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Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder

characterized by a polyglutamine expansion within the N-terminal region of huntingtin

protein (HTT). Cellular mechanisms promoting mutant huntingtin (mHTT) clearance are

of great interest in HD pathology as they can lower the level of the mutant protein

and its toxic aggregated species, thus affecting disease onset and progression. We

have previously shown that the prolyl-isomerase PIN1 represents a promising negative

regulator of mHTT aggregate accumulation using a genetically precise HD mouse model,

namely HdhQ111 mice. Therefore, the current study aims at underpinning the mechanism

by which PIN1 affects huntingtin’s aggregates. We found that PIN1 overexpression led

to a reduction of mHTT aggregates in HEK293 cells, and that this could be linked to a

negative regulation of mHTT half-life by PIN1. Furthermore, we show that PIN1 has the

ability to stimulate the proteasome presenting evidence of a mechanism regulating this

phenomenon. Our findings provide a rationale for future investigation into PIN1 with the

potential for the development of novel therapeutic strategies.
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INTRODUCTION

Huntington’s disease (HD) is a progressive, dominantly inherited neurodegenerative disorder that
usually manifests in mid-life with psychiatric symptoms, followed by motor impairment and
cognitive decline (Papoutsi et al., 2014; Pla et al., 2014; Ross et al., 2014; Zielonka et al., 2015). HD is
caused by a CAG triplet repeat expansion within the first exon of huntingtin gene (HTT) (HDCRG,
1993), resulting in an expanded polyglutamine (polyQ) segment in the huntingtin protein (HTT).
The encoded mutant huntingtin (mHTT) has the propensity to misfold and aggregate (Scherzinger
et al., 1997; Gutekunst et al., 1999), producing a whole spectrum of oligomeric species ultimately
merging into cellular aggregates and intranuclear inclusions, a major pathological hallmark of
HD. Evidence suggests that mHTT aggregation could start off as a coping cellular response, but
ultimately, aggregates become co-cause of neuronal dysfunction and cell death (Davies et al., 1997;
Difiglia et al., 1997; Gutekunst et al., 1999; Borrell-Pagès et al., 2006; Arrasate and Finkbeiner, 2012).
Although the contribution of aggregates to the pathogenesis of HD is not fully understood, the
toxicity of soluble monomeric and oligomeric mHTT protein has become a well-accepted evidence
(Arrasate and Finkbeiner, 2012) and cellular mechanisms promoting mHTT clearance are of great
interest as they could prevent or delay the onset and progression of HD pathology (Sarkar and
Rubinsztein, 2008).

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
https://doi.org/10.3389/fncel.2017.00121
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2017.00121&domain=pdf&date_stamp=2017-05-08
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:alisia.carnemolla@kcl.ac.uk
mailto:agostoni@sissa.it
https://doi.org/10.3389/fncel.2017.00121
http://journal.frontiersin.org/article/10.3389/fncel.2017.00121/abstract
http://loop.frontiersin.org/people/190161/overview
http://loop.frontiersin.org/people/303975/overview
http://loop.frontiersin.org/people/408002/overview


Carnemolla et al. PIN1 Modulates Huntingtin Aggregates

mHTT degradation is mediated by two main pathways,
the ubiquitin-proteasome system (UPS) (Jana et al., 2005)
and autophagy (Sarkar and Rubinsztein, 2008; Koga et al.,
2011). Interestingly, ubiquitination can direct HTT for clearance
via both pathways (Thompson et al., 2009). Since mHTT
accumulations are mainly found in the nuclei of the affected cells
in HD post-mortem brains (Difiglia et al., 1997), the possibility
to enhance the degradative capacities of the UPS, which unlike
autophagy operates both in the cytoplasm and the nucleus
(Schipper-Krom et al., 2012), may counteract the accumulation
of mHTT aggregates.

In a previous study we identified the prolyl-isomerase PIN1
as a promising modifier of some HD phenotypes (Agostoni
et al., 2016). PIN1 is a prolyl isomerase, which belongs to the
parvulin family, able to catalyze the cis-trans isomerization of
phosphorylated Ser/Thr-Pro sites (Lu and Zhou, 2007). The
conformational change induced by PIN1 has been shown to be
central in the modulation of many cellular processes (Lu and
Zhou, 2007) andmore interestingly, PIN1 dysregulation has been
associated with a number of neurodegenerative disorders (Lu
et al., 1999a; Pastorino et al., 2006; Ryo et al., 2006; Kesavapany
et al., 2007; Lee et al., 2011). Furthermore, several PIN1 substrates
have been shown to be targeted for degradation by the UPS upon
interaction with PIN1 (Ryo et al., 2007; Nakano et al., 2009;
Siepe and Jentsch, 2009; Liou et al., 2011). Interestingly, we have
previously shown that genetic pin1 ablation specifically increased
aggregate load in HdhQ111::Pin1−/− mouse striatum (Agostoni
et al., 2016). However, the effect of PIN1 on mHTT and the
mechanism behind it have remained unknown.

