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Abstract

Rictor associates with mTOR to form the mTORC2 complex, which activity regulates neuronal function and survival.
Neurodegenerative diseases are characterized by the presence of neuronal dysfunction and cell death in specific brain regions
such as for example Huntington’s disease (HD), which is characterized by the loss of striatal projection neurons leading to motor
dysfunction. Although HD is caused by the expression of mutant huntingtin, cell death occurs gradually suggesting that neurons
have the capability to activate compensatory mechanisms to deal with neuronal dysfunction and later cell death. Here, we
analyzed whether mTORC?2 activity could be altered by the presence of mutant huntingtin. We observed that Rictor levels are
specifically increased in the striatum of HD mouse models and in the putamen of HD patients. Rictor-mTOR interaction and the
phosphorylation levels of Akt, one of the targets of the mTORC2 complex, were increased in the striatum of the R6/1 mouse
model of HD suggesting increased mTORC?2 signaling. Interestingly, acute downregulation of Rictor in striatal cells in vitro
reduced mTORC?2 activity, as shown by reduced levels of phospho-Akt, and increased mutant huntingtin-induced cell death.
Accordingly, overexpression of Rictor increased mTORC2 activity counteracting cell death. Furthermore, normalization of
endogenous Rictor levels in the striatum of R6/1 mouse worsened motor symptoms suggesting an induction of neuronal
dysfunction. In conclusion, our results suggest that increased Rictor striatal levels could counteract neuronal dysfunction induced
by mutant huntingtin.
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Mechanistic target of rapamycin (mTOR) is a serine/threonine
kinase that controls multiple cellular functions [1]. To exert its
kinase activity, mTOR binds to specific accessory proteins to
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9], thereby regulating different processes such as cell survival
and reorganization of actin cytoskeleton [10].

mTOR signaling regulates important neuronal functions
and consequently, alterations in the activity of both
mTORCI and 2 have been reported in neurodevelopmental,
neurodegenerative, and psychiatric disorders (for review, see
[11, 12]. Increased mTORCI activity occurs for example in
Alzheimer’s disease [13] and in fragile X syndrome [14],
whereas decreased mTORC?2 activity, due to Rictor deletion,
has been linked to schizophrenia [15] and affects the size and
function of cerebellar neurons [16]. In Huntington’s disease
(HD), only mTORCT1 activity has been analyzed and conflict-
ing results have been reported [17-19]. This disease is caused
by an abnormal expansion of a CAG repeat in the exon-1 of
the huntingtin (h#f) gene [20] that generates a mutant htt (mhtt)
protein. Although htt expression is ubiquitous, the most re-
markable neuropathological feature of HD brain is the pro-
gressive loss of medium-sized spiny neurons occurring in
the striatum (caudate and putamen), which is classified from
Vonsattel grade 04 [21].

Mhtt is involved in a large amount of toxic effects that
trigger cell dysfunction (reviewed in [22, 23]. Although, mhtt
is expressed since birth HD symptoms appear during adult-
hood. Thus, it is plausible that several mechanisms may be
activated to deal with neuronal dysfunction and later cell
death, which may be responsible for the gradual nature of
HD progression. The majority of the mouse models developed
so far is characterized by the presence of motor and cognitive
dysfunction without, or with mild, striatal cell loss [24].
Activation of compensatory mechanisms has been shown in
cells expressing mhtt which could account for the absence or
low cell death in the striatum of HD mouse models (for re-
view, see [25]). One of the pro-survival mechanisms activated
in the striatum of these animals, and in cellular models of HD,
is the PI3K/Akt pathway [26, 27]. We have shown that de-
creased levels of the PH domain leucine-rich repeat protein
phosphatase 1 contribute to maintain high levels of phospho
(p) Ser473 Akt in striatal cells expressing mhtt [27]. Although
we observed decreased levels of PHLPP1 in the striatum, cor-
tex and hippocampus of R6/1 mouse model of HD, increased
pSer473 Akt levels were detected only in the striatum suggest-
ing that other mechanisms should be involved in Akt
overactivation in this brain region. Here, we hypothesized that
mTORC?2 activity could be enhanced in the striatum of HD
contributing to increase the phosphorylation of Akt at Ser473.
According to our hypothesis, we show that mMTORC?2 activity
is increased in the striatum of HD likely due to increased
Rictor levels. Interestingly, acute downregulation of Rictor
in cells expressing mhtt increased, whereas acute upregulation
prevented, cell death in vitro. In addition, downregulation of
Rictor in the striatum of a mouse model of HD worsened
motor learning and coordination, and induced cell death.
Thus, our results show that mTORC?2 activity is altered in
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HD striatum suggesting that increased activity of this pathway
could temporarily prevent neuronal death.

Materials and Methods
HD Mouse Models

Genotyping and CAG repeat length determination of male R6/
1 and R6/2 heterozygous transgenic mice (B6CBA back-
ground) expressing the exon-1 of mhtt with 145 and 90
CAG repeats, respectively, were performed as previously de-
scribed [28]. Our R6/1 mice colony expresses 145 CAG re-
peats instead of 115 CAG repeats of the original R6/1 mice,
while R6/2 mice express 90 CAG repeats instead of 150 CAG
repeats of the original R6/2 mice due to CAG repeat instability
as has been previously described by other groups [29-31].
Homozygous mutant Hdh®''"?!'"! with targeted insertion of
109 CAG repeats that extends the glutamine segment in mu-
rine huntingtin to 111 residues and wild-type Hdh?”?"knock-
in mice, were obtained from heterozygous Hdh?''""?7 breed-
ing pairs as described previously. YAC128 mice (line 55 ho-
mozygotes) in FVB/N background contain full-length human
HTTwith 128 CAG repeats [32]. Only males were used for all
experiments. All mice were housed together in numerical birth
order in groups of mixed genotypes, and data were recorded
for analysis by microchip mouse number. Experiments were
conducted in a blind-coded manner respect to genotype.
Animals were housed with access to food and water ad libitum
in a colony room kept at 19-22 °C and 40-60% humidity,
under a 12:12-h light/dark cycle. All procedures were per-
formed in compliance with the NIH Guide for the Care and
Use of Laboratory Animals and approved by the local animal
care committee of Universitat de Barcelona following
European (2010/63/UE) and Spanish (RD53/2013) regula-
tions for the care and use of laboratory animals.

