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. The Hippo signaling pathway is involved in organ size regulation and tumor suppression. Although
inhibition of Hippo leads to tumorigenesis, activation of Hippo may play a role in neurodegeneration.
Specifically, activation of the upstream regulator, mammalian sterile 20 (STE20)-like kinase 1
(MST1), reduces activity of the transcriptional co-activatorYes-Associated Protein (YAP), thereby
mediating oxidative stress-induced neuronal death. Here, we investigated the possible role of this
pathway in Huntington'’s disease (HD) pathogenesis. Our results demonstrate a significant increase in
phosphorylated MST1, the active form, in post-mortem HD cortex and in the brains of CAG knock-in
Hdh@11/0111 mjce. YAP nuclear localization was also decreased in HD post-mortem cortex and in neuronal

. stem cells derived from HD patients. Moreover, there was a significant increase in phosphorylated YAP,

. the inactive form, in HD post-mortem cortex and in Hdh@1%/0111 hrain, In addition, YAP was found to

© interact with huntingtin (Htt) and the chaperone 14-3-3, however this interaction was not altered in the
presence of mutant Htt. Lastly, YAP/TEAD interactions and expression of Hippo pathway genes were
altered in HD. Together, these results demonstrate that activation of MST1 together with a decrease in
nuclear YAP could significantly contribute to transcriptional dysregulation in HD.

. Huntington’s disease (HD) is an autosomal dominant fatal neurodegenerative disease characterized by
: motor, cognitive, and behavioral symptoms marked by cerebral atrophy'. The causative mutation in HD is a
. cytosine-adenosine-guanine (CAG) trinucleotide repeat expansion coding for a polyglutamine (polyQ) moiety in
. the huntingtin (Htt) protein?. Htt is ubiquitously expressed and its interactions with a variety of proteins suggests
: that mutated Htt interferes with multiple cellular pathways causing mitochondrial dysfunction, aberrant signal
: transduction, abnormal vesicle trafficking, disruption of the ubiquitin-proteasome, deficits in autophagy, neu-
. ronal death, and transcriptional dysregulation, to name a few~°. While extensive studies have identified multiple
: pathways that are affected by mutant Htt (mHtt) in models of HD as well as in HD patients, no single mechanism
. has emerged as a central pathogenic mechanism. Thus, the complex pathogenesis together with the lack of vali-
dated targets in HD presents a significant challenge for developing therapies.
A key pathogenic mechanism in HD is transcriptional dysregulation®%’. Alterations in gene expression occur
early in HD and have been demonstrated in patients as well as in multiple animal and cellular models of HD.
. Specifically, HD patients and knock-in transgenic mouse models demonstrate alterations in mRNA expression®®
. that encompass changes in neurotransmitter receptor mRNA and protein levels that occur before the pheno-
© typical disease onset”™!2 These findings are consistent with positron emission tomography (PET) studies which
demonstrated that dopamine D1 and D2 receptors are decreased in gene-positive but clinically asymptomatic
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patients'>!*. Following these initial studies, microarray analyses demonstrated transcript changes in several
mouse and cellular HD models*®!15. Overall these findings agree with genome-wide studies from human brain
tissue samples'® and to a lesser degree with studies analyzing human blood samples!”. Together these studies high-
light that numerous genes are altered in symptomatic HD patients, and more importantly, that these changes are
recapitulated in animal models suggesting that transcriptional dysregulation is an important and early process in
HD pathogenesis. However, the mechanisms that lead to selective alterations in gene expression remain unclear.
Recent studies from our laboratory as well as others have focused on identifying critical and novel transcriptional
modifiers that may be involved in HD pathogenesis. One such candidate is the Hippo signaling pathway, specifi-
cally, its terminal effector component, the transcriptional activator Yes-Associated Protein (YAP).

Although the Hippo signaling pathway was initially discovered in Drosophila melanogaster, it has been impli-
cated in mammalian organ size regulation and tumor suppression by regulating both apoptosis and cell prolifera-
tion'®2. The nuclear effector of this pathway, YAP, is a transcriptional co-activator that binds to and activates the
transcription factor TEAD (transcriptional enhancer activator domain)'®?>%, Together, the YAP/TEAD complex
promotes transcription of pro-survival genes that stimulate cell survival and proliferation while inhibiting apop-
tosis?>**. Increases in YAP activity are also associated with cell proliferation and cancers in other organs**2. In
contrast, increases in the activity of mammalian Ste20-like serine/threonine kinase 1/2 (MST1/2), an upstream
regulator of YAP, controls organ size, cell proliferation, and induces apoptosis. Specifically, phosphorylation
of MST1/2 (active form) leads to phosphorylation of YAP, its cytoplasmic retention, and subsequent degrada-
tion'”?2. Consequently, once phosphorylated, YAP can no longer translocate to the nucleus, is unable to bind
to its transcriptional coactivator TEAD, and loses its transcriptional activity'®??. Thus, cells with hyperactive
MST1/2 signaling undergo apoptosis, a process that is directly linked to decreases in nuclear YAP activity. While
MST1/2 signaling is decreased during tumorigenesis and YAP nuclear levels are increased, recent studies have
revealed that activation of MST1/2 is linked to neurodegeneration*>*>-2, In HD, decreases in YAP were linked
to transcriptional repression-induced atypical cell death (TRIAD), a morphologically and biologically distinct
form of cellular death induced by alterations in transcription®*, as well as mHtt-induced neuronal death termed
‘ballooning cell death’ (BCD)?. Together these studies demonstrate that mHtt disrupts YAP-TEAD interactions
and suggest that inhibiting Hippo signaling or increasing YAP nuclear activity may provide a new target for the
development of treatments in HD. The current study sought to build on previous findings and to determine if
Hippo signaling is dysregulated in post-mortem human HD brain and the mechanisms whereby YAP nuclear
activity is altered in HD.

Results

YAP subcellular localization in post-mortem human cortex and neuronal stem cells. YAP is
transcriptionally active when it is localized to the nucleus'. Therefore, we sought to determine whether YAP
expression and nuclear localization is altered in HD. To address this, we measured YAP protein levels in neu-
rons and glia using co-localization immunofluorescence in cortical samples from 10 HD patients and 7 controls.
Anti-YAP antibody was used together with anti-NeuN (neuronal marker), anti-GFAP (glial marker), and DAPI
(nuclear marker). Image J analysis following microscopy demonstrated that there was a significant decrease in
YAP levels in neurons, as measured by NeuN co-localization, in HD compared to control (p = 0.0250, Mann-
Whitney U Test) (Fig. 1a,b). Additionally, there was a significant decrease in YAP nuclear localization in neurons
in HD patients compared to control cortex as measured by co-localization with DAPI (p = 0.0020, Mann-
Whitney U Test) (Fig. 1c). This change was not due to an overall decrease in cell numbers as the total number
of NeuN+ cells did not change (p =0.1689, Mann-Whitney U Test) and the total number of DAPI+ cells was
increased in HD (p =0.0172, Mann-Whitney U Test) relative to control cortex (Fig. S1). Moreover, there was
no change in YAP levels in astrocytes (p > 0.9999, Mann-Whitney U Test) as measured by co-localization with
the glial marker, GFAP (Fig. S2). To confirm the decreases in neuronal nuclear YAP we performed nuclear and
cytoplasmic extractions using the same control and HD cortical samples used in the immunofluorescence exper-
iments. These results indicate that

while there is no significant difference in cytoplasmic YAP (p =0.3095, Mann-Whitney U Test),
there is a significant decrease in nuclear YAP levels in HD compared to control (p = 0.0152, Mann-Whitney U
Test) (Fig. S3).

We also assessed YAP expression and localization in neuronal stem cells (NSCs) derived from HD patients
using immunofluorescence co-localization. While there was no significant change in total YAP intensity
(p=0.1255, Mann-Whitney U Test) (Fig. 1d,e), there was a significant decrease in nuclear YAP (p=10.0043,
Mann-Whitney U Test) (Fig. 1d,f) in HD NSCs derived from human embryonic stem cells (GENEA018) com-
pared to unaffected control cell lines (WA09). Although, there was no significant change in total YAP intensity
(p>0.9999, Mann-Whitney U Test), there was a trend towards a decrease in nuclear YAP levels (p =0.0931,
Mann-Whitney U Test) in iPSC-derived HD NSCs (HD4) compared to control cell lines (WT97) (Fig. S4).
Together these results demonstrate that neuronal nuclear YAP levels are decreased in human post-mortem brains
as well as NSCs derived from HD patients confirming previous findings®.

YAP mRNA expression in post-mortem human cortex. Given the decrease in neuronal YAP in HD
cortex, we sought to determine whether there was a concomitant decrease in YAP transcription. Total RNA was
extracted from post-mortem control and HD cortices and assessed for changes in transcript levels using reverse
transcription followed by quantitative real time PCR (RT-qPCR) using specific YAP primers as described previ-
ously? and normalized to GAPDH. The results indicate that there is no change (p =0.397, Mann Whitney U test)
in YAP transcript levels in HD cortex compared to control (Fig. 2a) suggesting that decreases in neuronal YAP
protein may be due to an increase in YAP phosphorylation and perhaps degradation as previously described'**>%.
We also measured YAPACs, novel and previously described neuron-specific YAP isoforms?, in the same cortical
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Figure 1. YAP subcellular localization in human post-mortem cortex and NSCs derived from HD patients.