In this study, we provide evidence that PIN1 can negatively
regulate the accumulation of mHTT aggregates and propose a
mechanism through which PIN1 reduces the level of mHTT.
We show that overexpression of PIN1 reduces HTT half-life
and consequently, mHTT level leading to a decrease in mHTT
aggregate load. We also demonstrate that PIN1 stimulates the
activity of the UPS, providing a rationale for future investigations
into PIN1 as a potential therapeutic target in HD.

MATERIALS AND METHODS

Reagents
Cyclohexamide (CHX) (Sigma, C7698-1G), MG-132 (Sigma,
1211877-36-9), and Epoxomicin (Sigma, 134381-21-8) were
solubilised in DMSO according to manufacturer’s instructions.
CHX was used as inhibitor of protein translation to analyse HTT
half-life and was used at a concentration of 40µg/ml for 2–4 h.
MG-132 and Epoxomicin are well-known proteasome blockers;
MG-132 was used at a concentration of 10µM for 6 h and
Epoxomicin was used at a concentration of 2.5µM for 6 h.

Plasmids and Mutagenesis
Httex1Q60GFP in pcDNA3.0 (Invitrogen), encoding the first
exon (1–85 aa) of human HTT with 60 glutamines in
frame with GFP, was constructed by cloning PCR amplified
HTT exon1 into EcoRI-XhoI sites of pcDNA3.0GFP vector.
The GFP moiety was recovered by XhoI digestion from
pGreenLantern-1 (Addgene). htt1–171Q21/Q60GFP, encoding

the N-terminal 171 amino acids of human HTT, with 21
and 60 glutamines respectively, was constructed as previously
described (Persichetti et al., 1999; by subcloning the NcoI-XhoI
fragment of HTT cDNA into pcDNA3.0GFP vector). The point
mutant htt1–171Q60S120AGFP was obtained by site directed
mutagenesis using two primer sets: for full details on primers
sequences see Supplementary Table 1.

HA-PIN1, encoding the humanHA tagged PIN1 in pcDNA3.0
vector, was kindly provided by Prof. G. Del Sal (LNCIB, Trieste,
Italy); HA-PIN1DM, encoding the human HA tagged PIN1
containing the point mutations Y23A S67E, was constructed by
site directed mutagenesis using as template HA-Pin1Y23A in
pcDNA3.0-HA, kindly provided by Prof. Del Sal G. (LNCIB,
Trieste, Italy) and two new primer sets: for full details on primers
sequences see Supplementary Table 1.

pEGFP-C2 was purchased from Clontech Lab. pEYFPu was
kindly provided by Prof. Poletti (University of Milan, Milan,
Italy); pEYFP was derived from pEYFPu after elimination of the
CL1 degron by XhoI-BamHI digestion.

Cell Lines and Transfection
HEK293T cells were cultured at 37◦C in D-MEM (Dulbecco’s
modified Eagle’s medium), 10% FBS (fetal bovine serum;
Sigma, M7524), 100 U/ml penicillin, 100µg/ml streptomycin
(Sigma P0781) and transfected using Lipofectamine 2000
(Invitrogen, 11668019) according to manufacturer’s instructions.
Transfection efficiency was evaluated by cell count of transfected
cells using fluorescent microscopy. For details on transfection
efficiency related to each experiment see Supplementary Table 2.
Cells were treated with CHX (40µg/ml, for 2, 3, or 4 h) 6 h after
transfection, MG-132 (10µM for 6 h) 24 h after transfection, or
Epoxomicin (2.5µM for 6 h) 24 h after transfection. SH-SY5Y
cells were cultured at 37◦C in F12/MEM medium [Ham’s F12
(Gibco 31765)/Minimum Essential Media (Sigma)], 15% FBS
(Sigma, M7524), 100U/ml penicillin, 100µg/ml streptomycin
(Sigma P0781), 1% NEAA (Non Essential Amino Acids) and
0.5% Glutamate, and transfected using Lipofectamine 2000
(Invitrogen, 11668019) according to manufacturer’s instructions.
We evaluated an average of 15% transfection efficiency as
estimated by cell count of transfected cells using fluorescent
microscopy. Both HEK293 and SH-SY5Y cells were seeded
onto 6-well-plates after transfection. Each well of a 6-well plate
contained a poly-L lysine treated coverslip that was then used
for immunofluorescence experiments; see “Immunostaining
and Confocal microscopy” for details on immunofluorescence
experiments. For the htt1–171Q60GFP + PIN1/PIN1-DM and
YFP/YFPu + PIN1/PIN1-DM experiments cells from two wells
of a 6-well plate were pooled together to gain the final cell pellet.
The cell pellet was then split, half was used for protein analysis via
western blotting and the other half was used for mRNA analysis
via RT-qPCR.