Post-mortem Human Brain Tissue

Samples from HD patients and control individuals (putamen
and frontal cortex) were obtained from the Neurological
Tissue Bank of the Biobank-Hospital Clinic-Institut
d’Investigacions Biomédiques August Pi i Sunyer
(IDIBAPS; Barcelona, Catalonia). Details are provided in
supplementary Table S1. Human samples were obtained fol-
lowing the guidelines and approval of the local ethics com-
mittee (Hospital Clinic of Barcelona’s Clinical Research
Ethics Committee).

mTOR and htt Immunoprecipitation Assays

Brain tissue was homogenized using an insulin syringe in ice-
cold immunoprecipitation (IP) buffer containing: (1) For
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mTOR IP: 40 mM Hepes (pH 7.5), 150 mM NaCl, 10 mM
sodium pyrophosphate, 10 mM sodium glycerophosphate,
I mM EDTA, 0.3% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 1 mM
NaVOQ,, 2.5 mM NaF, 2 mM PMSEF, and 1:10.000 protease
inhibitor cocktail (Sigma-Aldrich). (2) For htt IP: 50 mM Tris-
HCI, pH=28.0, 150 mM NaCl, 1% IGEPAL, 2 mM PMSF,
2.5 mM NaF, I mM NaVOy,, and 1:1000 protease inhibitor
cocktail (Sigma-Aldrich). Protein (200 pg for mTOR IP and
300 pg for htt IP) was incubated overnight at 4 °C on a rotary
mixer with 5 pg of anti-mTOR antibody (1 pl/50 pg protein;
Cell Signaling), anti-htt antibody (MAB2166 or EM48, 1 ng/
ul), or rabbit IgGs (Jackson Immunoresearch) as a negative
control. The immune complexes were precipitated overnight
at 4 °C with the addition of 5% A-Sepharose CIl-4B (Sigma-
Aldrich). Beads were collected by centrifugation (5 min,
6000 rpm at 4 °C) and washed with (1) for mTOR IP: IP buffer
three times and once with wash buffer containing [50 mM
Hepes (pH=17.5), 40 mM NaCl, 2 mM EDTA]. (2) For htt
I[P: with IP buffer, IP buffer-Phosphate buffered saline (PBS)
(1:1) and PBS. Then, the samples were boiled for 7 min at
100 °C in SDS sample buffer. Immunocomplexes were re-
solved on 8% SDS-PAGE and analyzed by WB.

Cell Cultures, Transfection and Quantification of Cell
Death

Conditionally immortalized wild-type STHdh’?7? striatal
neuronal progenitor cell line expressing endogenous levels
of wild-type htt with 7 glutamines was obtained from wild-
type Hdh?””7 embryos at embryonic day 14. These cells were
immortalized with SV40 antigen. Culture conditions were as
described elsewhere [33]. Cells were transfected with scram-
ble (1864, Addgene) or shRictor plasmids (21341; Addgene)
at 50% of confluence using lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) as instructed by the manufacturer. Since
both plasmids used confer resistance to puromycin,
transfected cells were selected by adding this antibiotic to
the medium 24 h after transfection. Once the cells stably
expressed the plasmids, they were transfected with plasmids
expressing human exon-1 htt, with 16 or 94 CAG repeats,
tagged with the CFP [34]. For Rictor overexpression experi-
ments, cells were transfected with human exon-1 htt plasmids
(16 or 94 CAG repeats) together with empty myc (19400,
Addgene) or myc-Rictor (11367, Addgene) expressing plas-
mids and analyzed 60 h later. To analyze cell death, cells were
washed twice with PBS, fixed with 4% paraformaldehyde in
PBS for 10 min, washed twice in PBS, and stained with
Hoechst 33,258 (1 pg/ml; Molecular Probes, Inc.) for 5 min.
After washing twice with PBS, the coverslips were mounted
with mowiol. Nuclear DNA staining was observed with a
fluorescence microscope (Olympus). Condensed or
fragmented nuclei were considered apoptotic. At least 200

cells were evaluated for each condition, in each independent
experiment. All the analyses were performed in a blinded
fashion.

AAV-Mediated shRictor Expression Vectors

To knockdown Rictor expression, we designed a siRNA oli-
gonucleotide targeting the mouse Rictor (5’GATCCGGC
CAGTAAGATGGGAATCATTCTCGAGAATGATTCCCA
TCTTACTGGCTTTTTGGA 3’). This siRNA was then used
to obtain the corresponding shRNA to be cloned into a
rAAV2/8-GFP adenoviral vector (BamHI site at 5" and Agel
at the 3"). The rAAV2/8 plasmids and infectious AAV viral
particles containing GFP expression cassette with SCB
shRNA or Rictor shRNA were generated by the Unitat de
Produccio de Vectors from the Center of Animal
Biotechnology and Gene Therapy at the Universitat
Autonoma de Barcelona, Catalonia.