(a) Representative images from unaffected control (top; n=7) and HD (bottom; n=10) human cortical

tissue stained with YAP (green), NeuN (red), and DAPI (blue) (left to right). Merged images (far right) show
overlap of YAP, NeuN and DAPI. Arrows highlight representative cells; scale bar = 50 pM. (b) The percentage
of NeuN+- cells that were YAP+ (YAP/NeuN%) was significantly lower (p =0.0250, Mann-Whitney U Test)

in HD (black) compared to control (grey) human tissue. (c) The percentage of DAPI+- cells that were YAP+
(YAP/DAPI%) was significantly lower (p = 0.0020, Mann-Whitney U Test) in HD compared to control tissue.
(d) Representative images from unaffected control (WAD9) (top; n=>5) and HD (G018) (bottom; n =6) human
embryonic-derived NSCs stained with YAP (green; left) and DAPI (blue; middle). Merged images (right) show
overlap of YAP and DAPL. Scale bar =25uM. (e) Overall YAP intensity was not different (p=0.1255, Mann-
Whitney U Test) between control (grey) and HD (black) NSCs. (f) Nuclear YAP staining was significantly lower
(p=10.0043, Mann-Whitney U Test) in HD compared to control tissue. Data are presented as median and min-
max values. *p < 0.05, **p < 0.01.
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Figure 2. YAP mRNA expression in post-mortem human cortex. (a) Quantitative real time PCR assay illustrates
no change in YAP mRNA relative to GAPDH levels (p =0.397, Mann Whitney U test) between unaffected control
(n=5; grey) and HD (n= 12; black) patients. (b) Quantitative real time PCR assay also demonstrates no change
(p>0.05, Two-way ANOVA) in full length YAP (YAP-FL; left) or YAPAC isoforms with 13, 48, and 61 nucleotide
inserts (left to right: YAP-Ins13, YAP-Ins48, and YAP-Ins61, respectively) between unaffected control and HD
patients. A two-way ANOVA demonstrated that there was no significant effect of genotype [F(3, 68) =0.775,
p=0.512], YAP isoform [F(1, 68) =0.282, p=0.597], or interaction [F(3, 68) =0.383, p=0.765] in control (n=2§;
grey) and HD (n = 11; black) patients. Data are presented as median values.

samples using PCR with the previously published YAPAC primers®. A two-way ANOVA demonstrated that
there was no significant effect of genotype [F(3, 68) =0.779, p=10.512], YAP isoform [F(1, 68) =0.282, p=10.597],
or interaction [F(3, 68) =0.383, p0.765] in 11 HD compared to 8 control samples (Fig. 2b) demonstrating that
YAPAC isoforms are not altered in HD in our post-mortem samples.
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Figure 3. MST1/2 is activated and YAP is inactivated in post-mortem human cortex and the Hdh mouse
model of HD. (a) Representative western blots for pMST1/2, pYAP and GAPDH (top to bottom) with human
cortex samples from unaffected control (left; n =4) and HD (right; n=4) patients. (b) There was a trend
towards an increase (p = 0.065, Mann-Whitney U Test) in pMST1/2 levels (left) from HD compared to controls.
PYAP protein levels (right) were significantly increased (p = 0.015, Mann-Whitney U Test) in HD compared

to controls. (c) Representative western blots for MST, YAP and GAPDH (top to bottom) with human cortex
samples from unaffected control (left; n=4) and HD (right; n =4) patients. (d) There was no change in MST1
(left) (p=0.343, Mann-Whitney U Test) or YAP (right) (p =0.200, Mann-Whitney U Test) between HD

and controls. (e) Representative western blots for LATS2, pLATS2 and GAPDH (top to bottom) with human
cortex samples from unaffected control (left; n=28) and HD (right; n = 8) patients. (f) There was no change in
LATS2 (left) (p =0.2039, Mann-Whitney U Test) or pLATS2 (right) (p = 0.8785, Mann-Whitney U Test) in HD
compared to controls. (g) Representative western blots for phosphorylated MST1/2 (pMST1/2) and GAPDH
(top to bottom) from HdhQ7/Q7 (left; n=3) and HdhQ111/Q111 (right; n=4) striatum and for MST1,
phosphorylated YAP (pYAP), YAP and GAPDH (top to bottom) from Hdh?”? (left; n = 3) and HdhQ!!/Q!!!
(right; n=>5) striatum. (h) Quantification of westerns blots showed no change in pMST1/2 (left) (p =0.4000,
Mann-Whitney U Test) and increased pYAP (right) (p=0.0357, Mann-Whitney U Test) protein levels in
Hdh@ 7RI relative to HAh?”/Y striatum. (i) Representative western blots for pMST1/2, MST1, and GAPDH
(top to bottom) from Hdh?”?” (left; n = 3) and Hdh?!!¥/Q!! (right; n =4) cortex. (j) Quantification of western
blots shows increased pMST1/2 (p =0.0286, Mann-Whitney U Test) protein levels in HdhQ/Q!! (right; n =4)
relative to Hdh?”? (left; n =4) cortex. (k) Quantification of immunofluorescence staining illustrated a trend
towards a decrease (p=0.1000, Mann-Whitney U Test) in nuclear YAP (YAP/DAPI%) levels in Hdh@!!/Q!11
(n=3) relative to Hdh?”? (n = 3) samples. Data are presented as median and min-max values. * p < 0.05.

Phosphorylated YAP, MST1/2, and LATS levels in post-mortem human cortex. Our data indicate
that there is a decrease in nuclear YAP in HD. Since YAP phosphorylation can sequester YAP in the cytoplasm, we
assessed alterations in phosphorylated YAP at serine 127 (pYAP) in the same cortical samples using western blots
with antibodies specific for pYAP as described previously'®?. There was a significant increase in pYAP levels in
human HD cortex compared to control (p = 0.015, Mann-Whitney U Test) (Fig. 3a,b) but no change in total YAP
levels (p=0.200, Mann-Whitney U Test) (Fig. 3¢c,d). Activation of MST1/2 (pMST1/2) has also been associated
with increases in pYAP, therefore total MST1 and pMST1/2 were measured by western blots in the same human
cortical samples. While there is no change in total MST1 levels (p =0.343, Mann-Whitney U Test) (Fig. 3¢,d),
there was a trend towards an increase in pMST1/2 levels in cortical tissue from HD patients compared to controls
(p=0.065, Mann-Whitney U Test) (Fig. 3a,b). In addition to activation of MST1/2, LATS activation has been
shown to directly increase YAP phosphorylation and thereby lead to sequesteration of YAP in the cytoplasm.
Therefore we assessed LATS and pLATS levels given the increase in pYAP in HD. There was no change in LATS2
(p=0.2039, Mann-Whitney U Test) (Fig. 3e,f) or phosphorylated LATS2 (p =0.8785, Mann-Whitney U Test)
(Fig. 3e,f) in cortical tissue from HD patients compared to control. These data suggest that while LATS is not
altered in HD, increases in pMST1/2 could underlie the increase in YAP phosphorylation and thereby support
the significant decreases detected in nuclear YAP levels in HD post-mortem brains.

Phosphorylated YAP and MST1/2 levels in the Hdh mouse model.  Next, we assessed whether sim-
ilar dysregulation of the Hippo pathway is recapitulated in a mouse model of HD. Similar to the findings in HD
patients, while there was no change total YAP (p =0.571, Mann-Whitney U Test), there was a significant increase
in pYAP (Fig. 3g,h) in the striatum of 10-month-old Htt CAG knock-in mice Hdh?!/Q!1! compared to wild-type
Hdh?”? (p =0.0357, Mann-Whitney U Test). However, there was no difference in pMST1/2 levels (p = 0.4000,
Mann-Whitney U Test) (Fig. 3g,h) in Hdh?!!¥/Q!! compared to wild-type Hdh?/?’ striata. In contrast, there
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Figure 4. YAP-Htt-14-3-3 interactions. (a) Representative blot from a co-immunoprecipitation assay using
human cortex with anti-14-3-3 antibody followed by immunoblotting with an anti-huntingtin (2166) antibody.
(b) There was no change in 14-3-3 levels in the input samples (left) (p=10.7209, Mann-Whitney U Test) or in
14-3-3/Htt interactions (right) in HD cortex (black; n =8 input and IP) compared to control (grey; n==8 input,
n=7 IP) as demonstrated in the IP samples (p = 0.6126, Mann-Whitney U Test). (c) Representative blot from a
co-immunoprecipitation assay using human cortex with anti-YAP antibody followed by immunoblotting with an
anti-huntingtin (2166) antibody. (d) There was no change in YAP levels in the input samples (left) (p =0.1031,
Mann-Whitney U Test) in HD cortex (black; n="7) compared to control (grey; n="7) or in YAP/Htt interactions
(right) (p=0.6667, Mann-Whitney U Test) in HD cortex (black; n=7) compared to control (grey; n=7) as
demonstrated in the IP samples in HD cortex (black; n=2) compared to control (grey; n=2) (p=0.6667,
Mann-Whitney U Test). Data are presented as median and min-max values.

was a significant increase in pMST1/2 levels in the cortex of 10-month-old Htt CAG knock-in mice Hdh@!!1/Q!!!
compared to wild-type Hdh?”?” (p =0.0286, Mann-Whitney U Test) (Fig. 3i,j). There was also a trend towards
a decrease (p =0.1000, Mann-Whitney U Test) in nuclear YAP levels in Hdh?!!//Q!! mice (Fig. 3k) similar to
previous findings?.