Immunostaining and Confocal Microscopy
For immunostaining, PBS-washed cells were treated as
previously described (Trettel et al., 2000). Briefly, cells were
seeded onto 13mm poly-L lysine treated coverslips and allowed
to attach for 24 h before transfection. Forty-Eight hours
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after transfection cells were washed in PBS and fixed in 4%
paraformaldehyde for 15min at RT. After fixation, cells were
rinsed in PBS and incubated with 100mM glycine for 5min at
RT to quench autofluorescence. Membrane permeabilization
was performed using 0.1% Triton X-100 for 5min at RT. Cells
were then incubated in 1% BSA for 30min to block non-specific
sites before primary antibody incubation. Both primary and
secondary antibodies were incubated in 1% BSA, 1% NGS
for 1 h at RT. After primary antibody incubation, cells were
washed twice in PBS and subjected to secondary antibody
incubation. Nuclei were labeled using DAPI. Cells were washed
twice in PBS and mounted on slides using Vectashield (Vector
Laboratories) mounting medium. The numbers of the cells
expressing transfected DNA and the fluorescent aggregates
were manually counted from microscopy captured images. The
frequency of aggregates in each transfectant was estimated as a
percentage of the numbers of aggregate-positive cells in the cells
expressing transfected DNA. Images were captured using Leica
confocal microscope TCS SP2, unless otherwise specified. For
details on transfection efficiency related to each experiment see
Supplementary Table 2.

Protein Extracts, Immunoblot Analysis, and
Filter Retardation Assay
Transfected cells were harvested and lysed in 10% SDS, sonicated
for 1min and heated for 10min at 95◦C. Protein concentration
was determined using Bicinconic Acid (BCA) (Thermo Scientific,
23,223, and 23,224). For western blot analysis, 3–10µg of
whole-cell lysates were resolved by SDS-PAGE and transferred
onto nitrocellulose membrane. Filter retardation assay was
performed as previously described (Huang et al., 1998). Proteins
were detected by chemiluminescence following incubation
with primary antibodies and horseradish peroxidase-conjugated
secondary antibodies; for full details on primary antibodies see
Supplementary Table 3.

Densitometry
Densitometry of western blots was performed using a Bio-Rad
GS-800 densitometer and QuantityOne software as previously
described (Carnemolla et al., 2014). Developed films were
scanned and the average pixel optical density (OD) for each
band was measured. The OD of an area devoid of bands was
subtracted from the values obtained for bands of interest in order
to normalize the OD against background. Relative expression was
determined by dividing the normalized OD of bands of interest
by the OD of the appropriate loading control for each sample.

RNA Extraction and RT-qPCR
Total RNA was isolated with TRIZOL reagent (Thermo Fischer
Scientific, 15596026) according to manufacturer’s instructions,
quantified by NanoDrop ND-1000 (Thermo Scientific) and
analyzed by agarose gel electrophoresis.

Single-strand cDNAwas obtained from 1µg of DNase-treated
RNA using iSCRIPT cDNA synthesis kit (Bio-Rad, 1708891)
following the manufacturer’s instructions. Quantitative PCR
reactions were performed with an iCycler iQ instrument (Bio-
Rad), using the iQ Custom Syber Green Supermix (Bio-Rad,

4309155). Each reaction was performed in duplicate. Cycle
parameters were: 3min at 95◦C (20 s at 95◦C, 20 s at 58◦C and
30 s at 72◦C) for 40 cycles. Specificity of ampliconwas determined
by melting curve analysis and gel electrophoresis.

Specific forward and reverse primers (Supplementary Table 1)
were designed using Beacon Design 5.0 software (Premier Biosoft
International). Normalized expression values were calculated
using 18S rRNA as endogenous control. YFP and YFPu mRNAs
were amplified using EGFP primers.

Statistical Analysis
For tests with only two groups, an unpaired t-test was
used. For data where four groups were analyzed, such as
the CHX experiment, these were analyzed using a two-way
ANOVA with treatment and PIN1 construct as between-subject
factors. Bonferroni’s post hoc analysis was applied for multiple
comparisons. Statistical analyses were calculated using SPSS
Statistics Ver.22 (IBM, Portsmouth, UK). P-values of< 0.05 were
considered significant. Graphs were constructed using Prism
Ver.5.0b (GraphPad Software).

RESULTS

PIN1 Overexpression Reduces mHTT
Aggregation
We have previously shown that the genetic ablation of pin1 in
HdhQ111 knock-in mice (Wheeler et al., 1999;HdhQ111::Pin1−/−)
led to an increase of aggregate load specifically in the
striatum of these mice (Agostoni et al., 2016). To investigate
the causal relationship between PIN1 expression and mHTT
aggregate accumulation we used a short HTT amino-terminal
fragment (residues 1–171) bearing a pathogenic glutamine
tract (Q60) fused at the carboxy-terminus with a GFP moiety
(htt1–171Q60GFP; Persichetti et al., 1999).

HEK293 cells were co-transfected with htt1–171Q60GFP and
a construct encoding for human haemagglutinin (HA)-tagged
PIN1 (HA-PIN1), or an empty vector (pcDNA3.0-HA) as
control. Forty-eight hours after transfection, the proportion
of aggregates-containing cells was evaluated by fluorescent
microscopy. In line with the data produced in HdhQ111::Pin1−/−

mice, but conversely acting, co-expression of PIN1 significantly
reduced the number of cells containing mHTT aggregates as
compared to the negative control (Figures 1A,B). We also
evaluated the presence of SDS-insoluble aggregates by filter
retardation assay and we failed in detecting any insoluble mHTT
material in the presence of PIN1 (Figure 1C).

