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Reinstating aberrant mTORC1 activity in Huntington's disease
mice improves disease phenotypes

John H Leel, Luis Tecedor?, Yong Hong Chen?, Alex Mas Monteys?, Matthew J Sowada?,
Leslie M Thompson#4, and Beverly L Davidson?3

IMedical Scientist Training Program, Roy J and Lucille A Carver College of Medicine, lowa City,
lowa 52242 USA

2The Center for Cell and Molecular Therapy, The Children's Hospital of Philadelphia,
Philadelphia, PA 19104 USA

3The Department of Pathology & Laboratory Medicine, The Children's Hospital of Philadelphia
and The University of Pennsylvania, Philadelphia, PA 19104 USA

4Departments of Psychiatry and Human Behavior, and Neurobiology and Behavior, University of
California, Irvine, California 92697 USA

Summary

Huntington's Disease (HD) is caused by a polyglutamine tract expansion in huntingtin (HTT).
Despite HTTs ubiquitous expression, there is early and robust vulnerability in striatum, the cause
of which is poorly understood. Here, we provide evidence that impaired striatal mTORC1 activity
underlies varied metabolic and degenerative phenotypes in HD brain and show that introducing
the constitutively active form of the mTORC1 regulator, Rheb, into HD mouse brain, alleviates
mitochondrial dysfunction, aberrant cholesterol homeostasis, striatal atrophy, impaired dopamine
signaling, and increases autophagy. We also find that the expression of Rhes, a striatum-enriched
mTOR activator, is reduced in HD patient and mouse brain, and that exogenous addition of Rhes
alleviates motor deficits and improves brain pathology in HD mice. Our combined work indicates
that impaired Rhes/mTORC1 activity in HD brain may underlie the notable striatal susceptibility
and thus presents a promising therapeutic target for HD therapy.

Huntington's Disease (HD) is a fatal autosomal-dominant neurodegenerative disease caused
by CAG repeat expansion in exon 1 of huntingtin, which encodes the protein huntingtin
(HTT)(1993). Despite HTT expression in all tissues and brain regions, the striatum
demonstrates the most profound and early degeneration. Mutant HTT (mHTT) negatively
affects multiple cellular pathways, including mitochondria biogenesis (Cui et al., 2006;

© 2014 Elsevier Inc. All rights reserved.

To whom correspondence should be addressed: Beverly L. Davidson, 5060 Colket Translational Research Building, Center for Cell
and Molecular Therapy, The Children's Hospital of Philadelphia, Philadelphia, PA 19104 USA, (267) 465-0929-phone,
davidsonbl@email.chop.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 2

Tsunemi et al., 2012), cholesterol homeostasis (Karasinska and Hayden, 2011; Valenza and
Cattaneo, 2011; Valenza et al., 2005), axonal growth (Li et al., 2001), and synaptogenesis
(Milnerwood and Raymond, 2010), all of which may contribute to neuronal dysfunction and
loss. These varied phenotypes may result from disruption of a core component regulating a
range of fundamental biological processes. Identifying such a primary pathogenic event
would facilitate therapeutic development.

Mechanistic target of rapamycin (mTOR) is a serine-threonine kinase that integrates signals
to regulate cell growth and metabolism (Laplante and Sabatini, 2012). mTOR forms 2
distinct complexes, mMTORC1 and mTORC2. Under nutrient-rich conditions, mTORCL is
activated and promotes protein translation and cell growth. In contrast, nutrient withdrawal
inactivates mMTORC1 and initiates macroautophagy (hereafter referred to as autophagy) as a
cell survival mechanism. mTORC1 positively controls mitochondrial biogenesis
(Cunningham et al., 2007) and regulates lipid homeostasis by controlling cholesterol
synthesis (Peterson et al., 2011; Porstmann et al., 2008). Moreover, in the brain, MTORC1
promotes myelination, axon growth, and regeneration (Kim et al., 2012; Park et al., 2008;
Sun et al., 2011), and genetic deletion of the Ras homologue enriched in brain (Rheb), a key
activator of mMTORC1, causes decreased cortical thickness and defective myelination (Zou et
al., 2011).

In the striatum Rhes (Ras homolog enriched in the striatum) serves as a key activator of
mTORC1 (Subramaniam et al., 2012). Genetic knockout of Rhes reduces mTORC1 activity,
and attenuates adverse responses to L-DOPA induced dyskinesia (Subramaniam et al.,
2012). Additionally, Rhes facilitates SUMOylation (Subramaniam et al., 2009), a process
implicated in HD pathogenesis (Steffan et al., 2004). In vitro, Rhes promotes SUMOylation
of mHTT to induce cytotoxicity (Subramaniam et al., 2009), and reducing exogenously
added Rhes with siRNAs increased survival of cells transfected with mHTT fragments (Lu
and Palacino, 2013; Seredenina et al., 2011). In vivo, genetic ablation of Rhes protects
against neurotoxin-induced striatal lesions (Mealer et al., 2013), and transiently delays
motor symptom onset in R6/1 HD mice (Baiamonte et al., 2013). Because Rhes is highly
expressed in the striatum (Spano et al., 2004), it has been proposed that Rhes-mHTT
interactions may underlie the prominent striatal degeneration in HD.

However, other data call to question a pathogenic role for Rhes in HD. Rhes levels are
reduced in HD patient caudate nucleus (Hodges et al., 2006), and Rhes ablation in R6/1 HD
models does not prevent brain degeneration (Baiamonte et al., 2013). Furthermore, Rhes KO
mice develop brain atrophy and behavioral abnormalities resembling those found in HD
mice (Baiamonte et al., 2013; Spano et al., 2004). In addition, Rhes promotes autophagy
(Mealer et al., 2014), a well-established protective mechanism in HD. Therefore, given the
critical function of Rhes in mediating striatal mTORC1 signaling, we hypothesized that a
concomitant loss of Rhes and mTORCL1 activity contributes to the early striatal pathology in
HD, and that enhancing mTORC1 function, through upregulation of Rheb or Rhes, would be
neuroprotective.

To test this hypothesis we acutely modulated Rhes and mTORC1 activity in adult striata of
HD transgenic mice. We found beneficial effects with mTORCL1 activation, including
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improved mHTT-associated metabolic phenotypes and reversal of striatal atrophy.
Consistently, restoring mTORCL1 activity or Rhes levels in vivo was protective. Further, we
showed that the neuroprotective property of Rhes is dependent on its GTPase activity, which
is required for activating mTORCL1 but independent of SUMOylation related activity.
Collectively, these data suggest that impaired Rhes/mTORC1 activity is relevant to the
notable striatal pathogenesis in HD and suggest that impaired mTORC1 function may
represent a fundamental mechanism underlying the complex disease phenotypes in HD.