YAP-Htt-14-3-3 interactions. The chaperone 14-3-3, an abundant protein in the brain, is known to inter-
act and sequester YAP in the cytoplasm?**. It has also been shown to play a key role in the formation of Htt aggre-
gates through its interaction with mHtt*'. Given this interaction, we sought to determine if decreases in nuclear
YAP are caused by increased interactions with 14-3-3 in the presence of mHtt. Co-immunoprecipitation (Co-IP)
was performed using antibodies specific for YAP, 14-3-3, and Htt. The chaperone 14-3-3 was shown to interact
with both wild-type Htt and mHtt (Fig. 4a,b) as previously shown by Shirasaki et al.** but there was no difference
between HD and control cortex (p =0.6126, Mann-Whitney U Test). Moreover, YAP was also found to interact
with wild-type Htt and mHitt (Fig. 4c,d) but there was no difference in interaction between HD and control cortex
(p=0.6667, Mann-Whitney U Test). Taken together, these findings indicate that while YAP, 14-3-3, and Htt may
be in a complex together, there is no significant difference in this interaction in the presence of mHitt.

Expression patterns of Hippo pathway components in human cortex. In order to determine if
the expression of the Hippo signaling pathway components and target genes are dysregulated in HD we used
the RT? Profiler PCR Array for Human Hippo Signaling Pathway and assessed alterations in transcript levels in
post-mortem cortices from healthy controls (n=_8) and HD patients (n = 14). These arrays contain primers for
84 different Hippo pathway-related genes (Suppl. Table 1). The transcript level of each gene was normalized to the
GAPDH mRNA level within each respective plate and expressed as 27T, Two-way ANOVA demonstrated that
there is a significant effect of genotype [F(1, 1258) =5.189, p =0.0229], gene [F(83, 1258) = 34.15, p < 0.0001],
and genotype X gene interaction [F(83, 1258) =2.421, p < 0.0001] revealing that the transcription of the Hippo
pathway related genes is altered in HD postmortem cortex compared to controls, as illustrated by the heat map
(Fig. 5a) and in Suppl. Table 1. To confirm some of the hits from the array findings, individualized RT-qPCR
reactions were performed for three downregulated genes: Lats2, Meis1, and Sav1 in the same HD tissue that was
used for the Hippo array analysis. Two-way ANOVA revealed a significant effect of genotype [F(2, 60) =6.633,
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Figure 5. Expression patterns of Hippo pathway components in human cortex. (a) Heat map illustrating
expression levels in Hippo pathway proteins from a gene expression array performed on control (n = 8) and
HD (n = 14) human cortex samples. Colors indicate expression levels (blue =low to red = high). Overall there
were more downregulated genes in human HD compared to control cortex. (b) Two-way ANOVA revealed a
significant effect of genotype [F(2, 60) = 6.633, p=0.0025] and treatment [F(1, 60) =17.03, p=0.0001] but
no effect of interaction [F(2, 60) =1.826, p=0.1698] on gene expression from qPCR analysis. Sidak’s multiple
comparison’s test demonstrated that there was a significant decrease in MeisI (p < 0.001) and SavI (p < 0.05)
expression in HD cortex compared to control but not a decrease in Lats2 expression (p > 0.05). (c) gPCR
findings also demonstrated a significant decrease in Cyr61, another known YAP target gene, expression in HD
cortex (black; n=13) compared to control (grey; n=38) (p=0.0132 Mann-Whitney U Test). Data are presented
as medians and min to max. *p < 0.05, ¥*p < 0.01.

p=0.0025] and treatment [F(1, 60) =17.03, p=0.0001] but no effect of interaction [F(2, 60) = 1.826, p=0.1698]
on gene expression. Sidak’s multiple comparison’s test demonstrated that there was a significant decrease in MeisI
(p<0.01) and Savl (p < 0.05) expression in HD cortex compared to control but no change in Lats2 expres-
sion (p > 0.05) (Fig. 5b). We also measured the expression of a known YAP target gene, cysteine-rich angiogenic
inducer 61 (Cyr61)1320333% which was not represented on the array, and found a statistically significant decrease
in its expression in HD cortex compared to control (p =0.0132 Mann-Whitney U Test) (Fig. 5¢). Together these
findings demonstrate that Hippo signaling is altered in HD and suggest that the decrease in YAP nuclear activity
is associated with subsequent transcriptional dysregulation which may be a significant contributor to neuronal
injury in HD.

YAP/TEAD interactions are decreased in HD. YAP overexpression induces the transcription of
pro-survival genes**** by binding to TEAD and thereby controlling cell growth, proliferation and survival®*-3,
Given the alterations in Hippo pathway genes together with decreases in nuclear YAP levels we sought to examine
whether YAP/TEAD interactions were altered in HD. Co-immunoprecipitation was performed using an anti-YAP
antibody for immunoprecipitation (IP) and an anti-TEAD antibody for immunoblots in the same post-mortem
HD and control cortical samples. The results demonstrate that while TEAD levels were not altered in input sam-
ples (p=0.6857, Mann-Whitney U Test), there was a significant decrease in YAP/TEAD interactions in HD
cortex compared to control as demonstrated in the IP samples (p =0.0043, Mann-Whitney U Test) (Fig. 6a,b).
These findings suggest that decreases in nuclear YAP leads to a decrease in YAP/TEAD interactions in HD that
may translate to alterations in gene expression.
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Figure 6. YAP/TEAD interactions are decreased in HD. (a) Representative blot from a co-immunoprecipitation
assay using human cortex with anti-YAP antibody followed by immunoblotting with an anti-pan-TEAD
antibody. (b) There was no change in TEAD levels in the input samples (p = 0.6857, Mann-Whitney U Test)
(left) but there was a significant decrease in YAP/TEAD interactions (right) in HD cortex (black; n=6)
compared to control (grey; n=7) as demonstrated in the IP samples (p = 0.0043, Mann-Whitney U Test). Data
are presented as median and min-max values. *p < 0.05.

Next we sought to determine if transcriptional alterations due to the presence of mHtt could be recapitulated
by disrupting YAP/TEAD interactions. Wild-type STHdh?”?” cells, immortalized striatal cell lines derived from
the Htt CAG knock-in mice®, were treated with 10 pM verteporfin, a compound that disrupts YAP/TEAD inter-
actions®, for 24 hours and alterations in gene expression were measured. A two-way ANOVA demonstrated that
there was a significant effect of gene [F(2, 36) =23.87, p < 0.0001] but no effect of treatment [F(2, 36) =1.144,
p=0.3298] or interaction [F(4, 36) =2.019, p=0.1124] on gene expression data. Tukey’s multiple comparison’s
test demonstrated that there was a significant decrease in the expression of NADPH dehydrogenase (Dhrs4)
(p=0.0025), transcription factor 7 (Tcf7) (p =0.0053), and vitamin D receptor (Vdr) genes (p=0.0001) in
untreated STHdhY’? cells compared to untreated STHAhQ!!V/Q11! cells, in agreement with previous findings**2.
Importantly, verteporfin treatment in STHh?”? cells also significantly decreased Vdr expression (p < 0.0001,
Tukey’s post-hoc test) and resulted in a trend towards a decrease in Tcf7 expression (p=0.1537, Tukey’s test)
compared to untreated STHIh?”¥ cells. However, verteporfin treatment did not affect Dhrs4 (p = 0.3535, Tukey’s
post-hoc test) expression in STHAh?/¥ cells (Fig. 7). These results demonstrate that disruption of YAP/TEAD
interactions recapitulates decreases in Vdr expression induced by the presence of mHitt.

Discussion

Alterations in the Hippo signaling pathway are traditionally linked to organ size and cancer. However, here we
demonstrate that YAP nuclear activity is also altered in HD and may be linked to its pathogenesis as suggested by
previous studies??>?8. The current study demonstrates that there is a significant decrease in nuclear YAP levels in
HD cortex as well as in HD ES-derived neuronal stem cells (Fig. 1). In addition, there is a concomitant decrease
in YAP/TEAD interactions and the expression of Hippo pathway related genes is altered in HD patient cortex
(Figs 5 and 6). Our results also suggest that decreases in nuclear YAP, YAP/TEAD interaction, and transcriptional
dysregulation in HD, may be due to an increase in pMST1 (active form) levels and not due to an increase in the
interaction between YAP and the chaperone 14-3-3 in the presence of mHtt (Fig. 4a,b) or LATS activation in HD
(Fig. 3e,f), as suggested previously?®?3. Lastly, increases in MST1 activation and decreases in nuclear YAP levels
were recapitulated in the homozygous Hdh?!!"/Q!!! knock-in mice (Fig. 3g-k), confirming previously published
results?.