It is very well documented that mHTT aggregation rate
increases with the length of the polyQ tract (Georgalis et al.,
1998; Chen et al., 2002). The expression of an N-terminal mHTT
fragment (aa 1–171) containing a longer stretch of glutamines
(htt1–171Q150GFP) resulted in aggregate formation already 48 h
after transfection (Supplementary Figure 1A). We calculated that
only ∼6% of co-transfected cells presented htt1–171Q150GFP
aggregates in the presence of PIN1, whereas up to 60% of
cells showed visible aggregates in the control (Supplementary
Figure 1B). These results suggest that the effect mediated by PIN1
is independent of the length of the polyQ tract.
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FIGURE 1 | PIN1 overexpression reduces mHTT aggregate number.

HEK293 cells were co-transfected with htt1–171Q60GFP and HA-PIN1 or

pcDNA3.0. Cells were harvested for analysis 48 h after transfection.

(A) Representative immunofluorescent images of co-transfected cells

immunostained for PIN1 (anti-HA, red) and counterstained with DAPI (blue).

GFP signal (green) represents HTT. Scale bar, 20µm. Pictures were captured

using a Leica CTR 6000. (B) mHTT aggregate amount quantified from

immunostained cells as shown in (A). (C) Representative filter retardation assay

of SDS-insoluble aggregates extracted from co-transfected cells. For data on

transfection efficiency and total numbers of cells counted see Supplementary

Table 2 column “Figure 1.” Data are the mean ± SEM from 3 independent

experiments using 3 different batches of cells. **P < 0.01. Asterisk indicates

the statistically significant difference in the level of aggregates.

To confirm that the decrease in mHTT aggregates was
specifically mediated by PIN1 isomerase activity we inserted
two point-mutations into PIN1 coding sequence to generate
PIN1Y23A;S67E double mutant (HA-PIN1DM), which is unable to
bind its phosphorylated substrates and consequently to catalyze
the isomerisation reaction (Lu et al., 1999b; Behrsin et al.,
2007). HEK293 cells were transfected with htt1–171Q60GFP
and HA-PIN1 or HA-PIN1DM; mHTT ability to aggregate
was scored by immunofluorescence assay. Consistently, co-
expression of PIN1 significantly decreased the number of mHTT
aggregates in co-transfected cells, which showed diffuse staining
of htt1–171Q60GFP, while the expression of the inactive PIN1DM
did not affect inclusion accumulation (Figures 2A,B).

Moreover, insoluble mHTT aggregates were detected by
filter retardation assay in protein lysates derived from cells

FIGURE 2 | mHTT aggregate reduction is linked to PIN1 activity.

HEK293 cells were co-transfected with htt1–171Q60GFP and HA-PIN1 or

HA-PIN1DM. Cells were harvested for analysis 48 h after transfection. (A)

Representative immunofluorescent images of co-transfected cells

immunostained for PIN1 (anti-HA, red) and counterstained with DAPI (blue).

GFP signal (green) represents HTT. Scale bar, 20µm. (B) mHTT aggregates

amount quantified from immunostained cells as shown in (A). (C)

Representative filter retardation assay of SDS-insoluble aggregates extracted

from co-transfected cells. For data on transfection efficiency and total

numbers of cells counted see Supplementary Table 2 column “Figure 2.” Data

are the mean ± SEM from 4 independent experiments using 2 different

batches of cells. **P < 0.01. Asterisk indicates the statistically significant

difference in the level of aggregates. Arrowhead indicates aggregates.

co-transfected with PIN1DM, but not with PIN1 (Figure 2C),
further supporting PIN1 activity in modulating mHTT
aggregation. A cell type-related effect was excluded as similar
results were obtained using SH-SY5Y cells in the same co-
transfection experiment (Supplementary Figure 2A). SH-SY5Y
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cells were chosen as representative of a neuronal model in the
attempt to mimic more closely what happens in vivo in the
neurons, as shown by the presence of neuronal intranuclear
inclusions rather than perinuclear aggregates (Supplementary
Figure 2A).

Altogether, these data suggest that PIN1 may act as a negative
regulator of mHTT aggregate accumulation.

PIN1 Overexpression Specifically Reduces
Huntingtin Protein Levels
The aggregation process of mHTT directly correlates to the
length of the polyQ tract, the amount of the mutant protein
expressed and the time of exposure of the cell environment
to the toxic species, both in vitro and in vivo (Wanker,
2000; Kaytor et al., 2004). Our experimental design imposes
that cells are exposed to the same pathogenic HTT fragment
(htt1–171Q60GFP) and for the same amount of time (48 h).
Therefore, we decided to monitor the level of htt1–171Q60GFP
protein in the presence of PIN1, or its double mutant, by
western blotting. Interestingly, the amount of mHTT was
significantly reduced in cells co-expressing PIN1 as compared
to the negative control PIN1DM (Figure 3A). Similar results
were obtained using SH-SY5Y cells, thus excluding a cell
type-related effect (Supplementary Figure 2B). To rule out
possible off-target effects of PIN1-DM that could have caused an
upregulation of the levels of htt1–171Q60GFP, therefore leading
to a misinterpretation of the data, we decided to compare the
level of htt1–171Q60GFP in the presence of PIN1 and PIN1-DM
to the level of htt1–171Q60GFP in the presence of the empty
vector pcDNA3.0 (Supplementary Figure 3). As expected, the
overexpression of a second protein, whether PIN1 or PIN1-
DM, reduced the level of htt1–171Q60GFP as compared to
when expressed with pcDNA3.0; nevertheless, the extent of
the reduction was much more pronounced in the presence of
PIN1, as already shown in Figure 3A. As such, these findings
confirmed the absence of any off-target effect of PIN1-DM on the
levels of htt1–171Q60GFP and suggest that PIN1 activity could
affect aggregation by decreasing the amount of soluble mHTT
protein.