MTORC1 activity is reduced in the striatum of HD

As a first test of our hypothesis, we examined mTORC1 activity in HD brain. We found that
mTORCL1 activity is reduced in striatal tissues from HD patients and N171-82Q mice as
detected by reduced phosphorylation of ribosomal protein S6 (pS6), an established marker
of mMTORC1 activity (Figure 1A; Figures S1A,B). In HD mice, mMTORC1 activity is
impaired at 6 weeks of age, prior to the onset of neurological symptoms (Figure 1B). The
reduced mTORCL1 activity is not associated with reduced expression of mTOR, or
components of the mTOR complex (e.g. Rictor and Raptor)(Figures 1A,B; Figure S1A). We
next engineered adeno-associated viruses (AAVSs), which transduce striatal neurons (Figure
S2A) (McBride et al., 2008), to express Rheb, a well-established positive regulator of
mTORC1 (Laplante and Sabatini, 2012). In this manner, we can acutely enhance mTORC1
activation in vivo. We used a constitutively active Rheb mutant (caRheb; S16H) previously
shown to activate mTORC1 signaling in mouse brain (Kim et al., 2012; Zou et al., 2011).
Unilateral injection of AAV.caRheb into N171-82Q mouse striata markedly induced
mTORC1 activity as indicated by increased pS6 at 3 weeks post-injection (Figure 2A).
Selective reduction of DARPP-32 levels, a fundamental component of dopamine signaling
in medium spiny neurons (MSN), is an indicator of pathological progression in HD mouse
and human brains (Bibb et al., 2000; Hodges et al., 2006). AAV.caRheb transduction
promoted a 33% increase of DARPP-32 levels in N171-82Q mouse striata compared to
contralateral uninjected tissue (Figure 2A). Moreover, AAV.caRheb upregulated expression
of the mitochondrial-transcriptional regulator, PPARY coactivator 1a (PGC1-a) (Figure 2B),
a master regulator of mitochondrial biogenesis that when increased improves mitochondrial
function and motor deficits in HD models (Cui et al., 2006; Tsunemi et al., 2012).
Consistent with increased mitochondria activity, the levels of reactive oxygen species
detoxifying (ROS) genes, SOD2, cyt-c, and ANT1 were also increased in AAV.caRheb
treated brains (Figures 2C-F). Glutathione peroxidase, a recently identified neuroprotective
antioxidant enzyme in HD model organisms (Mason et al., 2013), selectively increased in
HD brains after caRheb transduction (Figure 2G). The improved profile could not be
explained by an indirect effect of virus injection or downregulation of the mHTT transgene;
similar results were obtained when AAV.caRheb injected brains were compared to
AAV.eGFP treated brains, and caRheb did not affect mHTT transgene expression (Figures
S2B-H).

We next performed in vitro studies and treated striatal cells that express expanded (Q111)
and normal (Q7) Htt (Trettel et al., 2000) with an ATP-competitive inhibitor of mTOR,
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Torinl. Torinl potently inhibits mTOR functions including those that are resistant to
inhibition by rapamycin (Thoreen et al., 2009). Torin1 treatment reduced pS6 and p-4E-BP1
levels as well as DARPP-32 expression in Q7 and Q111 cells (Figure S3A). Torinl also
repressed PGC1-a, the PGC1-a-regulated genes cAMP response element-binding protein
(CREB), and transducer of regulated CREB 1 (TORC1) (Figures S3A, B). Together, our in
vitro and in vivo results indicate that mMTORC1 regulates PGC1-a and PGC1-a regulated
metabolic genes in the setting of WT and mutant HTT alleles.

MTORCL1 controls lipogenic gene expression in HD brains

We next determined whether impaired mTORCL1 activity underlies other HD-specific
metabolic pathway alterations. Aberrant cholesterol biosynthesis has been observed in HD
mouse and human brains (Karasinska and Hayden, 2011; Valenza and Cattaneo, 2011). The
expression of genes required for lipid biosynthesis is controlled by nuclear transactivation of
sterol regulatory element-binding proteins (SREBPs). mHTT has been reported to inhibit
nuclear translocation of SREBP in cells and HD mice, which may contribute to
dysfunctional cholesterol synthesis (Valenza et al., 2005). mTORC1 also regulates SREBP
transactivation (Peterson et al., 2011; Porstmann et al., 2008). To determine if reducing
mTORC1 activity alters cholesterol synthesis in the setting of HD, we applied Torinl to
cultured Q7 or Q111 striatal cells. Torinl reduced expression of the SREBP target genes
HMG-CoA reductase (HMGCR), the rate-limiting enzyme in cholesterol synthesis and
HMGCS1 in both mutant and normal cell lines (Figures 3A, B).

In N171-82Q mice, HMGCR is significantly reduced (Figure 3C) compared to controls,
similar to that found in HD patient brains (Hodges et al., 2006). AAV.caRheb normalized
HMGCR levels, and also increased expression sterol biosynthesic enzymes: HMG-CoA
synthase 1 (HMGCS1), lanosterol 14a-demethylase (CYP51), and 7-dehydrocholesterol
reductase (DHCR7Y) (Figures 3C-F; Figures S3 C-F). Similar to our in vitro findings,
mTOR's regulation of striatal lipogenic gene expression is independent of the state of
polyglutamine expansion in HTT, as AAV.caRheb also increased expression of these genes
in WT striata as well (Figures 3C-3F). Although the reduction of HMGCR gene expression
is mild in N171-82Q mice (transgene expressed from prion promoter) reduced expression of
HMGCR, HMGCS1, DHCR7, and CYP51 are observed in HD human and other mouse
models (Hodges et al., 2006; Valenza et al., 2005). Together, our results indicate that
mTORC1 promotes lipogenic gene expression in the striatum, and suggest that impaired
mTORC1 activity may contribute to reduced lipogenic gene expression in HD.

