The Journal of Clinical Investigation RESEARCH ARTICLE

Deubiquitinase USP7 contributes to the pathogenicity
of spinal and bulbar muscular atrophy
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Polyglutamine (polyQ) diseases are devastating, slowly progressing neurodegenerative conditions caused by expansion of
polyQ-encoding CAG repeats within the coding regions of distinct, unrelated genes. In spinal and bulbar muscular atrophy
(SBMA), polyQ expansion within the androgen receptor (AR) causes progressive neuromuscular toxicity, the molecular basis
of which is unclear. Using quantitative proteomics, we identified changes in the AR interactome caused by polyQ expansion.
We found that the deubiquitinase USP7 preferentially interacts with polyQ-expanded AR and that lowering USP7 levels
reduced mutant AR aggregation and cytotoxicity in cell models of SBMA. Moreover, USP7 knockdown suppressed disease
phenotypes in SBMA and spinocerebellar ataxia type 3 (SCA3) fly models, and monoallelic knockout of Usp7 ameliorated
several motor deficiencies in transgenic SBMA mice. USP7 overexpression resulted in reduced AR ubiquitination, indicating
the direct action of USP7 on AR. Using quantitative proteomics, we identified the ubiquitinated lysine residues on mutant AR
that are regulated by USP?7. Finally, we found that USP7 also differentially interacts with mutant Huntingtin (HTT) protein in
striatum and frontal cortex of a knockin mouse model of Huntington’s disease. Taken together, our findings reveal a critical

Introduction
Spinal and bulbar muscular atrophy (SBMA) is 1 of 9 polyQ dis-
eases that are part of a larger family of neurodegenerative diseas-
es characterized by protein misfolding and accumulation; these
diseases include Alzheimer’s disease, Huntington’s disease (HD),
Parkinson’s disease and amyotrophic lateral sclerosis (ALS). SBMA
is caused by a polyglutamine-encoding (polyQ-encoding) CAG
triplet repeat expansion within exon 1 of the androgen receptor
(AR) gene (1). Unlike the other 8 diseases, which show autosomal
dominant inheritance, SBMA is X-linked and affects only males
due to a requirement for circulating testosterone (2-4). Key symp-
toms of SBMA are muscle atrophy, weakness, and fasciculations.
The underlying cellular basis of the disease is a loss of brainstem
and spinal cord motor neurons along with the associated innervat-
ed muscles (5, 6), although a primary role for muscle atrophy has
also been demonstrated (7, 8). Surviving motor neurons display
intranuclear inclusions that contain predominantly insoluble and
truncated AR (9, 10). Such inclusions are also an important feature
of the other polyQ diseases.

AR is a 110 kDa steroid/thyroid hormone receptor that regu-
lates androgen-responsive genes to control male sexual differen-
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role for USP7 in the pathophysiology of SBMA and suggest a similar role in SCA3 and Huntington’s disease.

tiation, spermatogenesis, and male gonadotrophin levels. In the
absence of androgens, AR resides in the cytoplasm in an apore-
ceptor complex consisting of the molecular chaperones Hsp90,
Hsp70, Hsp40, HIP, and HOP, p23, and the immunophilins
FKBP51 and FKBP52 (11-13). Binding of testosterone or 5a-dihy-
drotestosterone (DHT) results in conformational changes to and
concomitant activation of the AR, which then translocates to the
nucleus, where it modulates transcription of target genes in asso-
ciation with coregulators. Upon dissociation from DNA, the AR
shuttles back into the cytoplasm, thus completing the AR cycle
(14, 15). AR metabolism is modulated by posttranslational mod-
ifications, such as phosphorylation, acetylation, SUMOylation,
and ubiquitination, and several of these have been shown to play
a role in SBMA pathogenesis (16-18). The ubiquitination-deubig-
uitination cycle of AR is complex, with distinct outcomes driven
by specific E3 ubiquitin ligases. For example, ubiquitination of AR
by CHIP (19, 20) or Mdm2 (21) promotes AR degradation by the
268 proteasome, and the involvement of other E3 ubiquitin ligas-
es, such as Parkin, modulates polyQ-expanded AR levels (20). In
contrast, polyubiquitination of AR by RNF6 or E6-AP enhances
AR-dependent transcriptional activity (22, 23). Deubiquitination
of AR plays an equally important role in AR metabolism. Sever-
al deubiquitinases have been reported as interacting with AR
and regulating its transcriptional activity; these include USP10,
USP26, and USP12 (24-26). In addition, a recent study demon-
strated that USP7 interacts with AR and facilitates AR binding to
chromatin in prostate cancer cells (27).
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PolyQ tract expansion in the AR results in ligand-dependent
protein misfolding and aggregation as well as changes in its tran-
scriptional activation function (reviewed in ref. 28). Available evi-
dence supports the hypothesis that neuronal cell death is caused
by proteotoxicity of the polyQ-expanded AR rather than by loss of
AR function per se. Although the functional significance of inclu-
sion bodies in cell viability in SBMA is yet to be fully appreciated,
studies of HD and spinocerebellar ataxia type 7 (SCA7), which are
caused by polyQ tract expansions in the Huntingtin (HTT) and
Ataxin-7 proteins, respectively, suggest that inclusions may be less
toxic than soluble aggregation species and that their formation
may be important for cell survival due to their sequestration of
toxic intermediates (29-31). Recent proteomics studies, however,
revealed inclusion-mediated disruption of a select set of pathways
involved in proteostasis (32), suggesting a discrete role for these
structures in polyQ toxicity. In contrast, several lines of evidence
implicate soluble, aggregated, misfolded polyQ-expanded pro-
teins as likely mediators of neuronal dysfunction and cytotoxicity
(33-35). In support of the latter view, our work demonstrated that
motor neurons expressing polyQ-expanded AR undergo death
at least 1 week before the detection of nuclear inclusions in sur-
viving neurons, suggesting that the biochemical properties of the
polyQ-expanded AR before its incorporation into inclusions are
likely to be important determinants of toxicity (33). Although the
mechanisms are unknown, several models have been proposed to
explain the pathogenic nature of polyQ-expanded proteins in neu-
rodegenerative disease (36, 37), including changes in the protein
interaction network of polyQ-expanded proteins. For example,
prior studies have shown polyQ expansions to alter the interac-
tomes of HTT and Ataxin-1 in HD and SCA1, respectively (32,
38-40). Moreover, dysregulation of the interactomes of mutant
proteins has been invoked as a key driver of cellular toxicity in a
variety of neurodegenerative disease states (39). Although sever-
al proteins have been shown to differentially interact with WT or
mutant polyQ-expanded AR (41-43), global unbiased differential
interactome studies of the WT and polyQ-expanded AR have not
been carried out.

