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Abstract

Rhes, the Ras Homolog Enriched in Striatum, is a GTP binding protein whose gene was
discovered during a screen for mRNAs preferentially expressed in rodent striatum. This 266
amino acid protein is intermediate in size between small Ras-like GTP binding proteins and a.-
subunits of heterotrimeric G proteins. It is most closely related to another Ras-like GTP binding
protein termed Dexrasl or AGS1. Although subsequent studies have shown that the rhes gene is
expressed in other brain areas in addition to striatum, the striatal expression level is relatively
high, and Rhes protein is likely to play a vital role in striatal physiology and pathology. Indeed, it
has recently been shown to interact with the huntingtin protein and play a pivotal role in the
selective vulnerability of striatum in Huntington’s Disease. Not surprisingly, Rhes can interact
with multiple proteins to affect striatal physiology at multiple levels. Functional studies have
indicated that Rhes plays a role in signaling by striatal G protein—coupled receptors (GPCR),
although the details of the mechanism remain to be determined. Rhes has been shown to bind to
both a- and B-subunits of heterotrimeric G proteins and to affect signaling by both Gi/o- and Gs/
olf-coupled receptors. In this context, Rhes can be classified as a member of the family of
accessory proteins to GPCR signaling. With documented effects in dopamine- and opioid-
mediated behaviors, an interaction with thyroid hormone systems, and a role in Huntington’s
Disease pathology, Rhes is emerging as an important protein in striatal physiology and pathology.
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The striatum is responsible for integrating a large glutamatergic input from cerebral cortex
and a dopaminergic input from the substantia nigra. This brain area is involved in
pathologies such as Huntington’s Disease (HD), Parkinson’s Disease, schizophrenia, and
drug addiction (Han et al., 2010; Koob and Volkow, 2010; Obeso et al., 2008; Perez-Costas
et al., 2010). Several striatal-specific or -enriched proteins have been described to date, with
many of them (e.g. DARPP-32, adenylyl cyclase 5, Ga.olf, G y7) involved in aspects of
signal transduction (Cali et al., 1992; Glatt and Snyder, 1993; Herve et al., 1993; Walaas et
al., 1983; Watson et al., 1994). One such protein, Rhes, or Ras Homolog £Enriched in
Striatum, plays a role in diverse cellular functions in striatum. Early work on Rhes described
its role in signaling by G protein-coupled receptors (GPCRs), whereas more recent work has
demonstrated its critical role in the mechanism of striatal-specific cell death in HD. This
brief review will focus on the discovery of Rhes and what is known about its regulation, its
role in behavior, and its cellular mechanism of action.
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|. Discovery of Rhes

A subtractive hybridization procedure with cDNAs from rat striatum and cerebellum was
employed by Usui and colleagues (1994) to estimate the number of striatally-enriched genes.
They estimated that at least 300 mMRNAs are enriched in striatum, with approximately 100 of
these showing striatal-specific expression. One of their clones, termed SE6C, was from the
3’-untranslated region of a previously unidentified gene. When SE6C was used as a probe to
screen a rat brain cDNA library, a full-length cDNA was obtained that contains a 798-base
pair open reading frame, thus encoding a 266 amino acid protein. The conceptually-
translated protein showed similarity to the Ras family from residues 17-205. Due to its
enrichment in striatum and its homology with Ras proteins, it was termed the Ras Homolog
Enriched in Striatum, or Rhes. Like Ras proteins, Rhes contains sequences for binding the
phosphate and guanine nucleotide moieties of GDP and GTP. Furthermore, it contains
conserved sequences for farnesylation and palmitoylation, suggesting membrane localization
(Falk et al., 1999).

Rhes shares closest homology with the mouse Dexrasl protein, showing 62% amino acid
identity and 67% identity in the open reading frames of their genes (Falk et al., 1999).
Dexrasl is a GTP binding protein that was first identified as a dexamethasone-inducible
protein in AtT-20 cells, as well as in mouse heart, brain, liver, and kidney (Kemppainen and
Behrend, 1998). The human homolog of Dexrasl was identified in a screen of liver cDNA
for genes encoding proteins that could activate G proteins independently of a receptor; it
was thus termed AGS1, or Activator of G protein Signaling 1(Cismowski et al., 2000). Rhes
and AGS1/Dexrasl are most similar to the Rap2 subfamily (Falk et al., 1999), but they form
a novel subfamily of the Ras superfamily due to their homology and extended C-termini
(Graham et al., 2001). However, the two proteins show the lowest homology in the 60 C-
terminal amino acids (39% identity and 59% similarity; Falk et al., 1999), suggesting that
this part may subserve divergent functions in the two proteins. Like the Rad/Gem/Kir/Rem
Ras subfamily with extended C-termini (Finlin and Andres, 1997; Maguire et al., 1994),
Rhes and Dexrasl transcription is regulated physiologically (Falk et al., 1999; see below).

A human ortholog of Rhes was identified at chromosome 22g13.1. Upon removal of a
presumed intron of 4432 nucleotides, it encodes a protein 95% identical to Rhes (Falk et al.,
1999). The human gene is termed rasd2, with AGS1/Dexrasl termed rasdl. In a separate
line of investigation, Rhes was identified as one of a family of tumor endothelial markers
and named TEM2 (Tumor Endothelial Marker 2; St. Croix et al., 2000). Figure 1 shows the
sequence alignment of Rhes and related proteins.