MTORC1 enhances pathways implicated in mHTT clearance

mTORC1 activity is generally associated with antagonizing autophagy induction, although
autophagy can occur through mTORC1 dependent and independent pathways. With
relevance to HD, basal autophagic activity is critical for maintaining neuronal survival and
promoting aggregate clearance (Jeong et al., 2009; Ravikumar et al., 2004; Yamamoto et al.,
2006). As such, we next examined the effects of mMTORC1 activation on autophagy in
AAV.caRheb treated HD mouse striata. We found increased basal levels of the
autophagosome-membrane-associated protein, LC3-11 in N171-82Q mice compared to WT
mice (Figure S4). AAV.caRheb treatment increased levels of LC3-11 (Figure 4A) and
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Beclin-1, a protein necessary for autophagy induction (Figure 4B). To distinguish between
enhanced autophagy and impairment of autophagolysosomal maturation, electron
microscopy (EM) was used to quantify the relative number of autophagosomes and
autolysosomes in brains of mice treated with AAV.caRheb in one hemisphere or AAV.eGFP
in the other hemisphere. While the autophagosomes/autolysosome ratio was similar between
hemispheres, both autophagosomes and autolysosomes were increased with AAV.caRheb
treatment compared to the control treated contralateral sides (Figure 4C), suggesting that
autophagy is activated in the setting of increased mTORCL1 activity in vivo. We also noted
that control treated (AAV.eGFP) N171-82Q mice brain was depleted of electron-dense
endoplasm granular mass and cytoplasmic organelles (Figure 4D), a phenotype similar to the
striatal pathology induced by nucleolar stress (Kreiner et al., 2013). Conversely, cells in
AAV .caRheb treated hemispheres showed enriched electron-dense cytoplasmic organelles.

Recent work suggests that autophagic/proteasomal degradation of mHTT occurs through
post-translational modifications (PTM) (Jeong et al., 2009; Jia et al., 2012; O'Rourke et al.,
2013; Thompson et al., 2009). For example, the SUMO E3 ligase PIAS1 increases mHTT
aggregate formation by promoting SUMO2 conjugation to mHTT in cell models, and
reducing the PIAS1 ortholog in Drosophila expressing the mHTT protein is protective
(O'Rourke et al., 2013). We found that SUMO?2 levels were elevated in 14-week-old
N171-82Q mouse striatum and that AAV.caRheb repressed PIAS1 and SUMO?2 expression
in both N171-82Q mice and WT control littermates (Figures 5A, B). We also examined IxB
kinase (IKK), a kinase that induces mHTT degradation and targets mHTT for clearance by
the proteasome and lysosome (Thompson et al., 2009). Endogenous IKK related genes
(1kbkb, Ikbkap, and Ikbke) were reduced in N171-82Q mouse striata, and AAV.caRheb
restored their expression (Figures 5C-E). Additionally, HDAC4 is an important regulator of
mHTT aggregate formation and reduction of HDAC4 reduces cytoplasmic aggregates,
improves neuronal function, and extends the life span of HD mice (Mielcarek et al., 2013).
Here, we found that AAV.caRheb transduction reduced HDAC4 expression in N171-82Q
mouse striata (Figure 5F). HTT fragment-containing aggregates are few and inconsistent in
striatum, but robust in hippocampus in N171-82Q mice. Therefore, we tested aggregate
burden in the hippocampus. AAV efficiently transduces hippocampal neurons (Figure S5),
and AAV.caRheb injected animals showed significantly reduced mHTT aggregate load
compared to AAV.eGFP injected mice (Figure 5G), consistent with the observed effects of
AAV.caRheb on genes involved in mHTT clearance.

Enhanced mTORC1 activity rescues striatal atrophy and improves motor phenotypes in

HD mice

N171-82Q mice display pronounced striatal atrophy with preserved MSN numbers (Cheng
et al., 2011; Schilling et al., 1999). To examine how mTORC1 activity impacts striatal
volume in diseased brain, we performed unilateral AAV.caRheb injection into the striata of
11-week-old N171-82Q mice, an age by which there is measurable striatal atrophy (Cheng
et al., 2011), and compared the treated hemisphere with the untreated side. AAV.caRheb
positively impacted MSN cell size and striatal volume compared to untreated contralateral
hemispheres (Figures 6A-C). To confirm that caRheb acts through mTORCL1, we
administered RAD001, a known mTORC1 inhibitor (Fox et al., 2010). RADO0O01 treatment
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reversed the morphological effects of caRheb and attenuated S6 phosphorylation (Figures
6A-6C; Figures S6A, B). Additionally, we found that 2 weeks of RADOO1 treatment in the
absence of caRheb caused a mild but significant exacerbation of MSN atrophy in N171-82Q
mice (Figures 6A, B). These results suggest that AAV.caRheb promotes MSN growth or
preserves MSN size through the mTORC1 pathway, and that impairing mTORC1 in vivo
exacerbates this phenotype.

Impaired striatal dopamine circuitry is associated with motor symptoms in HD mice (Bibb et
al., 2000; Johnson et al., 2006). Therefore, to determine the functional impact of
AAV.caRheb on dopamine pathways we unilaterally injected N171-82Q mice and subjected
them to amphetamine induced rotational tests. Amphetamine triggers dopamine release and
induces rotational behavior in mice if there is imbalanced dopamine signaling in one
hemisphere versus the other. For this, we co-injected AAV expressing mHTT (AAV.mHTT)
into 6-week-old WT mice with either AAV.caRheb or control virus (AAV.eGFP). Unilateral
injection of AAV.mHTT/AAV.eGFP caused ipsilateral rotation toward the injected side, an
indication of mHTT toxicity (Figure 6D). In contrast, co-injection of AAV.caRheb with
AAV.mHTT did not induce ipsilateral rotation, instead mice displayed contralateral
rotations (Figure 6D). Consistent with the behavioral results, injection of AAV.mHTT/eGFP
caused MSN atrophy compared to untreated contralateral striatum whereas co-injection of
AAV.caRheb with AAV.mHTT prevented MSN atrophy (Figure 6E). Thus, enhancing
mMTORC1 activity benefits mHTT-driven neuronal atrophy and dopamine pathway
impairment.

Exogenous addition of Rhes, a striatum-enriched mTOR activator, rescues mHTT-
associated disease phenotypes in HD transgenic mice

