of co-expression with Rab5 or control vector.
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(rings), and arrowheads denote regions of RGS4 and Rab5 co-localization
associated with focal clusters of Rab5QL-containing endosomes. B, large
image (center) is a three-channel composite view of cells marked with RGS4-
YFP (green), CFP-Rab5QL (blue), and RFP-2XFYVE (red). Small images on the
right show single channel views, and left side images represent overlap of the
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images represent different channel views of cells marked in three colors with
RGS4-YFP (green), CFP-Rab5QL (blue), and RFP-Lamp1 (red). D, shown are sin-
gle confocal plane views of four cells co-transfected with RGS4 and RFP-
Lamp1. Arrows indicate endosomes containing RGS4 and Lamp1. All images
were captured 24 h post-transfection using a spinning disc microscope with
X 60 oil objective. Scale bars represent 1 um.
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appears to be proteasomal degradation via the N-end rule path-
way (10, 33, 34), there have been reports that suggest RGS4 may
also be degraded via the lysosomal compartment (47). Based on
its localization to these acidified compartments, we here tested
whether RGS4 expression levels were altered by leupeptin or
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FIGURE 4. RGS4 does not target MVBs. Rhodamine ethanolamine was used
to mark MVBs in cells expressing RGS4-YFP without (A) or with (B) the indi-
cated Rab5 constructs. Virtually no co-localization between RGS4 and MVBs
was observed by spinning disc confocal microscopy, 24 h post-transfection
under any of the conditions tested. Scale bars represent 1 um.
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chloroquine, two inhibitors of lysosomal degradative activity.
No changes in RGS4 protein levels were observed with chloro-
quine (10 pg/ml for 24 h) or leupeptin (100 wg/ml for 24 h) (Fig.
6A). Accordingly we considered the possibility that the RGS4
localization to Lysotracker/Lampl compartments was instead
part of its intracellular trafficking to another intracellular com-
partment. Because Rab7 mediates the interaction of many dif-
ferent membranes with the late endosomal pool (25, 48), we
studied the localization of RGS4-YFP when different functional
variants of Rab7-RFP were co-expressed. Surprisingly, when
wild type Rab7 was expressed, RGS4-YFP displayed extensive
co-localization with large perinuclear structures in the vicinity
of the Golgi (Fig. 6B), and when a dominant negative Rab7
(T22N) was introduced, RGS4 localized to irregularly shaped
endosome structures (Fig. 6C). Triple-labeling cells with the
trans-Golgi network (TGN) as marker TGN38-CFP revealed
that RGS4 was localized to the TGN in the presence of wild type
Rab7 (Fig. 6D) but not the dominant negative construct (Fig.
6E). Compared with 0% of cells showing TGN targeting under
basal conditions, we observed almost 100% of cells showing
RGS4 at the TGN when it was co-transfected with Rab7WT
(Fig. 6F). These data are consistent with RGS4 trafficking from
the late endosome compartment to the Golgi via a Rab7-depen-
dent mechanism.

The recycling endosome pool is an important pathway for
protein trafficking to the plasma membrane through different
intracellular membrane compartments (19, 49, 50). We rou-
tinely observed co-localization of RGS4-containing endosomes
with wild type Rabll, a marker for the recycling endosome
pool, whereas expression of dominant negative Rab 11(S25N)
appeared to increase the number of RGS4-labeled endosome
structures in the perinuclear region (Figs. 7A and 8, A and C).
Together, these data suggested that RGS4 may traffic through
the recycling endosome center in a Rabl1l-dependent man-
ner. To explore this possibility, we examined RGS4-YFP local-
ization following treatment of cells with transferrin-Texas Red,
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FIGURE 5. Rab5 promotes increased RGS4 co-localization with a Lyso-
tracker® Red-labeled pool of endosomes. A, shown are four different cells
transfected with RGS4-YFP and subsequently labeled with Lysotracker® Red
under base-line conditions. Arrows indicate co-localized endosomes
between RGS4 and Lysotracker® Red, and arrowheads indicate non-co-local-
ized endosomes. B-D, as in the legend of Fig. 3 above, the center and sur-
rounding images represent different channel views of cells that are marked in
three colors with RGS4-YFP (green), the indicated CFP-Rab5 construct (blue),
and Lysotracker® Red. For each panel, the right side images are single channel,
and left side images represent overlap of two channels. All images were cap-
tured 24 h post-transfection using a spinning disc microscope with X60 oil
objective. Scale bars, 1 um.