[l. Anatomical Localization of Rhes

As the name implies, Rhes expression is enriched in striatum, and indeed this was the
mechanism for its identification. However, subsequent studies have shown that in addition
to this striatal enrichment, rhes mRNA is also expressed in other brain areas and tissues,
albeit at a relatively lower level. Northern blot studies showed that rhes mRNA is localized
in brain and thyroid gland, but not in liver, lung, adrenal, muscle, kidney, testis, or thymus
(Vargiu et al., 2004). However, RT-PCR indicated low levels in kidney, thyroid, lung, heart,
and testis, but no signal in liver (Spano et al., 2004). Furthermore, it was detected in rat and
human pancreatic islets (Chan et al., 2002), as well as at low levels in rat adrenal and
stomach (Taylor et al., 2006). Within brain, rhes mMRNA has been shown to be localized to
several areas in addition to the initially described striatal localization: layers 2/3 and 5 of
cerebral cortex, piriform cortex, olfactory tubercle and bulb, subiculum, hippocampus
(pyramidal and granular layers), anterior thalamic nucleus, cerebellum (granular layer),
inferior colliculus, and nucleus accumbens (Vargiu et al., 2004). Within nucleus accumbens,
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there is differential distribution, with shell showing much higher expression than core.
Dorsal striatum displays a medial-to-lateral gradient of increasing expression (Harrison and
LaHoste, 2006; Harrison et al., 2008). This pattern is reminiscent of dopamine receptor
binding and mRNA expression, with D2 expression showing strong medial-to-lateral
gradients of increasing expression (Altar et al., 1984; Joyce et al., 1985; Mansour et al.,
1990) and D1 expression showing highest levels in ventrolateral striatum (Mansour et al.,
1992). It should be noted that despite the extra-striatal distribution, the striatal expression
appears primary, as we have always found it to be much higher than expression in other
areas of adult brain. The limited brain distribution of Rhes contrasts with AGS1/Dexras],
which has a less restricted distribution in brain, having been detected by /in situhybridization
at relatively high levels in mouse cortex, accessory olfactory nucleus, supraoptic nucleus,
Purkinje layer of cerebellum, dentate gyrus, CA1 and CAZ2 regions of hippocampus, and in
lower amounts in CA3 of hippocampus, thalamus, diagonal band of Broca, substantia nigra
pars compacta, pontine nucleus, trapezoid body, pedunculopontine tegmental nucleus, and
nucleus solitatius (Fang et al., 2000). Peripherally, AGS1/Dexrasl is found in liver
(Cismowski et al., 2000), and in rat testes and lung (Fang et al., 2000), as well as kidney and
heart of mouse (Kemppainen and Behrend, 1998).

Developmentally, rhes mRNA expression appears to be predominantly postnatal. Northern
blot indicated low levels from E16-P10, with a large increase between P10 and P15,
followed by a decline in adulthood (Falk et al., 1999). However, RT-PCR showed some
signal beginning at day E13.5. This signal was considerably lower than adult levels (Spano
et al., 2004). The postnatal expression of rhes mMRNA was also examined with /in situ
hybridization in sagittal and coronal sections of rat brain in order to get greater detail of
anatomical localization of signal. The developmental time course agreed with Northern blot
results, with an increase in expression up to day 15 and a decrease in adulthood. The medial-
to-lateral gradient of increasing striatal signal that was previously described in adult rats was
evident as early as day 4. Some features were unique to neonatal, as opposed to adult,
expression. For example, the signal in hippocampus and cerebellum was actually higher than
that in striatum in neonates. Furthermore, in hippocampus, signal shifted from CA3 and
dentate gyrus on day 6 to CA1 and CA2 on days 15 and 24. A striking signal was apparent
in anterior thalamic nucleus on day 4 that peaked on day 10 and dissipated by the late
postnatal period (Harrison et al., 2008).

Overall, the distribution of rhes mMRNA in adult rat brain suggests that the striatal
localization is primary and thus that Rhes protein is likely to play an important role in
striatal physiology and pathology. This localization has thus guided functional studies of
Rhes protein, with an initial emphasis on dopamine systems and thyroid hormone systems. It
should be noted that there has not yet been a characterization of Rhes protein throughout
brain, due to the lack of an antibody suitable for immunohistochemical studies.

As the striatal expression of rhes mRNA is predominant, characteristics of its localization
within this brain area have been examined in more detail by /in situ hybridization. Expression
was found in both patch and matrix, as determined with combined calbindin
immunohistochemistry. In addition, an interesting pattern of distribution of mMRNA within
the cell has been observed. Vargiu et al. reported that rhes mRNA, visualized with a
digoxigenin-labeled probe, was observed both over clearly delineated cell bodies as well as
scattered over areas not associated with cell bodies. This pattern differed from their
observations with another striatally-enriched mRNA, r¢3, and the authors suggested possible
dendritic localization of the rhes mRNA (Vargiu et al., 2001). We have made similar
observations with both digoxigenin- and 3°S-labeled rhes mRNA, in hybridization
experiments in which a radiolabeled preproenkephalin probe clearly labeled cell bodies
(unpublished observations).
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Finally, within cell lines, rhes mMRNA was detected in undifferentiated PC12 cells, the rat
thyroid cell line FRTL-5, and the mouse ES cell line R1, but not in N2A, C6 glioma, or
GT1-7 cells (Spano et al., 2004; Vargiu et al., 2004). Rhes mRNA was amplified by RT-
PCR from a- and p-pancreatic cell lines (a TC1-9, RINm5F, BRIN-BD11, MING, and
INS-1) and from AtT20 and CHO-K1 cells (Chan et al., 2002; Taylor et al., 2006).
However, we do not detect any endogenous Rhes protein in CHO cells by Western blotting
(Harrison et al., 2008).

lll. Regulation of Rhes Gene and Protein

During the initial characterization of the rhes gene, it was determined that unlike AGS1/
Dexrasl, it is not regulated by dexamethasone in adult mice (Falk et al., 1999; Kemppainen
and Behrend, 1998). The ability of thyroid hormones to regulate its expression was
investigated due the well-known role of thyroid hormones in striatal development (Bernal
and Nunez, 1995; Falk et al., 1999; Porterfield and Hendrich, 1993), whereas other
investigations have focused on dopaminergic regulation of rhes based on the high expression
of dopamine receptors in striatum. Most recently, NMDA receptor regulation of Rhes
protein was investigated in the context of Huntington’s Disease. Overall, as detailed below,
the results indicated that Rhes expression is indeed physiologically regulated.