In the striatum, mTOR is predominantly regulated by a striatal-enriched GTPase protein,
Rhes (Subramaniam et al., 2012). Prior in vitro studies imply a toxic role of Rhes in HD
(Subramaniam et al., 2009), but its disease relevance in vivo is unclear. We found that Rhes
levels were reduced in HD human and mouse striata (Figures 7A and S7A). Rheb levels are
not reduced (Figure S7B). Notably, Rhes is significantly reduced prior to the onset of
neurological symptoms; 6-week-old N171-82Q mice have 73% of wild type Rhes levels
even though clinical symptoms are not evident until 12-14 weeks of age (Figures 7A and
S7C). We therefore investigated how enhancing Rhes levels impacts disease phenotypes. As
the N-terminal fragment of mMHTT was previously shown to interact with Rhes and confer
cytotoxicity in vitro, the N171-82Q model is ideal for testing this question in vivo
(Subramaniam et al., 2009). If Rhes is a critical mediator of HD toxicity, acute
overexpression of Rhes in N171-82Q mouse striata would be expected to exacerbate disease
phenotypes. AAVs expressing Rhes (AAV.Rhes) were injected into 7-week-old N171-82Q
mice and WT littermates. In contrast to what was expected from earlier in vitro work, but
consistent with our findings on mTORC1 activation by Rheb, Rhes overexpression
improved motor function in N171-82Q mice compared to saline-treated, disease littermates
as determined by rotarod testing at 14 and 18 weeks of age (Figure 7B). In addition, after
unilateral injection, AAV.Rhes significantly increased MSN cell size compared to control-
treated contralateral hemispheres (Figures 7C). Similar to Rheb, AAV.Rhes upregulated
expression of the mitochondrialtranscriptional regulator, PGC1-a (Figure 7D).
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In cell based assays, Rhes enhances mHTT toxicity by promoting SUMOylation of mHTT
(Subramaniam et al., 2009). To ascertain if the observed disease modifying effects of Rhes
invivo are via the mTORC1 or SUMOylation pathways, we generated AAVS that express
RhesS33N (AAV.RhesS33N), a Rhes mutant with abolished GTPase activity and reduced
mTORC1 activation but intact SUMOylation modulatory activity (Subramaniam et al.,
2012; Subramaniam et al., 2009). Following striatal injections, AAV.RhesS33N-treated
N171-82Q mice showed reduced mTORC1 activity compared to N171-82Q mice injected
with AAV.Rhes (Figure S8). AAV.RhesS33N failed to modify motor deficits in N171-82Q
mice, which performed similarly to control treated N171-82Q mice (Figure 7B). Notably,
Rhes S33N does not cause further behavioral exacerbation, as one would predict based on
prior in vitro observation (Subramaniam et al., 2009). Collectively, these data suggest that
Rhes rescues HD behavioral deficits in part via mTORCL activation.

Discussion

Cumulatively, we show that impaired mTORC1 activity is upstream of various phenotypic
changes associated with HD, and may underlie the metabolic and degenerative phenotypes.
We find that mTORC1 activation promoted energy metabolism, autophagy, and striatal cell
function in HD mice. Consistent with a neuroprotective role of mMTORC1, we find that Rhes,
a striatum-enriched mTOR activator, is reduced in HD patient brains and HD mouse models
prior to onset of neurological symptoms. Also, exogenous Rhes addition alleviated motor
deficits and brain pathology in HD mice. Notably, the ability to promote striatal cell growth
and function in symptomatic HD mice supports the notion that there is plasticity in mHTT-
laden neurons (Yamamoto et al., 2000), and highlights the possibility of reverting striatal
atrophy after disease onset through mTORC1 activation. Because mHTT has an increased
propensity to bind Rhes (Subramaniam et al., 2009) and mTOR (Ravikumar et al., 2004), it
is possible that a concomitant loss of Rhes and mTOR function by mHTT may render the
striatum more vulnerable to early degeneration in HD (Figure 8). Given that striatal volume
is a strong predictor of disease progression in HD patients (Tabrizi et al., 2013), therapies
that restore striatal mMTORC1 activity to normal levels may alleviate disease.

A key disease mechanism by which mHTT interferes with energy production is repression
of PGC-1a activity, whose expression is reduced in human caudate and HD transgenic
mouse striata (Cui et al., 2006; Hodges et al., 2006; Tsunemi et al., 2012). Reduced PGC-1a
levels may also sensitize HD brains to oxidative stress as dopaminergic neurons in PGC-1a
KO mice are vulnerable to MPTP mediated oxidative damage (St-Pierre et al., 2006).
Restoring brain PGC-1a expression ameliorates striatal atrophy in R6/2 HD mice (Cui et al.,
2006), and improves motor phenotypes in the N171-82Q and R6/2 HD mouse models (Cui
et al., 2006; Tsunemi and La Spada, 2011). Our finding that mTOR is a positive regulator of
PGC-1a activity in HD mouse brains provides a therapeutic target for enhancing PGC-1a
activity and a potential mechanism by which PGC-1a activity may be impaired.

At first blush, these data may appear to contradict the conventional view in the HD field
indicating that mTORC1 inhibition is protective (Ravikumar et al., 2004; Roscic et al.,
2011). Inhibition of mMTORC1 by systemic delivery of rapamycin attenuates disease
phenotypes in Drosophila and N171-82Q HD mice (Ravikumar et al., 2004). It is possible
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however, that the behavioral improvements induced by rapamycin may reflect the beneficial
effects on skeletal muscle, rather than mTORCL1 inhibition in the brain. In line with this, in
R6/2 HD mice treated with rapamycin, rotarod improvement is transient and associated with
accelerated weight loss and enhanced brain atrophy (Fox et al., 2010). Interestingly,
mTORC1 activity is abnormally elevated in R6/2 mouse skeletal muscles (She et al., 2011).
Together with our data, these findings support the notion that restoring balanced mTORC1
activity is critical and raise the interesting point that there can be tissue specific effects of
mHTT on mTOR activity; unlike skeletal muscle, brain mMTORCL1 activity is already
impaired in HD.

The finding that mTORC1 enhancement is neuroprotective also provides a mechanistic basis
for earlier studies supporting a role for various agents shown to be therapeutic in HD
models. For example, restoring BDNF-TrkB signaling has well-established neuroprotective
effects in several preclinical HD models (Jiang et al., 2013; Simmons et al., 2013; Xie et al.,
2010; Zuccato et al., 2001). A physiological consequence of this signaling cascade is
mTORC1 activation (Troca-Marin et al., 2011; Zhou et al., 2010). Moreover, an RNAI
screen identified Lkb-1 as a potent disease modifier in cell and drosophila HD models
(Schulte et al., 2011). Lkb-1 is a tumor suppressor that negatively regulates mTORC1 (Shaw
et al., 2004). Suppressing Lkb-1 improved mHTT-induced dysmorphic neurite growth in
primary neurons, and rescued lethality and neurodegenerative phenotypes in drosophila
expressing a mHTT allele (Schulte et al., 2011). Together, these results are consistent with
our view that re-balancing mTORC1 activity is beneficial in HD.

