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Abstract

Huntington's disease (HD) is a neurodegenerative disorder caused by a polyglutamine expansion in the protein huntingtin
(HTT) [55]. While the final pathological consequence of HD is the neuronal cell death in the striatum region of the brain, it
is still unclear how mutant HTT (mHTT) causes synaptic dysfunctions at the early stage and during the progression of HD.
Here, we discovered that the basal activity of focal adhesion kinase (FAK) is severely reduced in a striatal HD cell line, a
mouse model of HD, and the human post-mortem brains of HD patients. In addition, we observed with a FRET-based FAK
biosensor [59] that neurotransmitter-induced FAK activation is decreased in HD striatal neurons. Total internal reflection
fluorescence (TIRF) imaging revealed that the reduced FAK activity causes the impairment of focal adhesion (FA) dynam-
ics, which further leads to the defect in filopodial dynamics causing the abnormally increased number of immature neurites
in HD striatal neurons. Therefore, our results suggest that the decreased FAK and FA dynamics in HD impair the proper
formation of neurites, which is crucial for normal synaptic functions [52]. We further investigated the molecular mechanism
of FAK inhibition in HD and surprisingly discovered that mHTT strongly associates with phosphatidylinositol 4,5-biphos-
phate, altering its normal distribution at the plasma membrane, which is crucial for FAK activation [14, 60]. Therefore, our
results provide a novel molecular mechanism of FAK inhibition in HD along with its pathological mechanism for synaptic
dysfunctions during the progression of HD.
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ally over 36) polyglutamine (poly Q) in the N-terminal of the
protein huntingtin (HTT) [34]. Mutant huntingtin (mHTT)
proteins are misfolded and tend to aggregate, accumulating
in nuclear inclusions and dystrophic neurites [10]. While
the effect of insoluble mHTT inclusions on cell viability is
controversial [1, 31, 57], emerging evidence suggests that
mHTT aggregates are associated with the gain of toxic func-
tions in HD [10, 38, 44]. For example, mHTT aggregates
can block the normal transcription process in the nucleus
[26, 41] and disrupt neuritic transport in neurites, leading
to dystrophic neurites and synaptic dysfunctions [15, 39].
In addition, mHTT can cause a loss of normal functions of
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huntingtin, which is suggested to be involved in a variety of
cellular processes, such as the transport of organelles, gene
transcription, autophagy, cell adhesion and motility [33, 58,
68]. In particular, molecular complexes related to cell adhe-
sion are reported to be altered in neurons expressing mHTT
[68], implying that mHTT may prevent the normal devel-
opment and maintenance of neuronal processes [67, 68].
Neurite dynamics are crucial for the formation of synapses
and thus neuronal functions in the brain [43]; however, the
molecular and cellular mechanisms by which mHTT impacts
cell adhesion and motility and neurite dysfunction are still
unclear.

Cell adhesion and motility are regulated by cytoskeletal
and focal adhesion (FA) dynamics [47, 66]. Focal adhesion
is a specialized microdomain at the plasma membrane where
a cell directly senses the extracellular environment through
a transmembrane receptor integrin and many structural and
signaling molecules [7, 48]. Focal adhesions are also impor-
tant to physically connect to the cytoskeleton and transfer the
extracellular signals to inside the cells [7]. Focal adhesion
kinase (FAK) is a crucial signaling molecule at FAs and
is composed of a FERM (protein 4.1, ezrin, radixin, and
moesin homology) domain, a kinase domain, and a focal
adhesion targeting (FAT) domain [47]. Upon the binding
of extracellular matrix (ECM), integrins are activated and
clustered, which causes autophosphorylation at FAK Tyr397
at FAs. For the full activation of FAK, the basic patch of
the FAK FERM domain is required to bind to PtdIns(4,5)
P, at the plasma membrane [14, 60], and Src kinase, which
is recruited to phosphorylated Tyr397 via its SH2 domain,
further phosphorylates FAK at Tyr576 and Tyr577. The acti-
vated FAK-Src complex then recruits and activates other FA
components, such as p130Cas and paxillin [48]. Thus, FAK
is a key molecule for the regulation of FA dynamics.