To investigate whether the effect mediated by PIN1 on mHTT
protein was also extended to wild-type HTT (wtHTT) we used a
construct encoding for the first 171 amino acids of huntingtin
with 21 glutamines fused at the carboxy-terminus with the
same GFP moiety (htt1–171Q21GFP; Persichetti et al., 1999).
Interestingly, the overexpression of PIN1 caused a reduction of
wtHTT levels as compared to the control (Figure 3B), suggesting
that PIN1 was able to regulate the amount of both wtHTT and
mHTT.

To exclude a GFP mediated effect we performed co-
transfection experiments using either the N-terminal HTT
fragment lacking the GFPmoiety (htt1–171Q60) or GFP alone. As
hypothesized, PIN1 expression caused a reduction of htt1–171Q60
protein level (Figure 3C). Interestingly, the levels of GFP protein
was not affected by PIN1 (Figure 3D), suggesting that the GFP
tag was not the target of PIN1 as well as protein level reduction
was not a general consequence of PIN1 overexpression.

FIGURE 3 | PIN1 overexpression reduces huntingtin protein levels.

HEK293 cells were co-transfected with HTT-encoding or GFP-encoding

plasmids and HA-PIN1 or HA-PIN1DM. Cells were harvested for analysis 48 h

after transfection. (A) Representative western blot and corresponding protein

quantification showing htt1–171Q60GFP, PIN1, and β-ACTIN as loading

control. (B) Representative western blot and corresponding protein

quantification showing htt1–171Q21GFP, PIN1, and β-ACTIN as loading

control. (C) Representative western blot showing htt1–171Q60, PIN1, and

β-ACTIN as loading control. (D) Representative western blot showing GFP,

PIN1, and β-ACTIN as loading control. Data are the mean ± SD from 3

independent experiments. ***P < 0.001. Asterisk indicates the statistically

significant difference in the level of protein.

Altogether these results suggest that PIN1 is interfering with
a cellular process specifically targeting HTT, both wild-type and
mutant.

PIN1 Effect Is Not Regulated through
Direct Interaction with Huntingtin
Amino-Terminal Fragments
Several phosphorylation sites have been identified within
HTT protein, including multiple Ser/Thr-Pro motifs that are
consensus sequences for PIN1 recruitment (Ehrnhoefer et al.,
2011). We have previously shown that the N-terminal fragments
htt1–171Q21GFP and Htt1–171Q150GFP, which contain a single
putative PIN1 binding site (huntingtin S120–P121), were not
precipitated by PIN1 in GST-pull down experiments (Grison
et al., 2011). To confirm this finding, we decided to use
a functional approach to test whether PIN1 activity on
HTT protein might directly involve the S120–P121 site. Using
site-directed mutagenesis we generated the mutant construct
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FIGURE 4 | PIN1 effect is not regulated through a direct interaction

with HTT N-terminal fragments. HEK293 cells were co-transfected with

HTT-encoding plasmids and HA-PIN1 or HA-PIN1DM. Cells were harvested

for analysis 48 h after transfection. (A) Representative western blot showing

htt1–171Q60S120AGFP, PIN1 and β-ACTIN as loading control. (B) Relative

protein level quantification of htt1–171Q60S120AGFP in the presence of PIN1

as compared to PIN1DM. (C) Representative western blot showing

httex1Q60GFP, PIN1, and β-ACTIN as loading control. Data are the mean ±

SD from 3 independent experiments. *P < 0.05. Asterisk indicates the

statistically significant difference in the level of protein.

htt1–171Q60S120AGFP, where Serine 120 was replaced with
Alanine.

HEK293 cells were co-transfected with htt1–171Q60S120AGFP
and PIN1 or PIN1DM as control. In keeping with the data shown
so far, the expression of htt1–171Q60S120AGFP was significantly
reduced by PIN1 as compared to PIN1DM (Figures 4A,B).

To further support this hypothesis we used a shorter mHTT
fragment, namely HTT exon 1 (httex1Q60GFP), which does not
contain the Ser120Pro site. Consistently with our previous data,

we observed a reduction in the level of expression of this shorter
mHTT fusion protein upon co-expression with HA-PIN1 and
not with HA-PIN1DM (Figure 4C). Taken together, these results
show that a direct interaction between htt1–171Q60GFP and PIN1
is unlikely to be the cause of the observed phenotype.