YAP levels were assessed in both ES- and iPSC-derived control and HD NSCs. While total YAP levels were
not altered between HD and control cell lines, there was a significant decrease in nuclear YAP levels in the
ES-derived HD NSCs only. Although nuclear YAP levels were not statistically different between the control and
HD iPSC-derived NSCs (p =0.0931) there was a trend towards a decrease in nuclear YAP levels between HD4
and WT97 cells (Fig. S4). This subtle discrepancy in nuclear YAP levels between the two NSC lines may be due
to the CAG repeat length between the HD ES-derived (46 CAG repeats) and HD iPSC-derived (72 CAG repeats)
NSCs or differences in the cells of origin. It should be noted that the CAG repeat length of the ES-derived NSCs
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Figure 7. Disruption of YAP/TEAD interaction alters transcription. Two-way ANOVA demonstrated that
there was a significant effect of gene [F(2, 12) =23.87, p < 0.0001] but no effect of treatment [F(2, 36) = 1.144,
p=0.3298] or interaction [F(4, 36) =2.019, p=0.1124] on expression data from qPCR analysis. Tukey’s
multiple comparison’s test a significant decrease in expression of the NADPH dehydrogenase (Dhrs4)
(p=10.0025), transcription factor 7 (Tcf7) (p=0.0053), and vitamin D receptor (Vdr) (p=0.0001) genes in
untreated STHIh?/¥ cells (light grey) compared to untreated STHhQ!1/Q!1! cells (black; n=5). In addition,
verteporfin treatment (10 mM, 24 hours) in STHdh?"? cells (red; n=5) also significantly decreased Vdr
expression (p < 0.0001, Tukey’s post-hoc test) and produced a trend towards a decrease in Tcf7 expression
(p=0.1537, Tukey’s post-hoc test) compared to untreated STHdh?”/?’ cells. However, verteporfin treatment did
not affect Dhrs4 (p=0.3535, Tukey’s post-hoc test) expression in STHIh?”¥ cells. Data are presented as median
and min-max values. **p < 0.01, **p < 0.001, ****p < 0.0001.

is similar to adult HD and recapitulates the significant decrease in nuclear YAP levels measured in post-mortem
brain samples.

Decreases in YAP nuclear activity are linked to a decrease in cell survival'»*%. In HD, decreases in YAP were
previously linked to transcriptional repression-induced atypical cell death (TRIAD)* as well as mHtt-induced
neuronal death termed ‘ballooning cell death’ (BCD)?. Specifically, YAP and YAPAC, a neuronal isoform of YAP
with a truncation of the C-terminus, were shown to inhibit TRIAD in HD* suggesting that YAP and YAPAC
are neuroprotective®. In a more recent follow up study, Mao and colleagues demonstrated that the expression of
YAP and YAPAC decreased mHtt-induced BCD, similar to TRIAD, in primary neuronal cultures®. Moreover,
their findings demonstrated that BCD was exacerbated by increases in phosphorylated YAP (inactive and cyto-
plasmic) and the concomitant decrease in YAP/TEAD mediated transcription. Their findings suggested a role for
a p73 regulated mechanism and, similar to the previous study, suggested a protective role for YAPACs in HD?.
Although our study confirmed decreases in neuronal and nuclear YAP together with decreases in YAP-TEAD
interactions as previously reported, we were unable to replicate the decrease in YAPAC isoform (Fig. 2b) in HD
cortex??%28 and therefore we did not assess the role of p73 in this study. While our findings may differ from the
previously described results, this discrepancy may be explained by a number of factors including the quality
of post-mortem tissue, differences in antibodies used, as well as subtle differences in methodology. However,
additional studies are required in order to validate or refute this finding. In addition, Mao and colleagues demon-
strated that YAP co-localized in Htt aggregates in the R6/2 and CAG knock-in Hdh@!!"/Q!! mice?. Although we
were not able to replicate these exact findings, we were able to demonstrate that YAP and Htt interact by co-IP
(Fig. 4c,d). However, there was no significant difference in Htt-YAP interactions between control and HD cortical
samples (Fig. 4¢,d), suggesting that although YAP may be sequestered in Htt aggregates as previously suggested,
Htt-YAP interactions are not altered by the presence of mHitt.

Although increases in MST1/2 have been implicated in other neurodegenerative diseases and cause neuronal
death?”*3-4 the pathogenic role of MST1/2 has not been elucidated in HD. Our findings demonstrate a trend
towards an increase in phosphorylated MST1/2 (pMST1/2), the activated kinase, in the cortex of HD patients
(Fig. 3a,b) as well as a significant increase in the cortex, but not in the striatum, of the homozygous HdhQ!!/Q!!!
knock-in mouse (Fig. 3g-j). Together, these findings suggest that increases in pMST1/2 may reduce YAP’s nuclear
activity thereby causing neuronal death in HD. Our findings also demonstrate an increase in pYAP in both HD
human and mouse brain (Fig. 3a,b,g,h) suggesting that increases in YAP phosphorylation lead to decreases in
nuclear YAP levels. LATS1/2 is the kinase responsible for directly phosphorylating YAP in the Hippo pathway?®*3,
More recently, Yamanishi and colleagues demonstrated that LATS1 activation is increased and is linked to struc-
tural changes in ER and necrosis in human HD cortical neurons, as well as in the striatum of Hdh@!!/Q!! mijce?.
Here, we also measured alterations in LATS2 and pLATS2 (active form) in post-mortem cortex from HD patients
and control. However, we were unable to replicate the previous findings demonstrating increases in LATS1 in HD,
as there was no significant difference in LATS2 or pLATS2 levels in HD in our study (Fig. 3e,f). This may be due
to the fact that the function of LATS1/2 in inhibiting YAP is cell type-dependent®. In addition, the involvement
of other kinase proteins such as Akt, which has been previously reported to phosphorylate YAP at serine 127%,
cannot be ruled out. Activation of LATS has also been linked to Plk1, the apoptosis promoter kinase, which shifts
YAP transcriptional partners from TEAD to p73 thereby altering the signal from pro-survival to a pro-apoptotic
pathway®®. Given that we did not measure any significant change in LATS in HD human tissue we did not assess
alterations in PIk1 or p73 in this study. Future studies will assess this potential mechanism in our HD samples.

YAP phosphorylation on S$127 is essential for its interaction with the chaperone 14-3-3%>% leading to cyto-
plasmic retention and the loss of nuclear YAP*##%49, 14-3-3 proteins are abundant molecules in the brain with the

SCIENTIFICREPORTS| (2018) 8:11355 | DOI:10.1038/s41598-018-29319-4 8



www.nature.com/scientificreports/

capacity to affect the localization and activity of proteins®. In HD, the Htt-containing interactome was shown to
be highly enriched with proteins involved in 14-3-3 signaling®. In addition, it has been suggested that 14-3-3 ¢
can scavenge misfolded Htt and facilitate the formation of aggregates®"! indicating a role for 14-3-3 in Hitt aggre-
gate formation. Given that 14-3-3 interacts with both YAP and Htt, we assessed if this interaction was altered in
HD. Our results indicate that while both Htt and YAP interact with 14-3-3, there is no significant difference in
this interaction in the presence of mHtt (Fig. 4). Together these results suggest that decreases in nuclear YAP in
HD are not due to an increase in interaction with 14-3-3. Lastly, changes in nuclear YAP levels may be due to
alterations in nucleocytoplasmic transport as suggested by recent studies demonstrating defects in the transport
of proteins and mRNA in HD*>%. Intranuclear Htt aggregates were shown to sequester Glel and RanGAP1, both
major regulators of nucleocytoplasmic transport in HD*2% However, future studies will be needed to assess this
hypothesis.

A key mechanism underlying HD pathogenesis is transcriptional dysregulation (reviewed in*>**). Aberrant
transcriptional alterations occur early in HD and have been demonstrated in patients as well as in multiple cellu-
lar and animal models of HD?. YAP is a transcriptional coactivator which, upon translocation into the nucleus,
is able to regulate gene expression through its interaction with TEAD1-4%, Previous studies have demonstrated
that knockdown of TEADs or disruption of the YAP/TEAD interaction decreases the expression of the majority
of YAP target genes®. Our study confirms these results and previous findings in HD?, demonstrating a decrease
in YAP/TEAD interactions as well as a decrease in the expression of several Hippo target genes (Figs 5 and 6).
In addition, our findings demonstrate that YAP/TEAD interactions are necessary for normal gene expression as
treatment with verteporfin, a compound that disrupts YAP/TEAD interaction®, decreased Vdr expression and
produced a trend towards a decrease in Tcf7 expression in the wild-type cells (Fig. 7). Although more YAP/TEAD
target genes will need to be assessed in future studies, these results demonstrate that disruption of YAP/TEAD
interactions may recapitulate some of the transcriptional changes induced by the presence of mHitt.

Two previously published studies have indicated that the incidence of cancer is lower in HD patients than
in controls®”*%. Given the decreases in neuronal as well as nuclear YAP levels in HD along with YAP’s role in
tumorigenesis, this is not a surprising finding as the major downstream effector of the Hippo pathway, YAP
functions as an oncogene* . Furthermore, increases in YAP expression and nuclear localization are consistently
observed in multiple types of cancers®>?*#¢ In HD, there is a significant decrease in neuronal nuclear YAP levels
as demonstrated here and as reported previously?>?5%, the opposite scenario than what happens in cancer. Given
these findings, recent studies have focused on elucidating the role of Htt in cancer® suggesting that interactions
of wild-type or mHtt with the Hippo pathway may be critical in cancer pathogenesis as well as in HD.

Our study demonstrates that pMST1/2 and pYAP levels are increased in post-mortem samples from HD
patients (Fig. 3a,b) as well as in the cortex and striatum of 10-month old homozygous Hdh@!!"/Q!!! mijce (Fig. 3gj).
Additionally, there is a concomitant decrease in nuclear YAP in HD (Fig. 1) suggesting that activation of MST1/2
upstream of YAP may lead to alterations in YAP levels and nuclear localization and thereby provide a new target
for therapy. Indeed, the study by Mao and colleagues demonstrated a decrease in nuclear YAP levels in homozy-
gous CAG knock-in Hdh?!¥Q!! mice and that treatment with sphingosine-1-phosphate (S1P), an inhibitor
of the Hippo pathway, reversed motor deficits and improved YAP expression in the homozygous Hdh@!!/Q!1!
mice®. Our findings of elevated pMST1/2 together with these previously published results suggest that inhibiting
MST1/2, thereby increasing YAP activity, may confer neuroprotection in HD, as previously described in a mouse
model of amyotrophic lateral sclerosis®. Thus, the use of compounds that target the Hippo pathway such as S1P
or other ligands of GPCR receptors upstream of the Hippo pathway should be considered for the treatment of
HD. Alternatively, the use of genetic approaches such as knockdown of MST1/2 using shRNA to decrease YAP
phosphorylation and enhance its nuclear localization, may provide another avenue for therapeutic development
in HD.