a fluorescent transferrin receptor ligand that accumulates in
perinuclear endosomes before it is recycled back to the plasma
membrane via a Rabl1-dependent pathway (51). After 30 —40
min of incubation, ~30% of RGS4-transfected cells displayed
increased accumulation of RGS4-YFP and transferrin in the
perinuclear region, and RGS4-YFP could also be observed in a
subset of fast-moving endosomes that labeled with the trans-
ferrin-Texas Red ligand (Fig. 7B and supplemental movie 3).
These data suggested that RGS4 may traffic via the recycling
endosomal pool toward the plasma membrane. Therefore, we
tested the role of Rab11l function as a determinant of RGS4
targeting to the plasma membrane. Notably, plasma membrane
targeting was markedly impaired when RGS4 was co-trans-
fected with dominant negative Rab11 (Rab11(S25N)) (Fig. 7C).
Together these data support the trafficking of RGS4 through
the Rabl1l/transferrin receptor positive recycling endosome
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toward the plasma membrane in a Rab11 activity-dependent
manner. Because Rab11(S25N) reduced the levels of RGS4 at
the plasma membrane, we finally asked whether Rab11(S25N)
affected the ability of RGS4 to inhibit of the M1 muscarinic
receptor signaling. Consistent with its ability to decrease RGS4
targeting to the plasma membrane, Rab11(S25N) also
decreased the G, inhibitory activity of RGS4. In calcium signal-
ing assays, Rab11(S25N) co-expression reduced the function of
RGS4 as an inhibitor of M1 receptor-dependent calcium release
by 29.8% relative to CFP controls (Fig. 7D). The effect of
Rab11(S25N) appeared to be selective for its effect on RGS4
mislocalization, because Rab11(S25N) did not alter the base-
line M1 receptor activity compared with CEP in cells expressing
the inactive RGS4 mutant (EN-AA). Consistent with these data,
neither the G, protein (Fig. 7E) nor the M1R (Fig. 7F) showed
altered levels of plasma membrane localization when co-ex-
pressed with Rab11(S25N) compared with the empty vector
controls. Taken together, these data indicate that Rab11 activ-
ity is a selective regulator of RGS4 plasma membrane localiza-
tion and function relative to the other components of the
MI1R/G, signaling pathway.

Previously, our group showed that palmitoylation on Cys-2
and Cys-12 mediated RGS4 trafficking and function in mam-
malian cells (16). Unlike wild type RGS4, the RGS4(C12A)
mutant appeared unable to associate with certain specific pools
of intracellular endosomes and, in addition, showed markedly
decreased plasma membrane targeting. We therefore asked
whether the Cys-12 residue was required by RGS4 to access the
Rabl1l-mediated recycling endosomal pool. As noted above,
wild type RGS4-containing endosomes were observed in 43% of
the cells; however, co-expression with the dominant negative
Rab11(S25N) construct increased the relative incidence of
these endosomes to 76% (Fig. 8, A and B) and altered the pop-
ulation distribution of endosome number/cell to higher values
(Fig. 8D). By contrast, RGS4(C12A)-containing endosomes
were generally observed at lower frequency and numbers/cell
and appeared to be much less sensitive to the effects of the
dominant negative Rab11SN construct (Fig. 8, C and D).
Together, these data were consistent with the notion that
Cys-12 is required for RGS4 to target the plasma membrane in
a Rab11 activity-dependent manner.