PIN1 Reduces Huntingtin Half-Life
Stimulating Its Degradation through the
UPS
It has been widely documented that N-terminal fragments
of HTT are substrates of the proteasome (Jana et al.,
2001; Ravikumar et al., 2002; Chandra et al., 2008). To
recapitulate these findings, HEK293 cells transfected with
htt1–171Q60GFP were treated with the proteasome inhibitor
MG-132 (10µM), or DMSO as control, 24 h after transfection.
As expected, htt1–171Q60GFP accumulated upon proteasome
blockade (Supplementary Figure 4A). Hence, we hypothesized
that the reduced amount of htt1–171Q60GFP might be due
to enhanced protein degradation mediated by PIN1. As such,
htt1–171Q60GFP levels were increased in the presence of PIN1
when proteasome activity was blocked upon MG-132 treatment
(Figure 5A). MG-132 treatment also produced a similar increase
in the level of endogenous cyclin D1 (CYCD1), an internal
control employed to verify the effectiveness of the chemical
blocker (Figure 5A). A drug-specific related effect was excluded
as similar results were obtained using Epoxomicin (2.5µM for
6 h), a different proteasome blocker, in the same co-transfection
experiments (Supplementary Figure 4B). These results would also
suggest that any off-target effect of PIN1-DM on the activity
of the UPS can be ruled out as htt1–171Q60GFP was able
to accumulate in the presence of PIN1-DM upon proteasome
blockade as it would have happened if overexpressed alone
(Supplementary Figure 4A) or with any other known non-
interfering protein.

Conversely to what is observed for htt1–171Q60GFP, GFP
levels were not altered by PIN1 overexpression (Figure 3D). GFP
is a highly stable protein that is not normally degraded by the
proteasome (Bence et al., 2001; Verhoef et al., 2002), therefore,
we reasoned that PIN1might be able to stimulate the clearance of
htt1–171Q60GFP through the UPS. To investigate this hypothesis
we evaluated the steady state level of HTT in the presence of
PIN1.

HEK293 cells were co-transfected with htt1–171Q60GFP and
HA-PIN1 or HA-PIN1DM as control. After 6 h, cells were
treated with 40µg/ml of cyclohexamide (CHX), harvested at
regular time intervals upon treatment (0, 2, 3, and 4 h) and
protein lysates were analyzed by western blotting. Interestingly,
2 h post treatment the relative amount of htt1–171Q60GFP
was significantly reduced of about 2.5-fold in the presence of
PIN1, whereas a reduction of 1.4-fold in the level of mHTT
was detected when co-expressed with PIN1DM as compared
to t0 (Figures 5B,C). A significant difference in the level of
htt1–171Q60GFP is also observed in the presence of PIN1 at 3 h
post treatment as compared to PIN1-DM, but not at 4 h when
it is likely that the sensitivity of the technique might be limiting
detection and/or the effect of the drug might be fading away. It
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FIGURE 5 | PIN1 regulates mHTT half-life. HEK293 cells were

co-transfected with htt1–171Q60GFP and HA-PIN1 or HA-PIN1DM. Cells were

harvested for analysis at indicated time points. (A) Representative western blot

showing htt1–171Q60GFP upon MG-132 treatment (10µM for 6 h) in the

presence of PIN1 as compared to PIN1DM. Western blot also shows PIN1,

CYCLIN-D1, and β-ACTIN as loading control. Cells were treated 24 h after

transfection. (B) Representative western blot showing htt1–171Q60GFP levels

upon treatment with CHX (40µg/ml), at different time points, in the presence

of PIN1 as compared to PIN1DM. Westerm Blot also shows PIN1,

CYCLIN-D1, and β-ACTIN as loading control. CHX treatment started 6 h after

transfection. (C) Relative htt1–171Q60AGFP protein level based on western

blots quantification as shown in (B). Data are the mean ± SEM from 6

independent experiments using 2 different batches of cells. *P < 0.05,

***P < 0.001. Asterisk indicates the statistically significant difference in the

level of protein between PIN1 and PIN1DM-expressing cells at the indicated

time point. Values were calculated relative to corresponding t0 sample.

is important to highlight that CHX treatment started 6 h after
transfection when the overall level of htt1–171Q60GFP was likely
to be very low yet. This condition was specifically sought to be
able to exclusively evaluate the level of soluble htt1–171Q60GFP
before the beginning of any seeding event and oligomer
formation. Nevertheless, the low levels of htt1–171Q60GFP might
have contributed in limiting the sensitivity of the technique in

these conditions. Taken together, these results show that PIN1
overexpression reduces the half-life of htt1–171Q60GFP protein,
suggesting that the mechanism might involve the UPS, and
provide a link between PIN1 activity and the reduction in mHTT
aggregate load.

To rule out any possible stimulatory effect of PIN1 on
other degradative processes that could have accounted for the
reduction in the level of htt1–171Q60GFP, we decided to analyze
autophagy by monitoring the level of BECLIN1 by western
blotting. HEK293 cells were transfected with htt1–171Q60GFP,
or PIN1, or PIN1-DM singularly, or co-transfected with
htt1–171Q60GFP and PIN1 or PIN1-DM as control. Cells were
harvested 24 h after transfection for analysis. Interestingly, we
failed in detecting any upregulation of BECLIN1 that would
have suggested an increase in autophagosome induced by
PIN1, either when transfected alone, or in co-transfection with
htt1–171Q60GFP (Supplementary Figure 4C). As such, these
results suggest that is unlikely that PIN1 can promote the
reduction of htt1–171Q60GFP levels through a stimulation of the
autophagic process, therefore suggesting a central role for the
UPS as target of PIN1 activity. In addition, these data confirm
once again the absence of any off-target effect of PIN1-DM.