Methods
All methods were carried out in accordance with the guidelines and regulations of Massachusetts General
Hospital and approved by the Massachusetts General Hospital licensing committees.

Human samples. Post-mortem cortical tissue from control and Huntington’s disease patient brains were pro-
vided by the Massachusetts Alzheimer’s Disease Research Center (ADRC) with approval from the Massachusetts
General Hospital IRB (1999p009556). The PMI for post-mortem tissue ranged between 6-20. We used frontal
cortex, Brodmann area 9 (BA9) regions for the outlined studies. The HD Vonsattel Grades ranged between Grade
2 (n=>5) and Grade 3 (n=7) with an equal number of males and females distributed between the groups. The
average age at death was 61.8 £13.3 years. The use of discarded tissue does not meet the Massachusetts General
Hospital IRB definition of human subjects research and therefore did not require obtaining informed consent.

Animals. All animal work was performed according to the guidelines set by the Massachusetts General
Hospital Subcommittee on Research Animal Care. The cortex and striatum of the CAG knock-in Hdh?”?” and
HdhQU/QT mouse model was a generous gift from Drs. Lianna Orlando and Kim Kegel (Massachusetts General
Hospital). Hdh mice contain chimeric human and mouse HD/Hdh exon 1 with a sequence encoding for the
human polyproline tract together with either a full-length version of either wild-type (containing 7 glutamines)
or mtt (111 glutamines) Htt. We used both the cortex and striatum from the wild-type (Hdh?”/?’) and homozy-
gous (HdhQUIRIT) genotypes™ .

Cell Culture. HD neuronal stem cells. Human embryonic stem cells (hESCs) were obtained from WiCell
(WAO09, unaffected control) and GENEA (GENEA018, HD with 17/46 CAGs) and maintained on MEF
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feeders prepared using mitomycin C. hESCs were grown in normal growth medium (Knockout DMEM/F12 (Life
Technologies) with 20% knockout serum replacement (Life Technologies), 1 x MEM non-essential amino acids
(Life Technologies), 1 mM L-glutamine (Life Technologies), 5mL penicillin/streptomycin (Life Technologies), and
100 uM 2-mercaptoethanol). The GENEA018 hESCs were grown on collagen in Genea M2 medium (from GENEA).

Human induced pluripotent stem cells (iPSCs) were acquired from NINDS Repository at the Coriell Institute
for Medical Research (line #ND36997, 33 CAG -unaffected control) and from NIGMS Repository (HD-iPS4, HD
with 17/72CAG) from Dr. George Daley of the Children’s Hospital Boston Stem Cell Program.

Human neuronal stem cells (NSCs) were differentiated based on a previously established protocol described
for mouse ES cells®. Briefly, stem cells were passaged in DMEM (Life Technologies) with 1 mg/mL collagenase
type I (Life Technologies) on to 0.1% gelatin coated plates (Sigma) containing NSC media (DMEM/F12 (Life
Technologies) with 2 mM L-glutamine, retinoic acid-free B27 supplement (Life Technologies), 5 mL penicillin/
streptomycin (Life Technologies), and N2 supplement (Invitrogen, Carlsbad, CA)). The media was also sup-
plemented with 100 ng/mL EGF (Invitrogen), 100 ng/mL FGF (Invitrogen), 5 ug/mL heparin (Sigma), and 1%
knockout serum replacement. Once a 60-80% confluent monolayer of bipolar cells formed, cells were passaged
with Accutase (Sigma), and pelleted by centrifugation for 3 minutes at 1200 rpm. Cells were then re-plated as a
single cell suspension onto 0.1% gelatin coated plastic, in NSC media lacking additional knockout serum and sup-
plemented with 20 ng/mL FGFE, 20 ng/mL EGE, and 5 pg/mL heparin. The cells were routinely tested for expression
of the radial glial marker Nestin (Millipore, Burlington, MA) by immunofluorescence and for normal and mutant
huntingtin expression using anti-Htt antibody®” by Western blot.

STHdh cells.  Striatal cell lines were established from wild-type (Hdh?”/?”) and Hdh (Hdh?!!"/Q!!!) knock-in
embryonic mice®® and were a generous gift from Dr. Marcy MacDonald (Massachusetts General Hospital). STHdh
cell lines express full-length versions of either wild-type (containing 7 glutamines) or mutant (111 glutamines) Htt.
Two different cell lines were used, corresponding to wild-type (STHdh?”?), and homozygous (STHAhQ!/QI1T)
genotypes. STHdh cells were used in passages 5 to 14. Cells were kept in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, Carlsbad, CA) plus 10% fetal bovine serum and 1% of the antibiotics penicillin
streptomycin and geneticin at 33 °C for propagation, and were placed at 39 °C for 48 h to stop their division.

Verteporfin Treatment. Verteporfin (Sigma, St. Louis, MO) was made into a 1 mM stock solution using sterile,
filtered DMSO and diluted into DMEM for treatment. STHdh cell lines were treated with 10 ul of either vehicle
(DMEM with 100l DMSO) or 10 uM verteporfin (DMEM with 100 ul 1 mM verteporfin) for 24 hr. The cells were
washed with PBS and pelleted for further use.

Western blotting. 'Western blots were carried out as previously described*>¢. Briefly, 75 ug of protein was resus-
pended in sample buffer, boiled at 95°C for 5 min, and fractionated on a 4-20% glycine gels (Invitrogen) for
90 min at 120V. Proteins were transferred to a PVDF membrane in an iBlot Dry Blotting System (Invitrogen),
and the membrane was then blocked with 5% milk in tris-buffered saline with Tween 20 (TBST) before immuno-
detection with antibodies specific for the following: YAP (Cell Signaling Technology Danvers, MA), pYAP (Cell
Signaling Technology), MST1 (Cell Signaling Technology), pMST1/2 (Cell Signaling Technology), LATS2 (Bethyl
Laboratories Montgomery, TX), pLATS2 (Abnova Taipei, Taiwan) and GAPDH (Millipore). Primary antibody
incubation overnight was followed by 4 washes (10 min, RT) in TBST before incubation with the secondary
antibody for 1h (HRP-conjugated goat anti-rabbit IgG Jackson ImmunoResearch Laboratories, West Grove, PA;
and HRP-conjugated goat anti-mouse Bio-Rad Laboratories Hercules, CA). After 4 washes in TBST (10 min, RT)
proteins were visualized using the ECL detection system (NEN, Boston, MA). Coomassie gels were used to ensure
equal protein loading for western blots.

Immunostaining and Image Analysis.  Fresh frozen brain tissue was sectioned at 10 um and stained using pre-
viously described methods®. In short, tissue sections were fixed with 4% paraformaldehyde and blocked in a
mixture of phosphate-buffered saline (PBS), 5% BSA, and normal goat serum. Co-staining was done using anti-
bodies specific for YAP (Novus Biologicals, Littleton, CO), GFAP (Cell Signaling), and NeuN (Millipore) over-
night at 4°C. Following three washes with PBS, sections were incubated with Cy3-conjugated goat anti-mouse
and FITC-conjugated goat anti-rabbit antibodies (Jackson ImmunoResearch, West Grove, PA). The data was
analyzed using open source software from the National Institutes of Health (Image]). Three 40x fields were
photographed from each section of HD and control tissue. For each field, the following was counted: (1) the
total number of nuclei staining positive for DAPI; (2) the number of NeuN-positive cells; and (3) the number
of GFAP-positive cells. The number of nuclei staining positive for YAP against background were then counted
manually and expressed as a percentage of the total nuclei. The same was done for YAP in NeuN-positive and
GFAP-positive cells.

Nuclear/Cytoplasmic Fractionation. Nuclear and cytoplasmic fractions were extracted from human post-mortem
cortex using the CelLytic NuCLEAR Extraction Kit (Sigma). Briefly, tissue was homogenized in hypotonic lysis
buffer (10 lysis buffer, dH20, 0.1M DTT, and protease inhibitor), centrifuged for 5min at 420 x g. The super-
natant was discarded and the pellet was re-suspended in lysis buffer and sonicated. Following sonication, the
samples were centrifuged for 20 min at 10,000 x g and the supernatant was retained as the cytoplasmic fraction.
The remaining pellet was re-suspended in extraction buffer, sonicated, and agitated at 4 °C for 30 min. The sample
was centrifuged for 5min at 20,000 x g and the supernatant was collected as the nuclear fraction.
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Co-immunoprecipitation. 'The co-immunoprecipitations studies were carried out as previously described®.
Briefly, using post-mortem human cortex homogenates, 150 pg of protein was incubated with either 5ul anti-YAP
antibody (Novus Biologicals), anti-14-3-3- antibody (ThermoFisher Scientific Waltham, MA), or anti-Htt
MAB2166 antibody (Millipore) and GAL4 immunoprecipitation buffer (2.5 ml 5M NaCl, 500 ul EDTA, 500
pl P-40, 0.3 g Tris Base, and dH20 to 50 ml). After incubation at 4 °C for 3.5 hours, magnetic protein A beads
(Invitrogen) were added (20 ul per sample) and then left spinning overnight at 4 °C. Samples were placed on a
magnetic rack to facilitate removal of the supernatant, and washed with GAL4. Samples were then boiled with
20l of sample buffer for 5min at 95°.