Intrastriatal Injection of Adeno-Associated Vectors

Six-week-old wild-type and R6/1 mice were deeply anesthe-
tized with a mixture of oxygen and isofluorane (4—5 induction
and 1-2 maintaining) and placed in a stereotaxic apparatus for
bilateral intrastriatal injections of rAAV2/8 expressing
shRictor or control SIRNA (2 ul; 1.53 x 10? genomic copies).
Two injections were performed in the striatum at the following
coordinates relative to bregma: (1) anteroposterior (AP), +
0.8; mediolateral (ML), + 1.8; and 2.9 mm and (2) AP, +0.3;
ML, + 2; and 3 mm, below the dural surface with the incisor
bar at 3 mm above the interaural line. Viral vectors were
injected using a 10 ul-Hamilton microliter syringe at an infu-
sion rate of 200 nl/min. The needle was left in place for 5 min
to ensure complete diffusion of the viruses and then slowly
retracted from the brain. Both hemispheres were injected with
the same shRNA. Four weeks after injection, motor coordina-
tion was evaluated.

For immunohistochemistry, animals were deeply anesthe-
tized with pentobarbital (60-80 mg/kg) and intracardially per-
fused with a 4% paraformaldehyde solution in 0.1 M sodium
phosphate, pH 7.2. Brains were removed and post-fixed for
2 h in the same solution, cryoprotected with 30% sucrose in
PBS with 0.02% sodium azide, and frozen in dry-ice cooled 2-
methylbutane.

Accelerating Rotarod and Balance Beam

Accelerating rotarod was performed as described elsewhere
[35] with a brief modification, performing three trials per
day instead of 4. Balance beam was performed as described
elsewhere [36].
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<« Fig. 1 Rictor, but not Raptor, levels are increased in the striatum of HD.

Raptor (a, ¢) and Rictor (b, d) protein levels were analyzed by WB in
protein extracts obtained from a, b the striatum of wild-type (WT) and
R6/1 mice and from the putamen of HD patients at different stages of the
disease progression (W, weeks; G1-G4, Vonsattel grades) and unaffected
individuals (CTL), and ¢, d from the striatum of 16-week-old R6/2, 12-
month-old Hdh®''"! 18-19-month-old YAC128 mice and their
corresponding WT mice. The graphs show a Raptor protein levels in
R6/1 mice striatum and in the putamen of HD patients with respect to
their controls at different stages of the disease progression, b Rictor
protein levels in R6/1 mice striatum and in the putamen of HD patients
with respect to their controls at different stages of the disease progression,
¢ Raptor and d Rictor protein levels in R6/2, HIh?!'V!! and YAC128
mice striatum with respect to their controls. Values (obtained by
densitometric analysis of WB data; Raptor or Rictor/x-tubulin ratio) are
expressed as percentage of their corresponding controls (WT mice
striatum for HD mouse models and the putamen of unaffected
individuals for HD patients) and shown as mean + SEM (n=6-12 for
R6/1 mice, R6/2, YAC128 mice, and their respective WT mice; n =3 for
Hdh®M"QM and their respective WT mice). Representative
immunoblots are shown. *P<0.05; **P<0.01 as compared with
respective WT mice (Student’s ¢ test); **P<0.01 as compared with
unaffected individuals; #P < 0.05 as compared with Vonsattel grade 1-2
HD patients (one-way ANOVA with Bonferroni’s as a post hoc test)

Protein Extraction, Cellular Fractionation and WB
Analyses

Animals were sacrificed at different ages by cervical disloca-
tion. Brains were quickly removed and the striatum and cortex
were dissected out and homogenized in lysis buffer. Protein
extraction (for brain tissue and cell cultures), subcellular frac-
tionation and WB analyses were performed as described else-
where [37]. See primary antibodies used in supplementary
Table S2. Incubation with mouse monoclonal antibodies
against «-tubulin (x-tubulin antibody; 1:50,000; Sigma, St.
Louis, MO, USA), actin (actin antibody; 1:20,000; MP
Biomedicals, Aurora, OH, USA) or GAPDH (GAPDH anti-
body; 1:1000; Millipore; Massachusetts, CA, USA) was per-
formed to obtain loading controls. After primary antibody
incubation, membranes were washed with TBS-T and incu-
bated for 1 h at room temperature with the appropriated horse-
radish peroxidase-conjugated secondary antibody (1:2000;
Promega, Madison, WI, USA), and the reaction was finally
visualized with the Western Blotting Luminol Reagent (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). WB replicates
were scanned and quantified using a computer-assisted
densitometrer (Gel-Pro Analyzer version 4, Media
Cybernetics).

Immunohistochemistry

Coronal brain sections (30 pm) were obtained and proc-
essed as described elsewhere [38]. Free-floating brain sec-
tions were incubated overnight at 4 °C with anti-mTOR
(1:500; Cell Signaling) anti-GFP (1:150; Abcam) or anti
cleaved caspase-3 (1:200; Cell Signaling). Nuclei were

stained with Hoechst 33258 (1:4000; Invitrogen, prepared
in Tris-buffered saline (TBS)) and mhtt with the EM48
antibody (1:150; Millipore). Then, sections were washed
in PBS and incubated 2 h at room temperature with the
corresponding fluorescent secondary antibodies: Cy3 anti-
rabbit (1:200) and Cy2 anti-mouse (1:200) both from
Jackson ImmunoResearch. Tissue sections were examined
by confocal microscopy using a TCS SL laser scanning
confocal spectral microscope (Leica Microsystems
Heidelberg) with argon and HeNe lasers attached to a
DMIRE2 inverted microscope (Leica Microsystems
Heidelberg). Images were taken with a 63x numerical
aperture objective with a 2.5x digital zoom and standard
pinhole (1 airy disk). Cleaved caspase-3 positive cells
were visualized with a fluorescence microscope
(Olympus) and counted in at least seven slices for each
mouse. All cleaved caspase-3-positive cells present in the
striatum were counted except those localized in the trajec-
tory of the needle because we considered that these cells
were positive due to the mechanical stress of the surgery
procedure.