PIN1 Stimulates Protein Flow through the
Proteasome
The data shown so far suggest that PIN1 can reduce the amount
of mHTT aggregates by negatively affecting the half-life of HTT
N-terminal fragments by promoting its degradation via the UPS.

To test whether PIN1 effect was specific for HTT or more
widely directed against the degradation process we used the YFPu

reporter system (Bence et al., 2001; Bennett et al., 2005). YFPu is
normally rapidly degraded by the UPS (t1/2 ∼30min; Bence et al.,
2001; Bennett et al., 2005; Supplementary Figure 4D); therefore,
it represents an appropriate reporter to test the activity of the
proteasome in our experimental conditions.

HEK293 cells were co-transfected with YFPu and HA-PIN1
or HA-PIN1DM. Forty-eight hours after transfection the level of
YFPu protein was evaluated by western blot. Interestingly, YFPu

signal was significantly reduced in cells co-expressing PIN1 as
compared to the negative control (Figures 6A,B).

The same experiment was performed using YFP, a protein
known not to be a substrate of the proteasome (Supplementary
Figure 4D; Bence et al., 2001; Bennett et al., 2005). As predicted,
co-expression of PIN1 did not decrease the level of YFP protein
as compared to PIN1DM (Figure 6A).

To rule out the possibility that reduced levels of
htt1–171Q60GFP and YFP

u might account for lower transcription
efficiency in the presence of PIN1, we measured mRNA
expression levels by RT-qPCR. Indeed, PIN1 has been reported to
negatively modulate transcriptional activity of RNA polymerase
II (RNAP II) by influencing the phosphorylation status of
the C-terminal domain of the largest subunit (Xu et al., 2003;
Xu and Manley, 2007). We measured mRNA expression of
htt1–171Q60GFP, gfp, yfp, and yfpu constructs in transfected
cells co-expressing PIN1 or PIN1DM. As expected, a reduction
in transcription efficiency was observed in the presence of
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FIGURE 6 | PIN1 stimulates UPS activity. (A) HEK293 cells were co-transfected with YFPu or YFP and HA-PIN1 or HA-PIN1DM. Cells were harvested for analysis

48 h after transfection. Representative western blot showing YFP, YFPu, PIN1, and β-ACTIN as loading control. (B) Relative protein level quantification of YFPu in the

presence of PIN1 as compared to PIN1DM. (C–F) qPCR analysis of the expression levels of htt1–171Q60GFP (C), gfp (D), yfp (E), and yfpu (F) in the presence of

PIN1 as compared to PIN1DM. (C,D) Data are the mean ± SEM from 4 independent experiments using 2 different batches of cells. (E,F) Data are the mean ± SD

from 3 independent experiments. ***P < 0.001, *P < 0.05. Asterisk indicates the statistically significant difference in the level of protein and mRNA.

PIN1 with respect to its negative control. Interestingly, despite
the extent of the mRNA reduction was the same between
htt1–171Q60GFP, gfp, and yfp (Figures 6C–E) we did not detect
a corresponding reduction at the protein level for GFP and YFP,
but only for htt1–171Q60GFP (Figures 3A,D,6A), suggesting that
PIN1 effect on the mRNA can be overcome if the protein has a
long half-life (i.e., it is not a substrate of the proteasome) and
therefore, the degradation pathway followed by the protein of
interest might be responsible for the amount of protein detected
rather than the amount of mRNA produced. Interestingly, we
were not able to detect a downregulation in the mRNA level
of yfpu in the presence of PIN1 (Figure 6F). These results
might suggest that some compensatory mechanisms, such as
a more stable yfpu mRNA, an event also described for other
UPS reporters (Bowman et al., 2005), may counteract the

negative effect of PIN1 on the activity of the RNA polymerase
II. Furthermore, these findings point to an effect of PIN1 on
YFPu exclusively at the protein level further supporting that
PIN1 overexpression might increase protein flow through the
proteasome.

DISCUSSION

Protein aggregation has been shown to be a critical mediator
of the cell and tissue deterioration that is the characteristic of
HD. There is evidence to suggest that mHTT accumulation could
start off as a beneficial cellular response, but ultimately, large
aggregates and inclusions become co-cause of cell dysregulation
and cell death (Arrasate and Finkbeiner, 2012).
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In the last decades, research has been focusing on identifying
mechanisms to selectively reduce the amount of mHTT in
the attempt to remove what have been increasingly considered
the most toxic species, i.e., soluble monomeric and oligomeric
mHTT (Clabough, 2013). Proteasome impairment has long
been considered causative in HD (Finkbeiner and Mitra,
2008) and several studies have shown that mHTT can induce
UPS impairment (Bence et al., 2001; Holmberg et al., 2004;
Venkatraman et al., 2004). Nevertheless, more recent works have
provided evidence of a normally functioning UPS in the presence
of mHTT aggregates in different HDmodels (Bennett et al., 2005;
Bett et al., 2006, 2009; Mitra et al., 2009a,b; Ortega et al., 2010).
Finally, Ortega et al. demonstrated that mHTT does induce an
initial impairment of the UPS that is then recovered whenmHTT
inclusion bodies emerge (Ortega et al., 2010). On the other hand,
evidence suggests that proteasome activity decreases during aging
(Saez and Vilchez, 2014). Whether induced by mHTT or caused
by age-related proteostasis alterations (Mitra et al., 2009a; Vilchez
et al., 2014), reduced processivity of the UPS is a target which
amelioration can likely bring strength to a treatment against HD.