For the input samples, 75 pg of protein was resuspended in sample buffer and boiled at 95 °C for 5min. The
samples were then loaded into a 4-20% glycine gel and the protocol for a Western blot was followed. The fol-
lowing were used to immunoblot: pan-TEAD (Cell Signaling Technology), 14-3-3 (ThermoFisher Scientific),
Huntingtin (Millipore), pYAP (Cell Signaling Technology).

RNA extraction and reverse transcription. Cortical tissue and STHdh cell lines were homogenized in TRI
Reagent (Sigma) and total RNA was extracted from cell lines using an RNeasy kit (Qiagen, Valencia, CA)
according to manufacturer’s instructions and as previously described®®”®. Reverse transcription reactions were
performed using iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA) in an iCycler
(Bio-Rad) (25°C for 10 min, 42 °C for 50 min, 70 °C for 15 min).

Hippo Pathway Arrays and Quantitative Real-Time PCR. Assessment of gene expression was done using the
RT? Profiler PCR Array for Human Hippo Signaling Pathway, with SYBR-green PCR Master Mix (Qiagen) which
contains primer sets for 84 different Hippo pathway-related genes. Transcript levels are expressed as 272, where
the ACT is the difference between the cycle thresholds of the gene of interest and the GAPDH levels within
each array for each sample. Confirmatory qPCR was subsequently performed with the following primers: Sav
forward: 5-GTGCTCCTAGTGTACCTCGGT-3’ and reverse: 5'-CTCGTGCGTAAACCTGAAGC-3'; Lats2
forward: 5'-TCATCCACCGAGACATCAAGCC-3' and reverse: 5-TTGTGAGTCCACCTGAACCCATGG-3';
Meis] forward: 5'-ATGTGACAATTTCTGCCACCG-3’ and reverse: 5'-CCTGAACGAGTAGATGCCGTG-3/,
genes that were shown to be downregulated from the arrays, and normalized to Gapdh (forward: 5'-CACCAGG
GCTGCTTTTAACTC-3' and reverse: 5-TGGAAGATGGTGATGGGATTT-3') in an iCycler (95 °C for 10 min,
95°C for 15 sec, and 59 °C for 1 min for a total of 40 cycles). In addition, supplementary qPCR was also performed
for cysteine-rich angiogenic protein 61 (Cyr61), another YAP target gene that was not found on the array with the following
primers: forward: 5-TTCTTTCACAAGGCGGCACTC-3' and reverse: 5'-AGCCTCGCATCCTATACAACC-3'.
Threshold amplification cycle numbers (Ct) were measured using an iCycler thermal cycler (Bio-Rad), with con-
tinuous SYBR Green monitoring.

Following verteporfin treatment the following primers were used to assess gene expression in STHdh cells: Vdr
forward: 5-TGAAGAGGAAGGAGGAAGAGG-3' and reverse: 5-GGGTCGTAGGTCTTGTGGTG-3'; Dhrs4
forward: 5-GTAAGAAAGTGCTCATCGTC-3' and reverse: 5-ATCATTTCTTGTGGCCCTTG-3’; and Tcf7
forward: 5-TGTGAACTCCTTGCTTCTGG-3' and reverse: 5-CCCAGCTTTCTCCACTCTAC-3'.

Statistics. Normal distributions of data were not assumed regardless of sample size or variance. Box plots are
used for graphical representation with the central line representing the median, the edges representing the inter-
quartile ranges, and the whiskers representing the minimum and maximum values, respectively. Sample sizes
are included in the figure legends for clarity purpose. Comparisons for unrelated samples were performed using
a Mann-Whitney U test followed by Dunn’s multiple comparison post-tests or a two-way ANOVA followed by
Sidak’s or Tukey’s multiple comparisons post-tests at a significance level () of 0.05. Exact P values (two-tailed)
are reported.

References

1. A novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington’s disease chromosomes. The
Huntington’s Disease Collaborative Research Group. Cell 72, 971-983 (1993).

2. MacDonald, M. E. Huntingtin: alive and well and working in middle management. Sci STKE 2003, pe48, https://doi.org/10.1126/
stke.2003.207.pe48 (2003).

3. Glajch, K. E. & Sadri-Vakili, G. Epigenetic Mechanisms Involved in Huntington’s Disease Pathogenesis. ] Huntingtons Dis 4, 1-15,
https://doi.org/10.3233/JHD-159001 (2015).

4. McFarland, K. N. & Cha, J. H. Molecular biology of Huntington’s disease. Handb Clin Neurol 100, 25-81, https://doi.org/10.1016/
B978-0-444-52014-2.00003-3 (2011).

5. Ross, C. A. & Tabrizi, S. J. Huntington’s disease: from molecular pathogenesis to clinical treatment. Lancet Neurol 10, 83-98, https://
doi.org/10.1016/S1474-4422(10)70245-3 (2011).

6. Cha, J. H. Transcriptional signatures in Huntington’s disease. Prog Neurobiol 83, 228-248, https://doi.org/10.1016/j.pneurobio.2007.
03.004 (2007).

7. Sugars, K. L. & Rubinsztein, D. C. Transcriptional abnormalities in Huntington disease. Trends Genet 19, 233-238, https://doi.
org/10.1016/S0168-9525(03)00074-X (2003).

8. Luthi-Carter, R. et al. Complex alteration of NMDA receptors in transgenic Huntington’s disease mouse brain: analysis of mRNA
and protein expression, plasma membrane association, interacting proteins, and phosphorylation. Neurobiology of disease 14,
624-636 (2003).

9. Luthi-Carter, R. et al. Dysregulation of gene expression in the R6/2 model of polyglutamine disease: parallel changes in muscle and
brain. Human molecular genetics 11, 1911-1926 (2002).

10. Luthi-Carter, R. et al. Decreased expression of striatal signaling genes in a mouse model of Huntington’s disease. Human molecular
genetics 9, 1259-1271 (2000).

11. Schilling, G. et al. Distinct behavioral and neuropathological abnormalities in transgenic mouse models of HD and DRPLA.
Neurobiology of disease 8, 405-418, https://doi.org/10.1006/nbdi.2001.0385 (2001).

SCIENTIFICREPORTS| (2018) 8:11355 | DOI:10.1038/s41598-018-29319-4 11


http://dx.doi.org/10.1126/stke.2003.207.pe48
http://dx.doi.org/10.1126/stke.2003.207.pe48
http://dx.doi.org/10.3233/JHD-159001
http://dx.doi.org/10.1016/B978-0-444-52014-2.00003-3
http://dx.doi.org/10.1016/B978-0-444-52014-2.00003-3
http://dx.doi.org/10.1016/S1474-4422(10)70245-3
http://dx.doi.org/10.1016/S1474-4422(10)70245-3
http://dx.doi.org/10.1016/j.pneurobio.2007.03.004
http://dx.doi.org/10.1016/j.pneurobio.2007.03.004
http://dx.doi.org/10.1016/S0168-9525(03)00074-X
http://dx.doi.org/10.1016/S0168-9525(03)00074-X
http://dx.doi.org/10.1006/nbdi.2001.0385

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Cha, J. H. et al. Altered brain neurotransmitter receptors in transgenic mice expressing a portion of an abnormal human huntington
disease gene. Proceedings of the National Academy of Sciences of the United States of America 95, 6480-6485 (1998).

Augood, S. J., Faull, R. L. & Emson, P. C. Dopamine D1 and D2 receptor gene expression in the striatum in Huntington’s disease.
Annals of neurology 42, 215-221, https://doi.org/10.1002/ana.410420213 (1997).

Weeks, R. A., Piccini, P, Harding, A. E. & Brooks, D. J. Striatal D1 and D2 dopamine receptor loss in asymptomatic mutation carriers
of Huntington’s disease. Annals of neurology 40, 49-54, https://doi.org/10.1002/ana.410400110 (1996).

Valor, L. M. Transcription, epigenetics and ameliorative strategies in Huntington’s Disease: a genome-wide perspective. Mol
Neurobiol 51, 406-423, https://doi.org/10.1007/s12035-014-8715-8 (2015).

Hodges, A. et al. Regional and cellular gene expression changes in human Huntington’s disease brain. Human molecular genetics 15,
965-977, https://doi.org/10.1093/hmg/ddl013 (2006).

Borovecki, F. et al. Genome-wide expression profiling of human blood reveals biomarkers for Huntington’s disease. Proceedings of
the National Academy of Sciences of the United States of America 102, 11023-11028, https://doi.org/10.1073/pnas.0504921102 (2005).
Grijalva, J. L. et al. Dynamic alterations in Hippo signaling pathway and YAP activation during liver regeneration. Am ] Physiol
Gastrointest Liver Physiol 307, G196-204, https://doi.org/10.1152/ajpgi.00077.2014 (2014).

Halder, G. & Johnson, R. L. Hippo signaling: growth control and beyond. Development 138, 9-22, https://doi.org/10.1242/
dev.045500 (2011).