Statistical Analysis

All the results were expressed as the mean + SEM. Statistical
analysis was performed using the Student’s ¢ test or the one- or
two-way ANOVA, followed by Bonferroni’s post hoc test as
appropriate and indicated in the figure legends. A 95% confi-
dence interval was used and values of p < 0.05 were consid-
ered as statistically significant.

Results
Rictor Levels Are Increased in the Striatum of HD

Raptor and Rictor give substrate specificity to mTORCI and
mTORC?2, respectively [1]. Thus, to investigate whether these
two mTOR pathways could be altered in HD, we analyzed
their levels by Western blot (WB) in the striatum of R6/1
mouse (expressing N-terminal exon-1 mhtt and with early
onset of motor symptoms; [39]) and in the putamen of HD
patients at different stages of the disease. In comparison with
levels in aged-matched wild-type mice striatum, R6/1
displayed increased levels of Rictor, but not Raptor, in all
the disease stages analyzed (Fig. la, b). In the putamen of
HD patients, we detected increased levels of Rictor but only
at late stages of the disease (Vonsattle grades 3 and 4) (Fig. 1a,
b). Interestingly, this effect was specific for the striatum, since
we did not detect changes in the cortex of R6/1 mice neither in
the cortex of affected individuals (Supplementary Fig. S1).
Next, we analyzed whether these alterations are a common
feature in striatal cells expressing different forms of mhtt. To
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this end, we analyzed Raptor and Rictor levels in the striatum
of R6/2 mice, which express N-terminal exon-1 mhtt and show
carlier onset and more severe symptoms than R6/1 mice [39],
Hdh?'"'Q"! and YAC128 mice, which express full-length
mhtt and show late onset and slow progression of the disease
[32, 40]. Our results show that in comparison with their corre-
sponding controls 16-week-old R6/2 and 12-month-old
HdhQ"'""Q! display increased levels of Rictor, but not
Raptor, whereas no changes were detected in 18—19-month-
old YACI128 mice striatum (Fig. 1c, d). Thus, since Rictor
levels have been previously shown to regulate mTORC2 activ-
ity [41-46], our results suggest that mTORC?2 activity could be
increased in the striatum of HD. However, a previous study
suggested that mTOR is sequestered in mhtt aggregates, ham-
pering its activity [19]. Therefore, we analyzed whether mTOR

a b
CTL HD WT R6/1
Nuc Cyt Nuc Cyt Nuc Cyt Nuc Cyt
mTOR -_— — mTOR .
mTOR Lamin B === —

R ]
overexposed N—

Tubulin

Lamin B SIS

Tubulin [ —— —

Fig. 2 mTOR is mainly localized in the cytoplasm of striatal cells.
Localization of mTOR was determined by WB of nuclear (Nuc;
loading control lamin B) and cytoplasmic (Cyt; loading control «-
tubulin) enriched fractions obtained a from unaffected individuals
(CTL) and Vonsattel grade 3—4 HD patients (HD), and b from 30-
week-old wild-type (WT) and R6/1 mice striatum. Representative
immunoblots are shown. b mTOR (green) was analyzed by
immunohistochemistry in the striatum of wild-type (WT) and R6/1
mice at 30 weeks of age. Nuclei were stained with Hoechst 33258
(blue) and mhtt with the EM48 antibody (red). Merged images show
that mTOR does not co-localize with EM48-positive intra-nuclear
inclusions. Scale bar 10 um. ¢ Interaction of mTOR and htt was
analyzed in WT and R6/1 mice striatum at 30 weeks of age by
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interact with mhtt in R6/1 mice striatum. First of all, we ana-
lyzed mTOR localization by WB in nuclear and cytoplasmic
enriched fractions obtained from the putamen of HD patients
and from the striatum of 30-week-old wild-type and R6/1 mice,
and also by immunohistochemistry in the striatum of R6/1
mice. We found that mTOR was mainly restricted to the cyto-
plasmic compartment in both human putamen (Fig. 2a) and
R6/1 mice striatum (Fig. 2b), and, moreover, we failed to detect
any co-localization between mTOR and EM48-positive mhtt
aggregates in R6/1 mice striatum (Fig. 2b). Furthermore, in 30-
week-old wild-type and R6/1 mice striatum, we observed that
mTOR did not co-immunoprecipitate with mhtt (Fig. 2c),
whereas p62, used as a positive control, co-
immunoprecipitated with mhtt (Supplementary Fig. S2) as pre-
viously described [38]. In addition, mTOR was detected in the

WT

R6/1

mTOR/

immunoprecipitation (IP). Wild-type htt was immunoprecipitated with
the 2166 antibody, mhtt with the EM48 antibody and mouse IgGs were
used as control. Membranes were then subjected to immunoblotting (IB)
with different antibodies as indicated in the representative immunoblot. —
indicates total protein extract. d The presence of mhtt and absence of
mTOR in stacking gels from WBs of samples obtained from 30-week-
old WT and R6/1 mice striatum. mTOR was also analyzed WB in the
resolving gel. e Representative images illustrate STHdh?”?7 cells 72 h
after transfection with a plasmid expressing exon-1-encoded N-terminal
htt with 94 glutamines fused to CFP (htt-94Q); red). Nuclei were stained
with Hoechst 33,258 (blue) and endogenous mTOR was stained by
immunocytochemistry (green). Merged images show that mTOR does
not co-localize with mhtt intra-nuclear aggregates. Scale bar 50 pm
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resolving gel at the expected molecular weight, whereas mhtt
was detected in the stacking gel by using the EM48 antibody
(Fig. 2d). Finally, in striatal cells overexpressing N-terminal htt
with 94 glutamines, we failed to detect co-localization between
mTOR and mhtt aggregates (Fig. 2e). Altogether, these results
indicate that mTOR does not interact/co-localize with mhtt
aggregates and thus it can be functionally active in striatal cells.