In this study, we hypothesized that an unbiased evaluation of
changes in the AR-interaction network due to polyQ expansion
would reveal insights into the pathophysiology of SBMA as well
as potential therapeutic targets. We identified several proteins
that differentially associate with WT and polyQ-expanded AR.
One differentially interacting protein identified here is USP7, a
preferential interactor of polyQ-expanded AR. Herein, we show
that USP7 mediates DHT-dependent mutant AR aggregation and
cellular toxicity in SBMA cell models. We also show that lowering
USP7 attenuates these effects and ameliorates disease phenotypes
in a mouse model of SBMA and in fly models of SBMA and SCA3,
implicating this deubiquitinase more broadly in the pathogenic
mechanism of polyQ disease.

Results

Unbiased quantitative interaction screen for WT and polyQ-expand-
ed AR. The expanded polyQ region of the soluble AR is likely to
change the overall conformation of the protein (44, 45); thus, we
postulated that such structurally altered AR species might interact
aberrantly with protein partners and that identifying the differen-
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tial polyQ-expanded AR interactome could provide insights into
pathogenic mechanisms at work in SBMA. Therefore, to charac-
terize the AR interactome and the polyQ expansion-dependent
alterations of this network, we employed stable isotope labeling of
amino acids in cell culture-based (SILAC-based) quantitative pro-
teomics analysis to identify the binding partners that differential-
ly coimmunoprecipitate (co-IP) with AR10Q or AR112Q in PC12
cells (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI134565DS1).
These PCI12 cells (grown either in heavy or light media) express
either AR10Q or AR112Q under the control of a tetracycline-
inducible promoter; addition of doxycycline to these cells induces
AR expression. Subsequent treatment with DHT triggers nuclear
translocation of AR and, in the case of AR112Q, results in time-
dependent AR aggregation and formation of cytologically detect-
able intranuclear inclusions (17, 18, 33, 46-49). Since we sought to
understand the interactome of the soluble, preinclusion state of
polyQ-expanded AR, we analyzed cells 48 hours after AR induc-
tion and DHT treatment when approximately 10% of cells present
with nuclear inclusions and the vast majority of the protein are still
in the preinclusion state (ref. 33 and data not shown).

AR was immunoprecipitated with either an anti-AR antibody
(which immunoprecipitates both WT and polyQ-expanded AR
with near-equal efficiency; Supplemental Figure 1B) or the confor-
mation-specific polyQ antibody 3B5H10 (which selectively recog-
nizes the soluble preinclusion form of polyQ-expanded proteins)
(50). Two independent pull-down experiments with the anti-AR
antibody yielded 476 common proteins (Figure 1A). Of these, 11
proteins preferentially associated with AR112Q, and 9 proteins
were enriched with AR10Q by 1.5-fold or more (Figure 1A and
Supplemental Tables 1 and 2).

We also performed 3 independent co-IP experiments using
3B5H10 antibody and identified 671 proteins that were com-
mon in at least 2 out of 3 independent experiments (Figure 1B).
Because 3B5H10 is specific for expanded polyQ tracts, the amount
of AR10Q precipitated by this antibody is 30- to 90-fold lower
than AR112Q (Supplemental Figure 1B). Therefore, preferential
AR10Q interactors cannot be identified in these co-IPs. Analysis
of common AR112Q preferential interactors identified 3 proteins
(USP7, Glypican-1, and a-Mannosidase 2C1) across 3 3B5SH10 IP
experiments, and 23 proteins that were found in 2 experiments.
Thus, USP7 was identified as a preferential interactor with polyQ-
expanded AR with both antibodies. The limited number of inter-
actors and the modest levels of enrichment observed in our study
(Supplemental Tables 1 and 2) suggest that the interactome of AR
undergoes subtle, yet potentially physiologically relevant, changes
due to polyQ expansion.

USP7 preferentially interacts with polyQ-expanded AR in vitro
and in vivo. Our analysis of the differential AR interactome iden-
tified a robust and reproducible preferential interaction between
AR112Q and USP7, as judged by an approximately 2-fold enrich-
ment of USP7 with polyQ-expanded AR using 2 different anti-
bodies (Figure 1 and Supplemental Table 1). We validated this
preferential interaction by immunoblot analyses of coimmunopre-
cipitates from AR10Q- or AR112Q-expressing PC12 cell lysates;
these experiments confirmed that USP7 coimmunoprecipitated to
a greater extent with AR112Q, compared with AR10Q (Figure 2A).
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Figure 1. Unbiased quantitative interaction screen for

with AR10Q WT and polyQ-expanded AR. Three independent SILAC
experiments were performed. Experiment 1: PC12 cells
BANF1 expressing AR 112Q or AR10Q were grown in heavy or light
GAPDH SILAC medium, respectively (shown in pink). Anti-AR
HSPB1 (A) or 3B5H10 antibody (B) was used for IP. Experiment
HSPH1 2 (label swap): AR112Q- or AR10Q-expressing cells were
LUC712 grown in light or heavy SILAC medium, respectively
SRI (shown in yellow). Anti-AR (A) or 3B5H10 antibody (B)
TGM2 was used for IP. Experiment 3: cells expressing AR 112Q
62226 or AR10Q were grown in heavy or light SILAC medium,
respectively (shown in gray). 3B5H10 antibody (B) was

Proteins enriched

used for IP. Cells were induced with doxycycline to
express AR and treated with DHT for 48 hours. (A)
Left: Venn diagram comparison of common proteins
pulled down with anti-AR antibody in 2 experiments.
Right: common proteins that were enriched either with

with AR112Q AR112Q or AR10Q by 1.5-fold or more. Fold enrichment
is shown in Supplemental Tables 1 and 2. (B) Left: Venn

CAPN2 RPL5 diagram comparison of common proteins pulled down
CHAF1A RPL27A with 3B5H10 antibody in 3 independent experiments.
GPC1 RPL36 Right: common proteins enriched with AR112Q by 1.5-
HMBOX1 RPLP1 fold or more in at least 2 experiments. Fold enrichment
HSPA1A RPS5 is shown in Supplemental Table 1.
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In the reciprocal pull-down assay, endogenous USP7 coprecipitat-
ed more AR112Q than AR10Q (Figure 2B). These findings support
the quantitative proteomics analyses and confirm that AR-USP7
complex formation in cells is enhanced by the expanded polyQ
tract in the AR protein.

To further evaluate the USP7-AR interaction in situ, we per-
formed proximity ligation assay (PLA) using anti-AR and anti-
USP7 antibodies. PLA signals result from the 2 labeled antibodies
residing in close physical proximity (<40 nm); thus, the detection
of such a signal allows the inference of USP7-AR interaction. PC12
cells expressing AR10Q and treated with DHT displayed PLA
puncta indicative of the steady-state levels of AR10Q-USP7 inter-
action in these cells. However, in cells expressing AR112Q under
the same conditions, we detected a substantial and statistically
significant increase in the fraction of cells harboring a larger num-
ber of puncta per cell (Figure 2, C and D). We also observed that
USP7 interacts with AR in the absence of DHT, although to a lesser
extent, and this interaction is enhanced by the expansion of the
polyQ tract as well (Supplemental Figure 2, A and B). Therefore,
these PLA data further confirm our biochemical results that USP7
preferentially interacts with AR112Q in PC12 cells and reveal that
USP7-AR interaction is enhanced in the presence of DHT.

