1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2023 April 25.

Published in final edited form as:
Cell Rep. 2023 March 28; 42(3): 112198. doi:10.1016/j.celrep.2023.112198.

-, HHS Public Access
«

Tumor suppressor p53 regulates heat shock factor 1 protein
degradation in Huntington’s disease

Rachel H. Mansky12, Erin A. Greguskel2, Dahyun Yul:2, Nicole Zaratel, Taylor A. Intihar?,
Wei Tsail, Taylor G. Brownl, Mackenzie N. Thayer!, Kompal Kumarl, Rocio Gomez-
Pastorl3"

1Department of Neuroscience, Medical School, University of Minnesota, Minneapolis, MN 55455,
USA

2These authors contributed equally

3Lead contact

SUMMARY

p53 and HSF1 are two major transcription factors involved in cell proliferation and apoptosis,
whose dysregulation contributes to cancer and neurodegeneration. Contrary to most cancers, p53
is increased in Huntington’s disease (HD) and other neurodegenerative diseases, while HSF1 is
decreased. p53 and HSF1 reciprocal regulation has been shown in different contexts, but their
connection in neurodegeneration remains understudied. Using cellular and animal models of HD,
we show that mutant HTT stabilized p53 by abrogating the interaction between p53 and E3
ligase MDM2. Stabilized p53 promotes protein kinase CK2 alpha prime and E3 ligase FBXW?7
transcription, both of which are responsible for HSF1 degradation. Consequently, p53 deletion

in striatal neurons of zQ175 HD mice restores HSF1 abundance and decrease HTT aggregation
and striatal pathology. Our work shows the mechanism connecting p53 stabilization with HSF1
degradation and pathophysiology in HD and sheds light on the broader molecular differences and
commonalities between cancer and neurodegeneration.
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Huntington’s disease (HD) is characterized by a selective degeneration of neurons in the striatum.
Mansky et al. propose a mechanism by which these neurons degenerate in HD and show

that dysregulation of two major transcription factors involved in apoptosis and stress response
cooperate to promote protein aggregation and synaptic dysregulation.

INTRODUCTION

Huntington’s disease (HD) is a neurodegenerative disease caused by a polyglutamine
(polyQ) expansion in the A7 7T gene that manifests with severe motor and cognitive
decline.! Medium spiny neurons (MSNs) of the striatum are more susceptible to the
misfolding and aggregation of mutant huntingtin (mtHTT) protein than any other cell type,
leading to the characteristic striatal degeneration seen in HD and subsequent symptom
manifestation.? However, cortical degeneration can also be observed in patients with HD at
an early symptomatic stage.3* Despite decades of research, the complexity of the molecular
mechanisms triggered by mtHTT that lead to striatal pathology has not yet been unraveled.

mtHTT interacts with a large number of proteins and those pathogenic interactions are
believed to contribute to the dysregulation of multiple cellular processes that ultimately lead
to neuronal dysfunction and death.> One major transcription factor reported to interact with
mtHTT is tumor suppressor p53,%7 a central integrator of various stress signals, such as
DNA damage, mitochondrial dysfunction, and apoptosis.8 Pathological interaction between
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mtHTT and p53 contributes to neurodegeneration as reflected in N171-82Q transgenic

HD mice systemically lacking p53 (p537/7), which provided neuroprotection by restoring
transcriptional deficits and improving mitochondrial function.® Total levels of p53 are

also elevated in the striatum of different mice modeling HD and patients with HD.® This
correlates with a significantly reduced cancer incidence in HD patients.910 While the
detrimental role of p53 in HD is obvious, the mechanism by which p53 levels are induced
in HD and how p53 is connected to different cellular processes that are dysregulated in HD
remains unknown.

p53 levels are strictly controlled by the E3 ligase MDM2, which promotes p53
ubiquitination and degradation.11:12 MDM2 inhibition increases p53 levels and activates
apoptosis in cancer cells.13 The MDM2-like p53 binding protein (MDM4) also contributes
to the degradation of p53 and the regulation of its transcriptional activity.1415 Alternatively,
a less-efficient p53 degradation mechanism involves the small chaperone alpha B-crystallin
(aB-crys).16.17 o B-crys~~ cells amass p53 due to the inability of p53 to interact with

the E3 ligase Fbx4.18 aB-crys expression depends on the stress protective heat shock
factor 1 (HSF1), a transcription factor essential for the regulation of protein homeostasis
and whose protein levels and activity are reduced in HD.1® Increased p53 and decreased
HSF1 protein levels are also observed in Parkinson’s disease (PD) and Alzheimer’s disease
(AD),19-22 gyggesting that these two transcription factors are subject to similar alterations
across different neurodegenerative diseases.

HSF1 is progressively degraded in HD by the actions of protein kinase CK2 alpha

prime (CK2a.") and the E3 ligase Fbxw7, which phosphorylate and ubiquitylate HSF1,
respectively.23 CK2a.” and Foxw7 mRNA levels are induced in HD, although the upstream
regulator responsible for such alteration is unknown.23 Contrary to p53, R6/2 HD mice
lacking Hsf1 (Hsf1™~) presented mitochondrial abnormalities, increased neuronal mtHTT
aggregation, and a shortened lifespan.24 Conversely, expression of a constitutively active
form of HSF1 or attenuation of HSF1 degradation by genetic depletion of CK2a.” resulted
in decreased HTT aggregation, restored mitochondrial gene expression, and improved motor
behavior and lifespan.23:2% Reciprocal regulation between p53 and HSF1 has been reported
in different contexts, including DNA damage, heat shock, and cancer.13.17:26-29 These
studies suggest that p53 and HSF1 may operate in a unifying stress response pathway under
physiological and disease conditions. While alterations in p53 and HSF1 were independently
reported in HD, the mechanistic connection between the alteration of these two major
transcription factors in HD has not yet been established.

Here, we showed that mtHTT enhanced p53 stabilization by altering the interaction between
p53 and MDM2. We showed that accumulation of p53 in MSNs in zQ175 HD mice

was associated with enhanced p53 transcriptional activity and HSF1 depletion. Our data
demonstrated that p53 controls HSF1 destabilization by regulating the expression of the
components of the HSF1 degradation pathway: CK2a." and Foxw?7. Consequently, zQ175
mice conditionally lacking p53 in MSNs showed increased HSF1 protein levels, decreased
HTT aggregation and striatal pathology, increased striatal excitatory synapse density,

and ameliorated motor deficits on the pole test. Our findings uncovered an undescribed
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molecular pathway that connects mtHTT with the reciprocal dysregulation of p53 and HSF1
and the pathophysiology of HD.

RESULTS
Mutant HTT disrupts p53 and HSF1 protein stabilization

Reciprocal regulation between p53 and HSF1 has been reported in different contexts,

but the potential connection in the alteration of these two major transcription factors in
HD remains understudied. We first investigated whether HSF1 and p53 proteins were
concomitantly altered in the immortalized murine ST HaR11/Q111 (Q111, HD) striatal
cell model compared with the STHaR7/Q7 (Q7, control) cells. We found that, while p53
protein levels were increased in Q111 cells, HSF1 levels were decreased (Figures 1A and
1B). Interestingly, mRNA levels for p53 and HSF1 were opposite to that observed for

the protein levels (Figure 1C), suggesting possible posttranslational events involved in the
alterations of HSF1 and p53 proteins. Depletion of HSF1 in HD is known to be caused

by a phosphorylation-dependent proteasome degradation,23 but the mechanism responsible
for increased p53 accumulation in HD remains poorly understood.3? We hypothesized that
increased p53 in HD might be due to increased protein stabilization.

We explored whether the components responsible for regulating p53 protein turnover, such
as MDM2, MDM4, and a.B-crys, were altered in Q111 cells (Figures 1D and 1E). As
expected, protein levels of aB-crys were decreased in the whole-cell extract (WCE) of Q111
cells, mainly due to the degradation of HSF1.23 The levels of MDM4 were increased in
Q111 cells, while MDM2 levels were not significantly altered among the two cell lines.

We then investigated whether mtHT T-mediated changes in p53 levels resulted in alterations
in protein-protein interactions between p53 and a.B-crys, MDM2 and/or MDM4 (Figures
1D and 1F). First, endogenous p53 immunoprecipitation (p53-1P) in Q7 and Q111 cells
showed that p53 preferentially co-1P with expanded HTT (Q111), as previously shown®7’
(Figures 1D and 1F). Similarly, FLAG-IP conducted in 293T cells co-transfected with
full-length human HTT containing Q54 ("HTT(Q54)-FLAG) and human p53-GFP showed
enhanced p53 co-1P when compared with IHTT(Q23)-FLAG (Figure S1A and S1B). We
also observed that, despite aB-crys being reduced in Q111 cells compared with Q7, the
presence of HTT-Q111 increased the interaction between p53 and aB-crys (Figures 1D
and 1F). On the contrary, the amount of MDM4 pulled down in the p53-IP was similar
between Q7 and Q111 when normalized to the total amount in the WCE. These results
suggested that increased p53 levels might not be related to decreased interaction with
aB-crys or MDM4. However, HTT-Q111 dramatically decreased the interaction between
p53 and MDM2 (Figures 1D and 1F).