Increased Rictor Levels Correlate with Increased
mTORC2 Signaling in the Striatum of HD

To explore whether elevated Rictor levels translated to an
increased interaction with mTOR, we examined the associa-
tion of Rictor/Raptor with mTOR in the striatum of 20-week-
old wild-type and R6/1 mice by immunoprecipitation. We
observed that both proteins co-immunoprecipitated with
mTOR but the amount of co-immunoprecipitated Rictor was
higher in R6/1 than in wild-type mice striatum (Fig. 3a). In
contrast, no alterations in the levels of Raptor or Rictor inter-
action with mTOR were detected in the cortex of R6/1 mice
(Supplementary Fig. S3). Increased interaction mTOR/Rictor
has been postulated as a good read-out for increased mTORC2
pathway signaling. Thus, to evaluate the kinase activity of
mTOR we next analyzed by WB the levels of two phosphor-
ylated forms of mTOR: (1) pSer2448, which is phosphorylat-
ed by Akt and S6K to increase mTOR activity [47, 48]) and
(2) pSer2481, which is an auto-phosphorylation event that
serves to monitor mTOR catalytic activity [49]. Interestingly,
our results show increased levels of both mTOR phosphory-
lated forms in the striatum of R6/1 mice from 12 weeks of age
onwards (Fig. 3b). In addition, pSer2481 mTOR levels were
significantly increased in the putamen of Vonsattel grade 3—4
patients, whereas pSer2448 mTOR protein levels tended to
increase although differences did not reach statistical signifi-
cance (Fig. 3c). In contrast, no changes in pSer2448 mTOR
and pSer2481 mTOR levels were observed in the cortex of
HD (Supplementary Fig. S4) nor in total mTOR levels in any
of the conditions analyzed (Supplementary Fig. S5). In accor-
dance with increased kinase activity of mTORC2, pSer473
Akt levels were increased in the striatum of R6/1 mice, while
no differences were observed in pSer389 S6K (Fig. 3d),
pSer757 Ulkl (Supplementary Fig. S6a), and total Akt,
S6K, and Ulk1 levels (Supplementary Fig. S6b), suggesting
a specific overactivation of the mMTORC2 pathway in the stri-
atum of HD. Accordingly, the levels of phospho-Thr246 pro-
line-rich Akt substrate 40 kDa (PRAS40), a substrate of pAkt
[50], was increased in the striatum of R6/1 mice at 20 and
30 weeks of age (Supplementary Fig. S6¢). In addition, and
in good correlation with increased Rictor levels, we detected
enhanced pSer473 Akt and unchanged pSer389 S6K levels in
the striatum of R6/2 and Hdh®'"?"'! mice whereas pSer473
Akt levels were not altered in YAC128 mice striatum (Fig. 3).
Furthermore, and according with no changes in pmTOR nor in

Rictor/mTOR co-immunoprecipitation, pSerd73 Akt levels
were not altered in the cortex of R6/1 mice at any of the ages
analyzed (Supplementary Fig. S7). Taken together, these re-
sults suggest an increased mTORC2 activity specifically in
HD striatum.

mTORC2 Activity Contributes to Prevent
Mhtt-Induced Cell Death In Vitro

So far, our results suggest an increased mTORC?2 activity
in the striatum of HD that could be responsible, in part,
for the augmented pSer473 Akt levels in the striatum of
HD mouse models [26, 27], which we suggested may
delay mhtt-induced cell death [27]. To test our hypothesis,
we down- or upregulated Rictor in striatal cells expressing
wild-type or mhtt. To downregulate Rictor, we generated
STHdh®7'?7 cells, stably expressing shRNA against
Rictor (shRictor). Cells stably expressing scrambled se-
quence (shSCB) were used as control. These stable cell
lines were then transfected with exon-1 htt plasmids with
16 (wild-type) or 94 (mutant) glutamines (Q) fused to
cyan fluorescent protein (CFP) [51]. To overexpress
Rictor, STHdh?”'?" cells were co-transfected with myc-
Rictor or myc-only plus wild-type or mhtt-expressing
plasmid [4]. Protein levels of mTOR, Rictor, Raptor, and
phosphorylated levels of downstream targets of mTORC1
and mTORC2 were analyzed by WB 60 h after transfec-
tion. As expected, wild-type and mhtt-expressing cells
stably expressing shRictor displayed decreased Rictor
protein levels when compared with cells stably expressing
shSCB (Fig. 4a). In these cells, mMTORC2 signaling was
inhibited, as indicated by decreased levels of pSerd73
Akt, whereas there was no discernible effect on
mTORCI activity as we found no changes in the levels
of the mTORC] target pThr389 S6K (Fig. 4a). STHdh?”
Q7 cells transfected with wild-type or mhtt plus myc-
Rictor expressing plasmids showed increased Rictor and
pSerd73 Akt protein levels while pThr389 S6K levels
were not altered in comparison with cells transfected with
myc-only expressing plasmids (Fig. 4b). Total protein
levels of mTOR, Akt, and S6K were similar in all the
conditions analyzed (Supplementary Fig. S8). Next, we
analyzed the effect of silencing or overexpressing Rictor
on the survival of STHAh?”'?7 cells transfected with wild-
type or mhtt. Overexpression of mhtt increased the per-
centage of apoptotic cells in comparison to cells overex-
pressing wild-type htt (Fig. 4c, d). The percentage of ap-
optosis was further increased in mhtt-expressing cells in
which Rictor levels were reduced (Fig. 4c) while overex-
pression of Rictor in STHdh®”'?7 cells prevented mhtt-
induced cell death (Fig. 4d). In summary, our results show
that Rictor is playing a neuroprotective role in the pres-
ence of mhtt.
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<« Fig. 3 mTORC2 activity is increased in HD striatum. a Interaction of