Autophagy is essential for cell homeostasis and protein clearance (Wong and Cuervo, 2010).
We find that mTORC1 activation stimulates autophagic activity in HD mouse brains and
alters expression of genes implicated in promoting mHTT degradation (PIAS1, SUMO?2,
IKK, and HDAC4). These results may be surprising as mTORC1 is generally considered
inhibitory to autophagy. However, recent evidence demonstrate that autophagy can occur
under mTOR stimulated conditions (Narita et al., 2011), and under prolonged starvation
conditions, reactivation of mMTOR promotes formation of lysosomes, which are required for
sustained autophagy (Yu et al., 2010). We suspect that enhanced basal or quality control
autophagy is a necessary response to cell growth and metabolic activity, and unlike
starvation-induced autophagy, is consistent with mTORCL activation. Although the precise
mechanism by which mTORC1 induces autophagy is unclear, we found mTORC1
enhancement increased beclinl levels, an essential component involved in autophagic
vesicle nucleation. Interestingly, overexpression of beclin 1 induces autophagic clearance of
mHTT aggregates (Shoji-Kawata et al., 2013). Additionally, we find that mMTORC1
upregulates expression of IKK, a known autophagy inducer that promotes mHTT
degradation (Thompson et al., 2009). Further, stimulation of IGF1/Akt signaling, which in-
turn activates mMTORC1, induces mHTT phosphorylation and targets mHTT degradation
(Humbert et al., 2002; Yamamoto et al., 2006). Cumulatively the data show that varied
mechanisms for mHTT degradation are interrelated and controlled by mTORC1 activity.

The striatum-enriched protein, Rhes, is proposed to cause striatal degeneration by promoting
SUMOylation of mHTT; siRNA knockdown of SUMOL1 abolishes Rhes mediated
cytotoxicity in vitro (Subramaniam et al., 2009). Contrary to the potential toxic role of Rhes,
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we find that Rhes addition improves neuropathological and motor phenotypes in HD mice,
and that this neuroprotective property of Rhes requires its GTPase activity. This is in
contrast to the in vitro condition, where the GTPase activity of Rhes is not involved with
mHTT-mediated cytotoxicity. Interestingly, we find that reducing Rhes levels in vivo causes
compensatory upregulation of SUMO1 in HD mouse striata (data not shown). This is
consistent with the observation that SUMO1 and SUMO2 modified proteins accumulate in
HD postmortem human brains (O'Rourke et al., 2013). Additionally, overexpressing the
GTPase deficient but SUMOQylation intact Rhes mutant does not exacerbate motor
phenotypes in N171-82Q mice as one would predict based on prior in vitro results
(Subramaniam et al., 2009), implying that the in vivo modulators of MSN toxicity is distinct
from that in an isolated culture system.

Consistent with a cytoprotective role of Rhes, we recently reported that sSiRNA knock-down
of Rhes exacerbates striatal atrophy and behavioral phenotypes in transgenic HD mice (Lee
et al., 2014). On the other hand, other work showed that crossing Rhes KO mice with R6/1
mice delayed rotarod deficits (Baiamonte et al., 2013). However, genetic deletion of Rhes
does not prevent striatal atrophy in the R6/1 mice; and Rhes KO mice demonstrate severe
brain degeneration similar to HD mice (Baiamonte et al., 2013). Further, Rhes levels are
reduced in HD patients and HD mouse model striata, with symptomatic HD patients
showing a striking 83% reduction of striatal Rhes compared to unaffected individuals
(Figure 7A). Rhes has recently been shown to promote autophagy (Mealer et al., 2014), and
regulate intracellular iron homeostatsis (Choi et al., 2013). Therefore, restoring rather than
reducing Rhes may be beneficial in HD brains.

The finding that normalizing mTORC1 activity improves HD phenotypes may have broad
therapeutic implication for neurological diseases with deregulated mTOR activity. For
instance, neurodevelopmental disorders such as fragile X mental retardation and autism are
generally associated with hyperactive mTORCL activity; suppressing mTORCL1 in these
conditions improves disease phenotypes (Bhattacharya et al., 2012; Tsai et al., 2012). In
contrast, in the case of amyotrophic lateral sclerosis (ALS) where neuronal nMTORC1
activity is reduced, stimulation of mMTORC1 counteracts the degenerative process (Saxena et
al., 2013). Thus, restoring the homeostatic level of mMTORC1 function may broadly benefit
neurological diseases.

In summary, our study provides new insight into the inter-connectivity of complex
pathological phenotypes in HD, which converge on the mTORCL1 pathway. And, together
with prior work in other neurodegenerative disease fields, highlights the observation that the
extent of mMTORC1 activation must be carefully controlled for therapeutic utility. While
reducing the expression of the mHTT in the brain would be a direct way to rescue mTORC1
activity in the setting of HD, a rebalance of mMTORCL1 activity or small molecules that
disrupt RhesmHTT binding may be of therapeutic benefit.
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Experimental Procedures

Animals

All animal protocols were approved by the University of lowa Animal Care and Use
Committee. N171-82Q mice were from Jackson Labs (Bar Harbor, ME) and maintained on
B6C3F1/J background. Hemizygous and age-matched wild-type littermates were used for
the indicated experiments. Mice were housed in a controlled temperature environment on a
12-hour light/dark cycle. Food and water were provided ad libitum. For pharmacological
studies, RADO001 was obtained from LC Laboratories, diluted to 2mg/ml in 2% DMSO, and
stored at — 20°C. Freshly thawed vehicle and RAD001 (30 pmol/kg) were given 3 times per
week (Monday, Wednesday, and Friday) for two weeks by gavage as described
previously(Fox et al., 2010). Mice were sacrificed 24 hours after the last dose.

Plasmids and AAVs

Injections

AAV vectors serotype 1 (AAV2/1) were used for this study. Rhes and Rheb cDNA
sequences were amplified from a mouse striatum cDNA library. A Flag epitope was cloned
3’ for western blot assay. GTPase inactive Rhes mutant (RhesS33N) and hyperactive Rheb
mutant (caRheb;S16H) were generated by QuikChange site-directed mutagenesis (Agilent
Technology). Primers for mutagenesis used the QuikChange Primer Design Program (http://
www.stratagene.com). Rhes, RhesS33N, and caRheb sequences were cloned into AAV
vectors downstream of the chicken B-actin promoter. AAV.Rhes and AAV.RhesS33N
vectors also express enhanced GFP (eGFP) under the control of an IRES sequence. N-
terminal myc-tagged N171-82Q was PCR amplified from a pCMV-HD-N171-82Q plasmid
(Harper et al., 2005), and cloned into AAV vectors to generate AAV.mHTT. AAVs were
made by University of lowa Vector Core. Titers (vector genomes/ml; vg/ml) were assessed
by RT-PCR (Rhes: 3x1012 vg/ml, RhesS33N: 3x1012 vg/ml, caRheb: 3x1012 vg/ml, eGFP:
3x1012 vg/ml, and mHTT (N171-82Q): 3x1012 vg/ml).