To determine whether USP7 interacts with polyQ-expand-
ed AR in vivo, we used an SBMA transgenic mouse model that
expresses human, full-length, polyQ-expanded AR (AR112Q) in
the CNS under the control of the prion protein (PrP) promoter
(2). This model has been extensively characterized and recapitu-
lates several key aspects of pathology associated with the human
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disease (2, 46, 49). We immunoprecipitated USP7 from tissue
lysates prepared from brains and spinal cords of males of this
transgenic line and detected coprecipitation of polyQ-expand-
ed AR by immunoblot (Figure 3, A and B), indicating that these
proteins interact in vivo. To further investigate the interaction of
USP7 with endogenous mutant AR in vivo, we carried out PLA in
spinal cord sections of a knockin (KI) mouse model of SBMA, in
which a portion of human Ar exon 1 bearing a CAG repeat of 112
is recombined into the endogenous mouse Ar exon 1; these mice
exhibit progressive neuromuscular deficits and pathology (4). PLA
puncta were observed in 7-month-old male KI and WT motor neu-
rons (Figure 3C), confirming that the AR/USP7 interaction occurs
in motor neurons in vivo with endogenous levels of both AR and
USP7 proteins. Analysis of USP7 levels in adjacent spinal cord
sections revealed no differences in USP7 protein levels between
SBMA and WT male mice (Supplemental Figure 3, C and D). We
also evaluated the AR/USP7 interaction using PLA in induced
pluripotent stem cell-derived (iPSC-derived) motor neurons from
an SBMA patient, further confirming the interaction in patient-
derived cells (Figure 3D).

USP?7 interacts with soluble forms of polyQ-expanded AR. Pre-
vious studies have shown that AR112Q can be resolved by SDS-
agarose gel electrophoresis into a soluble, 3B5H10-reactive, slow-
migrating aggregate species composed of full-length protein and
an insoluble, fast-migrating species consisting of both full-length
AR and N-terminal AR fragments (33, 51). To determine which of
these species associates with USP7, lysates of AR112Q-expressing
PC12 cells with or without constitutive coexpression of FLAG-
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Figure 2. USP7 preferentially interacts with AR112Q in cells. (A) Co-IP of USP7 with AR after pull-down with an anti-AR antibody, followed by immunoblot
with anti-AR or anti-USP7 antibodies; GAPDH detection served as loading control. Input levels of AR or USP7 in AR112Q- relative to AR10Q-expressing cells are
shown in blue (data normalized to AR10Q cells). Relative amounts of immunoprecipitated AR or USP7 are shown in red, normalized to IP recovery from AR10Q-express-
ing cells. (B) Co-IP of AR with USP7 following pull-down with an anti-USP7 antibody, followed by immunoblot with anti-AR or anti-USP7 antibodies; GAPDH
detection served as loading control. As in A, relative input levels are shown in blue, and amounts of immunoprecipitated proteins are shown in red. (C) USP7-AR
interaction was evaluated by PLA (red puncta) in PC12 cells. AR was predominantly nuclear, as judged by subsequent immunostaining with anti-AR anti-
body (green signal). Scale bar: 10 um. (D) Quantification of PLA puncta in cells expressing AR10Q and AR112Q, respectively, based on images taken before
staining for total AR (see Supplemental Figure 2C), with 100 cells evaluated per condition and carried out in triplicate. P < 0.0001, Kolmogorov-Smirnov test.

USP7 were subjected to IP with an anti-USP7 antibody. Immuno-
blot analysis by SDS-PAGE (Figure 4A) or SDS-agarose (Figure 4,
B and C) of the same USP7 immunoprecipitates revealed that the
USP7-associated AR112Q migrates in monomeric form by SDS-
PAGE and as a soluble, slow-migrating species on SDS-agarose.
Additionally, immunofluorescence analysis revealed that USP7
does not colocalize with nuclear inclusions of aggregated AR112Q
(Figure 4D). Furthermore, PLA experiments establish that

USP7-interacting AR puncta do not overlap with AR inclusions,
despite frequent close proximity (Figure 4E), further confirming
that USP7 preferentially interacts with soluble AR112Q.
Knockdown of USP7 rescues polyQ-expanded AR toxicity and
aggregation. In order to evaluate whether the preferential interac-
tion between USP7 and polyQ-expanded AR plays a role in cellu-
lar dysfunction, we determined the effect of USP7 knockdown on
AR112Q aggregation and cytotoxicity. AR112Q-expressing PC12

J Clin Invest. 2021;131(1):e134565 https://doi.org/10.1172/)C1134565
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cells were stably transfected with miRNA-expressing constructs
aimed at silencing Usp7 (miR Usp7) or with a control nontargeting
miRNA-expressing construct (miR control). Expression and acti-
vation of AR112Q were induced by addition of doxycycline to the
culture medium in the presence of DHT. Two different miRs for
Usp7 (miR Usp7 no. 1 and miR Usp7 no. 2) were able to reduce USP7
protein levels by 75% and 84%, respectively (Figure 5, A and B).
Lowering USP7 levels resulted in a dramatic decrease (5-to 8-fold)
in the number of cells harboring nuclear inclusions (Figure 5D),
without altering the steady-state levels of the AR monomer (Fig-
ure 5, A and C). Despite the lack of effect of USP7 lowering on AR
steady-state levels, the half-life of AR under the condition of USP7
knockdown was modestly but statistically significantly reduced
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and PLA technical controls are shown in
Supplemental Figure 3A and Supple-
mental Figure 3B, respectively. (D)
USP7-AR interaction was evaluated by
PLA (green) in iPS-derived motor neu-
rons from SBMA patient, followed by
immunostaining with anti-p lll-tubulin
antibody (TUJ1) (red). Scale bar: 10 pum.
PLA technical controls are shown in
Supplemental Figure 3E.

Nuclei

compared with that of AR112Q under the condition of endogenous
USP7 levels (Figure S5F and Supplemental Figure 4G), suggesting
that USP7 knockdown modestly increases AR turnover. In addi-
tion, SDS-agarose gel analysis revealed that partial knockdown of
USP7 reduced the amount of the fast migrating species (which are
temporally correlated with inclusion formation; refs. 33, 51) rela-
tive to control (Figure 5E). Importantly, the amount of the soluble
slow migrating species was also reduced by over 50% (Figure 5E
and Supplemental Figure 4F).