Raptor and Rictor with mTOR was analyzed in protein extracts from 20-
week-old WT and R6/1 mice striatum by immunoprecipitation (IP).
mTOR was immunoprecipitated and then the membranes were
subjected to immunoblotting (IB) as indicated. The graphs show Raptor
and Rictor protein levels immunoprecipitated with mTOR in R6/1 respect
to WT mice striatum. b, ¢ Graphs show pSer2448 and pSer2481 mTOR
protein levels analyzed by WB in protein extracts from the striatum of
wild-type (WT) and R6/1 mice (b) and from the putamen of an unaffected
individuals (CTL) and HD patients (c) at different stages of the disease
progression (W, weeks; G1-G4, Vonsattel grades). d, e Graphs show
pSer389 S6K and pSerd473 Akt protein levels analyzed by WB in
protein extracts obtained from d the striatum of WT and R6/1 mice at
different stages of the disease progression and e of 16-week-old R6/2, 12-
month-old Hdh?'""?""" 18-19-month-old YAC128 mice and their
corresponding WT mice. Representative immunoblots are shown for
each experiment. Values were obtained by densitometric analysis of
WB data and are expressed as percentage of WT mice (a, Raptor or
Rictor/mTOR; b, pSer2448 mTOR or pSer2481 mTOR/x-tubulin ratio;
d and e, pSer389 S6K or pSerd73 Akt/a-tubulin, ratio) or of unaffected
individuals (¢, pSer2448 mTOR or pSer2481 mTOR/«x-tubulin ratio) and
expressed as mean + SEM (a, n=5-7; b, n=6; d and e, n=6 for R6/1
and YAC128 mice and their respective WT mice; n =5 for R6/2 and their
respective WT mice and n =4 for Hdh?'""?""" and their respective WT).
*P <0.05; ¥**P<0.01; ***P < 0.001 as compared with WT mice in a, b,
d, and e, Student’s ¢ test and *P <0.05 as compared with unaffected
individuals, one-way ANOVA with Bonferroni’s as a post hoc test

Rictor Knockdown Worsens Motor Behavior
in Presymptomatic R6/1 Mice

Results obtained so far indicate that mTORC?2 activity is in-
creased in R6/1 mice striatum, possibly due to increased
Rictor levels, and in vitro experiments suggest that Rictor
levels modulate cell survival against mhtt toxicity. Thus, we
asked whether blocking the increase in Rictor levels in R6/1
striatum could worsen motor symptoms. For this purpose, 6-
week-old WT and R6/1 mice were bilaterally injected with
AAV-shSCB or AAV-shRictor into the striatum, and behavior
was assessed 4 weeks after the injection (Fig. 5a). Motor
learning and coordination were evaluated by the accelerating
rotarod and balance beam tests, respectively. Knockdown of
Rictor worsened motor learning deficits in R6/1 mice, evalu-
ated by the latency to fall in the accelerating rotarod (Fig. 5b).
Alterations in motor coordination that could not yet be ob-
served at this stage of the disease in R6/1 mice injected with
AAV-SCB were observed in R6/1 mice injected with AAV-
shRictor (Fig. 5¢), indicating a worsening of the disease phe-
notype and suggesting that increased Rictor levels in R6/1
mice striatum could improve neuronal function. After the be-
havioral tests, striata were processed for WB and immunohis-
tochemistry analyses. Rictor levels were not altered in wild-
type mice but were normalized to wild-type levels in R6/1
mice striatum although we did not detect alterations in
pSerd73Akt levels (Fig. 5d). In order to better analyze the
consequences of knocking down Rictor, we analyzed SGK
levels since it has been shown that Rictor regulates SGK deg-
radation [52]. According to this, we observed increased levels

of SGK both in wild-type and R6/1 mice striatum injected
with AAV-shRictor (Fig. 5d). In addition, Raptor, mTOR,
Akt, S6K, and pThr389 S6K levels were not modified after
Rictor silencing in wild-type and R6/1 mice striatum
(Supplementary Fig. S9). Finally, we analyzed the number
of caspase-3 positive cells and observed that Rictor knock-
down increased their number only in R6/1 mice striatum
(Fig. 5e).

Discussion

The present study shows that Rictor levels are specifically
increased in the striatum of HD possibly contributing to coun-
teract mhtt toxicity, at least temporarily, improving striatal
neurons function.

