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Abstract
The Rhes/RASD2 GTPase complex is involved in dopamine D1/D2 receptor-mediated signaling
and behavior. This GTP binding protein belongs to the RAS superfamily, along with Dexras1/
RASD1, and is primarily expressed in the striatum. RASDs differ from typical small GTPases as
they have an extended C-terminal tail of roughly 7 kDa. Previously, it has been shown that
dopamine depletion reduces Rhes mRNA expression in the brain. Here we show that Rhes
interacts with p85, the regulatory subunit of PI3K. Specifically, the C-terminal unique tail region
of Rhes is responsible for this interaction. The interaction between p85 and the C-terminal region
of Rhes is enhanced upon growth factor treatment in vitro, while AKT translocation to the
membrane is facilitated in the presence of Rhes or the Rhes-p85 complex. These findings suggest
that Rhes is a novel striatal regulator of the AKT-mediated pathway in the striatum.
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Introduction
Dopamine is a critical neurotransmitter for the normal functioning of the central nervous
system. Components of the dopamine signaling pathway are expressed during mammalian
development [1; 16], and modulation of dopamine signaling alters the proliferation of
embryonic neural progenitor cells [17]. Dopamine regulates the migration of GABAergic
neurons in the telencephalon [6]. The D1 dopamine receptor (D1) is coupled to the
stimulatory G protein (Gs), activating adenylyl cyclase, leading to an activation of protein
kinase A; while the D2 dopamine receptor (D2) is coupled to the inhibitory G protein (Gi),
which inhibits the activation of adenylyl cyclase [13]. Signaling through the D2 modulates
AKT signaling in the adult rodent and primate striatum, which is associated with regulating
motor control [2; 3]. Abnormal dopamine signal transmission in the brain has been
implicated in diseases such as Parkinson’s disease and schizophrenia, as well as in various
types of drug addiction [17; 23].

Rhes, a Ras homolog, is highly expressed in the striatum where dopamine plays a major role
in psychomotor behavior [8;18;19]. Though it shares homology with Dexras1, it is not
transcriptionally regulated by dexamethasone, but rather, thyroid hormone [8;21]. The
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cDNA encoding the protein was found to be roughly 900 bases or about 30 kDa. Like all G-
proteins, Rhes is inactive when bound to GDP. Upon binding to GTP, it undergoes a
conformational change, at which point it can bind to downstream effector molecules. While
Dexras1 and Rhes contain all of the conserved G-protein regions, like the magnesium
binding loop, the C-terminal CAAX box, and the prenylation site, they differ from the
typical small GTPases as they have an extended C-terminal tail of about 7 kDa in length
[12;22]. Even with this conformational knowledge, it is still unclear how the Rhes GTPase is
regulated in the striatum.

Genetic deletion of Rhes in mice increases D1 signaling via adenylyl cyclase, D1 agonist-
initiated locomotor activation, and D2 antagonist initiated catalepsy. This suggests that
depletion of Rhes leads to an increase in dopamine receptor activation [7;11;15]. Also, it has
been shown that Rhes mRNA, as well as protein expression are decreased by lesion of the
nigrostriatal pathway or dopaminergic denervation of striatum with neurotoxin 6-
hydroxydopamine [10]. Rhes also interacts with the mTOR pathway, mediating L-DOPA-
induced dyskinesia [20]. The detailed mechanism by which Rhes regulates the mTOR
pathway is not clearly understood.

Numerous studies illustrate a link between Rhes and dopamine-mediated behavior.
However, the molecular mechanism by which Rhes modulates dopaminergic signaling in the
striatum is not clearly defined. It has been known that the dopamine receptor agonists
inactivate AKT [2] by recruiting β-arrestin 2 and phosphatase 2A to the dopamine receptor
complex [3]. Here we report that Rhes interacts with p85 of PI3Kinase, and this interaction
enhances AKT activation. Growth factor-treatment augments the interaction of p85/PI3K
and the C-terminal unique region of Rhes and promotes the translocation of AKT to the
membrane. These observations illustrate a link between dopaminergic signaling and the
AKT pathway, suggesting new potential therapeutic targets to treat dopamine-related
disorders.

Materials and Methods
Cells

HEK293T cells and rat phaeochromocytoma (PC12) cells were cultured and transfected as
previously described [5; 19].