MDM?2 is considered the major E3 ligase responsible for the regulation of p53 degradation
and disruption of the MDM2-p53 interaction may result in enhanced levels of p53 in HD.
IP analyses in Q7 cells co-expressing human HTT exon 1 containing Q23-GFP or Q74-GFP
expansions and human p53-FLAG demonstrated that human p53 interacted with murine
MDM2 (Figures 1G and 1H). We also observed that expanded human exon 1 HTT-Q74
co-1P more efficiently with human p53 than exon 1 HTT-Q23, similarly to the human
fIHTT (Figure S1A and S1B) and the HTT and p53 murine proteins (Figure 1D). This
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demonstrated that the presence of polyQ-expanded HTT exon 1 is sufficient to interact with
p53. In addition, such interaction interfered with p53-MDM2 co-IP (Figures 1G and 1H).
Endogenous p53-1P in human striatum samples showed enhanced co-IP between p53 and
HTT in HD patients and decreased MDM2 co-IP when compared with control samples
(Figures 11 and 1J). Altogether, our data showed that polyQ-expanded HTT enhanced the
interaction with p53 and decreased the interaction between MDM2 and p53, which could
explain the increased levels of p53 levels in HD, and that such disruption was accompanied
with enhanced HSF1 protein destabilization.

Depletion of p53 in HD cells enhanced HSF1 protein levels and DNA binding to target

genes

To determine whether increased stabilization of p53 was responsible for HSF1 depletion in
HD, we used a silencing RNA (siRNA) targeting p53 (sip53) in Q111 cells and observed

a significant increase in HSF1 protein levels when compared with cells treated with a non-
targeting siRNA (scramble) (Figures 2A and 2B). We also evaluated the impact of knocking
out p530n HSF1 levels by comparing WT and p53~/~ mouse embryonic fibroblasts (MEFs)
transiently transfected with Q23-GFP or Q74-GFP (Figures 2C and 2D). No difference in
the number of cells containing aggregates was observed when comparing WT and p53 7/~
cells expressing Q74-GFP (Figures 2C and 2D), as previously shown in p53/~ primary
cortical neurons transfected with N171-82Q-HTT.6 However, levels of HSF1 were largely
impacted by the lack of p53. Expression of Q74-GFP in WT MEFs resulted in a depletion of
HSF1 protein levels compared with Q23-GFP-expressing cells (Figures 2E and 2F), similar
to that observed when comparing Q111 with Q7 cells (Figure 1A). On the contrary, p537/~
MEFs showed similar HSF1 levels when comparing Q23-GFP with Q74-GFP cells and
showed a significant increase when comparing p537/~ and WT cells expressing Q74-GFP
(Figures 2E and 2F), demonstrating the necessity of p53 to promote HSF1 depletion in
polyQ-expanded HTT-expressing cells.

Nuclear and cytoplasmic fractionation of Q7 and Q111 cells revealed a significant depletion
of both cytoplasmic and nuclear HSF1 in Q111 cells (Figures 3A-3C), whereas p53 was
exclusively found in the nucleus and was enhanced in this fraction in Q111 cells when
compared with Q7 cells. sip53significantly increased the amount of HSF1 in both the
cytoplasm and nucleus of Q111 cells compared with scramble (Figures 3A-3C). However,
no significant changes in HSF1 levels were observed in Q7 cells under sip53 conditions

in either cytoplasmic or nuclear fractions. We also found that increased nuclear HSF1
accumulation in Q111 cells under sip53 conditions restored HSF1 DNA binding to several
target genes for which decreased binding had been previously reported in Q111 vs. Q7
cells.31 HSF1 chromatin immunoprecipitation (ChIP)-PCR in Q7 and Q111 cells validated
that 11 out of 13 selected genes selected from the Riva et al.3! dataset displayed a significant
decrease in HSF1 binding in Q111 cells compared with Q7 cells (Figures 3D and 3E), while
p53 depletion increased HSF1 binding in 8 of the 11 selected genes (Figures 3F and 3G).
Our data also showed that increased HSF1 DNA binding paralleled increased transcriptional
activity in several tested genes, including Hspala (Hsp70), Abtl, Lgals7, Rabl1, and BDNF
(Figure S2). Altogether, our data showed that p53 silencing in HD cells increased HSF1
nuclear abundance, HSF1 DNA binding, and expression of its target genes.
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p53 regulates the transcription of components of the HSF1 degradation pathway in HD

CK2a.” and Fbxw7, components of the HSF1 degradation pathway in HD, are both
transcriptionally upregulated in HDZ3 but the mechanism responsible for such dysregulation
is unknown. Previous research in tumor cells showed p53 directly regulates Foxw7
expression via a p53-binding site located in exon 1b of Fbxw7that slightly differs from

the canonical p53-binding site.3233 In addition, whole-genome cartography of human p53
response elements ranked by transactivation potential highlighted several putative p53
response elements in human CK2a.” with moderate functional association.3* Therefore,

we hypothesized that p53 could regulate HSF1 protein levels in HD by controlling the
expression of CK2a' (Csnk2a2) and Fbxw?7.

We first determined whether increased levels of p53 in HD were associated with

enhanced transcriptional activity. We used the TransAM-p53 ELISA kit to determine the
transcriptional activity of p53 in nuclear extracts of Q7 and Q111 cells and found a
significant increase in p53 transcriptional activity in the Q111 cells compared with the

Q7 (Figures S3A and S3B). These data suggested that stabilized p53 in HD retains its
transcriptional activity. We then conducted /7 sifico analyses of the promoter and intergenic
regions of mouse CsnkZaZto search for putative p53-binding sites and found five sequences
homologous to a p53 half-binding site: two sequences in the promoter region (nos. 1 and
2), one sequence in exon 1 (no. 3), and two sequences in introns 2 and 9 (nos. 4 and 6)
(Figures 4A and 4B). We also found one sequence homologous to a complete p53-binding
site in intron 6 (no. 5). We conducted p53 ChIP in Q7 and Q111 cells to determine if

p53 binding to the identified sequences in Csnk2aZand Fbxw7 was enhanced in HD. As a
positive control we used Bax, a p53-dependent target that is induced in HD.3%:36 We found
that p53 binding to Fbxw7 was significantly increased in Q111 cells compared with Q7
cells (percent input relative to 1gG) (Figure 4C). Enhanced p53 binding was also observed
in the p53-binding sequences identified in the promoter of CsnkZ2a2 (nos. 1 and 2) and in
the intronic sequence no. 6 (Figure 4C). These data suggested that increased p53 binding
to Fbxw7 and CsnkZaZ regulatory sequences in HD cells could enhance their transcription,
therefore promoting HSF1 degradation. The Fbxw7 gene generates three different FBXW?7
isoforms (a, B, and ) associated with different functions.3” FBXW7a is the isoform
associated with HSF1 degradation and upregulated in HD.23:38 We found that silencing p53
significantly decreased the mRNA and protein levels of FBXW7a and CK2a.” in Q111
cells, which was accompanied by an increase in HSF1 protein levels (Figures 4D-4G).
Similar results were obtained when Q111 cells were treated with the p53 inhibitor pifithrin-
a (PFT-a) (Figures S3C-S3E), which inhibits p53 transcriptional activity,3® and in p537/~
MEFs (Figure S3F). Finally, HSF1-ChIP under CK2a.” silencing conditions (Figures S4A-
S4D), which we previously showed is sufficient to increase HSF1 levels in HD,23 showed
a similar improvement in HSF1 DNA binding to target genes that was observed under

p53 silencing conditions (Figure S4D). We concluded that p53 stabilization contributed to
the transcriptional upregulation of components in the HSF1 degradation pathway, which
ultimately led to impaired HSF1 DNA binding and enhanced HSF1 degradation in HD.
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Conditional deletion of p53 in MSNs of the zQ175 mouse enhanced HSF1 levels and
alleviated HTT aggregation

Previous work reported increased p53 levels in the striatum of N171-82Q and R6/2 mouse
models of HD and in patients with HD compared with other brain regions.641 Recently,
Hyeon et al.30 showed that p53 is elevated specifically in MSNs in various mouse models
of HD and in patients. We confirmed that p53 levels were preferentially elevated in the
striatum of symptomatic zQ175 mice, which was accompanied by a decrease in HSF1 and
DARPP-32 (dopamine- and cAMP-regulated phosphoprotein of 32 kDa), an MSN marker
whose downregulation in HD is associated with striatal pathology#2:43 (Figures 5A, 5B,
and S5A-S5D). Immunofluorescence analyses in the striatum also confirmed that p53 was
increased in MSNs due to the enhanced colocalization between p53 and the MSN marker
Ctip2 (Figures 5C and S5E), while HSF1 protein levels were reduced in the same cell type
in zQ175 mice (Figure S5F).