LaQuaglia, M. J. et al. YAP Subcellular Localization and Hippo Pathway Transcriptome Analysis in Pediatric Hepatocellular
Carcinoma. Sci Rep 6, 30238, https://doi.org/10.1038/srep30238 (2016).

Santucci, M. et al. The Hippo Pathway and YAP/TAZ-TEAD Protein-Protein Interaction as Targets for Regenerative Medicine and
Cancer Treatment. ] Med Chem 58, 4857-4873, https://doi.org/10.1021/jm501615v (2015).

Wang, S. P. & Wang, L. H. Disease implication of hyper-Hippo signalling. Open Biol 6, https://doi.org/10.1098/rsob.160119 (2016).
Yimlamai, D., Fowl, B. H. & Camargo, E. D. Emerging evidence on the role of the Hippo/YAP pathway in liver physiology and cancer.
J Hepatol 63, 1491-1501, https://doi.org/10.1016/j.jhep.2015.07.008 (2015).

Camargo, E. D. et al. YAP1 increases organ size and expands undifferentiated progenitor cells. Curr Biol 17, 2054-2060, https://doi.
org/10.1016/j.cub.2007.10.039 (2007).

Hoshino, M. et al. Transcriptional repression induces a slowly progressive atypical neuronal death associated with changes of YAP
isoforms and p73. J Cell Biol 172, 589-604, https://doi.org/10.1083/jcb.200509132 (2006).

Mao, Y. et al. Targeting TEAD/YAP-transcription-dependent necrosis, TRIAD, ameliorates Huntington’s disease pathology. Human
molecular genetics 25, 4749-4770, https://doi.org/10.1093/hmg/ddw303 (2016).

Matsumoto, H. et al. Mammalian STE20-like kinase 2, not kinase 1, mediates photoreceptor cell death during retinal detachment.
Cell Death Dis 5, 1269, https://doi.org/10.1038/cddis.2014.218 (2014).

Yamanishi, E. et al. A novel form of necrosis, TRIAD, occurs in human Huntington’s disease. Acta Neuropathol Commun 5, 19,
https://doi.org/10.1186/540478-017-0420-1 (2017).

Dougherty, M. K. & Morrison, D. K. Unlocking the code of 14-3-3. ] Cell Sci 117, 1875-1884, https://doi.org/10.1242/jcs.01171
(2004).

Morrison, D. K. The 14-3-3 proteins: integrators of diverse signaling cues that impact cell fate and cancer development. Trends Cell
Biol 19, 16-23, https://doi.org/10.1016/j.tcb.2008.10.003 (2009).

Omi, K., Hachiya, N. S., Tanaka, M., Tokunaga, K. & Kaneko, K. 14-3-3zeta is indispensable for aggregate formation of
polyglutamine-expanded huntingtin protein. Neurosci Lett 431, 45-50, https://doi.org/10.1016/j.neulet.2007.11.018 (2008).
Shirasaki, D. I. et al. Network organization of the huntingtin proteomic interactome in mammalian brain. Neuron 75, 41-57, https://
doi.org/10.1016/j.neuron.2012.05.024 (2012).

Oka, T. et al. Functional complexes between YAP2 and ZO-2 are PDZ domain-dependent, and regulate YAP2 nuclear localization
and signalling. Biochem ] 432, 461-472, https://doi.org/10.1042/BJ20100870 (2010).

Tao, J. et al. Activation of beta-catenin and Yapl in human hepatoblastoma and induction of hepatocarcinogenesis in mice.
Gastroenterology 147, 690-701, https://doi.org/10.1053/j.gastro.2014.05.004 (2014).

Dong, J. et al. Elucidation of a universal size-control mechanism in Drosophila and mammals. Cell 130, 1120-1133, https://doi.
org/10.1016/j.cell.2007.07.019 (2007).

Vassilev, A., Kaneko, K. J., Shu, H., Zhao, Y. & DePamphilis, M. L. TEAD/TEF transcription factors utilize the activation domain of
YAPG65, a Src/Yes-associated protein localized in the cytoplasm. Genes Dev 15, 1229-1241, https://doi.org/10.1101/gad.888601
(2001).

Zhang, J., Smolen, G. A. & Haber, D. A. Negative regulation of YAP by LATS1 underscores evolutionary conservation of the
Drosophila Hippo pathway. Cancer Res 68, 2789-2794, https://doi.org/10.1158/0008-5472.CAN-07-6205 (2008).

Zhao, B. et al. TEAD mediates YAP-dependent gene induction and growth control. Genes Dev 22, 1962-1971, https://doi.
org/10.1101/gad.1664408 (2008).

Trettel, E. et al. Dominant phenotypes produced by the HD mutation in STHdh(Q111) striatal cells. Human molecular genetics 9,
2799-2809 (2000).

Liu-Chittenden, Y. et al. Genetic and pharmacological disruption of the TEAD-YAP complex suppresses the oncogenic activity of
YAP. Genes Dev 26, 1300-1305, https://doi.org/10.1101/gad.192856.112 (2012).

Jia, H. et al. Histone deacetylase (HDAC) inhibitors targeting HDAC3 and HDACI1 ameliorate polyglutamine-elicited phenotypes
in model systems of Huntington’s disease. Neurobiology of disease 46, 351-361 (2012).

Sadri-Vakili, G. et al. Histones associated with downregulated genes are hypo-acetylated in Huntington’s disease models. Human
molecular genetics 16, 1293-1306, https://doi.org/10.1093/hmg/ddm078 (2007).

Sanphui, P. & Biswas, S. C. FoxO3a is activated and executes neuron death via Bim in response to beta-amyloid. Cell Death Dis 4,
€625, https://doi.org/10.1038/cddis.2013.148 (2013).

Pattison, L. R., Kotter, M. R., Fraga, D. & Bonelli, R. M. Apoptotic cascades as possible targets for inhibiting cell death in Huntington’s
disease. ] Neurol 253, 1137-1142, https://doi.org/10.1007/s00415-006-0198-8 (2006).

Chen, M. et al. Minocycline inhibits caspase-1 and caspase-3 expression and delays mortality in a transgenic mouse model of
Huntington disease. Nat Med 6, 797-801, https://doi.org/10.1038/77528 (2000).

Friedlander, R. M. Apoptosis and caspases in neurodegenerative diseases. N Engl ] Med 348, 13651375, https://doi.org/10.1056/
NEJMra022366 (2003).

Basu, S., Totty, N. E, Irwin, M. S., Sudol, M. & Downward, J. Akt phosphorylates the Yes-associated protein, YAP, to induce
interaction with 14-3-3 and attenuation of p73-mediated apoptosis. Mol Cell 11, 11-23 (2003).

Lei, Q. Y. et al. TAZ promotes cell proliferation and epithelial-mesenchymal transition and is inhibited by the hippo pathway. Mol
Cell Biol 28, 2426-2436, https://doi.org/10.1128/MCB.01874-07 (2008).

Oh, H. & Irvine, K. D. In vivo regulation of Yorkie phosphorylation and localization. Development 135, 1081-1088, https://doi.
org/10.1242/dev.015255 (2008).

Berg, D., Holzmann, C. & Riess, O. 14-3-3 proteins in the nervous system. Nat Rev Neurosci 4, 752-762, https://doi.org/10.1038/
nrnl197 (2003).

Kaneko, K. & Hachiya, N. S. The alternative role of 14-3-3 zeta as a sweeper of misfolded proteins in disease conditions. Med
Hypotheses 67, 169-171, https://doi.org/10.1016/j.mehy.2006.01.019 (2006).

SCIENTIFICREPORTS| (2018) 8:11355 | DOI:10.1038/s41598-018-29319-4 12


http://dx.doi.org/10.1002/ana.410420213
http://dx.doi.org/10.1002/ana.410400110
http://dx.doi.org/10.1007/s12035-014-8715-8
http://dx.doi.org/10.1093/hmg/ddl013
http://dx.doi.org/10.1073/pnas.0504921102
http://dx.doi.org/10.1152/ajpgi.00077.2014
http://dx.doi.org/10.1242/dev.045500
http://dx.doi.org/10.1242/dev.045500
http://dx.doi.org/10.1038/srep30238
http://dx.doi.org/10.1021/jm501615v
http://dx.doi.org/10.1098/rsob.160119
http://dx.doi.org/10.1016/j.jhep.2015.07.008
http://dx.doi.org/10.1016/j.cub.2007.10.039
http://dx.doi.org/10.1016/j.cub.2007.10.039
http://dx.doi.org/10.1083/jcb.200509132
http://dx.doi.org/10.1093/hmg/ddw303
http://dx.doi.org/10.1038/cddis.2014.218
http://dx.doi.org/10.1186/s40478-017-0420-1
http://dx.doi.org/10.1242/jcs.01171
http://dx.doi.org/10.1016/j.tcb.2008.10.003
http://dx.doi.org/10.1016/j.neulet.2007.11.018
http://dx.doi.org/10.1016/j.neuron.2012.05.024
http://dx.doi.org/10.1016/j.neuron.2012.05.024
http://dx.doi.org/10.1042/BJ20100870
http://dx.doi.org/10.1053/j.gastro.2014.05.004
http://dx.doi.org/10.1016/j.cell.2007.07.019
http://dx.doi.org/10.1016/j.cell.2007.07.019
http://dx.doi.org/10.1101/gad.888601
http://dx.doi.org/10.1158/0008-5472.CAN-07-6205
http://dx.doi.org/10.1101/gad.1664408
http://dx.doi.org/10.1101/gad.1664408
http://dx.doi.org/10.1101/gad.192856.112
http://dx.doi.org/10.1093/hmg/ddm078
http://dx.doi.org/10.1038/cddis.2013.148
http://dx.doi.org/10.1007/s00415-006-0198-8
http://dx.doi.org/10.1038/77528
http://dx.doi.org/10.1056/NEJMra022366
http://dx.doi.org/10.1056/NEJMra022366
http://dx.doi.org/10.1128/MCB.01874-07
http://dx.doi.org/10.1242/dev.015255
http://dx.doi.org/10.1242/dev.015255
http://dx.doi.org/10.1038/nrn1197
http://dx.doi.org/10.1038/nrn1197
http://dx.doi.org/10.1016/j.mehy.2006.01.019

www.nature.com/scientificreports/

52. Gasset-Rosa, F. et al. Polyglutamine-Expanded Huntingtin Exacerbates Age-Related Disruption of Nuclear Integrity and
Nucleocytoplasmic Transport. Neuron 94, 48-57, https://doi.org/10.1016/j.neuron.2017.03.027 (2017).