GST pull-down assay and Immunoblot analysis
For GST pull-down assays, cells were lysed in lysis buffer (100 mM Tris pH 7.4, 150 mM
NaCl, 1% Triton X-100, 15% Glycerol and 1mM PMSF) supplemented with a complete
protease inhibitor tablet (Roche) and phosphatase inhibitors (Sigma). 0.3 mg of total protein
will be incubated with glutathione-Sepharose beads for 3hrs at 4°C and washed 3 times in
wash buffer (100 mM Tris pH 7.4, 500 mM NaCl, 1% Triton X-100, 15% Glycerol). Beads
were quenched in sample buffer (100 mM Tris, pH 6.8, 10% glycerol, 250 mM β-
mercaptoethanol, 2% sodium dodecyl sulfate and bromophenol blue). For immunoblot
analysis, the cell lysates or the immunoprecipitates were subjected to SDS-PAGE. The
separated proteins were transferred to the membrane by using the Bio-Rad gel transfer
system (Bio-Rad). Blots were blocked for 1 h at room temperature with 5% skim milk in
TBS-T (0.1% Tween-20) and then incubated overnight with specific primary antibody at 4
°C. Secondary antibody incubations were for 1 h at room temperature. For phospho- and
total AKT blots, HRP-conjugated secondary antibodies were used for detection with
SuperSignal West Pico chemiluminescence reagent (Thermo Scientific).
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Immunofluorescence
Stable cell-line of HEK293 expressing AKT-PH domain-EGFP was seeded on glass cover-
slips and transfected. After 24 hours, cells were serum-starved 20h, and subsequently
stimulated with 10 nM Insulin for 15 min. Cells were then fixed with 4% PFA, washed,
permeabilized, and blocked for 30 min with 1% BSA, 2% normal goat serum in PBS. Rhes
and AKT-PH translocation in EGFP-positive cells were detected with a mouse anti-Myc
epitope primary antibody. DAPI was used as a nuclear stain. Bound antibodies were
visualized using Alexa Fluor 594 goat anti-mouse IgGs (Invitrogen). Confocal microscopy
was performed under oil immersion on Leica DMI6000 (Leica Microsystems) with a 63X
objective.

Subcellular fractionation
For determination of serum effect on protein translocation, empty control vector (Myc) or
Myc-Rhes plasmid was transfected into HEK293T cells. After 24 h, the cells were incubated
serum-free media for 20 h, and then treated for 15 min with 10nM insulin. Cells were
fractionated into cytoplasmic, membrane, and nuclear fractions using a Fraction PREP
fractionation Kit (BioVision), as described by the manufacturer. Each fraction was isolated
for western blot analysis probing for anti-phospho-AKT Thr308, anti-phospho-AKT Ser473,
AKT, Myc (for Rhes), CREB (nuclear marker), EGFR (membrane marker) and GAPDH
(cytoplasmic marker) antibodies.

Results
Upon initial sequencing and analysis of Rhes, we found the protein contains PtdIns
(3,4,5)and a P3 (PIP3) binding site (www.scansite.mit.edu). Growth factors activate PI3
kinase generating PIP3. Because it is well established that AKT is the primary target of PI3K
[4], we first investigated whether Rhes has any effect on PI3K/AKT pathway. We
overexpressed either Myc-Rhes or Myc plasmid, for control, in HEK293T cells and
stimulated cells with serum. We found that Rhes augments serum-mediated activation of
AKT, as determined by phosphorylation of AKT (Fig. 1A). In order to examine the
specificity of the apparent growth factor effect, we treated HEK293T cells overexpressed
with Myc-Rhes or Myc control with individual growth factors. We observed that all growth
factors tested: IGF-1, EGF, PDGF and FGF, enhanced AKT activation in the presence of
Rhes overexpression more so than in the Myc control condition. This suggests that the effect
of Rhes is not growth factor specific (Fig. 1B and 1C). We also constructed a stable Rhes-
inducible cell line to eliminate the heterogeneity of transient transfection. Inducible T-
REx293 cells were treated with tetracycline for 6h to induce Rhes expression and incubated
with IGF-1 for 10 min (Fig. 1D). We observed that acutely induced Rhes enhanced
phosphorylation of AKT. To examine the physiologic relevance of Rhes function, we
compared the influence of Rhes overexpression on EGF-induced AKT activation in
differentiated rat phaeochromocytoma (PC12) cells. We found that overexpression of Rhes
enhanced phosphorylation of Akt (T308) in differentiated PC 12 cells (Fig. 1E).