FAK functions in neurite motility in response to extra-
cellular cues during neuronal development [8, 52]. Thus,
in FAK-deficient mice or neurons, growth cone shape and
dynamics, neuritogenesis, axonal arborization, and neuronal
migration are impaired [9, 16, 72]. While the functions of
FAK in neuronal development have been previously studied
[9, 52], its pathophysiological role in Huntington's disease
is not yet clear. Here, we report markedly decreased FAK
activity in a stable HD cell line, a transgenic mouse HD
model, and human post-mortem brains of HD patients. We
discovered that the decreased FAK activity in HD striatal
neurons impairs FA dynamics and this results in improper
neurite formation, which is essential for synaptic functions
in the brain [52]. We further investigated the molecular
mechanism of FAK inhibition in HD. Downregulated FAK
activity in HD can be directly induced by the acute intro-
duction of mHTT. We discovered that mHTT aggregates
can strongly associate with phosphatidylinositol 4,5-biphos-
phate (PtdIns(4,5)P,), altering its normal distribution, which
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is crucial for FAK activation. These results suggest a novel
molecular and pathophysiological mechanism of dystrophic
neurites in Huntington's disease.

Materials and methods
Plasmids and transfection

The FRET-based FAK biosensor was previously described
[59]. In brief, it is composed of a membrane-targeting motif
(MGCIKSKRKDNLNDDE), ECFP, SH2 domain, a flex-
ible linker (GSTSGSGKPGSGEGS), a FAK substrate pep-
tide (ETDDYAEIIDE), and YPet. mCherry-tagged paxil-
lin, FAK-related non-kinase (FRNK), and a constitutively
active mutant (CA FAK) were previously described [59, 60].
mTagBFP2-tagged paxillin was constructed by inserting a
PCR product of mTagBFP2 in the C-terminus of paxillin in
the pRKS vector. PrimeSTAR HS DNA polymerase (Takara)
and In-Fusion (Clontech) were used for subcloning. Plas-
mids containing normal and mutant HTT (HTT Q2 vs. HTT
Q62 and HTT Q25-GFP vs. HTT Q103-GFP) were previ-
ously constructed and validated [21, 35, 64]. We constructed
HTT Q25- or HTT Q103-mTagBFP2 by replacing GFP in
the HTT Q25-GFP or HTT Q103-GFP construct with a PCR
product of mTagBFP2. The GFP-PLC PH domain was previ-
ously described [63]. For transient expression of the plas-
mids in the cultured cells, the plasmids were transfected into
the cells using Lipofectamine™ 2000 reagent (Invitrogen)
according to the manufacturer’s protocol.

Cell culture and reagents

The STHdh?”” (Q7) and STHdhC!!""!11 (Q111) cell lines
[37, 69] were maintained in DMEM supplemented with
10% fetal bovine serum (HyClone), 1 unit per ml penicil-
lin, and 100 pg per ml streptomycin. Cell culture reagents
were purchased from HyClone. Cells were cultured in a 95%
humidity, 5% CO, incubator at 33 °C. Carbachol (CCL) was
purchased from Sigma, and phalloidin was purchased from
Invitrogen.

Preparation of human tissues
and immunohistochemistry

Control and HD human brain samples were obtained
from the Boston University Alzheimer's Disease Center
(BUADC) and Genome Science Institute (BUGSI). Infor-
mation of normal subjects and HD striatal tissue samples
is provided in Supplementary Table 1 [Online Resource 1].
The neuropathological stage of HD was determined based
on Dr. Vonsattel’s grading system [73]. Next of kin provided
informed consent for participation and brain donation. The
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study was performed in accordance with institutional regula-
tory guidelines.

Post-mortem brain tissues were sectioned in a coronal
plane at 20 pm. We used human striatal tissues according to
the following coordinates: caudate (X=—12+2, Y=14+2,
Z=14+2), putamen X=—24+2, Y=14+2,7Z=2+2),
thickness: 20 pm. The tissue sections were heat-mediated
antigen retrieval performed by submerging the slides in
Tris—EDTA buffer (pH 9.0). Then, the sections were blocked
with blocking solution (5% BSA) and incubated with p-FAK
(Y397) (1:200 dilutions; Abcam, #ab81298) for 24 h. After
three washes, the slides were processed with a Vector ABC
Kit (Vector Lab). The immunoreactive signals were devel-
oped with DAB chromogen (Thermo Fisher Scientific) and
analyzed under bright field microscopy.