Neonatal hypothyroidism causes a dramatic decrease in rhes mRNA, measured by Northern
blot, that is reversed by repeated T4 administration (Falk et al., 1999). Further studies with
in situhybridization showed that hypothyroid rat pups show normal striatal rhes mMRNA
expression at day P5, but fail to show the dramatic increase in expression by P10 that control
rats show. A single injection of T3 was able to restore striatal rhes mMRNA expression in
hypothyroid neonates by 8 hours. When hypothyroidism was induced in adult rats, rhes
MRNA expression was unaffected (Vargiu et al., 2001). In other studies, however, three
weeks of a low iodine diet in adult mice, combined with 0.15% propylthiouracil and 0.02%
methimazote in the drinking water, induced a significant decrease in striatal rhes mMRNA
expression that was not reversed with T3 treatment (Vallortigara et al., 2008). The reason for
the discrepancy in the two studies is unclear. Also, there is some debate as to which thyroid
hormone receptor subtype mediates the effects on rhes expression. In neonates, thyroid
hormone receptor f is involved in the induction of rhes mMRNA in response to T3, as the B-
specific agonist GC-1 was able to induce rhes expression in 17-day-old rats (Manzano et al.,
2003). However, in adult mice, hypothyroidism was without effect on rhes expression in
TRa-deficient mice, but decreased rhes in TRB-deficient mice, suggesting considerable
involvement of the highly-expressed a receptor in thyroid hormone effects on rhes
expression (Vallortigara et al., 2009). In agreement with these studies, thyroxine also
induces rhes MRNA in RINm5F B-cells (Taylor et al., 2006).

Several lines of evidence indicate that dopamine input to the striatum is necessary for full
expression of rhes mRNA. As animals with dopamine depletion of the striatum show
dopamine receptor supersensitivity and loss of requisite dopamine D1/D2 receptor
synergism (Mandel and Randall, 1985; Marshall and Ungerstedt, 1977; LaHoste and
Marshall, 1992), a link between dopamine input, rhes mRNA expression, and dopamine
supersensitivity was examined. /n situ hybridization studies with a radiolabeled rhes
riboprobe showed a significant decrease in rhes mMRNA expression throughout anterior,
middle, and posterior striatum after dopamine depletion by 6-hydroxydopamine (6-OHDA)
lesion. This effect was apparent as early as two weeks post-lesion and persisted up to 7
months post-lesion. Nucleus accumbens shell and olfactory tubercle were similarly affected.
Total or near-total striatal lesion was necessary in order to see the decrease in rhes mMRNA
(Harrison and LaHoste, 2006). Rhes protein in whole striatum was also significantly
decreased by 6-OHDA lesion, as determined by Western blotting (Harrison et al., 2008).
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Furthermore, pharmacological dopamine depletion by acute high-dose (5 mg/kg) or repeated
lower-dose (1 mg/kg) reserpine injection also decreased rhes mMRNA expression (Harrison
and LaHoste, 2006). By 5 days after recovery from acute reserpine injection, when synaptic
dopamine levels should be recovering, rhes mMRNA levels were restored to control
(unpublished observations). Chronic treatment with the D2 antagonist eticlopride, which
induces receptor up-regulation without causing receptor supersensitivity, did not affect rhes
MRNA expression (Harrison and LaHoste, 2006). All of these manipulations of dopamine
systems were performed in adult animals. It was further shown that removal of dopamine
input on day 4 of life does not affect rhes mRNA developmental expression (Harrison et al.,
2008), in agreement with several other striatally expressed proteins such as DARPP-32
(Ehrlich et al., 1990; Luthman et al., 1990) and D2 receptors (Chen and Weiss, 1991). Thus,
in adult rats, there is a correlation between dopamine input and rhes mRNA and protein
expression.

Rhes protein expression is affected by certain NMDA receptors. Low-dose memanting,
which selectively targets extrasynaptic NMDA receptors, decreased Rhes protein in
neuronal culture (Okamoto et al., 2009). This blockade of extrasynaptic NMDA receptors is
neuroprotective in Huntington’s Disease models (Okamoto et al., 2009) where Rhes is
known to contribute to cell death by promoting disaggregation of mutant huntingtin
(Subramaniam et al., 2009).