DISCUSSION

The function of heterotrimeric G-protein « subunits is reg-
ulated by palmitoylation (52). As a consequence, « subunits
have been shown to traffic between the plasma membrane,
where they exert their functional effects, and the Golgi, where a
set of specific palmitoyl-CoA transferase enzymes are located
(52). Likewise, we have shown that a regulator of heterotrimeric
G-protein signaling, RGS4, is palmitoylated on two amino-ter-
minal residues and that its palmitoylation is associated with its
ability to traffic between intracellular membrane compart-
ments. Specifically, palmitoylation on Cys-2 is required for traf-
ficking of RGS4 within endosomal pathways, whereas palmi-
toylation on Cys-12 modulates its targeting with both the
plasma membrane and a specific subset of endosomal pools.
Accordingly, we proposed that the internalization of RGS4 may
allow for its sequential palmitoylation on Cys-2 and Cys-12 to
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FIGURE 6. Rab7 activity promotes RGS4 trafficking to the TGN. A, effect of two lysosomal inhibitors, leupeptin and chloroquine, on the stability of
RGS4 protein stability were tested by Western blotting after 24 h post-transfection. The displayed Western blot is representative of three independent
experiments. Densitometric analysis of RGS4 expression levels, relative to a nonspecific band from the same gel used as protein loading control, is
shown. B and C, confocal images of two representative cells co-transfected with RGS4-YFP and the indicated RFP-Rab7 construct. Arrows indicate
co-localization between RGS4 and Rab7TN, and the arrowheads indicate RGS4 endosomes that do not overlap Rab7TN. D and E, as in the legend of Fig.
3, the center and surrounding images represent different channel views of cells that are marked in three colors with RGS4-YFP (green), the indicated
CFP-Rab5 construct (blue), and the indicated RFP-Rab7 construct (red). For each panel, right-sided images are single channel, and left-sided images
represent overlap of two channels. F, cells co-transfected with RGS4 and co-empty vector or Rab7WT were scored for the presence or absence of
Golgi-like perinuclear localization of RGS4-YFP. Shown are the mean of the percentage of cells with visible RGS4-endosomes (n > 20 cells evaluated/
experiment, experiments performed on at least 3 separate days for total of >60 cells evaluated). All images were captured 24 h post-transfection using

a spinning disc microscope with a X60 oil objective. Scale bars, 1 um.

target and exit the endosomal pool, respectively. Indeed, RGS4
was shown localize to distinct endosomal pools, and prevention
of its endosomal trafficking had marked effects on its function
as an inhibitor of G, (16). Here, we set out to identify the path-
ways mediating RGS4 trafficking through various endosomal
compartments and the consequences of altered trafficking on
its function as a GPCR inhibitor.

In general, relatively little information is available regarding
the intracellular trafficking of RGS proteins (53-57), particu-
larly when compared with that available for their biological tar-
gets, the GPCRs and heterotrimeric G-proteins. We show here
for the first time that the Rab family of small GTPases plays a
critical role in the intracellular trafficking of RGS4. Based on its
ability to regulate G, signaling in mammalian cells, we antici-
pated that Arf6 would play an important role in the internaliza-
tion of RGS4 from the plasma membrane. Indeed, Ga, has been
shown to interact with ARNO, an Arf6 GEF activator (58 —60),
and both ARNO and Arf6 are required for the phosphatidyli-
nositol 2,4-bisphosphate synthesis that selectively mediates
vesicle fission at the plasma membrane (61). Finally, Arf6 has
been directly implicated in the internalization of a number of
GPCRs (62-65). We were thus surprised that, in our hands,
manipulation of Arf6 activity did not appreciably alter RGS4
plasma membrane levels despite the cells showing a modest
increase in its endosomal targeting. It may be that RGS4 activity
as a G, inhibitor is sufficient to prevent increased endosome
internalization via the Arf6-dependent pathways. In this regard
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it would be interesting to examine whether RGS4 activity can
modulate Arf6-dependent internalization of specific GPCRs.
Perhaps these data are consistent with other known functions
of Arf6 involving endosome recycling (66, 67) or cytoskeletal
reorganization because (68, 69) we did observe a significant
change in the morphology of the cells (specifically to a more
rounded cell shape) when Arf6 was co-transfected.