Although the lowering of USP7 in cells substantially rescued
polyQ-dependent AR phenotypes, we also observed that the
near-complete (>90%) loss of USP7 had limited effect on AR112Q
nuclear inclusion formation (Supplemental Figure 4). The reasons
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Figure 4. USP7 preferentially interacts with soluble polyQ-expanded AR —
and does not colocalize with nuclear inclusions. IP of AR112Q-expressing ucel
PC12 cell protein lysates with anti-USP7 antibody, resolved by SDS-PAGE
(A) or SDS-agarose (B). (C) Quantification of slow- and fast-migrating
species from input lanes of B. (D) Immunofluorescence images of PC12
cells expressing AR112Q. Arrow points to a nuclear inclusion. Scale bar: 10
um. (E) AR immunofluorescence images of cells examined by PLA in Fig-
ure 2C. Approximately 10% (9.5 +1.1) of AR112Q-expressing cells contained
nuclear inclusions. Scale bar: 10 um.
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Figure 5. Knockdown of USP7 decreases polyQ-expanded AR aggregation and increases AR
turnover in a cell model of SBMA. PC12 cells inducibly expressing AR112Q and constitu-
tively expressing miRNAs targeting different regions of Usp7 mRNA (miR Usp7 no. 1 and
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counted in triplicate. Experiment was repeated 3 times. (E) Cell lysates from A were resolved
on SDS-agarose followed by immunoblot analysis with an anti-AR antibody. (F) AR turnover
upon USP7 knockdown. AR levels were determined by Western blot analysis (images shown

in Supplemental Figure 4G). Graph represents an average of 4 independent experiments, with
each experiment performed in triplicate. Data were normalized to the 0-hour washout time
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for this result remain under investigation; however, it is notewor-
thy that a similar observation was documented in normal human
fibroblast cells, in which partial reduction of USP7 levels by RNAi
resulted in destabilization of p53 protein, but near-complete loss
of USP7 stabilized p53 (52). We postulate that this phenomenon
may be related to the feedback regulation of USP7 and its role in
proteostasis in dividing cells.

Haploinsufficiency of Usp7 rescues DHT-induced cell toxici-
ty. Reducing USP7 levels rescued DHT-induced cytotoxicity in
polyQ-expanded AR-expressing cells (Figure 6A). These results
suggest that partial lowering of USP7 levels in polyQ-expand-
ed AR-expressing cells rescues polyQ-dependent phenotypes.
Because DHT-induced cell death is a characteristic feature of
cultured primary motor neurons derived from SBMA mice (46,
49), we also evaluated the effect of Usp7 haploinsufficiency on
this in vitro phenotype. As shown in Figure 6B (and Supplemen-
tal Figure 5A), primary motor neurons derived from E13.5 embry-
os of AR112Q mice underwent cell death upon treatment with
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Figure 6. Knockdown of USP7 rescues DHT-induced toxicity in cell
models of SBMA. (A) DHT-induced cell death in PC12 cells expressing
AR112Q and either miR Usp7 no. 1 or miR control. Two hundred cells were
counted in triplicate per condition (except for miR control no DHT, n = 5; and
miR control DHT, n = 6). The experiment was repeated 3 times. (B) Dissoci-
ated spinal cord cultures from mouse embryos with the genotypes AR112Q,
AR112Q/Usp7+~, ntg/Usp7*~, or nontransgenic (ntg) were treated with
DHT or vehicle (ethanol) for 7 days and motor neurons from 10 random
fields were counted per experimental condition. Three independent
experiments were performed for AR112Q (n = 6) and AR112Q/Usp7+/~
(n=3), and 2 independent experiments were performed in triplicate for
ntg/Usp7+/- and ntg. Due to experimental variability in total motor neuron
number, relative motor neuron number in DHT vs. vehicle treatment condi-
tions is presented. An example of the raw data is presented in Supplemen-
tal Figure 5A. *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA with post
hoc Tukey’s. Error bars represent SD. (C) Dissociated spinal cord cultures
from mouse embryos of KI SBMA mice were infected with AAV1 expressing
either miR control or miR Usp7 no. 1 for 5 days, followed by DHT or ethanol
treatment for an additional 7 days. Motor neurons were counted from the
entire coverslip per experimental condition in triplicate (except for the miR
control ethanol condition, where the experiment was done in duplicate).
*P < 0.05, 1-tailed t test. Error bars represent SD.

DHT, whereas neurons derived from AR112Q-expressing trans-
genic mice that are haploinsufficient for Usp7 (AR112Q/Usp7+")
were refractory to this effect. Similarly, primary motor neurons
derived from E13.5 embryos of AR113Q KI mice, in which the
mutant AR is expressed from the endogenous AR promoter,
exhibited DHT-dependent toxicity, which was abrogated by AAV
delivery of miR Usp7 (Figure 6C). Note that expression of miR
Usp7 resulted in an approximately 50% USP7 knockdown (Sup-
plemental Figure 5B). These data confirm the important role of
USP7 in SBMA motor neuron toxicity.

USP7 knockdown rescues SBMA phenotypes in a fly model.
Because lowering the levels of USP7 had a protective effect in cell
models of SBMA, we next sought to evaluate the role of USP7 in
SBMA pathophysiology in vivo. Therefore, we used a Drosoph-
ila melanogaster model of SBMA, in which full-length human,
polyQ-expanded AR (AR52Q) is expressed under the control
of the glass multimer reporter driver (GMR-GAL4). The use of
this driver results in AR expression in fly eyes (53-55) and reti-
nal degeneration in flies expressing AR52Q, but not AR12Q, in
the presence of DHT (55). Flies expressing AR52Q display an eye
phenotype characterized by detachment of the photoreceptor
array from the underlying lamina when raised on a DHT-contain-
ing diet and aged as adults for 10 days (Figure 7, A and C, RNAi
control). Analysis of the flies at day 1 of DHT treatment did not
reveal clear signs of eye pathology (Figure 7B), establishing that
the observed effects at day 10 of DHT treatment are not a result of
developmental deficiency, but rather the result of DHT-induced
AR52Q pathology. To determine the role of USP7 in this pheno-
type, we knocked down USP7 with 2 different RNAi lines (Figure 7,
RNAi line 1, RNAi line 2, each of which leads to 260% Usp7 mRNA
reduction in the intact fly; ref. 56). Both RNAI lines resulted in res-
cue of the AR52Q-dependent and DHT-induced eye phenotype
(Figure 7, A and C) to a level comparable to that of flies that do not
express AR52Q (Figure 7C). No changes in steady-state AR mono-
mer levels were observed upon USP7 knockdown (Figure 7, D and
E), in agreement with what we observed upon USP7 knockdown
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Figure 7. Knockdown of USP7 rescues
DHT-induced toxicity in a fly model
of SBMA. (A) Histological sections of
fly eyes expressing pathogenic AR52Q
either with RNAI control or 2 indepen-
dent USP7-directed RNAI; red arrows in
the left panel mark detachment of array
from the lamina. Scale bar: 50 um. (B)
Flies expressing AR52Q were sacrificed
at day 1 of DHT treatment as adults.
Eyes from 9-10 flies per group were
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in PC12 cells. These data establish a functional role for USP7 in
mediating polyQ-expanded AR-mediated pathology in an in vivo
model of SBMA.