In the present study we analyze the role of PIN1 as a negative
regulator of mHTT aggregation and provide a mechanism by
which PIN1 can reduce the amount of mHTT. Importantly, we
show that PIN1 is able to act at the level of soluble mHTT to
reduce aggregate load through the stimulation of the UPS.

Consistently with our previous in vivo data (Agostoni et al.,
2016) where we showed that PIN1 ablation specifically increased
aggregate load in HdhQ111::Pin1−/− mouse striatum (Agostoni
et al., 2016), here we show that PIN1 over-expression reduced
mHTT aggregation in a polyglutamine length-independent

manner in vitro. More interestingly, we observed the ability
of PIN1 to reduce the level of soluble HTT by stimulating
the activity of the proteasome (Figure 7). Our mRNA data
also support a role of the UPS-mediated degradative process
as the main target of the effect of PIN1 activity. We
detected a significant down-regulation of the mRNA levels of
htt1–171Q60GFP, gfp, and yfp in line with previously published
data (Xu et al., 2003; Xu and Manley, 2007). Interestingly,
the mRNA reduction did not reflect into a reduction of the
corresponding GFP and YFP proteins, which are very stable
proteins and are not normally degraded by the proteasome
(Bence et al., 2001; Verhoef et al., 2002; Bennett et al., 2005). In
addition, we were not able to detect any negative regulation of
the expression of yfpu mRNA that could have contributed to the
significant reduction of the level of YFPu protein in the presence
of PIN1. These findings suggest that, in our experimental
conditions, the half-life and the degradation pathway followed by
the protein of interest are crucial in determining the amount of
protein that is detected, rather than the amount of mRNA that is
produced.

It has been proposed that PIN1 might be able to regulate
phosphorylation-dependent ubiquitylation of its substrates,
therefore modulating protein degradation (Liou et al., 2011).
Our data provide evidence to support such hypothesis; the
results obtained using the proteasome reporter YFPu showed
an overall increase of protein flow through the proteasome
when overexpressing PIN1, whereas no effect on autophagy
was detected. Although the process might not be specific
for mHTT, several evidences suggest that the regulation of
intracellular mHTT levels is a coping response and is critical

FIGURE 7 | Proposed model for mHTT aggregate reduction induced by PIN1. (A) The presence of mHTT aggregates as well as disruption in the protein flow

through the proteasome contribute to several alterations of many cellular processes in HD. (B) Our data suggest that the overexpression of PIN1 could stimulate

proteasome activity leading to an increased degradation mHTT N-terminal fragments. Increased mHTT clearance results in reduced levels of mHTT protein and, as a

consequence of this, of mHTT aggregate load. This might create a feedback loop that release some of the pressure on the proteasome as well as other cellular

mechanisms targeted by mHTT that could potentially lead to a slowdown of the degenerative processes.
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to HD pathogenesis (Finkbeiner and Mitra, 2008; Clabough,
2013). Furthermore, lowering the levels of both wild-type and
mHTT to a level not lower than 50% has been shown not to
be too detrimental (Yu et al., 2012; Wild and Tabrizi, 2014) as
mHTT is able to retain fundamental wild-type functions (Duyao
et al., 1995; White et al., 1997; Cattaneo et al., 2001; Reiner
et al., 2003). If mHTT was particularly resistant to proteolysis
then protein turnover would be delayed; indeed, mHTT may
cause a rearrangement of the processing list of UPS substrates
taking priority and causing the accumulation of other substrates,
without affecting the overall activity rate of the UPS (Finkbeiner
and Mitra, 2008). Therefore, a fine titration of PIN1 levels might
have a double effect: to stimulate mHTT clearance and to retune
the cellular equilibrium back by stabilizing the rate of turnover of
other cellular proteins.

We have previously shown (Grison et al., 2011) and confirmed
herein with a functional approach that PIN1 does not interact
with short N-terminal HTT fragments. As such, the modulation
of mHTT half-life could be due to a general effect of PIN1 on
proteasomal processivity or we could postulate the presence of
a third partner, such as a kinase, which function is regulated by
PIN1, able to interact with both PIN1 and HTT to convey the
degradation message. This scenario would not be that unlikely
as it has been already described in Parkinson’s disease where
synphilin-1 plays the intermediate role between PIN1 and α-
synuclein (Kesavapany et al., 2007).

Despite the down sides that overexpressing a highly
interconnected protein such as PIN1 might cause, the possibility
to lower the pressure to a system that during the course of
the disease is doomed to collapse is extremely appealing and is
envisaged might drastically affect the progression of HD.

We conclude that our findings are an encouraging proof of
principle that the manipulation of PIN1 can improve disease

phenotype in the context of HD. Furthermore, this suggests
that a pharmacological alteration of the levels and/or activity
of PIN1 could be a promising therapeutic avenue for treatment
of HD.
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