Rab5 is another small GTPase known to regulate the inter-
nalization of plasma membrane proteins (70, 71). Rab5 activity
promotes endocytosis of numerous GPCRs and other cellular
signaling components via stimulation of the clathrin-mediated
endocytic pathway (38, 72). Rab5 is also known to promote
homotypic vesicle fusion and is involved in protein sorting at
the level of the sorting/early endosome compartment (73-75).
The observation that increased Rab5 activity promotes
increased RGS4 internalization and reduces its plasma mem-
brane levels is consistent with the notion that RGS4 is endocy-
tosed via a similar clathrin-dependent pathway. Indeed, we can
detect RGS4 at the level of the sorting endosome, a compart-
ment that requires Rabb5 for its normal protein sorting function.
At this stage, however, we cannot rule out the possibility that
RGS4 may also be internalized via clathrin-independent path-
ways (e.g. caveolae) as Rab5 has been reported to intersect with
and regulate several other membrane internalization pathways
(76, 77). In any case, the observation that Rab5 activity pro-
motes internalization and decreases G inhibitory function of
RGS4 is a novel observation that will likely inform the design of
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FIGURE 7. Rab11DN impaired RGS4-mediated inhibition of the M1 muscarinic receptor via decreasing its plasma membrane targeting. A shown are
confocal images layer of cells co-transfected with RGS4-YFP and the indicated control or Rab11 construct (CFP-labeled). Arrows show RGS4-containing
endosomes that co-localize with Rab11. B, confocal images of two representative RGS4-YFP-transfected cells labeled with transferrin-Texas Red (25 ug/ml) at
different time points following transferring addition. Arrows indicate RGS4-containing endosomes co-localized with Texas Red dye after 30 min of transferrin
treatment. Arrowheads indicate RGS4 co-localization with Texas Red at the recycling endosomal center after 40 min of transferrin treatment. C, confocal images
of RGS4-YFP-expressing cells were used to determine the ratio of RGS4-YFP fluorescence between the plasma membrane and cytosol. Shown are the mean
plasma membrane/cytosol ratio data of n >80 cells recorded over at least three independent experiments carried out on separate days. p values are shown
in supplemental Table 3. D, M1 muscarinic receptor signaling was examined in M1-HEK cells co-expressing RGS4-YFP and the indicated constructs. Changes
inintracellular calcium levels were recorded as changes in fluorescence ratio (FR = (emission at 510 nm upon excitation at 355 nm)/(emission at 510 nm upon
excitation at 396 nm)). Peak relative changes in intracellular calcium (percentage of FR increase above base line = ((peak stimulated FR/unstimulated base-line
FR) —1) X 100%) following 200 um carbachol stimulation was used as an index of M1 receptor activity for each condition (n >100 cell from at least five
independent experiments). Similar data were observed following 1 um carbachol addition (see supplemental Fig. 3). S.E. are indicated by error bars. One-way
ANOVA was used to determine differences between groups (*, p < 0.05 was considered as significant). p values are shown in supplemental Table 4. Scale bars
represent 1 um. E and F, laser-scanning confocal images showing membrane localization of G, (E) and M1R (F) under conditions of co-expression with
dominant negative Rab11 or control vector.

new experiments to test whether activators and inhibitors of
Rab5 function may be used to modulate RGS4 expression and
function at the plasma membrane.

The subsequent transfer of RGS4 from the sorting endosome
to a Rab7/Lampl compartment is reminiscent of the intracel-
lular fate of some GPCRs (72, 78) that undergo internalization
following agonist stimulation and are targeted for degradation
at the lysosomal compartment. However, in our expression
model, RGS4 protein levels were not increased by the lysosomal
inhibitors chloroquine or leupeptin, suggesting that RGS4 is
localized to the cytosolic (rather than the lumenal) surface of
the late endosome/lysosomal lipid bilayer. Indeed, most of the
proteins targeted to late endosomes and lysosomes are
degraded for recycling of energy/ATP (79) and amino acids
(80), or alternatively, they are secreted as protein aggregates
(81). Further evidence that RGS4 is not found within the lumen
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of the degradative endosomes comes from the observation that
RGS4 endosomes are never found co-localized with MVBs, a
common route for several GPCRs undergoing degradation.
Thus, it appears that RGS4 may undergo intracellular traffick-
ing in a manner that is distinct from some of its targets, the
GPCRs and G-proteins. As was demonstrated by our M1 mus-
carinic receptor signaling data, this knowledge may provide
unique opportunities to fine tune GPCR signaling levels via
RGS proteins without dramatically affecting the trafficking and
function of the core signaling pathway receptors, G-proteins or
effector molecules. This notion is further supported by the pre-
vious report that G, the G-protein specifically coupled to the
M1 muscarinic receptor, does not appear to traffic viaa Rab11-
mediated pathway (82).