In addition to these investigations in brain, regulation of Rhes in pancreas has also been
examined, but the results are controversial. Initial studies employed anti-idiotypic antibodies
that bound to proteins induced by efaroxan, an imidazoline compound that potentiates
glucose-induced insulin secretion, and identified Rhes as being regulated by efaroxan (Chan
etal., 2002). It was further suggested that Rhes is involved not only in the ability of
efaroxan to induce insulin secretion, but also in the desensitization of this response upon
chronic treatment (18 h) to rat islets and BRIN-BD11 cells, as a decrease in rhes mRNA
expression correlated with a desensitization of efaroxan-induced insulin secretion (Chan et
al., 2002). The effect of efaroxan on rhes mRNA was later shown to be stereospecific and
both concentration- and time-dependent. Indeed, rhes mMRNA showed an increase after 4
hours of efaroxan treatment, followed by a decline until 16 hours (Taylor et al., 2006).
Another group, however, used identical treatment conditions with efaroxan and did not
detect changes in rhes mMRNA by semi-quantitative RT-PCR (Sharoyko et al., 2005).
Furthermore, over-expression or antisense knockdown of rhes mRNA in MING cells did not
affect insulin secretion, although no verification of alterations of Rhes protein expression
was provided (Sharoyko et al., 2005). Thus, although studies on pancreatic cells and cell
lines have reached the consensus that rhes mRNA is expressed in these cells, the ability of
rhes to be physiologically regulated or to participate in insulin secretion remains unresolved.
The regulation of rhes gene expression is summarized in Table 1.

IV. Behavioral Findings in Rhes Mutant Mice

A mouse line with a constitutive null mutation of the rhes gene has been generated and
tested for differences in basal and drug-induced behavior. Although r#es”~ mice weigh less
than wild type counterparts through adulthood, they are viable and fertile. Initial
characterization of these mice on a CD1 background showed only slight behavioral
anomalies among the r77es~ mice, including decreased locomotor activity during the first
five minutes of open field exploration, increased tendency to fall from a rotarod, and
increased anxiety among female mutant mice relative to wild type mice. There were no
differences in passive avoidance or Morris water maze tests, and the authors concluded that
behavioral deficits were “modest” (Spano et al., 2004). All of these tests were without drug
challenge.

Cell Mol Neurobiol. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Harrison

Page 6

A separate strain of rhes mutant mice was derived from the original strain by backcrossing
for ten generations to a C57BL/6J background (Errico et al., 2008). Both basal and drug-
stimulated behaviors have been tested in these animals. Mutant mice show no differences in
striatal or cortical content of dopamine, DOPAC, or HVA relative to wild type mice.
Furthermore, there are no genotype differences in dopamine D1 receptor mRNA. Slight but
significant genotype differences were observed in locomotor activity in novelty-induced
exploration and open field tests, with r2es/~ mice showing more activity than rAes™* mice.
There was no genotype difference in the rotarod test. These effects are opposite to those
observed in mice on the CD1 background (Errico et al., 2008). Possible reasons for the
discrepancy include gender differences (males and females tested in the CD1 group and only
females tested in the C57BL/6 group) or differences in methodology (time course measured
in open field). However, overall these findings suggest that any differences in basa/behavior
among the genotypes are not robust, and drug challenge may be required to determine the
role played by Rhes protein in striatal signaling and behavior.

An inhibitory role for Rhes in several dopamine receptor-mediated behaviors has been
suggested by studies using exogenous drug administration in rhes mutant mice. For
example, rhes™~ mice show significantly greater locomotor activation than r#est’* mice in
response to the D1 agonist SKF81297 (Errico et al., 2008) and more stereotypy in response
to the D1/D2 agonist apomorphine (Quintero et al., 2008). Among D2 receptor responses,
rhes™~ mice show more catalepsy in response to the D2 antagonists haloperidol (Errico et
al., 2008) and eticlopride (Quintero et al., 2008), and more of the brief early stereotypy
response characteristic of D2 receptor activation (Quintero et al., 2008). Although all of
these findings suggest an inhibitory role for Rhes in dopamine-mediated behaviors, Rhes has
a facilitative role in one behavioral response tested so far. The grooming response to the D1
agonist SKF38393 is decreased in a gene-dose-dependent manner in rhes mutant mice
(Quintero et al., 2008). This difference in the directional effect of rhes gene knockout on
behavior may be due to the intracellular pathways subserving the behaviors. Whereas
locomotor activity is thought to be mediated by adenylyl cyclase and GSK3 pathways
(Undie et al., 2000; Beaulieu et al., 2005), grooming is activated by drugs known to promote
phospholipase C activation (Clifford et al., 1999). Thus, Rhes may differentially affect
dopamine receptor-stimulated intracellular pathways, but this hypothesis has not yet been
directly tested.

Although initial behavioral studies focused on dopamine systems, no specific link between
dopamine receptors and Rhes has been demonstrated (e.g. Harrison and He, 2011). If Rhes
functions similarly to its closest relative, AGS1/Dexrasl, it is likely to interact with general
signaling proteins, such as heterotrimeric G proteins (Cismowski et al., 2000), rather than
with specific receptors. Thus, the effects on behaviors mediated by opioid receptors, another
striatally-enriched GPCR, have been investigated. R#es~ mice show enhanced morphine
analgesia in both tail flick and formalin tests relative to rAes** mice. Furthermore, rhes™~
show no tolerance and significantly reduced naloxone-precipitated withdrawal after repeated
morphine administration (Lee et al., 2011). These results are surprising in light of the
findings of increased signaling through adenylyl cyclase (AC) in rhes”~ mice (Errico et al.,
2008; see below). The findings may be best interpreted in light of opioid signaling through
multiple pathways, including AC and phospholipase C (PLC)-Protein kinase C (PKC). As
PLC-PKC pathways have been shown to be important in promoting tolerance and
dependence (Mathews et al., 2008; Shukla et al., 2006; Smith et al., 1999; Zeitz et al., 2001),
and inhibiting acute analgesia (Bonacci et al., 2006; Newton et al., 2007; Xie et al., 1999),
the results may suggest a role for Rhes in promoting these pathways, analogous to the results
with dopamine D1 receptors and grooming. However, thus far this mechanism has not been
directly tested. The effects of Rhes on behavior are summarized in Table 2.
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V. Cellular Actions of Rhes