To determine whether elevated p53 in HD MSNs was responsible for HSF1 depletion and
striatal degeneration, we created a conditional p53 KO (p53 cKO) mouse model in MSNs

by cross-breeding p53f/fl mice with zQ175 and the MSN reporter line Gprg88Cre/+-GFp44
(Figures 5C-5E). The newly generated p53f/fl:Gpr88Cre/+ and zQ175:p53/fl:GpragCre/+
mice robustly reduced p53 levels in the striatum compared with their corresponding control
groups p53f/f and zQ175:p53/fl (Figures 5D, 5E, and S6A). We first evaluated if the newly
generated mice altered body weight loss. Lack of p53 in MSNs in zQ175 mice in either
heterozygous /) or homozygous (f-/f-) mice did not alter the characteristic weight loss
observed in zQ175 mice when compared with WT mice (Figures S6B-S6D),2343 probably
due to the peripheral contribution of mtHTT to body weight loss.#> Nevertheless, p53 cKO
in zQ175 mice (zQ175:p53fl: GpragCre/*) displayed a significant increase in HSF1 levels in
the striatum compared with zQ175:p53f/fl| rescuing expression to nearly basal levels of the
control p537/fl group (Figures 5F, 5G, and S6E). Increased HSF1 levels were also observed
in zQ175 mice upon p53 depletion in a heterozygous (p53/*) background compared with
zQ175 mice (Figure S6F). No changes in the levels of the MSN marker FoxP1 were
observed across genotypes in either fl/+ or fl/fl backgrounds (Figures 5F, 5H, S6E, and S6F),
indicating that enhanced levels of HSF1 were most likely due to a direct increase in HSF1
stabilization rather than an overall impact in neuronal abundance.

Previous studies where the levels and/or activity or HSF1 were increased in cell and mouse
models of HD resulted in decreased HTT aggregation due to the role of HSF1 in the
regulation of protein homeostasis.18:23 Lack of p53 in MEFs transfected with Q74-GFP did
not show significant differences in the number of cells containing HTT aggregates compared
with WT+Q74-GFP-expressing cells despite having increased HSF1 (Figures 2C and 2D).
We reasoned that there could be a threshold in the efficacy of HSF1-dependent quality
control machinery in decreasing aggregates depending on the HTT concentration (ectopic
overexpression vs. endogenous expression). Therefore, we assessed whether conditional
deletion of p53 in MSN, and consequently increased HSF1 levels, impacted endogenous
HTT aggregation in the striatum of zQ175 mice (Figure 6). Overall, we found a significant
decrease in the number of HTT puncta in the striatum of zQ175:p53/f:Gpr88Cr0/*+ mice
compared with zQ175:p53f/fl which was confirmed by immunoblotting (Figures 6A-6C).

Cell Rep. Author manuscript; available in PMC 2023 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mansky et al.

Page 8

Interestingly, when HTT puncta analyses were dissociated between nuclear and non-nuclear
aggregates, we found that the non-nuclear aggregates showed a greater depletion in
zQ175:p53f/f:Gpr8sCre/* compared with the nuclear HTT puncta (Figures 6A, 6D, and
6E). It was recently shown that nuclear and cytoplasmic HTT inclusions differ in their
structural and molecular complexity, differentially interacting with proteins, lipids, and
endomembranes, and implying that different mechanisms may drive the formation and
maturation of the different inclusions.#8 Although our data do not allow to identify distinct
properties between the nuclear and non-nuclear inclusions, the differential accumulation
of cytoplasmic vs. nuclear inclusions in zQ175:p53f/fl:Gpr88Cre/* mice suggests that p53/
HSF1-dependent signaling pathways may be preferentially involved in the modulation of
cytoplasmic HTT aggregation. On the other hand, no changes in the number of total HTT
puncta in the cortex was observed between zQ175:p53/fl and zQ175:p53f/fl:GprggCre/+
mice (Figure 6F), indicating the selective impact of p53 manipulation in MSN on the HTT
aggregation in the striatum.

Conditional deletion of p53 in MSNs alleviated striatal pathology and pole testing deficits

Although the actual toxicity of HTT aggregates in HD remains controversial, %’ there is
strong evidence connecting the presence of HTT aggregates to the disruption of striatal
synaptic components and synaptic dysfunction.#8-51 The postsynaptic scaffolding protein
PSD-95 (D/g4), responsible for anchoring glutamatergic receptors to the postsynaptic
membrane and ultimately influencing striatal synaptic density, is among the most
dysregulated synaptic components in HD#252 and whose expression is regulated by HSF1.52
In line with these reports, we found that sip53in Q111 cells enhanced HSF1 binding to
regulatory sequences of D/g4 (Figure 3F). We tested whether increased levels of HSF1

in zQ175:p53f/M:GpragCre’+ mice had an impact on PSD-95 levels and striatal synapse
density. The striatum receives excitatory input from both the cortex and the thalamus. Loss
of thalamo-striatal (T-S) synapses is reported early during disease progression in mouse
models of HD and precedes the loss of cortico-striatal (C-S) synapses and several other
pathological features, including motor onset.23>4 T-S synapse density also seems to be
preferentially altered by HSF1.52 Hence, we conducted immunofluorescent staining and
colocalization analyses between PSD-95 and VGlut2 (vesicular glutamate transporter 2),
used as a marker of thalamic input (Figures 7A, 7B, S7A, and S7B). We first observed

that the VGIut2 puncta number was not significantly different between control (p53f/f)
and the HD groups (zQ175:p53™fl and zQ175:p53/1l:Gpr8gCre/+) (Figure 7C). However,
the PSD-95 puncta number showed a significant reduction in zQ175:p53f/fl compared with
control p53f/fl and was significantly increased in zQ175:p53/fl:Gpr88Cre/* compared with
zQ175:p53f/ (Figure 7D), in concordance with the enhanced levels of HSF1 in those mice.
Colocalization between PSD-95 and VVGlut2 reflected a similar pattern to that observed for
PSD-95, indicating an increase in the T-S synapse density when deleting p53 from MSNs
(Figure 7E), potentially leading to the restoration of glutamatergic signaling within the
striatum.

DARPP-32 is considered to be a dual glutamate/dopamine-sensitive signaling protein
whose transcriptional downregulation in HD-MSN is considered a marker of striatal
pathology, although its downregulation is not related with neuronal death.55-58 We examined
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whether conditional depletion of p53 in MSN ameliorated DARPP-32 downregulation
in zQ175 mice. DARPP-32 immunostaining showed an intense immunoreactivity in
p53f1/fl and p53f/fl: GprégCre/* mice and a robust depletion in zQ175:p53™/f and
zQ175:p53f/fl:Gpr8sCre/* (Figures S7C and S7D). A significant increase in the number
of DARPP-32"* cells was observed in zQ175 mice lacking p53 in MSN compared with
zQ175:p537/ and, although it did not reach WT levels, this increase indicated a partial
amelioration of striatal pathology.

Finally, to assess whether restoring p53 levels in the striatum influences mouse behavior,

we conducted pole testing, a behavioral task used to assess basal ganglia-related movement
disorders in mice, including HD.5® We assessed the latency to descend the pole in p53f/*,
p53fli*+:GpragCre/* zQ175:p53f*, and zQ175:p53f/*:GpragCre*, We used a heterozygous
p53f/+ background to better mimic the restoration of p53 levels in the striatum in zQ175
mice, since using a p53/* background also increased the levels of HSF1 in this brain region
(Figure S6F). We found that zQ175:p53f/* mice showed a significant decrease in the time to
descend the pole compared with p53f/* and zQ175:p53/*:Gpr88Ce/* (Figures 7F and 7G).
Although increased time to descend the pole is expected upon motor deficits, substantial

and significantly decreased times to descend are also associated with motor abnormalities
due to mice being unable to turn and descend the pole, falling repeatedly to the cage floor
(Figure 7F). We found that zQ175:p53/* mice were falling repeatedly from the pole, hence
the decreased times to descend. On the contrary, zQ175:p53/+:Gpr88Cre/* showed a similar
time to descend the pole as the control groups and significantly greater than zQ175:p53/+.
These results indicate that conditional depletion of p53 in MSNs of the striatum significantly
improved motor behavior assessed on the pole test.

DISCUSSION

Transcription factors p53 and HSF1 control numerous cellular processes and play
fundamental roles in physiology and disease.818 In tumor cells, the levels and/or activity
of p53 are often reduced and correlate with increased levels and activity of HSF1.18.60
Contrary to most cancers, increased p53 and decreased HSF1 levels have been shown

in different neurodegenerative diseases including PD, AD, and HD.6:21.61 |nterestingly,
increased p53 levels in patients with HD are also associated with a significantly reduced
cancer incidence.910 Numerous studies have addressed the interconnectivity and reciprocal
regulation between these two transcription factors in tumor cells, but studies exploring their
potential connection during neurodegeneration were lacking. Here, we show evidence of a
mechanistic connection between p53 and HSF1 protein destabilization mediated by mtHTT
in HD that ultimately regulates striatal pathology (Figure 7G).

p53 was previously shown to interact with mtHTT and to colocalize with HTT aggregates,
but the pathological extent of such interaction was not fully characterized.®.” We showed that
enhanced binding of mtHTT to p53 disrupted the interaction between p53 and the E3 ligase
MDM2, which could contribute to the increased accumulation of p53 in HD. Interestingly,
various single-nucleotide polymorphisms in 7P53that alter binding to MDM2 were reported
to influence the age of onset of HD.62.63 Dissociation between p53 and MDM2 not only
stabilizes p53, but it is also necessary for the transactivation of p53.64 We found that
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increased p53 protein levels in HD cells also translated into enhanced p53 transcriptional
activity. MDM4 regulates both degradation of p53 and its transcriptional activity,1415 but
no changes in p53-MDM4 binding were observed in HD cells. Therefore, increased p53
transcriptional activity in HD cells might be preferentially controlled by its interaction with
MDM2. Activation of p53 is often associated with the activation of DNA damage response
and apoptotic pathways.%> Therefore, increased stabilization and activation of p53 in HD
could contribute to the activation of apoptotic signaling cascades, as shown in transcriptomic
analysis in the striatum of an allelic series of HD knockin mice that demonstrated a CAG
length-dependent activation of p53 signaling pathways.56 However, despite increased levels
of p53 and the upregulation of genes related to cell death signaling in various mouse models
of HD including zQ175 mice, no cell death has been reported in these mouse models of HD
even at later stages.>8:66 For this reason, the activation of p53 signaling pathways has been
associated with an increased vulnerability of MSNs to degeneration rather than neuronal
apoptosis.56