Although the endocytic trafficking of proteins via the TGN
has been reported for numerous proteins, including furin and
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p < 0.05 was considered as significant). S.E. is indicated by error bars. D, histogram plots for the relative frequency of visible RGS4-containing endosomes when
RGS4 WT- and C12A-expressing cells were co-transfected with a Rab11SN or control vector as indicated. A summary of the mean and S.E. values for all

conditions tested is presented in supplemental Table 2.

Pseudomonas exotoxin A (83, 84), it was somewhat surprising
to observe that wild type Rab7 promoted this pathway for
RGS4. Additional evidence for this late endosome-TGN traf-
ficking pathway for RGS4 was the observation that dominant
negative Rab7TN, prevented TGN targeting and trapped RGS4
irregularly shaped endosome structures reminiscent of late
endosomes. Indeed, Rab9 is the commonly described GTPase
that mediates TGN targeting of endocytosed proteins (85), so it
will be interesting to determine whether Rab7 and Rab9 will
have overlapping functions with respect to the late endosome-
TGN trafficking of RGS4 and other proteins. The notion that
RGS4 may traffic through the Golgi was not completely unex-
pected because previous reports have shown that RGS4 can
interact with BCOP-I coatomer protein (86), and our own data
showed co-localization of RGS4-containing endosomes with
the trans-Golgi marker protein, TGN38, suggesting the two
proteins traffic through similar compartments. Notably, how-
ever, RGS4 was never observed in high concentrations at the
trans-Golgi compartment unless Rab7 was co-expressed sug-
gesting its time within the TGN may be very transient in the
absence of increased membrane/protein flux to the TGN such
as may be the case when Rab7 activity is increased.
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Proteins that are targeted to the plasma membrane often
traffic via the Rab11 recycling endosome pool (19, 49, 87).
In our cell model, we observed extensive co-localization
between RGS4 and Rab11WT suggesting that Rab11 was also
involved in delivering RGS4 to the plasma membrane. How-
ever, Rab11 labels several types of vesicles in addition to its
marking of the recycling endosome center. For example, Rab11
mediates retrograde trafficking between the recycling endo-
somal center and the TGN (88). The identification of RGS4
within highly motile transferrin-labeled endosomes after 30
min of incubation is a strong indication that RGS4 normally
traffics via the recycling endosome pathway that is regulated by
Rabll. We rarely observe such rapidly moving endosomes
under basal (non-transferrin treated) conditions suggesting that
the Rab11 compartment may serve as a storage pool of RGS4 that
can be released by agonist treatments that activate Rab11. This is
the first report that Rab11 and recycling endosome activity is an
important step in the trafficking of an RGS protein to the plasma
membrane. As such, it will be interesting to determine whether
extracellular signaling pathways that stimulate the Rab11 activity
can modulate the trafficking of RGS4 to the plasma membrane.
For instance, PI3K/AKT signaling pathway has been described to
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modulate the Rab11 activity and may thus be expected to have a
marked effect on RGS4 function (89, 90).

Finally, we have extended our understanding of the role that
palmitoylation plays in the trafficking of RGS4 (16). In our pre-
vious publication, we observed that the Cys-12 mutants of
RGS4 showed markedly decreased association with the plasma
membrane. We proposed that one explanation for this obser-
vation was that palmitoylation on Cys-12 would extend the
length of the hydrophobic face of an amino-terminal
amphipathic helix that is known to be required for the plasma
membrane targeting of RGS4. The data herein suggest another
possible complementary function of Cys-12 palmitoylation.
Previously, we reported that the mutation of Cys-12 prevents
the association of RGS4 and TGN38 in a specific pool of rela-
tively small sized endosomes. We considered the possibility
that this pool of endosomes may represent the RGS4 as it traf-
fics to the plasma membrane from the TGN or recycling endo-
some center. Indeed, the dominant negative Rab11(S25N)
clone markedly alters the incidence and number of wild type
RGS4-containing endosomes/cell, the majority of which are
clustered in the vicinity of the putative recycling endosome
center as marked by Rab11 accumulation. These data are con-
sistent with the notion that RGS4 may be trapped in the recy-
cling endosome pool when Rabl11 activity is decreased. With
Cys-12 mutated, however, we observe very little increase in
either the relative incidence or number of RGS4-containing
endosomes suggesting that palmitoylation of RGS4 on Cys-12
may be a critical step for exit from the TGN or recycling endo-
some center. It will be interesting to determine the extent to
which the loss of plasma membrane targeting by the Cys-12
mutant of RGS4 is due to its altered affinity for lipid bilayers
versus its improper trafficking through different intracellular
endosome pools. In any case, these data should help inform the
future search for Golgi- and recycling endosome-resident
palmitoyl-CoA transferases that can selectively palmitoylate
RGS4 on Cys-12 to regulate its cell trafficking and function.