Animals and virus injection

Mice were purchased from the Jackson Laboratory (Bar Har-
bor, ME, USA) and maintained as a colony at the KIST SPF
Animal Facility. YAC128 mice were bred with females from
their background strain (B6CBAFI/J), and offspring were
genotyped using PCR. All mice were weighed at 3 weeks of
age and equally distributed according to weight and percent-
age within each cohort. These procedures were performed in
accordance with Guide for the Care and Use of Laboratory
Animals guidelines. Information on the wild-type and HD
mouse models is provided in Supplementary Table 2 [Online
Resource 1].

Brain specimens of mice were prepared as previously
described [20, 30, 35]. AAV-Q25-GFP and AAV-Q103-GFP
virus was injected by a stereotaxic microinjector (Stoelt-
ing Co.) at 12 months of age. AAVs were delivered into
the striatum (AP: 0.86 mm, ML: +2 mm, DV: 2.9 mm) of
wild-type mice (C57BL/6 J) as previously described [21].
Control groups were injected with AAV-Q25-GFP. Neuro-
pathological analysis was performed 2 weeks after injection.
All animal experiments and in vitro studies of animal tissues
were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
The animal study was approved by KIST IACUC (Institu-
tional Animal Care and Use Committee) (Approval Number:
2018-009).

Immunofluorescence

Immunofluorescence staining for p-FAK (Y397) in the HD
animal model was performed as previously described [36].
Animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals guide-
lines and approved by KIST animal care committees. The

tissue sections were preincubated with blocking solution
(5% BSA) and incubated with anti-p-FAK (Y397) antibody
(1:200 dilutions; Abcam, ab81298) for 24 h. After three
washes, the slides were incubated with fluorescence-conju-
gated secondary antibodies. The nuclei were counterstained
with DAPI (4',6-diamidino-2-phenylindole). Images were
captured using a Nikon A1 confocal microscope.

For the immunostaining of cultured cells, Q7 and Q111
cells were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.1% Triton X-100 for 5 min. Cells were
incubated in 1% BSA in PBS for 1 h, and then with mouse
anti-FAK (phospho-Y397) antibody (5 pg/ml, Abcam,
#ab81298) or mouse anti-PtdIns(4,5)P, antibody (10 pg/ml,
Echelon, #Z-P045) overnight at 4 °C. After three washes
with PBS, the cells were incubated with goat anti-mouse
antibody conjugated to Alexa Fluor 488 (diluted 1:200) for
1.5 h. After three washes with PBS for 10 min each, the
stained cells were observed under a Nikon Ti-E fluorescence
microscopy.

Western blotting

For western blotting, a total of 30 pg of protein was sub-
jected to SDS—PAGE and blotted with anti-phospho Y397
FAK antibody (1:1000 dilution, Cell Signaling, #8556).
Equal amounts of protein were loaded and detected, and
expression levels were normalized to that of f-actin (1:1000
dilution, Santa Cruz Biotechnology, #sc-47778) on the same
membrane. We developed western blot membranes with
enhanced chemiluminescence (ECL) solution, and images
were captured with a luminescent image analyzer LAS-4000
mini (FUJIFILM). The quantification of band intensity on
the blot was analyzed with a software program, Multi Gauge
V3.0 (FUJIFILM).

FRET image acquisition

For fluorescence imaging, the cells were prepared on cover-
glass-bottom dishes (SPL) coated with 10 pg/ml fibronectin
(Invitrogen). Images were collected by a Nikon Ti-E inverted
microscope and a cooled charge-coupled device camera
using NIS software (Nikon). For FRET imaging of the FAK
biosensor, we used a 438DF24 excitation filter, a 458DRLP
dichroic mirror, and two emission filters controlled by a fil-
ter changer (438DF24 for ECFP and 542DF27 for FRET).
The fluorescence intensity of non-transfected cells was
quantified as the background signal and subtracted from the
fluorescent signal on transfected cells. The pixel-by-pixel
ratio images of ECFP/FRET were calculated based on the

@ Springer



524

Acta Neuropathologica (2022) 144:521-536

background-subtracted fluorescence intensity images of
ECFP and FRET by the NIS program to allow the quantifi-
cation and statistical analysis of FRET responses.