53. Grima, J. C. et al. Mutant Huntingtin Disrupts the Nuclear Pore Complex. Neuron 94, 93-107 e106, https://doi.org/10.1016/j.
neuron.2017.03.023 (2017).

54. Cha, J. H. Transcriptional dysregulation in Huntington’s disease. Trends in neurosciences 23, 387-392 (2000).

55. Meng, Z., Moroishi, T. & Guan, K. L. Mechanisms of Hippo pathway regulation. Genes Dev 30, 1-17, https://doi.org/10.1101/
gad.274027.115 (2016).

56. Wang, C. et al. Verteporfin inhibits YAP function through up-regulating 14-3-3sigma sequestering YAP in the cytoplasm. Am J
Cancer Res 6,27-37 (2016).

57. Ji, J., Sundquist, K. & Sundquist, J. Cancer incidence in patients with polyglutamine diseases: a population-based study in Sweden.
Lancet Oncol 13, 642-648, https://doi.org/10.1016/S1470-2045(12)70132-8 (2012).

58. Sorensen, S. A., Fenger, K. & Olsen, J. H. Significantly lower incidence of cancer among patients with Huntington disease: An
apoptotic effect of an expanded polyglutamine tract? Cancer 86, 1342-1346 (1999).

59. Fernandez, L. A. et al. YAP1 is amplified and up-regulated in hedgehog-associated medulloblastomas and mediates Sonic hedgehog-
driven neural precursor proliferation. Genes Dev 23, 2729-2741, https://doi.org/10.1101/gad.1824509 (2009).

60. Modena, P. et al. Identification of tumor-specific molecular signatures in intracranial ependymoma and association with clinical
characteristics. J Clin Oncol 24, 5223-5233, https://doi.org/10.1200/JC0O.2006.06.3701 (2006).

61. Snijders, A. M. et al. Rare amplicons implicate frequent deregulation of cell fate specification pathways in oral squamous cell
carcinoma. Oncogene 24, 4232-4242, https://doi.org/10.1038/sj.onc.1208601 (2005).

62. Steinhardt, A. A. et al. Expression of Yes-associated protein in common solid tumors. Hum Pathol 39, 1582-1589, https://doi.
0rg/10.1016/j.humpath.2008.04.012 (2008).

63. Thion, M. S. et al. Unraveling the Role of Huntingtin in Breast Cancer Metastasis. ] Natl Cancer Inst 107, https://doi.org/10.1093/
jnci/djv208 (2015).

64. Lee, J. K. et al. MST1 functions as a key modulator of neurodegeneration in a mouse model of ALS. Proceedings of the National
Academy of Sciences of the United States of America 110, 12066-12071, https://doi.org/10.1073/pnas.1300894110 (2013).

65. Wheeler, V. C. et al. Length-dependent gametic CAG repeat instability in the Huntington’s disease knock-in mouse. Human
molecular genetics 8, 115-122 (1999).

66. Ritch, J. J. et al. Multiple phenotypes in Huntington disease mouse neural stem cells. Mol Cell Neurosci 50, 70-81, https://doi.
org/10.1016/j.mcn.2012.03.011 (2012).

67. DiFiglia, M. et al. Huntingtin is a cytoplasmic protein associated with vesicles in human and rat brain neurons. Neuron 14,
1075-1081 (1995).

68. Sadri-Vakili, G. et al. Cocaine-induced chromatin remodeling increases brain-derived neurotrophic factor transcription in the rat
medial prefrontal cortex, which alters the reinforcing efficacy of cocaine. ] Neurosci 30, 11735-11744, https://doi.org/10.1523/
JNEUROSCI.2328-10.2010 (2010).

69. Kim, M. O. et al. Altered histone monoubiquitylation mediated by mutant huntingtin induces transcriptional dysregulation. The
Journal of neuroscience: the official journal of the Society for Neuroscience 28, 3947-3957, https://doi.org/10.1523/JNEUROSCI.5667-
07.2008 (2008).

70. Schmidt, H. D. et al. Increased brain-derived neurotrophic factor (BDNF) expression in the ventral tegmental area during cocaine
abstinence is associated with increased histone acetylation at BDNF exon I-containing promoters. ] Neurochem 120, 202-209,
https://doi.org/10.1111/j.1471-4159.2011.07571.x (2012).

Acknowledgements

The authors would like to thank Dr. Richard Myers (Boston University School of Medicine) for providing
additional post-mortem HD brain samples for our studies. Dr. Myers and Dr. Adam Labadorf (Boston University
School of Medicine) for their helpful insight and expertise with regards to gene expression profiles. Dr. Anne
Young and Dr. Lianna Orlando (Massachusetts General Hospital, Boston, MA) for providing us with Hdh mouse
brains. Dr. Marcy E. MacDonald (Massachusetts General Hospital, Boston, MA) for providing us with STHdh cell
lines. This work was supported by the Hereditary Disease Foundation (G.S.-V.) and The Dake Family Foundation
(G.S.-V, M.D.)

Author Contributions

K.AM,, K.E.G. and G.S.-V. contributed to the study design, data collection, data analysis, and drafting of the
manuscript. M.N.H., RA.-W,, M.D., K.K.-G., K.V. contributed to the study design, data collection, data analysis,
and editing of the manuscript. E.J.G., AM.D., AR.T.,, M.I,, EW.,, M.].L. contributed to study design and data
collection.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29319-4.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11355 | DOI:10.1038/s41598-018-29319-4 13


http://dx.doi.org/10.1016/j.neuron.2017.03.027
http://dx.doi.org/10.1016/j.neuron.2017.03.023
http://dx.doi.org/10.1016/j.neuron.2017.03.023
http://dx.doi.org/10.1101/gad.274027.115
http://dx.doi.org/10.1101/gad.274027.115
http://dx.doi.org/10.1016/S1470-2045(12)70132-8
http://dx.doi.org/10.1101/gad.1824509
http://dx.doi.org/10.1200/JCO.2006.06.3701
http://dx.doi.org/10.1038/sj.onc.1208601
http://dx.doi.org/10.1016/j.humpath.2008.04.012
http://dx.doi.org/10.1016/j.humpath.2008.04.012
http://dx.doi.org/10.1093/jnci/djv208
http://dx.doi.org/10.1093/jnci/djv208
http://dx.doi.org/10.1073/pnas.1300894110
http://dx.doi.org/10.1016/j.mcn.2012.03.011
http://dx.doi.org/10.1016/j.mcn.2012.03.011
http://dx.doi.org/10.1523/JNEUROSCI.2328-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.2328-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.5667-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.5667-07.2008
http://dx.doi.org/10.1111/j.1471-4159.2011.07571.x
http://dx.doi.org/10.1038/s41598-018-29319-4
http://creativecommons.org/licenses/by/4.0/

	Hippo Signaling Pathway Dysregulation in Human Huntington’s Disease Brain and Neuronal Stem Cells

	Results

	YAP subcellular localization in post-mortem human cortex and neuronal stem cells. 
	YAP mRNA expression in post-mortem human cortex. 
	Phosphorylated YAP, MST1/2, and LATS levels in post-mortem human cortex. 
	Phosphorylated YAP and MST1/2 levels in the Hdh mouse model. 
	YAP-Htt-14-3-3 interactions. 
	Expression patterns of Hippo pathway components in human cortex. 
	YAP/TEAD interactions are decreased in HD. 

	Discussion

	Methods

	Human samples. 
	Animals. 
	Cell Culture. 
	HD neuronal stem cells. 
	STHdh cells. 
	Verteporfin Treatment. 
	Western blotting. 
	Immunostaining and Image Analysis. 
	Nuclear/Cytoplasmic Fractionation. 
	Co-immunoprecipitation. 
	RNA extraction and reverse transcription. 
	Hippo Pathway Arrays and Quantitative Real-Time PCR. 
	Statistics. 


	Acknowledgements

	Figure 1 YAP subcellular localization in human post-mortem cortex and NSCs derived from HD patients.
	Figure 2 YAP mRNA expression in post-mortem human cortex.
	Fig﻿ure 3 MST1/2 is activated and YAP is inactivated in post-mortem human cortex and the Hdh mouse model of HD.
	Figure 4 YAP-Htt-14-3-3 interactions.
	Fig﻿ure 5 Expression patterns of Hippo pathway components in human cortex.
	Figure 6 YAP/TEAD interactions are decreased in HD.
	Figure 7 Disruption of YAP/TEAD interaction alters transcription.