USP7 knockdown rescues SCA3 phenotype in a fly model. In order
to determine whether USP7 plays a role in the pathogenicity in
other polyQ diseases, we evaluated the effect of USP7 knockdown
in a fly model of SCA3. In this model, full-length Ataxin-3 harbor-
ing 77 glutamines is expressed along with, but independently of,
membrane-targeted GFP in the fly eye (57, 58). Expression of full-
length Ataxin-3 77Q in fly eyes leads to degeneration of internal
eye structures without clear impact on the external eye, necessi-
tating the use of histological assays to assess degeneration (57, 58),
which would be a time-consuming endeavor for screening purpos-
es. Therefore, we turned to the CD8-GFP-based technique, which
enables the visualization of internal eye degeneration without the
need for histological assays. As photoreceptors die, GFP signal
is diminished, leading to reduced overall fluorescence as well as
increased mosaicism. As we have shown before, the CD8-GFP-
based technique is a sensitive and reliably quantifiable reporter
of internal retinal degeneration (57, 59-61). We elected to use this
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technique to examine the role of USP7 and other DUBs and related
proteins on toxicity caused by pathogenic Ataxin-377Q.

Asshown in Supplemental Figure 6A, expression of Ataxin-377Q
resulted in loss of GFP expression, indicative of eye degeneration
(57). In a targeted assay for suppressors of toxicity from pathogenic
Ataxin-3, we found that knocking down USP7 with the same RNAi
lines used for AR52Q (Figure 7) resulted in rescue of the degener-
ation phenotype (Supplemental Figure 6B). In comparison, knock-
down of other deubiquitinases, such as Rnp11 and its partner Rpn,
exacerbated the toxicity, and the lowering of CYLD deubiquitinase
levels was without effect. Thus, these data suggest that phenotypic
rescue of a fly model of SCA3 is not due to a general loss of deubiq-
uitination function, but rather to a specific consequence of reduced
USP7. In addition, we observed that knockdown of USP7 decreased
Ataxin-3 77Q aggregation in flies (Supplemental Figure 6C), fur-
ther supporting the idea that USP7 plays a functional role in polyQ-
expanded Ataxin-3 toxicity. Our findings therefore suggest that USP7
might play a broad role in the pathophysiology of polyQ diseases.

USP7 interacts with full-length HTT protein. Previous studies
revealed the interaction between mutant exon 1-encoded HTT

:
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protein and USP7 (32). We wished to evaluate the interaction of
USP7 with mutant polyQ-expanded full-length HTT protein from
a KI mouse model of HD (62). In these KI mice (zQ175), 1 allele
of the mouse Htt exon 1 was replaced by the human HTT exon 1
sequence harboring a 175 CAG repeat tract. Immunoblot anal-
yses of USP7 pull-downs from lysates prepared from striata and
cortex of these mice indicate that USP7 associates with both WT
and mutant HTT, but preferentially interacts with polyQ-expand-
ed HTT (Supplemental Figure 7, A-C). Moreover, PLA analysis
in iPS cells derived from an HD patient and a control individual
revealed interaction between HTT and USP7 in these human-
derived cells (Supplemental Figure 7, D and E). The heterozygos-
ity of the Htt alleles in these patient-derived cells likely obscured
potential USP7 differential interaction with mutant HTT. None-
theless, these combined findings lend further support to the
notion that polyQ-expanded proteins preferentially associate with
USP7, and this association may potentially underlie the pathoge-
nicity of multiple polyQ expansion diseases.

USP7 modifies SBMA disease phenotype in a transgenic mouse
model. The observation of cytoprotective effects of USP7 lower-
ing in cell and fly models of SBMA suggested the possibility that
reducing USP7 levels may ameliorate disease phenotypes and/or
slow disease progression in a transgenic mouse model of SBMA.
Although complete genetic ablation of Usp7 results in embryonic
lethality in mice, Usp7”- heterozygous mice are nevertheless via-
ble and do not manifest adverse disease pathology (63). There-
fore, SBMA transgenic mice that are haploinsufficient for Usp7
(AR112Q/Usp7*") were compared with corresponding SBMA
mice that were WT for Usp7 (AR112Q), and 2 control groups: (a)
nontransgenic (ntg, for SBMA) but haploinsufficient for Usp7
(ntg/Usp7+77) and (b) WT for both Usp7 and SBMA (ntg).

We evaluated the in vivo effects of Usp7 haploinsufficiency in
SBMA transgenic male mice on key disease phenotypic readouts
of motor function using 4 assays: (a) balance beam walking; (b)
clasping; (c) grip strength; and (d) ability to stay on a rotating rod
(rotarod activity). An objective assay to assess motor function is
the balance beam-crossing assay, which is a useful measure of fine
motor coordination and balance capabilities and has been used to
assess motor skills of mouse models of SBMA, HD, and other neu-
rodegenerative diseases (49, 64, 65). AR112Q males crossed the 12
mm beam significantly more slowly than both ntg and ntg/Usp7+~
males (Figure 8A). Notably, the loss of 1 allele of Usp7 in AR112Q
mice (AR112Q/Usp7*") resulted in significantly improved perfor-
mance on this task (Figure 8A).

To further evaluate the effect of Usp7 haploinsufficiency on
motor impairments, we compared the cohorts for limb-clasping
tendency and grip strength. Although the pathology underlying
clasping is not well understood, this behavior has been document-
ed in several neurodegenerative disease mouse models, includ-
ing SBMA transgenic animals (49, 65). AR112Q/Usp7*~ displayed
reduced clasping phenotype compared with AR112Q mice at 30
weeks of age (Figure 8B), suggesting that a partial loss of USP7
results in significant improvement of this behavior.

AR112Q males are known to develop a progressive decrease
in grip strength (2, 46, 49); therefore, we examined the effect
of Usp7 haploinsufficiency on grip strength of AR112Q mice. At
6 weeks of age, the grip strengths of AR112Q and ntg mice were
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indistinguishable. However, over the next 31 weeks, while the
SBMA mice displayed a significant decline in grip strength, the ntg
cohort showed significant improvement in this parameter, con-
sistent with previous observations (2, 46, 49). In contrast, while
AR112Q/Usp7*- mice performed worse than ntg mice, their grip
strength did not decline with time and was significantly improved
relative to that of the AR112Q mice (Figure 8, C and D). Although
our findings suggest that haploinsufficiency of Usp7 can rescue
motor function defects in SBMA mice, as judged by the parame-
ters discussed above, we did not observe improved rotarod per-
formance (Supplemental Figure 8A). However, it is noteworthy in
this regard that ntg/Usp77- mice and AR112Q/Usp7*~ mice were
significantly smaller than AR112Q mice starting at 6 weeks of age
and remained smaller throughout the course of the experiment
(Supplemental Figure 8B). Although the reasons for the size dif-
ferences between these animals is unclear, it is possible that they
reflect aspects of USP7 function in early development that could
potentially influence the outcome of the rotarod performance
(66). Nevertheless, taken together, our data clearly indicate that
USP7 lowering has beneficial effects on behavioral phenotypes in
SBMA transgenic mice.