To investigate the potential mechanism by which Rhes activates the AKT pathway, we first
examined whether Rhes interacts with AKT. We overexpressed GST-Rhes into HEK293T
cells and performed GST-pull down assay. We found that endogenous AKT physically
interacts with GST-Rhes (Supplementary Fig. 1A). Rhes contains a PIP3 binding site which
can interact with the Pleckstrin homology (PH) domain. We then questioned whether the
PH-domain of AKT is involved in the interaction between Rhes and AKT. We
overexpressed GST-Rhes and either a fragment of AKT PH domain, or a mutant fragment of
AKT PH domain (R25C) which does not bind to PIP3 nor translocate to the membrane upon
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serum stimulation. We found that Rhes only interacts with wild type AKT PH domain
(Supplementary Fig. 1B).

To further understand how Rhes participates in PI3K/AKT pathway, we tested whether Rhes
modulates PI3K activity to influence AKT signaling. An essential process for PI3K
activation is its recruitment to the plasma membrane, whereby PI3K can access its substrate
such as PIP2 [4]. To examine this process, we measured levels of PIP3 in a competitive
ELISA but no change was detected in PIP3 levels in the presence of overexpressed Rhes.
This lack of change suggests that Rhes does not affect PI3K activity. We next examined
whether Rhes can physically interact with PI3K. At the basal state, p85/PI3K is required to
stabilize the catalytic p110 subunit of PI3K [24]. By overexpressing GST-Rhes and Flag-
p85/PI3K plasmids, we found that p85/PI3K interacts with Rhes in HEK293T cells in a GST
pull down assay (Fig. 2A).

In order to identify where Rhes binds p85/PI3K, we generated fragments of Rhes fused with
GST and probed against p85/PI3K in a GST pull-down assay. We found that C-terminal tail
(210–266), the unique region for RASD1 family, contains the PIP3 binding domain and is
responsible for the interaction between Rhes and p85/PI3K (Fig. 2B). Moreover, we found
that the interaction between p85/PI3K and Rhes gradually increases upon IGF-1 treatment,
while cells overexpressing the Rhes mutant, without the binding C-terminal tail, does not
interact with p85 at all (Fig 2C). Interestingly, we found that IGF-1-mediated association
between p85/PI3K and Rhes is solely mediated by C-terminal end (210–266) (Fig. 2D).

Upon growth factor treatment, AKT is translocated to the membrane from cytosol and is
phosphorylated at Thr308 and Ser473[4]. We then examined whether Rhes has an effect on
AKT translocation to membrane. To elucidate this type of interaction, HEK293T cells
overexpressed with Myc-Rhes or Myc control were treated with 10 nM insulin for 15 min,
followed by subcellular fractionation. By examining each of the fractions through western
blotting, we found that AKT translocation to membrane is enhanced in cells overexpressed
with Rhes (Fig. 3A). To further examine the effect Rhes has on AKT translocalization, we
transfected HEK293 cells containing AKT-PH-EGFP with either Myc-Rhes or a Myc
control plasmids, and treated with low dose of insulin (10 nM for 15 min). We observed that
AKT is completely translocated to the membrane in cells overexpressing Rhes while cells
expressing the Myc control plasmid showed only partial translocation of AKT to membrane
after insulin treatment (Fig. 3B).

Discussion
Rhes, as well as Dexras1 belong to the Ras superfamily of small GTPase proteins, but differ
slightly by having a unique 7 kDa C-terminal extended tail. Vargiu et al [22] proposed that
Rhes may modulate PI3K/Akt pathway but its detailed mechanism is still unknown. We
report here that Rhes plays a critical role in AKT signaling pathway through PI3K and AKT
interaction. Rhes binds to p85, the regulatory subunit of PI3K, via the unique 7 kDa C-
terminal tail, and their interaction is enhanced upon growth factor treatment. Moreover,
Rhes interacts with the PH domain of AKT and facilitates the localization of AKT to the
membrane upon growth factor treatment (Fig. 4). Our data strongly implicates that Rhes
may function as a critical bridge between PI3K and the AKT pathway.