Here, we show that Rictor levels were specifically in-
creased in the striatum of HD mouse models and in the puta-
men of HD patients at late stages of the disease, whereas
Raptor levels were not altered. Rictor expression has been
shown to be regulated by miR-218 in oral squamous carcino-
ma cells [53] and in medulloblastoma cells [54]. Binding of a
miRNA to its target mRNA results in its repression [55].
Interestingly, miR-218 is decreased in the striatum of 10-
week-old R6/2 mice [56] and in the putamen of Vonsattel
grade 4 patients [57] and it is not altered in the motor cortex
of HD patients at any of the Vonsattel stages [58]. Therefore,
decreased repression of Rictor mRNA expression, due to de-
creased levels of miR-218, could account for increased Rictor
protein levels in the striatum of HD mouse models and in the
putamen of HD patients at late stages of the disease.
Interestingly, increased Rictor expression has also been detect-
ed in blood from 16-week-old R6/2 mice [59], which suggests
changes in Rictor levels as a possible biomarker of the disease.

Augmented levels of Rictor can result in enhanced
mTORC?2 activity [41-46]. However, in contrast to our re-
sults, it was proposed that mTOR is inactivated in HD based
on the observation that mTOR gets sequestered into both nu-
clear and cytoplasmic mhtt aggregates [19]. Our results indi-
cate that mTOR does not interact with mhtt aggregates in the
striatum of R6/1 mice and in a striatal cell line or in HD
patients as indicated by (1) predominant localization of
mTOR in the cytoplasm, (2) lack of interaction between
mTOR and mhtt by immunoprecipitation, (3) absence of
mTOR in the stacking gel, and (4) no co-localization of
mTOR with mhtt in striatal cells transfected with exon-1 mhtt.
Differences between the results by Ravikumar et al. [19] and
our study could be related to the fact that they analyzed a
different mouse model, the N171-82Q mice. In fact, contra-
dictory results have been obtained when analyzing mTOR
activity in the striatum of these mice since both decreased
[18] and increased [17] activity has been reported.
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<« Fig. 4 Rictor levels modulate mhtt-induced cell death in vitro. Protein

levels of mTOR, Raptor, Rictor, mTORCI (pThr389 S6K), and
mTORC2 (pSerd73 Akt) targets were analyzed by WB of protein
extracts obtained from STHdh?”?” cells transfected with wild-type (htt-
16Q) or mhtt (htt-94Q) plus (a) shSCB or shRictor or (b) plus myc-only
or myc-Rictor expressing plasmids. Tubulin and GAPDH were used as
loading control. Representative immunoblots are shown. Values
(obtained by densitometric analysis of WB data) are expressed as
percentage of control cells (transfected with htt-16Q plus shSCB or
myc-only expressing plasmids; mTOR, Raptor, Rictor, pThr389 S6K
and pSer473 Akt/x-tubulin ratio) and shown as mean + SEM of four
experiments performed in independent cultures. *P < 0.05, **P<0.01
compared with control cells. Student’s 7 test. Representative images
illustrate ¢ STHAh®”'?7 cells stably expressing shSCB or shRictor
transfected with htt-16Q-CFP or htt-94Q-CFP expressing plasmids and
d STHdh?"?7 cells co-transfected with htt-16Q-CFP or htt-94-CFP
expressing plasmids plus myc-only or myc-Rictor expressing plasmids.
Nuclei were stained with Hoechst 33258. Arrowheads show apoptotic
nuclei. Scale bar, 20 pm. Graphs show the percentage of apoptotic
nuclei in ¢ cells expressing htt-16Q or htt-94Q plus shSCB or shRictor
and d cells expressing htt-16Q or htt-94Q plus myc-only or myc-Rictor
expressing plasmids, normalized to the total number of cells transfected
with wild-type or mutant htt. Data are represented as mean + SEM of
three independent experiments (200400 nuclei were examined in each
condition for every experiment). *P < 0.05 and ***P < 0.001 compared
with htt-16Q + shSCB transfected cells; #P <0.001 compared with htt-
16Q + shRictor transfected cells; *P<0.01 compared with htt-94Q +
shSCB transfected cells (Two-way ANOVA followed by Tukey post
hoc test)

Our results show an increase in Rictor/mTOR interaction in
the striatum of R6/1 that could indicate augmented mTORC2
activity as previously shown [41-46]. In addition, we show
that phosphorylation of mTOR at Ser2481 and Ser2448 is
increased in the striatum of R6/1 mice from 12 weeks of age
onwards. Phosphorylation at Ser2481 is the result of an auto-
phosphorylation and it serves as a biomarker of intrinsic
mTOR catalytic activity [49]. Indeed, we observed that phos-
phorylated levels of the mTORC?2 target Akt are increased in
the striatum of those HD mouse models that showed increased
levels of Rictor. Previous results have shown that alterations in
Rictor levels could impact on mTORCI1 activity. Knockdown
of Rictor in T¢2™ cells results in increased S6 K1 phosphor-
ylation and overexpression of Rictor in HEK293 cells in-
creases its association with mTOR and decreases the associa-
tion of Raptor with mTOR, thus affecting mTORCI1 activity
[43]. Furthermore, Akt signals to mTORC]1 by phosphorylat-
ing PRAS40, an mTORCI inhibitor, causing its dissociation
from Raptor and thus activating mTORC1 [60-62]. In fact,
our results show that phosphorylated levels of PRAS40 were
increased in R6/1 mice striatum in correlation with enhanced
Akt activity. However, although Rictor, and Rictor-mTOR
interaction levels were increased in the striatum of R6/1 mice,
Raptor-mTOR interaction was not altered, nor the phosphor-
ylation levels of S6K and Ulk1, thus suggesting that mMTORC1
activity is not altered in striatal cells expressing mhtt.
Therefore, there might be intrinsic cellular properties that
modify the effect of Rictor overexpression on mTORCI1

complex activity being stronger in some cell types or experi-
mental conditions than in others.