Haploinsufficiency of Usp7 alters several pathologies in SBMA
mice. Our finding that 70%-80% knockdown of USP?7 significant-
ly decreased the aggregation of AR112Q in PC12 cells (Figure 5D)
led us to investigate whether lowering USP7 levels decreased AR
aggregation in spinal cord motor neurons of SBMA transgenic
mice. Motor neurons of the spinal cord ventral horn at 37 weeks
of age did not display any differences in nuclear inclusion load
between AR112Q and AR112Q/Usp7*- mice (data not shown). The
reason for this lack of effect could be that 40%-50% decrease of
USP?7 levels (Supplemental Figure 8, C and D) may not be suffi-
cient to affect polyQ-expanded AR aggregation in this mouse
model. It should also be noted that reduction of USP7 levels in
these mice had no effect on the steady-state levels of AR monomer
(Supplemental Figure 8, C and E).

Previous studies have documented a correlation between
SBMA pathology and a decrease in unphosphorylated neurofila-
ment heavy chain (NF-H) in spinal cord ventral horn motor neu-
rons (2, 49). Given that Usp7 haploinsufficiency delayed some
motor deficits in SBMA male mice, we next determined wheth-
er lowering USP7 levels would alter the phosphorylation state of
NF-H as judged by the intensity of SMI32 immunofluorescence in
spinal cord ventral horn motor neurons at 37 weeks of age. SMI32
immunofluorescence was significantly reduced in AR112Q male
mice relative to ntg animals (P < 0.0001), in agreement with
previous studies (2, 49). Monoallelic knockout of Usp7 largely
restored SMI32 immunofluorescence to ntg levels (Figure 8, E
and F). AR112Q/Usp7*/- SMI32 staining was significantly different
from both AR112Q animals (P < 0.001) and ntg animals (P < 0.01),
indicating that Usp7 haploinsufficiency substantially rescues a key
molecular feature associated with disease pathology.

USP7 catalytic activity promotes AR aggregation. USP7 is a ubig-
uitously expressed protein that possesses ubiquitin-specific prote-
ase activity and has been implicated in the modulation of steady-
state levels of several proteins, including Mdm?2 and p53 (52).
Although our genetic knockout and RNA-based gene-silencing
approaches indicate that reduction of USP7 protein levels rescues
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SBMA-associated phenotypes in vitro and in vivo, the role of the
deubiquitinase function of the protein in SBMA pathophysiology
was uncertain. Therefore, we evaluated the effect of a catalyti-
cally inactive form of USP7 on polyQ-expanded AR aggregation
in PC12 cells. To this end, we generated AR112Q-expressing PC12
cell lines that constitutively overexpress either FLAG-tagged WT
USP7 or a catalytically inactive (C223S) form of the protein (67)
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per experimental group), with Hoechst
33258 to identify nuclei. Scale bars: 10
um. (F) Intensity of SMI32 staining
was evaluated from at least 230 motor
neurons per experimental group. For
comparison of distributions, statis-
tical significance was determined by
the Kolmogorov-Smirnov test (ntg vs.
AR112Q P < 0.0001; AR112Q/Usp7+/~ vs.
ntg P < 0.01; AR112Q/Usp7+~ vs. AR112Q
P < 0.001).
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(Figure 9). Corresponding control lines that harbor stably trans-
fected vector plasmid were also generated. USP7 overexpression
resulted in a substantial increase in the fraction of cells harboring
AR inclusions (relative to vector-transfected cells) (Figure 9, A and
B), an effect that is consistent with our finding that USP7 lower-
ing reduced polyQ-expanded AR aggregation (Figure 5D). We
observed that expression of USP7 C223S resulted in a markedly
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Figure 9. USP7 catalytic activity promotes AR aggre-
gation. (A) Immunofluorescence images of PC12 cells
expressing AR112Q and FLAG-USP7, the catalytic mutant
FLAG-USP7 (2235, or a control vector. Scale bar: 10 um. (B)
Quantification of the number of cells containing nuclear
inclusions from A. For each condition, 500 cells were
counted in triplicate. Experiment was repeated 3 times.
*P < 0.05; **P < 0.01, 1-way ANOVA with post hoc Tukey's
test. Error bars represent SD. (C) Expression levels of
AR, FLAG-USP7, and FLAG-USP7 C223S were evaluated
by immunoblot.
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lower level of AR112Q-induced inclusions (relative to WT USP7)
(Figure 9, A and B). These findings implicate the USP7 deubiquiti-
nase activity in polyQ-expanded AR aggregation.

AR is a substrate for the deubiquitinase function of USP7. The
identification of a catalytic role for USP7 in AR aggregation raised
the possibility that AR itself is a substrate for this deubiquitinase,
especially given that ubiquitination of AR has been documented
previously (19-21). Therefore, to determine whether USP7 knock-
down alters the ubiquitination status of polyQ-expanded AR in the
cell, we performed PLAs using anti-Ub and anti-AR antibodies.
PC12 cells expressing AR112Q displayed PLA puncta (Figure 10A)
indicative of the steady-state levels of AR ubiquitination in these
cells. Upon USP7 knockdown by stable expression of miR Usp7 no.
1 (Figure 5A), we observed a statistically significant increase in
the fraction of cells harboring a larger number of puncta per cell
(Figure 10, A and B). This finding suggests that the deubiquitinase
function of USP7 modulates the ubiquitination state of AR.

To investigate the impact of USP7 deubiquitinase function
on the AR ubiquitination state biochemically, we also evaluated
USP7-dependent AR ubiquitination by transiently transfecting

HEK293T cells with plasmids expressing (a) AR111Q (with an
N-terminal nuclear localization signal), (b) HA-tagged Ub, and
(c) FLAG-tagged USP7 or GFP control. Ubiquitin modifications
were preserved by the treatment of cells with proteasome inhib-
itor (10 uM MG132) for 6 hours before harvest. Transient coex-
pression of HA-Ub with AR111Q resulted in robust ubiquitination
of AR111Q as judged by immunoblot analyses of the stringently
immunoprecipitated AR using an anti-AR antibody (Figure 11, A
and B). This effect was attenuated upon overexpressing USP7 in
these cells, suggesting that USP7 directly deubiquitinates the AR.
To further characterize the nature of the ubiquitin lysine linkag-
es on AR, we analyzed the immunoprecipitated AR using a K48-
specific antibody. This experiment revealed that AR ubiquitina-
tion in HEK293T cells occurs (at least in part) via K48 linkages;
moreover, USP7-dependent AR deubiquitination substantially
reduced such linkages (Figure 11, A and C). These findings have
implications for the functional role of USP7 in modulating the
species-specific steady-state levels of the AR.