We previously showed that HSF1 depletion in HD was caused by the transcriptional
upregulation and activation of the CK2a.” kinase and the E3 ligase Foxw?7, which
phosphorylate and ubiquitinate HSF1, respectively, signaling HSF1 for proteasomal
degradation.23 Preventing HSF1 degradation by genetic or pharmacological inhibition of
CK2a’ in HD cells and mouse models ameliorated HTT aggregation, restored mitochondrial
gene expression, and improved synaptic function.23:58 An open question remained as to
which possible upstream mechanism was driving the expression of CK2a.” and Fbxw7

in HD. In tumor cells, p53 directly binds and regulates the expression of Foxw7,32:33

and decreased expression and/or activity of Fbxw?7 in cancer led to increased HSF1
stabilization.®” Additional evidence showed the presence of putative p53-binding sites in
human CK2a.'.34 We demonstrated that p53 directly binds to regulatory elements present in
the promoter and intergenic regions of CK2a.” and Fbxw7, and enhanced p53 transcriptional
activity in HD cells resulted in enhanced transcription of these two genes. We showed

that p53-mediated upregulation of CK2a.” and Foxw?7 in HD cells and mice was directly
connected to the regulation of HSF1 protein stability. Our findings are supported by
previous evidence showing a reciprocal regulation between p53 and HSF1 in different
contexts. HsfI'~ MEFs display enhanced levels of p53 in a mechanism connected to the
dysregulation of aB-crys,}” and HSF1 activity is essential for p53 signaling pathways
triggered by DNA damage and cancer.2%:68.69 |n addition, p53 is required for HSF1
activation and chaperone accumulation after heat shock.” This evidence further supports
both a physiological and pathological connection between p53 and HSF1, leading to specific
transcriptional alterations that influence neuronal pathology associated with HD.

Both HSF1 and p53 are present in all cell types in the body and their functions are essential
to ensure a proper response to various stimuli and pathological conditions. We confirmed
that p53 levels are primarily elevated in MSNs of the zQ175 mouse model, as shown

in other mouse models of HD and in the caudate and putamen of patients with HD,6:30
coinciding with HSF1 depletion in this cell type. Although there have been discrepancies
in the detection of HSF1 depletion in some HD models,”%:72 overwhelming evidence
demonstrated decreased HSF1 levels in striatal HD cells and several mouse models of HD,
including the knockin Q111 cells, R6/2 and zQ175 mice, in human iPSCs derived from
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patients with HD differentiated into MSN-like cells, and in human postmortem striatum
from patients with HD.23:52.73-75 These studies have associated HSF1 depletion in MSNs
with the impairment of protein homeostasis and HTT aggregation in HD. Lack of HSF1
also results in mitochondrial abnormalities, transcriptional dysregulation, excitatory synapse
impairment, and motor deficits, and when ablated in the R6/2 mouse model it resulted in
increased HTT aggregation and reduced lifespan.24:2527.52 |n contrast, lack of p53 in several
models of neurodegenerative diseases, including HD, ameliorated neurodegeneration. For
example, lack of p53 in a C9orf72 mouse model of amyotrophic lateral sclerosis or a mouse
model of ataxia SCA1 showed neuroprotection.’®:”7 In spinal muscular atrophy (SMA),

p53 is a key driver of SMA motor neuron death in both severe and intermediate SMA
mouse models, and both genetic and pharmacological inhibition of p53 in SMA models
improved motor neuron survival.”879 Similarly, lack of p53 in the N171-82Q HD mouse
model ameliorated mitochondrial dysfunction and improved motor behavior.®

It was suggested that the benefits obtained by systemic deletion of p53 in HD were

not related to changes in HTT aggregation since p53<© cortical neurons transfected

with N67-104Q-GFP did not alter cytoplasmic or nuclear HTT aggregate formation.®

We also observed a similar number of cells containing aggregates between WT and

530 MEFs expressing human HTT exon 1 Q74-GFP, despite the latter having increased
HSF1. However, p53 cKO in MSNs in zQ175 mice decreased HTT aggregation in the
striatum. A potential explanation for this discrepancy is that, in zQ175 mice, the expression
and aggregation of mtHTT is regulated at endogenous levels, while in cell models the
ectopic overexpression of polyQ-HTT constructs may elevate HTT aggregation beyond
what is physiologically relevant, thereby surpassing the capacity of HSF1-regulated protein
quality control systems to deal with such enhanced aggregation. An interesting finding is
the differential impact of deleting p53 in MSNs between cytoplasmic and nuclear HTT
inclusions. Although p53 cKO in MSNs decreased both cytoplasmic and nuclear inclusions
in zQ175 mice, the impact on the nuclear inclusions was much smaller. The structural and
molecular complexity of cytoplasmic and nuclear inclusions differ, and the varied proteome
found to differentially interact with these inclusions also implies the existence of different
mechanisms of formation and regulation between nuclear and cytoplasmic inclusions.4
Therefore, it is possible that p53/HSF1-dependent signaling pathways are preferentially
involved in the formation of cytoplasmic inclusions.

Recently, HSF1 has been shown to be responsible for the regulation of synapse stability
by directly regulating the expression of PSD-95 (D/g4).52 Reduced HSF1 levels in HD
are responsible for the downregulation of PSD-95, ultimately altering the formation and
maintenance of excitatory synapses. In AD mice, activation of HSF1 increased several
synaptic proteins including PSD-95 and the brain-derived neurotrophic factor (BDNF),80
another HSF1 gene target whose expression is also reduced in HD.81 We found that p53
silencing in HD cells increased HSF1 DNA binding to several targets including D/g4
and BDNF and increased their expression. In addition, p53 cKO in MSNs in zQ175
mice resulted in increased PSD-95 puncta. Depletion of PSD-95 preferentially alters T-S
synapses in HD.52 We previously showed that T-S synapses are decreased in HsfZ*/~ mice
and are rescued in zQ175 mice lacking one allele of CK2a.” with little impact on C-S
synapses.2352 Qur data in zQ175 mice lacking p53 in MSNSs also showed significantly
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rescued T-S synapses, which is most likely due to an HSF1-dependent increase in PSD-95
levels. Increased T-S synapse density could potentially restore glutamatergic signaling
deficits reported in zQ175 mice.82 In line with this observation, we found a modest

but significant increase in the number of DARPP-32+ cells in zQ175:p53f/l: GprggCre/+
compared with zQ175:p53/fl indicative of an ameliorated striatal pathology. Since it did
not reach WT levels, it is possible that the limited number of DARPP-32+ cells rescued

in zQ175:p53f/M:Gpr88Cre/* mice reflects that a subset of MSNs could be preferentially
impacted by the deletion of p53. Due to the lack of neuronal death reported in older
zQ175 mice, we attributed the increase of DARPP-32 immunoreactivity to an increase

in its transcriptional regulation. DARPP-32 transcriptional regulation is controlled by the
BDNF-dependent expression of the early growth response 183 and integrates synaptic
responses mediated by both dopamine and glutamate.>® Whether increased expression of
DARPP-32 occurs in a specific subset of MSNs in zQ175:p53f/fl:GpragCre/+ and whether
this is influenced by the HSF1-dependent activation of BDNF expression or by the PSD-95-
mediated improvement of glutamatergic synapse density remains unresolved.

Pathological degradation of HSF1 has been reported in other neurodegenerative diseases
through various mechanisms. In PD, the E3 ligase NEDD4 is involved in HSF1 degradation
while in AD HSF1 is degraded in a mechanism dependent on C/EBP-homologous protein
and the activation of the UPR apoptotic pathway.2? However, increased p53 and CK2,
which we showed are upstream modulators of HSF1 degradation in HD, have also been
shown in PD and AD.84-88 |n addition, increased FBXW?7 has been reported in mouse
neurons from PARK2™~ mice, the most frequently mutated gene in hereditary PD,8° and
there is evidence suggesting that FBXW?7/SEL-10 facilitates amyloid  formation and
could influence pathogenesis of AD.%0 Therefore, although downstream HSF1 degradation
components in PD and AD may differ from those reported in HD, it is still possible that

a p53-mediated activation of CK2a.” and/or FBXW?7 could contribute to HSF1 degradation
in these diseases. Future dissecting of the interplay between p53 and HSF1 stabilization

in different neurodegenerative diseases could reveal a common molecular mechanism for
neuronal dysfunction and neurodegeneration across different diseases and could also shed
light into the broader differences and commonalities between cancer and neurodegeneration.