Although Rhes is known to affect several striatally-mediated behaviors, the exact cellular
mechanism by which it exerts these actions is currently unknown. Several clues have been
gained, however, from both cell culture and in vivo studies. Some basic characteristics of
Rhes expression were determined in PC12 cells. In these cells, Rhes is localized to the
plasma membrane through farnesylation. Furthermore, 30% of Rhes was bound to GTP, as
opposed to 18% of H-Ras. This finding suggests some constitutive activity of Rhes. The
authors suggested that this constitutive activity is due to decreased intrinsic GTPase activity,
based on certain amino acid substitutions in Rhes versus H-Ras. For example, both Rhes and
AGS1/Dexrasl have amino acid substitutions in positions corresponding to amino acids 12
and 59 of H-Ras, suggesting low GTPase activity (Vargiu et al., 2004).

The ability of Rhes to regulate the activity of several intracellular enzymes has been
examined. When expressed in HelLa cells, Rhes did not bind appreciably to the Ras-binding
domain of Rafl in pull-down assays, nor did it activate ERK2 when expressed in COS-7
cells (Vargiu et al., 2004). It is not known whether Rhes binds to the striatally-enriched B-
Raf isoform (Morice et al., 1999) or whether it affects ligand-stimulated ERK activation.
Rhes did, however, affect the activity of another Ras effector, P13 kinase. It bound to the
Ras-binding domain of the catalytic p110 subunit, and membrane-bound Rhes promoted
phosphorylation of histone H2B, indicating that Rhes promotes activation of Akt under basal
conditions (Vargiu et al., 2004). The finding of Rhes involvement in Akt signaling could
have wide implications as this pathway has been shown to be involved in dopamine D2
receptor signaling (Beaulieu et al., 2005), schizophrenia etiology (Emamian et al., 2004),
and the mechanism of action of antipsychotic drugs (Masri et al., 2008). Indeed, an SNP in
the human rasd2 gene has been highly significantly associated with a subgroup of
schizophrenics without deficit in sustained attention (Liu et al., 2008), and a rasd2 SNP was
also shown to be likely to legitimately control mRNA expression and affect disease state
(Ciobanu et al., 2010). Thus, it will be important to determine if Rhes is involved in the
critical alteration of Akt signaling mediated by dopamine receptors.

Several lines of evidence, both in vitro and in vivo, demonstrate that Rhes affects signaling
through G protein-coupled receptors. Initial experiments in PC12 cells, using a reporter
gene, indicated that although Rhes had no effect on signaling through the Gi/o-coupled M2
muscarinic receptor, it inhibited signaling through the Gs-coupled thyroid-stimulating
hormone and B2-adrenergic receptors. It was additionally demonstrated that the locus of
action of Rhes is upstream of heterotrimeric G protein activation in that it did not affect
reporter gene activation mediated by forskolin or a constitutively active Gs mutant (Vargiu
et al., 2004). These findings suggested that Rhes preferentially targets signaling mediated by
Gs-coupled receptors. Such a mechanism would be complementary to AGS1/Dexrasl,
which only interacts with Gi/o to affect signaling (Cismowski et al., 2000). However, more
recent findings suggest a more complicated picture, with Rhes interacting with Gi/o as well.
The first indication of Rhes interaction with Gi/o signaling was an effect on N-type calcium
channels, Ca,2.2, expressed in HEK cells (Thapliyal et al., 2008). Both Rhes and AGS1/
Dexrasl decreased basal calcium current density and attenuated the ability of the muscarinic
agonist carbachol to decrease Ca,2.2 currents. The effects were blocked by pertussis toxin
(PTX) and could be attributed to By subunits of PTX-sensitive heterotrimeric G proteins.
Interestingly, the ability of the Gs-coupled B2-adrenergic receptor to inhibit Ca,2.2 was not
affected by either Rhes or AGS1/Dexrasl, indicating that the effect was specific to Gi/o-
coupled receptors. The authors concluded that Rhes, like AGS1/Dexrasl, can act as a
guanine nucleotide exchange factor for Gai and thus tonically activate GB-y. As for the
ability of Rhes and AGS1/Dexrasl to attenuate agonist-mediated G-y activation, two
hypotheses were proposed: they activate GBy to a point near saturation before receptor
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activation; they bind to heterotrimeric Gapy to promote By signaling and prevent receptor-
mediated activation of the heterotrimer (Thapliyal et al., 2008).

Further support for Rhes interaction with Gi/o comes from studies on AC. When
heterologously expressed in CHO cells along with the dopamine D1 receptor, Rhes inhibits
the production of cCAMP by the D1 receptor agonist SKF 83822. This agonist preferentially
targets D1 receptors that are coupled only to AC and cAMP production (Undie et al., 1994).
This finding would initially seem to support the notion that Rhes preferentially targets Gs to
inhibit signaling through Gs-coupled receptors such as the D1 receptor. However, several
characteristics of this phenomenon suggest a less straightforward interpretation: (1) the
effect was blocked by PTX, suggesting Gi/o involvement; (2) AGS1/Dexrasl, which is
known to bind to and activate Gi/o but not Gs (Cismowski et al., 2000), showed a similar
inhibition of D1-mediated cAMP accumulation; (3) like AGS1/Dexrasl, Rhes bound to Gi
but not Gs in pull-down assays (Harrison and He, 2011). Rhes also has been shown to bind
to GP1, GB2, and GP3 (Hill et al., 2009), further suggesting the possibility that Rhes can
bind to and perhaps stabilize a heterotrimeric G protein.