In order to identify the lysine residues on AR112Q that are
subject to ubiquitination by USP7, we characterized the whole

J Clin Invest. 2021;131(1):e134565 https://doi.org/10.1172/)C1134565
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cell ubiquitinome from cells in which USP7 was knocked down.
Thus, PC12 cells inducibly expressing AR112Q and constitutively
expressing Usp7-directed miRNA (miR Usp7 no. 1) or nontarget-
ing miRNA (miR control) were treated with DHT and the prote-
asome inhibitor MG132 and subjected to SILAC ubiquitinome
analysis. These experiments revealed 8 lysine residues on AR112Q
that showed ubiquitination changes of greater than 1.5-fold upon
knockdown of Usp7 (relative to nontargeting miRNA control) in
2 ubiquitinome experiments (Supplemental Table 3). Although
knockdown of the USP7 deubiquitinase may have nominally been
expected to cause higher levels of ubiquitination, we observed a
reduction in the steady-state ubiquitination levels of these 8 lysine
residues. One explanation for these findings is that cells lacking
USP7 were depleted of a subset of highly ubiquitinated AR112
polypeptides due to proteasomal degradation. In fact, this sce-
nario is supported by the observation that knockdown of USP7 in
cells expressing AR112Q results in a reduction of soluble aggre-
gates that migrate on SDS-agarose as a slow migrating species
even upon treatment with a proteasome inhibitor (Figures 5E and
Supplemental Figure 9C). To determine whether prevention of
AR ubiquitination on lysine residues regulated by USP7 (Supple-
mental Table 3) affects its stability and aggregation, we mutated
1 of the 8 identified lysines (Lys-17, which resides in a region of
the mutant AR that plays an important role in disease pathogene-
sis) to arginine. We created clonal PC12 cells expressing AR107Q
K17R and AR108Q K17R and evaluated the role of K17R mutation
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Figure 10. USP7 knockdown enhances polyQ-expanded AR ubiquitina-
tion. AR ubiquitination in PC12 cells expressing AR112Q and miR Usp7 no.
1 (or a miR control) was evaluated by PLA, using antibodies to AR and
ubiquitin. (A) Fluorescence images of PLA puncta. Control 1, anti-AR anti-
body was omitted; control 2, PC12 cells that do not express AR. Scale bar:
10 pum. (B) Quantification of the number of PLA puncta in miR control-
expressing cells or miR Usp7 no. 1-expressing cells, respectively; n =120
cells per condition. Experiment was repeated 3 times. For comparison of
distributions, statistical significance was determined by the Kolmogorov-
Smirnov test. P < 0.0001.

on polyQ-expanded AR aggregation. Cells expressing polyQ-
expanded AR-K17R exhibited a higher frequency of cells bearing
aggregated AR (Figure 11D and Supplemental Figure 10, A and
D). Moreover, these cells exhibited enhanced DHT-dependent AR
stabilization (Figure 11E), suggesting an important role for ubiqui-
tylation of AR at lysine 17 in its degradation. Although lysines can
be modified by numerous posttranslational modifications, most
of which would be prevented by the K17R mutation, the results
shown here, combined with our ubiquitinome analysis revealing
lysine 17 as a USP7 substrate, support the importance of USP7 deu-
biquitylation of polyQ-expanded AR at lysine 17.

Discussion

The causative mutation of SBMA was identified nearly 3 decades
ago as an expansion of a CAG triplet repeat within the AR gene.
Since then, tremendous progress has been made toward under-
standing the molecular mechanisms underlying disease patho-
physiology, with particular emphasis on the role of the CAG-
encoded expanded polyQ tract in cellular dysfunction. There is
wide consensus that polyQ expansion leads to AR misfolding and
aggregation as well as proteotoxicity. Nevertheless, the pathways
that mediate expanded polyQ-AR-dependent toxicity are not
well understood. Hence, there is limited information on putative
molecular targets that can be modulated pharmacologically for
modification of SBMA disease onset or progression.

Because dysregulation of protein interaction networks has
been suggested to be at least partly responsible for the cellular
dysfunction observed in several polyQ expansion diseases, we
reasoned that identification of pathologically relevant protein
interactions might yield tractable disease-modifying targets.
Therefore, we sought to identify protein partners of AR whose
interactions are altered by the polyQ expansion by evaluating
the differential protein interaction networks of polyQ-expanded
and WT AR in PC12 cells. As shown in Figure 1 and Supplemental
Tables 1 and 2, we identified several proteins that preferentially
interact either with WT or polyQ-expanded AR. Although these
AR interactors do not cluster into defined pathways, they include
key regulators of vital cellular functions, such as ubiquitination,
protein folding, translation, and nuclear-cytoplasmic shuttling.
The ubiquitin-specific proteases USP7 and USP26, identified here
as preferred partners of AR112Q and AR10Q, respectively, have
been previously reported to interact with AR (25, 27). Howev-
er, the polyQ length-dependent differences in binding suggest a
role for protein ubiquitination-deubiquitination in AR toxicity in
SBMA, an aspect that we have explored further in this study. We
have also found that the heat shock proteins, HSPB1 and HSP105
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Figure 11. AR is a substrate for the deubiquitinase function of USP7. (A) Immunoprecipitated AR from HEK293T cells transiently expressing AR111Q,
HA-tagged Ub, and FLAG-USP7 (or GFP control) was analyzed by immunoblotting with anti-AR antibody (top), HA-specific antibody (middle) and K48-linked
polyubiquitin-specific antibody (bottom). Input levels are shown on the left. (B) Quantitation (from 8 independent experiments performed in duplicate or
triplicate) of the relative change in HA to AR monomer signals upon FLAG-USP7 overexpression. (C) Quantitation of the relative change in K48 to AR mono-
mer signals upon FLAG-USP7 overexpression from 4 independent experiments (each experiment performed in duplicate or triplicate). *P < 0.05; ****P <
0.0001, 2-tailed Student'’s t test. Error bars represent SD. (D) Percentage of cells with nuclear inclusions in cells expressing AR112Q, AR107Q K17R, or AR1080Q
K17R. *P < 0.05; ***P < 0.001; ****P < 0.0001, 1-way ANOVA with post hoc Tukey's test. Error bars represent SD. (E) To evaluate AR turnover, AR1120Q,
AR107Q K17R, or AR108Q K17R expression was induced with DOX for 48 hours. Following DOX washout, cells were treated with cycloheximide and either
DHT or vehicle (EtOH) for an additional 24 hours. AR levels were analyzed by Western blotting (example images shown in Supplemental Figure 10E). Data
were normalized to the vehicle (EtOH) treatment condition. Three independent experiments (each one in triplicate) were performed. **P < 0.01;

***P < 0.001; ****P < 0.0001, 1-way ANOVA with post hoc Tukey’s test. Error bars represent SD.
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are enriched with AR10Q, whereas HSP70 preferentially binds
AR112Q. Since these factors play an important role in the cellular
stress response and protein folding, our findings may have impli-
cations for the involvement of these mechanisms in cellular toxic-
ity associated with expanded polyQ-containing AR. It is especially
noteworthy that increasing HSP70 expression or activity has been
shown to enhance the degradation of polyQ-expanded AR in a cel-
lular model and to rescue toxicity in a fly model of SBMA, respec-
tively (68, 69). Several ribosomal proteins were also found to asso-
ciate with AR (Figure 1 and Supplemental Table 1), in agreement
with a previous study (70). Although these are primarily cytoplas-
mic proteins, it has been suggested that their association with AR
is reflective of acute hormone-induced ribosome biogenesis (70,
71). In addition, other preferential interactors include Glypicanl,
Importin 5, FMR1, and a-Mannosidase 2C1, the functional signifi-
cance of which warrants further investigation.