Rhes is also highly expressed in the striatum where dopaminergic input is prevalent. Many
laboratories have demonstrated that expression of Rhes is modulated by dopaminergic input,
and Rhes plays a role in D1/D2-mediated behavior [7]. A recent study showed that Rhes is
responsible for L-DOPA-mediated dyskinesia [20]. However, the mechanism by which Rhes
interacts with the dopaminergic pathway is still elusive. Souza et al. showed that the
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dopamine receptor pathway is inversely related to AKT activation levels [17]. Rhes mRNA
expression is decreased by denervation in which dopamine supersensitivity occurs [10].
Hence, it is tempting to speculate that the data presented here may provide a potential
mechanism by which dopamine supersensitivity leads to a decrease in Rhes expression and
reduced AKT activity [9;14]. Additionally, our study may have novel therapeutic relevance.
Since Rhes is highly enriched in the striatum and an interaction between p85 and Rhes is
mediated by unique C-terminal tail of Rhes, a small peptide or drug that can blocks such
interactions may be an alternative approach to modulate dopamine pathway in the striatum.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Rhes interacts with p85 regulatory subunit of PI3K, via C-terminal unique tail

• Interaction between p85 and Rhes is enhanced upon growth factor treatment in
vitro

• AKT translocation to the membrane is facilitated in the presence of Rhes

• Rhes is a novel striatal regulator of the AKT-mediated pathway in the striatum.
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Fig. 1. Rhes-mediated AKT activation by growth factors
(A–C) Immunoblot analysis of phosphorylation of AKT after growth factor treatment in
HEK293T and PC12 cells over-expressing Rhes. Cells were serum-starved for 20 h, and
treated with 5% serum (A), 50 ng/ml IGF-1 (B), other growth factors (25 ng/ml EGF, 50ng/
ml PDGF, or 100ng/ml FGF) for indicated time point (C).
(D) Inducible T-REx HEK293 stable cell lines that express Myc or Myc-Rhes were either
left untreated or induced by 1μg/ml tetracycline. After 6 h, cells were incubated serum-free
media in the absence or presence of tetracycline for 16h followed by 25ng/ml IGF-1
treatment for 10 min. Cell lysates were analyzed for P-AKT.
(E) Differentiated rat phaeochromocytoma (PC12) cells that express Myc or Myc-Rhes were
serum-starved for 20 h, and treated with 25ng/ml EGF for 5 min.
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Fig. 2. Rhes interacts with p85 regulatory subunit of PI3K
(A) HEK293T cells were co-transfected with GST or GST-Rhes and Flag-p85/PI3K for 48
h, followed by pull-down and immunoblotting for p85.
(B) GST or GST-Rhes (1–266, 210–266 or 1–209) was transfected in HEK293T cells for 48
h, followed by pull-down and immunoblotting for endogenous p-85/PI3K.
(C) GST, GST-Rhes or GST-Rhes (1–209) was co-transfected in HEK293T cells with Flag-
p85/PI3K for 24 h, cells were serum-starved for 20 h, and treated with IGF-1 (25ng/ml) for
7 or 15 min. Cell lysates were GST pull-downed and immunoblotted for Flag.
(D) GST or GST-Rhes (1–266, 210–266 or 1–209) was transfected in HEK293T cells for 24
h Cells were serum-starved for 20 h, and treated with IGF-1 (25 ng/ml) for 15 min, followed
by pull-down and immunoblotting for endogenous p-85/PI3K.
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Fig. 3. Growth factor stimulation induces Rhes-mediated AKT activation and subcellular
localization
(A) HEK293T cells were transfected with Myc or Myc-Rhes for 24 h. Cells were serum-
starved for 20 h, and treated with 10nM Insulin for 15 min. Each fraction was isolated for
western blot analysis as described in Material and Methods. (Top) Relative AKT levels in
cytoplasmic and membrane fractions normalized by GAPDH and EGFR, respectively.
(Bottom) Relative P-AKT levels are normalized by total AKT. Bars represent mean ± SD,
n=3.
(B) Stable cell line of HEK293 expressing AKT-PH domain-EGFP were transfected with
Myc or Myc-Rhes. 24 h later, cells were serum-starved for 20h, and stimulated with 10nM
Insulin for 15 min. Cells were fixed, and stained with anti-myc and DAPI for confocal
microscopy, as described in Materials and Methods. Merge represents an overlay of Rhes in
red and AKT-PH in green. The blue indicates the nuclei stained with DAPI. Scale bar, 5 μm.
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Fig. 4. Model for Rhes regulation of AKT membrane localization
(Left) In unstimulated cells, Rhes is present in the plasma membrane, whereas PI3K and
AKT are located in the cytosol. (Right) Upon growth factor stimulation, PI3K localizes to
the growth factor receptor, p85 subunit of PI3K binds to c-terminal (CT) of Rhes and p110
subunit converting PIP2 to PIP3. Concomitant with this, PI3K generated PIP3 binding to PH
domain of AKT and Rhes results in translocation of AKT to the plasma membrane, where
AKT become phosphorylated and activated.
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