It has been shown that in COS-7 cells, co-expression of Rhes with Gs-coupled receptors
decreases the amount of cAMP produced and the level of radioligand receptor binding
(Agretti et al., 2007). However, as this effect only occurred when Rhes was transfected at a
level at least double that of the receptors, this is not likely to account for the effects with D1
receptors in CHO cells. Nevertheless, these studies raise an important question about the
effect of Rhes on GPCR surface expression that has not yet been examined in vivo.

In vivo work has also indicated that Rhes normally inhibits signaling through AC. Rhes™/~
mice showed increased basal and drug-stimulated phosphorylation of GIuR1 at Ser845,
which is phosphorylated by protein kinase A, relative to r7est* mice. Treatment with both
the D1 agonist SKF 81297 and the D2 antagonist haloperidol resulted in relatively higher
phosphorylation in mutant mice (Errico et al., 2008). As the D2 effect is mediated through
adenosine A2A receptors (Hakansson et al., 2006), this finding suggests a more general of
action of Rhes on the AC system, rather than a specific effect on dopamine systems. Indeed,
this study also demonstrated a slight but significant increase in Gas/olf in the absence of
Rhes that could contribute to the increased signaling through AC in the rfes”~ mice (Errico
et al., 2008).

In addition to effects on G protein-coupled receptor signaling, Rhes has recently been shown
to be a critical mediator of striatal-specific cell death in Huntington’s Disease (HD)
(Subramaniam et al., 2009). Despite the ubiquitous presence of Huntingtin protein,
degeneration is restricted to the corpus striatum in HD. Recent work has shown that Rhes is
required in order for mutant huntingtin (mHtt) to be cytotoxic, thus finally offering an
explanation for the selective striatal vulnerability. Rhes binds to mHtt and, to a lesser extent,
wild type huntingtin (Htt), causing sumoylation of mHtt. This enhanced sumoylation
promotes disaggregation of mHtt and increased cytotoxicity (Subramaniam et al., 2009). A
more general role for Rhes in sumoylation was demonstrated in that Rhes regulates this
process physiologically, with r#es~ mice showing decreased sumoylation of multiple
striatal proteins, in comparison with r#es** mice. Interestingly, this phenomenon was
present in one-year-old, but not six-month-old, mice. Furthermore, Rhes can regulate
sumoylation at several levels, including promotion of *“cross-sumoylation” of E1 and Ubc9
(Subramaniam et al., 2010).

Another role for Rhes in HD pathology was also recently elucidated. Rhes was found to bind
to and activate mTOR (Subramaniam and Snyder, 2011; Subramaniam et al., 2012).
Because mTOR is crucial for trophic factor signaling, a decrease in mTOR activation would
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lead to degeneration of striatal cells, as seen to a high degree in HD. Rhes binds to mHtt
with greater affinity than to wild type Htt, and thus the presence of mHtt could sequester
Rhes and result in a loss of function (Subramaniam and Snyder, 2011). It has also been
recently demonstrated that rhes mRNA expression is decreased in a primary striatal neuronal
model of HD, possibly as an autocompensatory mechanism (Seredenina et al., 2011). The
combination of decreased expression and sequestration by mHtt would result in a loss of
functional Rhes and subsequent decreased activation of mTOR in striatum, leading to
cellular degeneration. The ability of Rhes to activate mTOR is also involved in L-DOPA-
induced dyskinesia in the 6-OHDA lesion model of Parkinson’s Disease, with rhes™~ mice
displaying less drug-induced dyskinesia than rhes*/* mice, while retaining the therapeutic
efficacy of the L-DOPA (Subramaniam et al., 2012).

There is a precedent for proteins functioning in both G protein signaling and in mTOR
pathways. The guanine nucleotide dissociation inhibitor (GDI) AGS3, which can bind up to
four Gaj-GDP and is necessary for cocaine sensitization (Bowers et al., 2004), also affects
mTOR and autophagy. The key player connecting these functions in this case is Gaiz. Gai3
inhibits autophagy by promoting P13 kinase and mTOR signaling through growth factors
(Ghosh et al., 2010). It has recently been shown that AGS3 and the guanine nucleotide
exchange factor GIV compete for binding to Gaz, with binding to AGS3 causing retention
of the GDP-bound state and promotion of autophagy, and binding to GIV promoting Ga3
activation and inhibition of autophagy (Garcia-Marcos et al., 2011). It is possible that the
abilities of Rhes to bind to P13 kinase (Vargiu et al., 2004) and to bind to activated Ga,
(Harrison and He, 2011) enable Rhes to perform a similar function in promoting mTOR
signaling and inhibiting autophagy, but this remains speculative. The cellular actions of
Rhes are summarized in Table 3.

Conclusions

As described in this brief review, the GTP binding protein Rhes is emerging as an important
player in striatal physiology and pathology. Rhes is likely to subserve diverse functions in
the striatum, with substantial evidence for some roles (e.g. Huntington’s Disease), and roles
in other functions still emerging (e.g. GPCR signaling and behavior). Even the role of Rhes
in Huntington’s Disease pathology may be quite complex, with new results indicating that
Rhes interaction with mTOR is critical for maintaining striatal trophic signaling
(Subramaniam and Snyder, 2011). As most people do not carry the Huntingtin mutation, it is
likely that functions such as mTOR activation, which does not involve Rhes binding to
mHtt, are important for striatal physiology. There may also be some intersection between
functions of Rhes in mTOR signaling and in G protein signaling. As GTP-bound Ga.i
promotes mTOR signaling and inhibits autophagy (Ghosh et al., 2010), Rhes may also
promote mTOR activation indirectly by stabilizing a GTP bound Ga.i. Figure 2 depicts
models for our current knowledge of Rhes functioning in GPCR signaling and in
Huntington’s Disease.