Limitations of the study

Our study proposed a mechanism of neurodegeneration in HD that connects the upregulation
of p53 in MSNs with the degradation of HSF1 and the subsequent striatal dysfunction that
occurs in mouse models and patients. We also found that p53 preferentially interacts with
mtHTT exon 1, interfering with the interaction between p53 and MDMZ2 and potentially
explaining how p53 levels are elevated in HD-MSNs. However, these findings mostly rely
on experiments conducted in cell lines overexpressing either HTT exon 1 or full-length
HTT with various CAG length repeats, and in mice expressing endogenous levels of
mtHTT but with a substantially longer CAG repeat than that seen in patients. A particular
limitation exists with experiments overexpressing mtHTT exon 1. Although mtHTT exon
1 is found in patients with HD and is believed to be generated by either mis-splicing of
the mtHTT transcript or by proteolysis, its physiological levels are not comparable with
those in overexpression experiments. Therefore, although the various models used in our
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study are well established in HD research, a question remains as to how these manipulations
reproduce the physiological alterations of mtHTT in patients and whether our findings are
extrapolatable to the HD-MSN pathophysiology in patients. Further analysis in human lines
(i.e., iPSCs) directly derived from patients with HD with endogenous levels of mtHTT or
humanized HD mouse models are warranted to fully assess the relevance of HTT levels,
CAG size and HTT exon 1 fragments in the connection between p53 and HSF1 in HD.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to the lead contact, Dr. Rocio Gomez-Pastor (rgomezpa@umn.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All data generated in this study is presented in the current manuscript.
. No new datasets or code were generated.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Mammalian cell lines used in this study were the mouse-derived striatal cells
STHdhQ7Q7 (RRID:CVCL_M590) and STHdhQI1Y/QIL (RRID:CVCL_M591) (Coriell
Cell Repositories). These cells are derived from a knock-in HD mouse model (HttQ111)
expressing full length HTT containing a chimeric mouse/human exonl. No sex information
is available from Coriell Cell Repositories for these cells. Cells were grown at 33°C in
Dulbecco’s modified Eagle’s medium (DMEM, Genesee) supplemented with 10% fetal
bovine serum (FBS), 100 U mI~1 penicillin/streptomycin and 100 ug mI~1 G418 (Gibco),
as previously described (11). p53~~ MEFs (a gift from Dr. Kirsch at Duke University),
carrying a Lox-Stop-Lox (LSL) termination sequence with the K-ras G12D point mutation,
were maintained in DMEM supplemented with 10% (FBS), 0.1mM nonessential amino
acids, 100Uml~1 penicillin/streptomycin, and 55 uM 2-mercaptoethanol and grown at 37°C.

Mouse lines—We used a full-length heterozygous knock-in mouse model of HD known
as zQ175 on the C57BL/6J background (#027410, RRI-D:IMSR_JAX:000664).43 Sperm
from HSF1~/~ mice (B6N(Cg)-Hsf1tML(KOMP)VIcg/snmucd) mice was obtained from the
Mutant Mouse Resource and Research Center (University of California, Davis; Davis,
CA, USA) (Stock No. 048101-UCD) and generated by the Knockout Mouse Phenotyping
Program (KOMP?). /n vitro fertilization using C57BL/6N females was conducted at the
Mouse Genetics laboratory at University of Minnesota. AHsfZ~=" ™1 mice were crossbred
with CMV-CRE mice (B6.C-Tg(CMV-cre)1Cgn/J, RRID:IMSR_JAX:006054) to delete
the Neomycin cassette flanked by loxP sites (Hsf7~/~ tm1.1:CRE) The Hsfs/— tm1.1:CRE
line was crossed with C57BL/6N to remove the CRE gene (HsfZ~/=-1ML1 referenced as
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Hsf1'= in this study). p53™1/f mice (B6.129P2- Trp53m157)) RRID:IMSR_JAX:008462)
carry a floxed conditional allele of p53 and have normal p53 activity in the absence of

Cre recombinase (a gift from Dr. Michael Lee at the University of Minnesota). p53~/~

mice (B6;129S2- Trp53™M1T]), RRID:IMSR_JAX:002103.%1 Gpr88Cre/* (G-protein coupled
receptor 88) transgenic mice expressing Cre-recombinase and GFP in medium spiny striatal
neurons were obtained from Jackson Laboratory (Gpr88tm1-1(cre/GFP)Rpa) (4022510, RRID:
MG1:6201721). p53 /Tl GpragCre*, and zQ175 were crossbred for several generations to
achieve the desired genotypes for the study. Mixed males and females were used in all
analyses. Animals were examined at 6- and 12-month time points. Experimental groups
were composed of littermates. All mice were housed under standard SPF conditions and
animals had unrestricted access to food and water. Experiments were conducted during the
light cycle. All animal care and sacrifice procedures were approved by the University of
Minnesota Institutional Animal Care and Use Committee (IACUC) in compliance with the
National Institutes of Health guidelines for the care and use of laboratory animals under the
approved animal protocol 2007-38316A.

METHOD DETAILS

Immunoprecipitation and immunoblotting—For immunoprecipitation, cell lysates
were prepared in cell lysis buffer (20mM HEPES, 5mM MgCl2, 1ImM EDTA, 100mM
KCI, 0.03% NP-40). Samples were pre-cleared with 50 pl Protein G Dynabeads (Life
Technologies) to remove nonspecific interactions for 5 h at 4 C. Beads were removed
using a magnet DYNAL (Invitrogen). Cleared samples were incubated overnight at 4 C

in the presence of 5 ug anti-p53 antibody (Santa Cruz, D01, RRID: AB_628082) or 5ug
mouse IgG anitbody (R&D, AF007, RRID:AB_354520). 50 ul Protein G Dynabeads (Life
Technologies) were added to the samples and incubated for 6 h at 4 C. Beads were washed
with 0.1M Na-citrate pH 5.3 for 3 times and pull-down antibody was eluted in 50 pl
Glycine pH 2. Sample was neutralized with 10 ul 1.5M Tris-HCI pH 8.8 and subjected to
immunoblotting. For flag immunoprecipitation, we used EZ view red anti-FLAG M2 affinity
gel (F2426) and followed the guidelines provided by Sigma Aldrich.

Sample preparation and immunoblotting conditions were performed as previously
described.23 Protein extracts were prepared in cell lysis buffer (CLB: 25 mM Tris pH

7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton-X100 and 0.1% SDS). Protein samples were
separated on 4-20% SDS Criterion TGX Stain-Free gels (BioRad) at 110 V. Proteins were
transferred to a nitrocellulose membrane (BioRad 0.2 mm) in Tris—Glycine Buffer (25 nM
Tris-Base, 200 mM Glycine) at 25 V for 30 min in Trans Turbo Transfer system (BioRad).
The membrane was blocked with 5% non-fat dry milk in TBS containing 0.25% Tween-20
(TBST) for 1 h at room temperature, incubated with primary antibodies in TBST containing
2.5% milk overnight at 4 C, and then washed 3 times for 15 min each in TBST followed by
incubation with secondary Amersham ECL HRP Conjugated Antibodies 1:5,000 in TBST
containing 2.5% milk (GE Healthcare) for 1 h at room temperature. After washing three
times for 15 min each in TBST, bands were detected with SuperSignal Chemiluminiscent
substrate (Thermo Scientific) on an ImageQuant LAS 4000.
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Dot blot analyses for HTT were conducted in striatum samples solubilized in CLB, pellet
fractions were then solubilized in Urea 8M. Primary antibodies are listed in the key
resources table and in Table S1. anti-CK2a’ (Novus NB100-379, RRID:AB_100000802
and Proteintech 10606-1-AP, RRID:AB_2292447), HTT (Millipore, Mab5374 clone
EMA48, RRID:AB_10055116), HTT (Abcam, Mabab109115, RID:AB_10863082), HSF1
(Bethyl antibodies A303-176A, RRID:AB_10892628), p53 (Santa Cruz, clone DO1
SC-126, RRID: AB_628082), MDM2 (Santa Cruz sc-965, RRID:AB_627920), MDM4
(Aviva Systems Biology AVARP06007_T100, RRID:AB_841544), aB-crys (Enzo, ADI-
SPA-223D, RRID:AB_2039025), FBXW?7 (Abcam, Ab109617, RRID:AB_2687519)
GAPDH (Santacruz sc-365062, RRID:AB_10847862), Actin (Santa Cruz sc-8432,
RRID:AB_626630), H3 (Cell Signaling technology, 9715, RRID:AB_331563),

FLAG (Santa Cruz, sc-166355, RRID:AB_2017593), GFP (Santa Cruz, sc-9996,
RRID:AB_627695). Protein levels from immunoblots were quantified using ImageJ
software. Data was normalized using loading controls GAPDH or Actin.

Cell transfection, RNA isolation and RT-gPCR—For p53 and CK2a." knock-down,
ST Hah cells were transfected with FlexiTube siRNA (5 nmol) from Qiagen using
DharmaFECT1 per manufacturer’s guidelines. As a negative control, ON-TARGETplus
control non-targeting pool siRNA (Dharmacon) was used. Cells were collected 24 h after
transfection. RNA was extracted from cells and mouse striatal tissues by using the RNeasy
extraction kit (Qiagen) according to the manufacturer’s instructions. cDNA was prepared
using the Superscript First Strand Synthesis System (Invitrogen). SYBR green based PCR
was performed with SYBR mix (Roche). The gPCR amplification was performed using the
LightCycler 480 System (Roche). Each sample was tested in triplicate and normalized to
GAPDH levels. Primer details are provided in the key resources table and in Table S2. For
ectopic expression, cells were transfected using Lipofectamine LTX Reagent (Invitrogen)
and following Invitrogen protocol instructions (Invitrogen protocols 25-0946W). Cells

were transfected with 10 pg DNA of Q23-GFP (RRID:Addgene_40261) Q74-GFP
(RRID:Addgene_40262), p53-FLAG (10838, RRID:Addgene_10838), and harvested 24-48h
post-transfection. For cytosolic and nuclear fractionation, cells were fractionated using the
NE-PER Extraction Kit (Thermofisher, 78833) as per manufacturer’s instructions. RT-gPCR
data for all genes was normalized using GAPDH as control.