In accordance with increased Rictor levels leading to an
enhancement of mTORC?2 activity in HD striatum with no
changes in mTORCI activity, we observed that, in an
in vitro context, Rictor knockdown in striatal cells expressing
mhtt resulted in a decrease in the phosphorylation of Akt,
without alteration in phospho-S6K levels. Our results agree
with previous studies showing that silencing of Rictor in neu-
ral or endothelial cells only affects mTORC2 activity [9, 16,
63—67]. Interestingly, and similarly to what we detected in the
striatum of HD mouse models, overexpression of Rictor in
striatal cells expressing mhtt only affected mTORC?2 activity.
Controversially, we found that Rictor knockdown in the stri-
atum of wild-type and R6/1 mice did not decrease pSer473 Akt
levels. In contrast, decreased Rictor levels resulted in an in-
crease of SGK levels, both in wild-type and R6/1 mice stria-
tum, which is in agreement with the fact that Rictor regulates
SGK degradation [52], indicating that downregulation of
Rictor in the striatum has consequences on its functions.
However, increased levels of SGK have been shown to be
neuroprotective for injured neurons [68, 69] and therefore
these changes cannot explain the alterations in R6/1 mice
behavior induced by Rictor knockdown. Taken together, these
observations suggest the idea that, in the presence of mhtt,
Rictor might regulate neurons function in an Akt-
independent manner. Indeed, Rictor functions independently
of Akt have been proposed [52, 70, 71]) such as for example
the regulation of autophagy in epithelial cells from kidney
[72]. Therefore, we cannot rule out that these unexplored roles
of Rictor could play an important role in HD regulating neu-
ronal function.

Here, we show that in striatal cells expressing mhtt Rictor
knockdown increased, whereas overexpression of Rictor
prevented, cell death. These results were extended in vivo as
we observed the presence of few cleaved caspase-3-positive
cells only in the striatum of R6/1 mice injected with AAV-
shRictor, which suggests that alterations in behavior would
be mostly related with neuronal dysfunction. In agreement,
brains from Rictor knockout mice do not present enhanced
cell death [16], reinforcing the idea that Rictor exert a crucial
function in regulating not only de survival, but also the func-
tion, of brain cells against toxic stimuli such as, in this case,
the presence of mhtt. Accordingly, increased Rictor levels
were detected in those mouse models showing little, if any,
neuronal death in the striatum [39, 40, 73]. Furthermore, and
reinforcing the idea of a neuroprotective role of Rictor, its
levels were not altered in YAC128 mice striatum, which show
striatal cell death at the age analyzed [32]. Since striatal neu-
rons are the most vulnerable to the presence of mhtt, our
results could indicate that increased Rictor levels belong to a
compensatory mechanism trying to counteract mhtt toxicity in
these susceptible cells. Controversially, we detected increased
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<« Fig. 5 Intrastriatal injection of AAVs expressing shRictor worsens R6/1

mice phenotype. Six-week-old wild-type (WT) and R6/1 mice were
injected bilaterally with AAV-shSCB or AAV-shRictor in the striatum. a
Scheme showing the protocol used to normalize Rictor levels in R6/1 pre-
symptomatic mice. Representative images, obtained by
immunohistochemistry against GFP, show transduced striatal cells
4 weeks after the injections. Scale bar 400 pm. b, ¢ Motor performance
was addressed testing WT and R6/1 injected mice by accelerating rotarod
(b) and balance beam (c) 4 weeks after the injections. The graphs
represent the mean = SEM (n=9 per group). d Rictor, pSer473 Akt,
and SGK protein levels were analyzed by WB of protein extracts
obtained from WT and R6/1 mice striatum 5 weeks after the intrastriatal
injection of AAVs. Graphs show protein levels with respect to control
situation (striatum of WT mice injected with AAV-SCB). Values
(obtained by densitometric analysis of WB data) are expressed as
percentage of control (Rictor, pSer473 Akt, and SGK/«-tubulin ratio)
and shown as mean + SEM (n =9). Representative immunoblots are
shown. *P<0.05 compared to WT AAV-shSCB mice; $p<0.05
compared to WT AAV-shRictor mice and *P < 0.05 compared to R6/1
AAV-shSCB mice. Data were analyzed by two-way ANOVA followed by
Bonferroni as post hoc test. e Graph shows the number of cleaved
caspase-3 (C-caspase-3)-positive cells in the striatum of all the
conditions analyzed. Values are expressed as mean + SEM (n=3
animals/group). Representative images are shown. Scale bar 100 um.
#p <0.05 compared to WT AAV-shSCB mice; p < 0.05 compared to
WT AAV-shRictor mice and *p <0.05 compared to R6/1 AAV-shSCB
mice. Data were analyzed by two-way ANOVA followed by Bonferroni
as post hoc test

late to compensate the detrimental effects caused by the pres-
ence of mhtt, and is not able to prevent cell death.

Rictor functions in the brain are beginning to be unraveled.
It has been shown to modulate brain size, dendritic processes
and synaptic plasticity [16, 64, 74], and alterations in its ac-
tivity are involved in drug addiction [75] and schizophrenia
[15]. Here, we show that Rictor seems to play a role in the
regulation of neuronal function in the striatum of HD.
Increased Rictor levels and, maybe mTORC?2 activity, in the
presence of mhtt suggest that neurons possess the ability to
activate adaptive responses to counteract cell dysfunction and
death in animal models. Understanding how and to what ex-
tent these neuroprotective pathways can be activated in the
affected tissues would provide useful information for devel-
oping therapeutic tools. In this line, the maintenance of
mTORC?2 signaling could extend the time window for the
application of therapies aimed to improve neuronal function
and prevent striatal neurons death.
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