Many questions remain about Rhes function in both physiology and pathology of the
striatum. Based on the information that we currently have about Rhes, the following will be
fruitful areas of future study: (1) What is the exact mechanism of Rhes action in HD
pathology and in trophic factor signaling in the striatum? (2) What is the mechanism of Rhes
action in GPCR signaling? The extent of Rhes binding to components of GPCR signaling is
currently unknown, and there are very little data about such interactions in vivo. Does Rhes
bind to a G protein heterotrimer? Does Rhes regulate which pathway a GPCR activates, e.g.
AC versus PLC? Which striatal behaviors are regulated through Rhes participation in GPCR
signaling? (3) Does Rhes affect signaling through the Akt pathway? Although an early
report indicated that Rhes binds to P13 kinase (Vargiu et al., 2004), there has been no further
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information on this action of Rhes. This may be another means for Rhes to interact with
mTOR signaling. Also, in light of recent results showing that dopamine D2 receptors can
signal through Akt and that this mechanism is associated with schizophrenia, further
investigation into the role of Rhes in regulating the ability of the striatally-enriched D2
receptor to affect Akt signaling is warranted.
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PTIEDFHRKVYNIHGDMYQLDILDTSGNHPFPAMRRLSILTGDVFILVFES
PTIEDFHRKVYNIRGDMYQLDILDTSGNHPFPAMRRLSILTGDVFILVFES
PTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFA

KKK KK e kK * k. Kk kKKK K. . kkk s okke ke oxx.

LDNRDSFEEVQRLRQQILDTKSCLKNKTKENVDVPLVICGNKGDR-DFYR
LDNRDSFEEVQRLKQQILDTKSCLKNKTKENVDVPLVICGNKGDR-DFYR
LDSRESFDEVKRLQKQILEVKSCLKNKTKEAAELPMVICGNKNDHSELCR
LDSRESFDEVKRLQKQILEVKSCLKNKTKEAAELPMVICGNKNDHSELCR
LDNRESFDEVKRLQKQILEVKSCLKNKTKEAAELPMVICGNKNDHGELCR
INNTKSFEDIHQYREQIKRVK-—-——-———— DSDDVPMVLVGNKCDL--AAR
HES S : HER R *
EVDQREIEQLVGDDPQRCAYFEISAKKNSSLDQMFRALFAMAKLPSEMSP
EVEQREIEQLVGDDPQRCAYFEISAKKNSSLDQMFRALFAMAKLPSEMSP
QVPAMEAELLVSGD-ENCAYFEVSAKKNTNVNEMFYVLFSMAKLPHEMSP
QVPAMEAELLVSGD-ENCAYFEVSAKKNTNVNEMFYVLFSMAKLPHEMSP
QVPTTEAELLVSGD-ENCAYFEVSAKKNTNVDEMFYVLFSMAKLPHEMSP
TVESRQAQDLARSY--GIPYIETSAKTRQGVEDAFYTLVREIRQ---———
* HEE N SRIR KRR R Lx, :
DLHRKVSVQYCDVLHKKALRNKKLLRAGSGGGGGDPGDAFGIVAPFARRP
DLHRKVSVQYCDVLHKKALRNKKLLRAGSGGGG-DHGDAFGILAPFARRP

ALHHKISVQYGDAFHPRPFCMRRTKVAG-———-—-———= AYGMVSPFARRP
ALHHKISVQYGDAFHPRPFCMRRTKVAG-—-—---—=== AYGMVSPFARRP
ALHRKISVQYGDAFHPRPFCMRRVKEMD-——---———~ AYGMVSPFARRP
- ~HKLRKLNPPDESGPGCMSCKCVLS—————————==—————————————

* . . * .

SVHSDLMYIREKASAGSQAKDKERCVIS 281
SVHSDLMYIREKTSVGSQAKDKERCVIS 280
SVNSDLKYIKAKVLREGQARERDKCSIQ 266
SVNSDLKYIKAKVLREGQARERDKCSIQ 317

SVNSDLKYIKAKVLREGQARERDKCTIQ 266

153
153
149
200
149
123

203
203
198

198
165
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Sequence alignment of several forms of Rhes and related proteins. The following sequences

were aligned by using ClustralW2: human Dexrasl (EAW55705.1), mouse Dexrasl

(CAJ18583.1), mouse Rhes (NP_083458.1), a longer form of mouse Rhes (AAH36988.1),
human Rhes (NP_055125.2), and human H-Ras (P01112.1). “*” = all residues in a column
identical; *:” = conserved substitutions present; “.” = semi-conserved substitutions present

Cell Mol Neurobiol. Author manuscript; available in PMC 2013 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 16

Cell Survival

Cell Death

@ Phosphate

Figure2.