Chromatin immunoprecipitation—For chromatin immunoprecipitation, cells were
grown as described above. Plates were placed on ice and cross-linked with 500 pl
Formaldehyde for 5 min at 4 C and quenched with Glycine to a final concentration of
125mM and incubated on ice for 5 min. Cells were lysed in 1ml cell lysis buffer (25mM
Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% SDS) and incubated on
ice for 10 min. Lysates were equilibrated in 1ml IP buffer (50mM Tris pH 7.5, 150mM
NaCl, ImM EDTA, 1% Triton X-100) and sonicated three times for 30 s. Samples were
centrifuged at 12,000 rpm during 10 min. 5 pg anti-HSF1 (Bethyl antibodies A303-176A,
RRID:AB_10892628), 5 ug anti-p53 (Santa-Cruz DO1, RRID: AB_628082) or equal
amounts of rabbit and mouse 1gG (R&D AF008, RRID:AB_354521 and R&D, AF007,
RRID:AB_354520) antibody were use. Dynabeads were added and incubated for 4 h at
4 C. Immunocomplexes were washed, eluted using elution buffer (10mM Tris-HCI, pH
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8,1mM EDTA, pH 8,1% SDS), and crosslinking was reversed at 65 C for 12 h. Protein

was digested by addition of 5 ul Proteinase K and incubated at 37 C for 2 h. Chromatin
was purified using the Qiaquick mini-elute PCR purification kit (Qiagen, 28004) per the
manufacturer’s instructions. Putative p53-binding sites for Csnk2a2 were identified using
https://tfhind.hgc.jp/ and https://molbiol-tools.ca.92 Data was shown as fold change binding
normalized to 1gG negative control and % input and relativized to control conditions. See
Table S2 for primer details.

Immunofluorescence—Sample preparation was performed as previously described.23
Mice were perfused intracardially with tris-buffered saline (TBS) (25 mM Tris-base, 135
mM Nacl, 3 mM KClI, pH 7.6) supplemented with 7.5 uM heparin as previously described
(McKinstry 2014). Brains were dissected, fixed with 4% PFA ex-vivo in TBS at 4 °C
overnight, cryoprotected with 30% sucrose in TBS overnight and embedded in a 2:1 mixture
of 30% sucrose in TBS:OCT (Tissue-Tek). Brains were cryo-sectioned at 16 pm using

a Leica CM3050S, and stored in a 50/50 solution of TBS and glycerol. Sections were
washed and permeabilized in TBS and blocked in 5% normal goat serum (NGS) in TBST
(TBS with 0.2% Triton X-100) for 1 h at room temperature. Primary antibodies were

diluted in 5% NGS in TBST and sections were incubated overnight at 4°C. Secondary
Alexa-fluorophore-conjugated antibodies were added (1:200 in TBST with 5% NGS) for 2 h
at room temperature. Slides were mounted in ProLong Gold Antifade Mountant with DAPI
(Invitrogen, P36935), and images were either acquired on an epi-fluorescent microscope
(Echo Revolve) or confocal microscope (Olympus FV1000). For p53 immunostaining,
sucrose-equilibrated brains were paraffin-embedded and sliced at 6 um. Sections were
re-hydrated followed by antigen retrieval (steamed for 30 minutes using Reveal Decloaker,
Biocare Medical), membrane permeation (TBST for 10 minutes at room temperature),
endogenous peroxidase activity quenching (3% hydrogen peroxide in TBST for 10 minutes
at room temperature) and the immunofluorescence protocol.

Coronal brain sections were incubated with primary antibodies described in the

key resources table and in Table S1. CK2a’ (Proteintech 10606-1-AP; 1:500,

Rosemont, IL, USA, RRID:AB_2292447), Ctip2 (Abcam ab18465; 1:500; Waltham,

MA, USA, RRID:AB_2064130), DARPP-32 (R&D Systems, MAB4230; 1:1000;
Minneapolis, MN, USA, RRID:AB_2169021), HTT (Abcam, ab109115; 1:500,
RRID:AB_10863082), HTT (Millipore, clone mEM48 Mab5374; 1:500; Burlington, MA,
USA, RRID:AB_11213141), HSF1 (Enzo, ADI-SPA-950F; 1:500; Farmingdale, NY, USA,
RRID:AB_11181482), p53 (Novus Biologicals, NB200-10355; 1:200; Centennial, CO,
USA, RRID:AB_10001083), GFP (Santa Cruz Biotechnology, SC-9996; 1:200; Dallas,
TX, USA, RRID:AB_627695), Ctip2 (Abcam, ab18465; 1:500, RRID:AB_2064130), Foxpl
(Abcam, ab32010; 1:500, RRID:AB_1141518), Cre (Cell Signaling Technology, 15036S;
1:200; Danvers, MA, USA, RRID:AB_2798694), PSD-95 (Thermo Fisher, 51-6900;
1:500; Waltham, MA, USA, RRID:AB_2533914), VGlut2 (Millipore, AB2251-1; 1:1000,
RRID:AB_2665454). Then, sections were incubated with their corresponding secondary
antibodies (Invitrogen; 1:200; Waltham, MA, USA): goat anti-rabbit, anti-rat, or anti-
mouse Alexa 488 (A-11008 RRID:AB_10563748, A-11006 RRID:AB_141373, A-11001
RRID:AB_2534069), goat anti-mouse or anti-rat Alexa 594 (A-11005 RRID:AB_2534073,
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A-11007 RRID:AB_10561522), or goat anti-guinea pig, anti-mouse, or anti-rat Alexa 647
(A-21450 RRID:AB_141882, A-21235 RRID:AB_2535804, A-21247 RRID:AB_141778).
Finally, sections were mounted on a glass slide with ProLong Gold Antifade Mountant with
DAPI (Invitrogen, P36935).

HTT aggregate analyses—EM48 fluorescent images from dorsal striatum (bregma 0.5-
1.1 mm) were acquired on a confocal microscope (Olympus FVV1000). Confocal stacks
(optical section depth of 0.34 mm, 15 sections per stack) in the dorsal striatum were
obtained with a 60X objective with a 2x zoom. Maximum projections of optical sections per
stack were generated. Puncta analyses were conducted blinded using the Puncta Analyzer
Plugin®® (Durham, NC, USA) on ImageJ, as previously described. A minimum of three
slices per animal and three animals per genotype were analyzed. Puncta were calculated as a
% relative to the average puncta number of p53f/fl,

p53 transcription factor activity—TransAM p53 Transcription Factor ELISA Kit
obtained (Active Motif, 41196) was used to quantify p53 transcriptional activation,
according to the manufacturer’s instructions. Briefly, nuclear extracts were obtained
using the NEN/PER kit (Thermo Scientific, 78833) and were plated on the ELISA

with immobilized oligonucleotides containing the p53 consensus binding site. A primary
antibody against an epitope of p53 that is exposed upon DNA binding and a secondary
antibody conjugated to HRP were added to provide a chemiluminescent readout, and

the results were quantified using a spectrophotometer plate reader (spectraMax M series
multimode) at 450 nm with reference wavelength of 655 nm.

Synapse density—Sections were washed and permeabilized in TBS. Sections were
blocked in 20% normal goat serum (NGS) in TBS for 1 h at room temperature. Primary
antibodies were diluted in 10% NGS in TBST (with 0.3% Triton X-100) and sections were
incubated overnight at 4°C. Primary antibodies used are as follows: VGLUT2 (Millipore
AB2251-1, 1:1000; Burlington, MA, USA), PSD-95 (Thermo Fisher 51-6900, 1:500;
Waltham, MA, USA). Secondary Alexa-fluorophore-conjugated antibodies were added
(1:200 in TBST with 10% NGS) for 2 h at room temperature. Secondary antibodies used are
as follows: goat anti-guinea pig Alexa 488 (1:200) and goat anti-rabbit Alexa 594 (1:200)
(Invitrogen; Waltham, MA, USA). Fluorescent images from dorsal striatum (bregma 0.5-1.1
mm) were acquired on a confocal microscope (Olympus FV1000). Confocal stacks (optical
section depth 0.34 mm, 15 sections per scan) in the dorsal striatum were performed at 60X
magnification with a 4X zoom. Maximum projections of three consecutive optical sections
were generated. A minimum of three slices per animal and three animals per genotype

were analyzed. Puncta analyses were conducted blinded using the PunctaAnalyzer Plugin
(Durham, NC, USA) on Imagel (RRID:SCR_003070), as previously described.2393 Puncta
were calculated as a % relative to the average puncta number of p53fi/fl,

Pole testing—The pole test is used to estimate motor deficits. The mouse is placed head
upward on the top of a vertical rough-surfaced pole (50-cm high and 1-cm wide), the base
of the pole is placed in the animal’s home cage. The time it takes to orient downward and
descend the pole is then recorded. The time to descend the pole is recorded as latency to
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descend (seconds). When the animal pauses while descending, the trial is repeated. The test
is repeated for 3 trials per animal in each setting and the average time to descend is used for
data analysis. Animals were tested at 6 month-old and a total of 3-5 mice/genotype.