The coordinates for striata were 0.86 mm rostral to bregma, £1.8 mm lateral to midline, 3.5
mm ventral to the skull surface. N171-82Q mice and WT littermates were injected with
AAV.Rhes, AAV.RhesS33N, or saline at 7 weeks of age. Bilaterally injections were with 5-
ul of AAV. For unilateral injection studies, 5-ul of AAV was used. The coordinates for
hippocampus were AP:-2.0 mm, ML:+ 1.5 mm, DV:-2.3 mm relative to bregma; mice were
injected unilaterally with 1-ul of AAV. For amphetamine induced rotation tests in WT mice,
3 ul AAV.mHTT was co-injected with either 2 ul AAV.caRheb or 2 pl AAV.eGFP into the
striatum. Injection rates for all studies were 0.2 pl/min. Mice were sacrificed at indicated
ages using standard approved methods (Harper et al., 2005; McBride et al., 2008).

Cell culture and transfections

Mutant (Q111) and WT (Q7) striatal cells (Trettel et al., 2000) with full-length HTT were
kindly provided by Dr. Marcy MacDonald. The Q7 and Q111 cells were grown at 37°C in
Dulbecco's modified Eagle's medium (DMEM; Sigma Chemical Co, St. Louis, MO)
supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 2 mM L-
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glutamine, and 400 pg/ml G418 (Geneticin; Invitrogen, Carlsbad, CA). For mTOR
inhibition studies, cells were treated with DMSO or 250 nM Torinl (Tocris, Bristol, UK) for
24 hours.

Mouse Brain Isolation

Mice used for histological analyses were anesthetized with a ketamine/xylazine mix and
transcardially perfused with 20 ml of 0.9% cold saline, followed by 20 ml of 4%
paraformaldehyde in 0.1 M PO4 buffer. Brains were removed and postfixed overnight, and
40-um thick sections were collected. Mice used for molecular analyses were perfused with
20 ml of 0.9% cold saline, and brain was removed and blocked into 1-mm-thick coronal
slices. Tissue punches of striatum were taken using a tissue corer (1.4 mm in diameter) and
flash frozen in liquid nitrogen and stored at —80°C until used.

Immunohistochemistry and quantitation

Stereology

Floating, 40-um coronal brain sections were used for histochemistry. The following primary
antibodies were used: DARPP-32, 1:200, Cell Signaling; Em48 1:200, gift from X. J. Li,
Emory University School of Medicine; phospho-S6 antibody, S235/236, 1:300, Cell
Signaling. Goat anti-rabbit or goat anti-mouse biotinylated 1gG secondary antibodies were
used (1:200; Vector laboratories) and developed with avidin-biotinylated horseradish
peroxidase complexes (ABC; Vector Labs). In all procedures, deletion of the primary
antibody served as control. Images were captured on an Olympus BX60 light microscope
and DP70 camera with Olympus DP Controller software (Olympus, Melville, NY). For each
brain, four representative sections were chosen and areas of 70 DARPP-32 positive medium
spiny neurons (MSN) were manually traced under 40x objective from each hemisphere. The
areas of DARPP-32 positive MSN were quantified by Olympus DP2-BSW software (version
2.1). The average MSN areas of ipsilateral injected sides were compared to contralateral
control sides and expressed as means £ SEM. EM48 positive inclusions were counted by an
experimenter blinded to treatment groups.

Striatal volume was calculated using point counting methods with the Cavalieri estimator of
volume (Michel and Cruz-Orive, 1988). Images of DARPP-32 stained coronal sections (40
pum thick) were captured using an Olympus BX60 light microscope and DP70 camera with
Olympus DP Controller software (Olympus, Melville, NY). An acetate sheet with a grid
pattern was placed on the image at random angles, and the number of grid intersections
overlying the striatum counted. A random systematic set of serial sections at an interval of
480 um apart was used. A minimum of 200 points were counted over 5 sections. Left and
right striatal volumes were determined independently on the same sections from the point

counts by using the formula Vol gpject) = Z Plobject) - t - a (p), where

ZP(Objcct)zsum of points overlying the striatum, t=distance between sections, and
Ap=area per point.

Neuron. Author manuscript; available in PMC 2016 January 21.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 12

Electron microscopy

Mice were anesthetized and perfused intracardially with saline solution followed by 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer pH 7.4. Brains were removed and post-
fixed in 2.5% glutaraldehyde, 0.1M sodium cacodylate buffer pH 7.4 for 24 hours. 100 pm
coronal sections were cut with vibratome and fixed in 1% OsOy, in 0.1M cacodylate for 1h,
stained with 1% uranyl acetate, dehydrated and embedded in Eponate 812. Ultrathin sections
of striatum (80 nm) were examined with a JEOL EX 1200 transmission electron microscope.

Western blot analysis

Mouse striata were lysed in RIPA buffer with protease inhibitors (Complete Mini, Roche
Applied Science, Mannheim, Germany) and phosphatase inhibitors (PhosSTOP Phosphatase
Inhibitor Cocktail, Roche Applied Science, Mannheim, Germany). Protein concentration
was determined by BCA assay (Pierce, Rockford, IL) and 20-30 pg of protein was reduced
and ran on SDS-PAGE on 4%-10% acrylamide gels and transferred to 0.2 um Immobilon
PVDF membranes (Millipore, Billerica, MA). Primary antibodies were: DARPP-32, 1:1000,
Cell Signaling; B-actin, Sigma-Aldrich, 1:5000; S6,1:1000, Cell Signaling; phospho-S6,
S235/236, 1:1000, Cell Signaling; 4E-BP1, 1:1000, Cell Signaling; phospho-4E-
BP1,T37/46, 1:1000, Cell Signaling; mTOR, 1:1000, Cell Signaling; Rictor, 1:1000, Cell
Signaling; Raptor,1:1000, Cell Signaling; CREB, 1:1000, Cell Signaling; TORC1, 1:1000,
Cell Signaling; PGC1-a,1:1000, abcam; LC3,1:1000, Novus Biologicals; and
Beclin1,1:1000, Cell Signaling. Secondary antibodies were HRP-goat anti-mouse 1gG and
HRP-goat anti-rabbit 1gG (Cell Signaling). Blots were developed using ECL Plus Western
Blotting Detection System (GE Healthcare, Pittsburg, PA), and exposed to film for images.
Protein quantification was performed using NIH ImageJ software or the VVersaDocTM
Imaging System (Biorad) and Quantity One R analysis software. Band densities were
normalized to B-actin from the same samples and lanes.