Schematic of effects of Rhes on cellular signaling. (A) Working model of Rhes and GPCR
signaling. In the absence of Rhes (upper left), dopamine D2 receptors promote activation of
Gai/o and thus inhibition of AC. Rhes itself (upper right) is postulated to activate Ga.i/o and
also inhibit AC, but to a lesser extent than D2 receptors. As such, it can have a partial
agonist-like effects when competing with D2 for Gai/o. D1 receptors (bottom left) activate
Gas/olf to provide robust stimulation of AC. Rhes is hypothesized to inhibit this effect in
two ways: by decreasing the ability of D1 to activate Gas/olf (bottom right) and by
providing increased inhibitory tone on AC through its interaction with a Ga.i/o heterotrimer
(upper right). (B) Rhes can affect the balance of cell survival and death through interaction
with huntingtin and other proteins in striatum. By activating mTOR either by direct binding
or through its ability to bind to PI3 kinase, Rhes can promote cell survival. However, by
binding to mHtt more readily than to wild type Htt, Rhes can promote cell death both by
causing sumoylation and solubility of mHtt and by being sequestered and prevented from
binding to mTOR.
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Regulation of Rhes Expression

Table 1

Treatment

Effect

Reference

Hypothyroidism, neonatal rats T4
Hypothyroidism, neonatal rats T3, GC-1

Hypothyroidism, adult rats
Hypothyroidism, adult mice T3

6-OHDA lesion, adult rat

Eticlopride (0.5 mg/kg), adult rat

ICV 6-OHDA, neonatal rat

Reserpine (5 mg/kg, 1 mg/kg), adult rat

Efaroxan, cultured rat pancreatic islets, BRIN-BD11 cells
Efaroxan, cultured rat pancreatic islets

Memantine (5-10 M) in primary striatal cultures

mRNA |, protein |
reversed effect of hypothyroidism

mRNA |
reversed effect of hypothyroidism

no change mMRNA

mRNA ¥
no change mMRNA

mMRNA
protein |

no change mMRNA
no change mMRNA
mMRNA |
mRNA |
no change mMRNA

protein |

Falk et al., 1999; Vargiu et al., 2001

Manzano et al., 2003

Vargiu et al., 2001
Vallortigara et al., 2008, 2009

Harrison and LaHoste, 2006
Harrison et al., 2008

Harrison and LaHoste, 2006
Harrison et al., 2008

Harrison and LaHoste, 2006

Chan et al., 2002; Taylor et al., 2006
Chan et al., 2002; Taylor et al., 2006
Okamoto et al. 2009
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Behavior in Rhes Mutant Mice

Table 2

Behavior

Effect

Reference

Open field, drug-naive

Rotarod, drug-naive

Elevated plus-maze, drug-naive
Morris water maze, drug-naive
Passive avoidance, drug-naive
Novelty-induced exploration, drug-naive
Open field, drug-naive

Rotarod, drug-naive

Locomotor activity, SKF 81297
Stereotypy, apomorphine
Catalepsy, haloperidol
Catalepsy, eticlopride
Grooming, SKF 38393

Tail flick analgesia, morphine
Formalin analgesia, morphine

Morphine analgesia tolerance

Opiate withdrawal (naloxone-precipitated)

Cell Mol Neurobiol. Author manuscript; available in PMC 2013 August 01.

rhes™~ locomoation ¢ 1%t 5 min

rhes™~ Ilatency to fall
rhes™~ females 1 anxiety

no genotype difference

rhes™~ * activity
rhes™~ * activity

no genotype difference
rhes™ tactivity
rhes™~, rhes*'~ 1 response
rhes™ 1 response
rhes™~ * response
rhes™~ | response
rhes™ 1 analgesia
rhes™ 1 analgesia
rhes™ no tolerance

rhes™~ | response

Spano et al., 2004
Spano et al., 2004
Spano et al., 2004
Spano et al., 2004

Errico et al., 2008
Errico et al., 2008
Errico et al., 2008
Errico et al., 2008
Quintero et al., 2008
Errico et al., 2008
Quintero et al., 2008
Quintero et al., 2008
Leeetal., 2011
Leeetal., 2011
Leeetal., 2011
Leeetal., 2011
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Cellular Actions of Rhes
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Model Effect Reference

HelLa cells no Rafl binding in pull-down assay Vargiu et al., 2004
COS-7 cells no ERK activation Vargiu et al., 2004
COS-7 cells binds and activates PI3 Kinase Vargiu et al., 2004

PC12 cells no effect on muscarinic M2 receptor-mediated reporter gene activation Vargiu et al., 2004

PC12 cells inhibits TSH receptor-stimulated reporter gene activation Vargiu et al., 2004

PC12 cells inhibits B-adrenergic receptor-stimulated Reporter gene activation Vargiu et al., 2004

PC12 cells no effect on forskolin-stimulated reporter gene activation Vargiu et al., 2004

PC12 cells no effect on mutant Gas-stimulated reporter gene activation Vargiu et al., 2004

HEK cells inhibits basal Ca2* current density; inhibits muscarinic decrease of Ca2* current ~ Thapliyal et al., 2008
Mouse rhes™~ 1 GIuR1 phosphorylation Errico etal., 2008

Mouse rhes™= | GTP binding to Ga.i/o Errico et al., 2008

CHO cells inhibits dopamine D1 receptor-stimulated cCAMP Harrison and He, 2011
Mouse binds to Gai in pull-down assay Harrison and He, 2011
Yeast 2-hybridbinds  GB1, G2, GB3 Hill et al., 2009

HEK293 cells binds wild type and mutant Htt Subramaniam et al., 2009
HEK293 cells sumoylation of mHtt Subramaniam et al., 2009
Mouse rhes =/~ Isumoylation of multiple proteins Subramaniam et al., 2010
In vitro promotes cross-sumoylation of E1 and Ubc9 Subramaniam et al., 2010

Mouse, striatal cells

binds to and activates mTOR
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Subramaniam and Snyder, 2011
Subramaniam et al., 2012