QUANTIFICATION AND STATISTICAL ANALYSIS

Protein levels and pixels density from immunoblotting and immunofluorescence images
were quantified using ImageJ software. Data are expressed as mean + SEM, or percentage,
analyzed for statistical significance, and displayed by Prism 8 software (GraphPad, San
Diego, CA) or Excel software (Microsoft). The statistical information for each experiment
can be found in the figure legend. Normal distributions were compared with Student t-test
(two-tailed or one-tailed when appropriate), Welch’s t -test, or ANOVA with Tukey’s post
hoc tests for multiple comparisons. The accepted level of significance was p < 0.05. When
assessing parameters such as HTT puncta, synapse density and cell number in multiple
ROIs in different brain slices spanning the striatum region, all collected data was used

to determine statistical significance, as previously reported.>* The numbers of animals or
independent experiments (n value) for each experiment were provided in figure legends. No
statistical methods were used to predetermine sample sizes, but sample sizes were chosen to
be similar to those reported in previous publications.23:58
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PolyQ expansion in HTT exon 1 interferes with Mdm2 E3 ligase and
stabilizes p53

Stabilization of p53 in HD leads to the degradation of HSF1 transcription
factor

Degradation of HSF1 in HD increases HTT aggregation and striatal pathology

p53°K0 in MSNs in zQ175 mice restores HSF1 levels and HD-related
phenotypes
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Figure 1. PolyQ-expanded HTT stabilizes p53 protein levels by interfering with p53-MDM2

interaction

(A and B) p53 and HSF1 protein levels in Q111 cells relative to Q7 (n = 5).

(C) p53 and HSF1 mRNA levels in Q111 cells relative to Q7 (n = 3).

(D) p53 immunoprecipitation (IP) in Q7 and Q111 cells using IgG as a negative control.
GAPDH was used as a loading control of the whole-cell extract (WCE). Arrow points to
pulled down a.B-crys, unspecific bands in the 1gG presented a higher molecular weight and

were not considered in the analysis.

(E) HTT, MDM2, MDM4, and aB-crys protein levels in the WCE of Q111 relative to Q7

cells (n = 3).

Cell Rep. Author manuscript; available in PMC 2023 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mansky et al.

Page 27

(F) p53, HTT, MDM2, MDM4, and a.B-crys protein levels pulled down by p53 in Q7 and
Q111 cells. Data were normalized to total levels of each protein in the WCE and relativized
to Q7 cells (n = 3).

(G) FLAG-IP in Q7 cells co-transfected with human HTT exon 1 containing Q23-GFP
(non-pathogenic) or Q74-GFP (pathogenic) and human p53-FLAG.

(H) p53, HTT, and MDM2 protein levels pulled down by FLAG and relativized to Q23-
expressing cells (n = 4).

(1) p53-1P in striatum samples from unaffected (control, C) and HD patients. 1gG was used
as a negative control.

(J) HTT, MDMZ2, and p53 protein levels pulled down by p53 or IgG and relativized to
control (n = 3).

Error bars represent mean + SEM. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001; not
significant (n.s.). See also Figure S1 for supporting information and Data S1 for uncropped
immunoblots.
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Figure 2. Stabilization of p53 in HD cell models is necessary for HSF1 pathological degradation
(A and B) HSF1 and p53 protein levels in Q7 and Q111 non-transfected cells (=) and Q111

treated cells with scramble (scr.) or sip53 (n = 3).

(C) WT and p53~ MEFs transfected with human HTT exon 1 Q23-GFP or Q74-GFP. Scale
bar, 5 um.

(D) Percent of WT and p53/~ MEFs cells containing GFP-HTT-Q74 aggregates (n = 200
cells, n = 3 experiments).

(E) Immunoblotting in WT and p53/~ MEFs transfected with human HTT exon 1 Q23-GFP
or Q74-GFP.

(F) HSF1 protein levels from images in (E). Data were relativized to WT-Q23-expressing
cells (n = 3).

Error bars represent mean + SEM. One-way ANOVA with Tukey’s post hoc test. *p < 0.05,
**p < 0.01, ***p < 0.001; not significant (n.s.). See Data S1 for uncropped immunoblots.
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Figure 3. p53 depletion restores HSF1 nuclear accumulation and HSF1 DNA binding to target
genes dysregulated in HD cells

(A) Immunoblotting in cytoplasm and nuclear fractions of Q7 and Q111 cells treated cells
with scr. or sip53. HSF1 is shown at two different exposures (long and short).

(B and C) HSF1 protein levels in the cytoplasmic (B) and nuclear (C) fractions of Q111
relative to Q7 cells (n = 3).

(D) HSF1 ChIP in Q7 and Q111 cells on HSF1 gene targets shown by Riva et al.31 (n = 3).
(E) Diagram showing the silencing effect of p53 on HSF1 DNA binding.

(F) HSF1 ChIP in Q111 cells treated with scr. or sip53(n = 3).

(G) Diagram showing the enhancing effect of silencing p53 on HSF1 DNA binding.
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Error bars represent mean + SEM. One-way ANOVA with Tukey’s post hoc test (B and C),
unpaired t test (D and F). *p < 0.05, **p < 0.01, ***p < 0.001; not significant (n.s.). See also
Figure S2 for supporting information and Data S1 for uncropped immunoblots.
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Figure 4. p53 regulates the transcriptional activation of components of the HSF1 degradation
pathway

(A) Consensus p53 DNA-binding motif represented by Motif Express.

(B) Genomic mapping of p53 DNA-binding motifs in Bax,*® Fboxw7, and Csnk2a2
(CK2a"). Bolded base pairs are present in the consensus p53 DNA-binding motif.

(C) p53 ChlIP in Q111 cells treated with scr. or sip53 (n = 6).

(D) p53, FBXW7a, and CK2a” mRNA levels analyzed by gRT-PCR (n = 3).

(E) Immunoblotting in Q7 and Q111 cells treated cells with scr. or sip53. HSF1 is shown at
a long and short exposure.

(F and G) (F) HSF1 and (G) p53, FBXW?7a, and CK2a.” protein levels were quantified from
images in (E) (n = 3).

Error bars represent mean + SEM. One-way ANOVA with Tukey’s post hoc test (D-G),
unpaired t test (C). *p < 0.05, **p < 0.01, ***p < 0.001; not significant (n.s.). See also
Figures S3 and S4 for supplemental information and Data S1 for uncropped immunoblots.
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Figure 5. Conditional deletion of p53 in MSNs of the zQ175 prevented HSF1 protein degradation
in MSNs

(A and B) p53, HSF1, and DARPP-32 protein levels in striatum samples from 12-month-old
WT and zQ175 mice (n = 3).

(C) GFP and Ctip2 in the dorsal striatum (Str.), corpus callosum (C.c.), and cortex (Ctx) of 6
month-old p53f/fl and p53f/fl:GpragCre/+ (n = 3).

(D) p53 immunostaining in striatum samples from 6-month-old WT (p53*/*), p53f/fl and
p53fl/fl:Gpr8sCre* (n = 3 mice/genotype).

(E) p53 in the dorsal striatum of p53™/fl and p537/fl: Gpra8Cre/* (n = 3 mice/genotype).

(F) HSF1 and FOXP1 immunofluorescence in the dorsal striatum of p53f/fl, zQ175:p53fI/f,
and zQ175:p53/fl: GpragCre/+,
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(G and H) Number of HSF1* (G) and FoxP1* cells (H) in the dorsal striatum of p53fl/fl,
zQ175:p53M/M and zQ175:p53M/M:Gpr88Cre/* from representative images in (F) (n = 27
images from 3 different ROIs and 3 coronal brain slices spanning the striatum region and 3
mice/genotype).

Scale bars, 100 pm (C), 50 ym (E and F). Error bars represent SEM. One-way ANOVA with
Tukey’s post hoc test. *p < 0.05, **p < 0.01; not significant (n.s.). See also Figures S5 and
S6 for supplemental information and Data S1 for uncropped immunoblots.
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Figure 6. Conditional deletion of p53 in MSNs of the zQ175-ameliorated HTT aggregation in the
striatum

(A) Representative images of HTT puncta (ab109115) in the dorsal striatum of
zQ175:p53f/f and zQ175:p53f/f:Gpr88Cre/* (n = 3 mice/genotype). Scale bar, 10 um. The
right panels represent an inlet of the left panels with nuclei surrounded by a circle. All mice
were analyzed at age 6 months. Arrows indicate representative cytoplasmic puncta. DAPI
stains nuclei

(B) HTT dot blot analysis in striatum pellet fractions solubilized with Urea 8M at different
protein concentrations (5, 10, 20 ug).