Brain samples

Coronal sections of human autopsy brain tissues were obtained from unaffected individuals
and patients with Vonsattel grade 2, 3 and 4 HD (Dr. Christopher Ross, Johns Hopkins
University; New York Brain Bank at Columbia University, Alzheimer Disease Research
Center, Taub Institute). Tissues were flash frozen with postmortem intervals (PMI) ranging
from 13 to 49 hours. Caudate/putamen nuclei were dissected from the frozen tissues placed
on an ice-cold metal stage and homogenized in RIPA buffer with protease inhibitors
(Complete Mini, Roche Applied Science, Mannheim, Germany) and phosphatase inhibitors
(PhosSTOP Phosphatase Inhibitor Cocktail, Roche Applied Science, Mannheim, Germany).
Lysates were spun at 14,0009 for 20 min. The supernatant was collected for western blot
analysis. Additional frozen tissues were processed for RNA extraction using TRIzol.

Quantitative real-time PCR (RT-gPCR)

RNA was isolated from striatal punches using 1 ml of TRIzol. Random-primed first-strand
complementary DNA (cDNA) synthesis was performed using 500 ng total RNA (High
Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Foster City, CA) per
manufacturer's protocol. Real-time PCR was performed on a sequence detection system
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(Prism 7900HT, Applied Biosystems) using SYBR green PCR mix (Invitrogen) or TagMan
2x Universal Master Mix (Applied Biosystems). The following Tagman primer/probe sets
were obtained from Applied Biosystem: Rhes (Mm04209172_m1 and Hs04188091_mH),
PGC1l-a (Mm01208835_m1), and HMGCS1 (Mm01304569_m1), and HDAC4
(Mm01299557_m1). The primer sequences for SYBR green RT PCR are available upon
request. Relative gene expression was determined using the AACt method, normalizing to p-
actin.

Behavioral Tests

Amphetamine induced rotational assay—Muice were injected with intraperitoneal
amphetamine (3 mg/kg; Sigma), and then placed individually in the center of a square
plastic activity chamber (50 x 50 cm). Mice were allowed to habituate in the chamber for 20
min before amphetamine induction. Rotational behavior was then recorded for 40 min by a
ceiling-mounted video camera. Net rotation was expressed as number of ipsilateral turns —
number of contralateral turns in a 40 min session.

Accelerating Rotarod—Male N171-82Q mice were tested for baseline motor function at
6 weeks of age, and then at 10, 14, and 18 weeks of age. Before each test, mice were first
habituated on the rotarod for 4 minutes and rested for one hour. The tests were conducted
three trials per day (with 30 minutes of rest between trials) for four consecutive days. For
each trial, mice were placed on the rod that accelerates from 4-40 rotations per min over 4
minutes, and then speed maintained at 40 rpm. Latency to fall (or if mice hung on for two
consecutive rotations without running) was used as a rating of motor performance. The trials
were stopped at 300 seconds, and mice remaining on the rotarod at that time were scored as
300 sec. Data from the three trials for each group on each day are presented as means +
SEM. Mice were always tested in the dark phase of the light/dark cycle. All behavioral
experiments were conducted with the experimenter blind to mouse genotypes and
treatments.

Statistical analyses

Data were analyzed using Student's t-test or One-way ANOVA analysis, followed by
Tukey's post hoc analyses to assess for significant differences between individual groups.
All statistical analyses were performed using GraphPad Prism version 5.0c. Data are
expressed as mean = SEM. In all cases, P < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. mTORC1 activity is reduced in HD human and mouse striatum
(A) Immunoblotting of mTOR, Rictor, Raptor, and mTORC1 activity (pS6) showed reduced

mTORC1 activity in the striatum of patients

with HD (N=10; see Fig S1A for expanded

series) compared to unaffected individuals (N=6). 3-actin was used as a loading control.
Data represent mean £ SEM. ***P<0.001, Student's t-test. (B) Immunoblotting of mTOR,
Rictor, Raptor, and pS6 from 6-week-old N171-82Q and WT mouse striatal lysates. B-actin

was used as a loading control. Densitometry

analyses for panels A and B revealed reduced

pS6 levels in HD patient (N=10) vs. controls (N=6), and 6-week-old N171-82Q mice (N=4)
compared to age- and sex- matched WT littermates (N=4). Data represent mean +

SEM.*P<0.05; ***P<0.001, Student's t-test.
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Figure 2. Activation of mMTORCL1 pathway corrects metabolism-related deficits in HD mice
(A) Western blot shows increased pS6 and DARPP-32 immunoreactivity in N171-82Q mice

treated with unilateral injection of AAV.caRheb, compared to untreated. Mice were injected
at 7 weeks of age and striatal lysates harvested at 10 weeks of age. Right, densitometry
quantification of DARPP-32 immunoreactivity (N=4 mice per group; *P<0.05, One-way
ANOVA with Tukey's post-hoc test). (B) RT-gPCR analysis of PGC1-a in striatal
homogenates from 10-week-old N171-82Q mice treated with unilateral injection of
AAV.caRheb at 7 weeks of age. Striatal lysates from uninjected contralateral hemispheres
served as internal controls (N=8 per group). (C-G) RT-qPCR analysis of ROS detoxifying
genes in striatal homogenates from 10-week-old N171-82Q and WT mice after unilateral
injection of AAV.caRheb at 7 weeks of age. Lysates from uninjected contralateral
hemispheres served as internal controls (N=8 per group). All genes were normalized to
endogenous B-actin. Data represent mean + SEM. C=Control. *P<0.05, **P<0.01,
***P<0.001, Student's t-test.
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Figure 3. mTOR regulates cholesterol biosynthetic pathway genes in HD mice striata
(A and B) WT (Q7) and mutant (Q111) striatal cells grown in normal media were treated

with 250 nM Torinl or DMSO (control). Total cell extracts were obtained 24 hours after
treatment. Gene expression levels of HMGCR and HMGCS1 were normalized to
endogenous B-actin. (C-F) RT-qPCR analysis of lipogenic genes from striatal homogenates
of 10-week-old N171-82Q and WT mice after unilateral injection of AAV.caRheb at 7
weeks of age. Lysates from uninjected contralateral hemispheres served as internal controls
(N=8 per group). All genes were normalized to endogenous f-actin. Data represent mean +
SEM. C=Control. *P<0.05, **P<0.01, ***P<0.001, Student's t-test.
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Figure 4. AAV.caRheb increases basal autophagy

in N171-82Q mice

Page 21

(A and B) Biochemical assessment of autophagy (LC3 and Beclinl) in striatal lysates from
N171-82Q mice after unilateral injection of AAV.caRheb at 7 weeks of age. Striata were
harvested 3 weeks post-injection. Uninjected contralateral striata serve as internal controls
(N=6 mice per group). Representative western blots and densitometry analysis revealed
increased LC3II and Beclinl levels in AAV.caRheb-treated N171-82Q mice striata. B-actin
was used as a loading control. Data are mean £ SEM.**P<0.01; Student's t-test. (C) Left
panels: representative photomicrographs of an autophagosome (arrow) and an autolysosome