In summary, we have identified multiple key steps regulating
the intracellular trafficking and function of the regulator of the
G-protein signaling protein, RGS4. Our summary of the proposed
intracellular trafficking pathway for RGS4 is presented in Fig. 9.
The data herein suggest that RGS4 is internalized from the plasma
membrane in a Rab5-dependent manner to sorting endosomes.
From there, it appears that RGS4 is collected and trafficked to an
acidic/Rab7/Lamp1-containing late endosomal or lysosomal com-
partment. Finally, the internalized RGS4 may enter the Rabl1-
mediated exocytic pathway, either directly or via a Rab7-mediated
circuit that involves trafficking through the Golgi. It may be that
there still remain additional pathways through which RGS4 may
traffic to because manipulation of Rab5 or Rab11 did not com-
pletely disrupt the localization and function of the RGS4 protein;
however, given that there is a measurable level of constitutive cyto-
solic expression, this observation may not be surprising.

By understanding the mechanisms that control RGS4 traf-
ficking, we may uncover new models for the modulation of
GPCR signaling. For example, the observation that RGS4 func-
tion may be selectively regulated by Rab5 and Rab11 in a man-
ner that is independent from the M1R-G, signaling complexes
provides new insight into mechanisms whereby manipulating
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FIGURE 9.Proposed model for Rab-mediated trafficking of RGS4 between
the plasma membrane and various endosomal compartments in mam-
malian cells. Shown is the proposed cycle of intracellular trafficking of RGS4
(orange color). The cycle begins at the plasma membrane, where RGS4 acts as
an inhibitor of M1 muscarinic receptor-mediated phospholipase CB (PLCB)
activation, inositol phosphate (/P;)/inositol phosphate receptor activation
(IP;R) and intracellular calcium release (Ca®*). The model predicts that RGS4 is
internalized and sorted in early endosomes (EE) in a Rab5-dependent man-
ner,and thenitis either recycled back to the plasma membrane or transferred
to a late endosome (LE) pool. Trafficking from the late endosome pool may
direct RGS4 to the trans-Golgi network (TGN) via Rab7 and other sorting pro-
teins, where it is sorted via unknown mechanisms (perhaps involving com-
partment-specific palmitoylation on Cys-2 and Cys-12) before it re-enters the
Rab11 recycling endosome (RE) pool for trafficking back to the plasma mem-
brane. The cycle is completed when the Rab11 recycling pathway returns
RGS4 to the plasma membrane where it may once again function as a G-pro-
tein inhibitor. ER, endoplasmic reticulum.

Rab activity may allow for differential control of GPCR path-
ways. Although we focused our attention on the regulation of
the M1 muscarinic receptor by RGS4, we expect that these
same paradigms will be relevant to the regulation of other
GPCRs with which it is known to interact (6, 9, 47, 53, 91-94).
These data may also help us to uncover additional pathophysi-
ological mechanisms that contribute to altered disease suscep-
tibility in the face of decreased RGS4 function (5-7, 10, 46, 93,
95). Finally, because the key determinants modulating its intra-
cellular localization and function are in the amino-terminal
domain of RGS4, and this domain is highly conserved within
RGS5 and RGS16, these observations may indicate novel mech-
anisms for the regulation of other RGS protein family members.
Together, this work represents an advance in our understand-
ing of RGS4 trafficking and highlights new mechanistic insights
for the intracellular regulation of GPCR signaling.
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