(C) Total HTT puncta in 11.23 mm? area in the dorsal striatum of zQ175:p53f/fl and
zQ175:p53f/M: GpragCre/+,

(D and E) Cytoplasmic (D) and nuclear (E) HTT puncta number per 11.23 mm? area in the
dorsal striatum of zQ175:p53/fl and zQ175:p53f/fl: GpragCre/*,

(F) Total HTT puncta number in the cortex of zQ175:p53/l and zQ175:p53f/fl:GpragCre/+,
HTT puncta number was calculated using the Puncta Analyzer plugin from ImageJ (n = 27
images from 3 different ROIs and 3 coronal brain slices spanning the striatum region and 3
mice/genotype).

Error bars represent SEM. One-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p <
0.01; not significant (n.s.).
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Figure 7. Synapse density loss in the dorsal striatum and motor deficits are ameliorated in zQ175
lacking p53 in MSNs

(A) Diagram of a T-S synapse showing PSD-95 (postsynaptic marker) and VGlut2
(presynaptic marker). Graphic was created with Biorender.com.

(B) VGIut2 and PSD-95 immunofluorescence in p53f/fl, p53flfl: GprggCre+ zQ175:p53fi,
and zQ175:p53f:GpragCre/* mice. Images were edited and oversaturated to better illustrate
the colocalization between VGIut2 and PSD-95 (see Figures S7A and S7B for representative
unedited images). Scale bar, 5 um. Closed arrows indicate VGIut2/PSD-95 colocalization,
open arrows indicate non-colocalizing puncta.

(C-E) Puncta number for VGIut2 (C), PSD-95 (D), and colocalization VGIut2/PSD-95 (E)
was calculated from unedited immunofluorescence images (n = 27 slices from 3 coronal
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brain slices spanning the striatum region, each slice containing a z stack of 15 images, 3
mice/genotype).

(F) Latency to descend pole in 6-month-old p53f/*, p53fl/+:GprggCre*, zQ175:p53*, and
zQ175: p53f/*:Gpr88Cre* mice (n = 3-5 mice/group). The right panel represents expected
outcomes for “healthy” and “abnormal” motor behavior.

(G) Summary schematic for the mechanistic connection between mtHTT, p53, and HSF1 in
HD.

Error bars represent mean + SEM. One-way ANOVA with Tukey’s post hoc test. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001; not significant (n.s.). See also Figurse S7C and
S7D for supporting information.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-CK2a.” Novus Cat#NB100-379; RRID:AB_10000080

Rabbit anti-CK2a.
Mouse anti-HTT (EM48)
Rabbit anti-HTT

Rabbit anti-HSF1

Mouse anti-p53 (DO-1)
Rabbit anti-p53 (FL-393)
Mouse anti-MDM2
Rabbit anti-MDM4

Rabbit anti-aB-crys
Rabbit anti-FBXW7
Mouse anti-GAPDH
Mouse anti-actin

Rabbit anti-H3

Mouse anti-FLAG

Mouse anti-GFP

Rabbit anti-1gG

Mouse anti-1gG

Rat anti-CTIP2

Rat anti-DARPP-32

Rat anti-HSF1

Mouse anti-p53

Mouse anti-FOXP1
Rabbit anti-Cre

Rabbit anti-PSD-95
Guinea pig anti-VGLUT2
Goat anti-rabbit Alexa 488
Goat anti-rat Alexa 488
Goat anti-mouse Alexa 488
Goat anti-guinea pig 488
Goat anti-rabbit Alexa 594
Goat anti-rat Alexa 594
Goat anti-mouse Alexa 594
Goat anti-rat Alexa 647

Goat anti-mouse Alexa 647

Proteintech
Millipore
Abcam
Bethyl
Santa Cruz
Santa Cruz
Santa Cruz

Aviva Systems Biology

Enzo

Abcam

Santa Cruz

Santa Cruz

Cell Signaling Technology
Santa Cruz

Santa Cruz

R&D Systems
R&D Systems
Abcam

R&D Systems
Enzo

Novus Biologicals
Abcam

Cell Signaling Technology
Thermo Fisher
Millipore
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Invitrogen

Cat#10606-1-AP; RRID:AB_2292447
Cat#MAB5374; RRID:AB_10055116
Cat#ab109115; RRID:AB_10863082
Cat#A303-176A; RRID:AB_10892628
Cat#sc-126; RRID: AB_628082
Cat#sc-6243; RRID:AB_653753
Cat#sc-965; RRID:AB_627920

Cat#AVARP06007_T100;
RRID:AB_841544

Cat#ADI-SPA-223D; RRID:AB_2039025
Cat#ab109617; RRID:AB_2687519
Cat#sc-365062; RRID:AB_10847862
Cat#sc-8432; RRID:AB_626630
Cat#9715; RRID:AB_331563
Cat#sc-166355; RRID:AB_2017593
Cat#sc-9996; RRID:AB_627695
Cat#AF008; RRID:AB_354521
Cat#AF007; RRID:AB_354520
Cat#ab18465; RRID:AB_2064130
Cat#MAB4230; RRID:AB_2169021
Cat#ADI-SPA-950F; RRID:AB_11181482
Cat#NB200-10355; RRID:AB_10001083
Cat#ab32010; RRID:AB_1141518
Cat#15036S; RRID:AB_2798694
Cat#51-6900; RRID:AB_2533914
Cat#AB2251-1; RRID:AB_2665454
Cat#A-11008; RRID:AB_10563748
Cat#A-11006; RRID:AB_141373
Cat#A-11001; RRID:AB_2534069
Cat#A-11073; RRID:AB_2534117
Cat#A-11012; RRID:AB_2534079
Cat#A-11007; RRID:AB_10561522
Cat#A-11005; RRID:AB_2534073
Cat#A-21247;, RRID:AB_141778
Cat#A-21235; RRID:AB_2535804

Biological samples

Human Striatum Control (C1c)

Cell Rep. Author manuscript; available in PMC 2023 April 25.

Harvard Brain Tissue Resource

Center

AN10805



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mansky et al.

Page 38

REAGENT or RESOURCE SOURCE IDENTIFIER

Human Striatum HD (H1c) Harvard Brain Tissue Resource ANO08979
Center

Human Striatum Control (C2c) Harvard Brain Tissue Resource ANO00559
Center

Human Striatum HD (H2c) Harvard Brain Tissue Resource AN10878
Center

Human Striatum Control (C4c) Harvard Brain Tissue Resource ANO04642
Center

Human Striatum HD (H4c) Harvard Brain Tissue Resource AN18418
Center

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium (DMEM) Genesee Cat#25-500

SYBR mix Roche Cat#4707516001

Lipofectamine LTX Reagent Invitrogen Cat#15338100

Critical commercial assays

EZview Red Anti-FLAG M2 affinity gel Millipore Sigma Cat# F2426

MiniElute PCR Purification Kit Qiagen Cat# 28004

RNeasy extraction kit Qiagen Cat#74104

Superscript First Strand Synthesis System Invitrogen Cat#11904018

NE-PER Extraction Kit Thermofisher Cat#78833

TransAM p53 Transcription Factor ELISA Kit Active Motif Cat#41196

Experimental models: Cell lines

mouse: striatal cells: STHdhQ7/Q7
mouse: striatal cells: STHdhQ!11/Q111

mouse: p53~~ Kras G12D MEFs

Coriell Cell Repositories
Coriell Cell Repositories

Laboratory of David Kirsch,
Duke University

RRID:CVCL_M590
RRID:CVCL_M591
N/A

Experimental models: Organisms/strains

mouse: zQ175: B6J.129S1- Hittm1Mfc/190ChdiJ

mouse: p53fl mice: B6.129P2- Trp53m16m)]

mouse: p53~~ mice: B6; 129S2- Trp53m17vj)

mouse:GprggcreH:Gprggtml.l(cre/GFP)Rpa

mouse: HSF17~ mice: B6N(Cg)-Hsf1mL{KOMP)Vicg jMmucd

mouse: CMV-CRE mice: B6.C-Tg(CMV-cre)1Cgn/J

The Jackson Laboratory

Laboratory of Michael Lee,
University of Minnesota

Jacks et al., 1994°!
The Jackson Laboratory

Mutant Mouse Resource and
Research Center

Mouse Genetics laboratory,
University of Minnesota

RRID:IMSR_JAX:027410
RRID:IMSR_JAX:008462

RRID:IMSR_JAX:008462
RRID: MGI:6201721
Stock No. 048101-UCD

RRID:IMSR_JAX:006,054

Oligonucleotides

FlexiTube siRNA

ON-TARGETplus control Non-targeting pool siRNA

See Table S2 for primer sequences

Qiagen
Dharmacon

IDT Integrated technologies

Cat#1027417
Cat#D-001810-10
N/A

Recombinant DNA

HTT exon 1 Q23-GFP
HTT exon 1 Q74-GFP
p53-FLAG

HTT full length Q23-FLAG
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REAGENT or RESOURCE SOURCE IDENTIFIER
HTT full length Q54-FLAG Addgene RRID:Addgene_111727
p53-GFP Addgene RRID:Addgene_11770

Software and algorithms

ImageJ
p53 binding site identification
PunctaAnalyzer ImageJ

Prism 8 software

Excel software

Tsunoda & Takagi, 199992
Ippolito & Eroglu, 20109
GraphPad, San Diego, CA

Microsoft

https://imagej.nih.gov/ij/index.html
https://tfbind.hgc.jp/
N/A

https://www.graphpad.com/scientific-
software/prism/

https://www.microsoft.com/en-us/
microsoft-365/excel
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