Using co-IP assays combined with SILAC-based quantitative
proteomics, we identified USP7 as a preferential physical interac-
tor with polyQ-expanded AR. The impact of such a preferential
interaction between these 2 proteins can be the consequence of
either (a) enhanced USP7 deubiquitination of polyQ-expanded
AR due to recruitment of USP7 by polyQ-expanded AR or (b)
attenuation of normal USP7 function due to its sequestration by
polyQ-expanded AR. To test these hypotheses, we determined the
effects of genetic knockdown of USP7 or overexpression of WT or
catalytically inactive USP7 in SBMA cell models. These experi-
ments established that not only does loss of USP7 result in rescue
of polyQ-expanded AR-associated phenotypes, but also that over-
expression of USP7 exacerbates polyQ-expanded AR aggregation.
The latter effect is not observed upon overexpression of a catalyt-
ically inactive mutant of USP7, indicating that the role of USP7 in
cellular dysfunction requires its enzymatic function.

USP7 is a ubiquitin-specific protease that predominantly
resides in the nucleus (72, 73), although a minor fraction exists
in the cytosol (66). The deubiquitinase activity of USP7 regulates
protein function as well as the stability of proteins involved in sev-
eral cellular pathways including the DNA damage response, apop-
tosis, transcription, and DNA replication (reviewed in refs 74, 75).
Because ubiquitination can mark proteins for proteasomal degra-
dation, the deubiquitinase function of USP7 may serve to increase
the half-life of its polypeptide substrates. The best characterized
role of USP7 is in the proteasomal regulation of the steady-state
levels of the tumor suppressor p53 and its E3 ubiquitin ligase
Mdm?2. Thus, the deubiquitinase function of USP7 stabilizes p53
under conditions of DNA damage stress and promotes p53 deg-
radation by stabilizing Mdm?2 in normally dividing cells (52, 76).

The role of USP7 in the modulation of AR function is only
just being unraveled. A recent study (27) showed that USP7 inter-
acts with AR, mediates its deubiquitination, and facilitates AR
binding to chromatin in prostate cancer cells. Additionally, over-
expression of USP7 in this system resulted in stabilization of AR,
suggesting a role for USP7 in regulating AR half-life. Our work has
further revealed that polyQ-expanded AR is a likely substrate for
the deubiquitinase function of USP7 and that this activity results
in reduction of K48-linked polyubiquitin chains from AR. Because
K48-linked polyubiquitination usually targets a polypeptide for
proteasomal degradation, we hypothesized that USP7 regulates
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polyQ-expanded AR stability. A prediction of this model is that
USP7 modulates steady-state levels of AR. However, as shown
in Figure 5C, Figure 7E, and Supplemental Figure 8E, we did not
observe significant changes in steady-state levels of AR monomer
upon lowering of USP7 in cell, fly, and mouse models of SBMA
nor upon overexpression of USP7 in cells (Figure 9C). Neverthe-
less, USP7 knockdown resulted in a substantial (>50%) decrease
in polyQ-expanded AR soluble oligomers (slow migrating species
revealed by SDS-agarose) (Figure 5E and Supplemental Figure 4,
E and F). Further evaluation revealed a modest but statistically
significant decrease in mutant AR half-life following USP7 knock-
down (Figure 5F). These results suggest that, although the overall
levels of monomeric AR appear relatively refractory to changes in
USP7 expression, a subpopulation of soluble monomeric and oligo-
meric AR is sensitive to the activity of USP7; reducing USP7 levels
or activity may enhance the turnover of these soluble, toxic species.

It is also possible that because USP7 deubiquitinates polyQ-
expanded AR, the polyubiquitin chains left on AR (upon USP7
knockdown) pose steric barriers to AR oligomer formation,
accounting for our observation of reduced amounts of slow-migrat-
ing polyQ-expanded AR species in the absence of USP7. Support
for this view comes from a recent study by Dao et al. (77) in which
the proteasomal shuttle protein UBQLN2 was shown to undergo
liquid-liquid phase separation (LLPS) into protein-rich droplets.
Noncovalent binding of ubiquitin or K48-linked polyubiquitin
chains to UBQLN2 eliminates LLPS, serving as a switch between
droplet and dispersed phases.

Our in vivo studies have demonstrated that knockdown of
USP7 in a fly model of SBMA has a protective effect on the degen-
eration of photoreceptor neurons and accessory pigment cells.
Because total knockout of Usp7 is embryonic lethal in mice, we
were limited to evaluating the effects of germline haploinsuffi-
ciency of Usp7 in SBMA transgenic mice. These studies showed
that even a modest reduction in USP7 improves motor functions,
such as grip strength and balance beam walking. The beneficial
effects of USP7 lowering in animal models of SBMA suggests that
pharmacological suppression of USP7 levels and/or activity by
antisense technology or small molecules could be therapeutically
beneficial in the treatment of SBMA. That USP7 is a druggable tar-
get is attested to by the fact that small molecule inhibitors of USP7
activity have been developed and are being evaluated for the treat-
ment of several types of cancers (78-80). These approaches are
predicated on the notion that, while loss of USP7 may be deleteri-
ous during embryonic development (63, 66), inhibition of USP7 in
the postdevelopment state (as we have achieved in cultured motor
neurons) may be a therapeutically viable strategy. We are current-
ly pursuing these ideas.

The notion that USP7 modulates polyQ-expanded AR func-
tion raises the question, Does USP7 also play a role in the patho-
physiology of other polyQ-expansion diseases? Indeed, we have
shown that knockdown of USP7 has both neuroprotective and
antiaggregation effects in a fly model of SCA3. Moreover, differen-
tial interaction of USP7 with polyQ-expanded or WT Ataxin-1 has
been documented in mammalian cells (81). It is also noteworthy
that USP7 preferentially interacts with soluble HTT exonl1 harbor-
ing expanded polyQ tracts in human cells, raising the possibility
that USP7 may play a role in HD as well (32). In fact, our valida-
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tion that USP7 interacts with endogenous HTT in iPS cells, cou-
pled with our observation that USP7 preferentially interacts with
polyQ-expanded HTT in a KI mouse model of HD (Supplemental
Figure 7), further supports this view.

In summary, our studies have revealed what we believe is a
hitherto unknown requirement for USP7 in the pathogenic mech-
anisms underlying SBMA and reveal the potential of manipulat-
ing this role as a possible therapeutic approach for the treatment
of SBMA patients.

Methods

Statistics. For multiple comparisons, statistical significance was deter-
mined by 1-way ANOVA with post hoc Tukey’s test. Comparisons
between 2 experimental conditions were done by 1-tailed Student’s ¢
test, unless otherwise indicated. For comparison of distributions, sta-
tistical significance was determined by the Kolmogorov-Smirnov test.
A Pvalue of less than 0.05 was considered significant. Data were ana-
lyzed using Prism 7 (GraphPad).

Study approval. All animal procedures were performed following
the guidelines of the Office of Laboratory Animal Welfare (NIH) and
with the approval of the Thomas Jefferson University Institutional
Animal Care and Use Committee.

For further information, see Supplemental Methods.
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