(double arrow). Scale bar is 0.5 um. Right panel: frequency of autophagosomes and
autolysosomes detected in striatal neurons from AAV.eGFP and AAV.caRheb treated

N171-82Q mice (3 mice examined per group; 7-10 cells/hemisphere/animal). Ratio indicates

number of autophagosome or autolysosome over total number of cells counted. (D)

Ultrastructural TEM analysis of striatal sections from N171-82Q mice after AAV.eGFP or
AAV.caRheb injections into opposite hemispheres (N=3 mice per group). Left panel: a

representative photomicrograph of striatal neurons from control treated striata shows

electron-lucent cytoplasm, devoid of endoplasm granular mass and organelles. Right panel:

AAV.caRheb treated neurons show normal cytoplasm enriched with organelles and

endoplasm granular mass. Scale bar is 5 pm.
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Figure 5. mTORC1 regulates genes involved in mHTT aggregate clearance
(A-F) RT-gqPCR analysis of genes from striatal homogenates of 10-week-old N171-82Q and

WT mice after unilateral injection of AAV.caRheb at 7 weeks of age. The uninjected
contralateral side served as an internal control (N=8 per group). (A and B) Expression of
genes implicated in the SUMO maodification of mMHTT. (C-E) Expression of IKK related
genes (Ikbkb, Ikbkap, and Ikbke). (F) Expression of HDACA4. All genes were normalized to
endogenous B-actin. Data represent mean + SEM. C=Control. *P<0.05, **P<0.01,
***pP<(.001, Student's t-test.(G) Left panels, immunohistochemical staining of N171-82Q
mouse striatum with EM48 2 weeks after a single unilateral injection of AAV.caRheb and
AAV.eGFP into the hippocampus of 10-week-old N171-82Q mice (N=4 per treatment
group; Scale bar: 50 um). Right panel, AAV.caRheb reduced EM48-positive aggregates.
Arrows: Em48 positive aggregates. Data represent mean + SEM. *P<0.05. Student's t-test.

Neuron. Author manuscript; available in PMC 2016 January 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Page 23

A Control

Vehicle
&

Striatal Volume (mm®)

RADOO01
LY

- (S 0 0-
i s o' a C caRhebC caRheb C caRheb C caRheb
Vehicle RADO0O01 Vehicle  RAD001

n

1=

S
1

D 3 mHTT + eGFP E

B MHTT + caRheb Cpntrol mHTT+eGFP mHTT+caRheb

=l

*k e » by ® §150
® 2007 T ey 1. % @ <
c iy P o -
c ) ne 2 ™ < 100
E B | N g
™ 1001 = ’ & so
T at—u | R A .
L 2
o
A7)
£ 1001 &L
= S
q) \b
Z. & &

n

[=]

o
L

Figure 6. mMTORC1 promotes MSN growth and counteracts mHTT-induced motor phenotypes
(A) Immunohistochemical staining of MSNs with anti-DARPP-32, 2 weeks after a single

unilateral injection of AAV.caRheb into the striatum of 11-week-old N171-82Q mice. Mice
were given vehicle or RADO001 for 2 weeks. (B and C) Quantification of MSN cell area and
striatal volumes from tissues of animals treated as in (A) (N=4 per treatment group; mean *
SEM). (D) WT mice injected unilaterally with AAV.mHTT/AAV.eGFP or AAV.mHTT/
AAV.caRheb at 6 weeks of age. When tested 4 weeks post-injection, AAV.mHTT/
AAV.eGFP induced ipsilateral rotational behavior in response to amphetamine. Co-injection
of AAV.caRheb altered AAV.mHTT-induced ipsilateral rotation following amphetamine
administration, with mice displaying contralateral rotation (N=4 per treatment group).
*P<0.05, **P<0.001, ***P<0.001, Student's t-test. Scale bars: 100 um (A-D). (E) Left
panels, Immunohistochemical staining of MSNs with anti-DARPP-32 of sections from
AAV.MHTT/AAV.eGFP or AAV.mHTT/AAV.caRheb injected mice from (D). The
contralateral uninjected hemisphere is shown as control. Right panels, quantification of
MSN area expressed as percentage of uninjected contralateral striata.*P<0.05, Student's t-
test. Scale bars: 50 um.
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Figure 7. Intrastriatal Rhes overexpression improves disease phenotypes in N171-82Q mice
(A) RT-gPCR analysis of endogenous Rhes levels from striatal lysates of unaffected

individuals (Ctl, N=4) and HD patients (N=10), and 6-week-old N171-82Q (N=5) and WT
(N=4) littermates. Data represent mean + SEM. *P<0.05, ***P<0.001, Student's t-test. (B)
Rotarod assessment of N171-82Q and WT mice after bilateral injection of AAV.Rhes,
AAV.RhesS33N, or saline into the striatum at 7 weeks of age (N=10-14 mice per group at
14 weeks of age; N=6-13 mice per group at 18 weeks of age). Rotarod data from three
consecutive days at 14 and 18 weeks of age are shown as latency to fall. Saline and
AAV.RhesS33N-injected N171-82Q mice performed significantly worse compared to
AAV.Rhes-injected N171-82Q mice on the rotarod at 14 and 18 weeks of age. NS=Not
statistically significant. Data represent mean £ SEM. *P<0.05; **P<0.01; ***P<0.001, One-
way ANOVA with Tukey's post-hoc test. (C) DARPP-32 staining and quantification of
MSN area of N171-82Q mice striatal tissue sections after unilateral injection of AAV.Rhes
and contralateral injection of AAV.GFP at 7 weeks of age. Tissues were harvested at 19
weeks of age (N=3 mice/group; GFP=245 cells; Rhes=251 cells). Data represent mean +
SEM. ***P<(.001, Student's t-test. Scale bars: 50 pm. (D) qPCR analysis of PGC-1a in
striata from AAV.Rhes-or saline-treated N171-82Q and WT mice (n=6-9 per group)
harvested at the end of the study (19 weeks of age). C=Control. *P<0.05, Student's t-test.
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Figure 8. Proposed mechanis
phenotypes in HD

Under normal physiological

Cell growth

m through which impaired mTOR contributes to complex disease

condition, mTOR regulates varied biological processes that are

crucial for neuronal function and survival. In HD, mHTT disrupts mTORC1 function by
direct interaction with mTOR, causing neuronal dysfunction by negatively impacting

multiple pathways. In the st

riatum, mHTT further impairs mTORC1 activity by interfering

with Rhes, a striatum enriched mTOR regulator. Thus, a concomitant loss of Rhes and

mTORC1 activity may rend

er striatal tissue vulnerable to early degeneration in HD.
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