TIRF imaging and focal adhesion analysis

For the imaging of focal adhesions, Q7 and Q111 cells were
transfected with mCherry-paxillin to allow the identification
of FAs. At 24 h post-transfection, cells were serum-starved in
DMEM supplemented with 0.5% FBS, 1 unit per ml penicillin,
and 100 pg per ml streptomycin overnight. The cells were then
stimulated with 20 pM carbachol and imaged with either the
epifluorescence microscope described above or a total reflec-
tion fluorescence (TIRF) microscope (Nikon) equipped with a
fiber-coupled 561 nm laser. FA quantification was performed
using the Focal Adhesion Analysis Server [4]. FAs were
detected and outlined by thresholding the highlight images,
and their numbers were analyzed from binary images using
the spot detection function in the NIS program.

Super-resolved structured illumination microscopy
(SR-SIM)

For super-resolved structured illumination microscopy (SR-
SIM) imaging, Q7 cells expressing HTT Q103-GFP were fixed
with 4% paraformaldehyde for 10 min and permeabilized with
0.1% Triton X-100 for 5 min. Cells were incubated in 1% BSA
in PBS for 1 h and then with mouse anti-PtdIns(4,5)P, anti-
body (10 pg/ml, Echelon, #Z-P045) overnight at 4 °C. After
three washes with PBS, the cells were incubated with goat
anti-mouse antibody conjugated to Alexa Fluor 488 (diluted
1: 200) for 1.5 h. After three washes with PBS for 10 min
each, the stained cells were observed under an Elyra 7 micro-
scope (Zeiss) with a 60 X objective. The 3D SIM images were
obtained every 1 pm along the z-axis and then aligned (3D)
and reconstructed with the Zeiss Zen 3.0 SR (black) program.
Dual iterative SIM (SIM?), a nonlinear iterative reconstruc-
tion algorithm developed by Zeiss, was used to reconstruct
the images.

Statistical analysis

All data are shown as the mean =+ standard error of the mean
(s.e.m.). The significance of differences between groups was
calculated using a two-tailed Student’s t-test or one-way
ANOVA followed by post hoc Sidak’s multiple comparisons
test (GraphPad Prism 8). For categorical variables, data were
analyzed using Fisher’s exact test (Social Science Statistics).
A significant difference was determined by p <0.05.
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Results

FAK activity is reduced in an HD cell line,
a transgenic mouse HD model, and post-mortem
human brains of patients with HD

We first performed immunohistochemistry to check the
level of active FAK (FAK pY397) in human post-mortem
brains of control subjects and HD patients. The p-FAK
immunoreactivity found in the cytosolic compartment
of striatal neurons of a control subject was surprisingly
reduced in HD patients (Fig. 1a). The densitometry analy-
sis of p-FAK immunoreactivity confirmed that p-FAK lev-
els were significantly reduced in the caudate and putamen
of HD patients (Fig. 1b, c). Next, we compared the p-FAK
level in the brain sections of control mice and the HD
transgenic mouse YAC128. The results showed that p-FAK
immunoreactivity was markedly decreased in the striatal
neurons of the YAC128 mouse brain (Fig. 1d, e), suggest-
ing that FAK activity is reduced in the HD mouse model.

We then investigated whether FAK activity is decreased
in the HD stable striatal cell line STHdhQ111/Q111
(Q111) compared to its control, STHdhQ7/Q7 (Q7).
Again, the level of phospho-tyrosine 397 was significantly
lower in the HD cell line (Fig. 1f, g). The levels of p-FAK
in Q7 and Q111, as measured by western blotting, also
confirmed the significantly reduced p-FAK level in Q111
(Fig. 1h, i). Additionally, we confirmed the reduction in
p-FAK levels in HD patient fibroblast-derived induced
neurons (Supplementary Fig. 1 [Online Resource 1]).
These results indicate that basal FAK activity is severely
impaired in the stable cell line, transgenic mouse model,
and human post-mortem brains of HD.

The expression of mHTT in the mouse striatum
and striatal cell line leads to decreased FAK activity

To verify whether the transduction of mHTT also alters
FAK activity, we delivered AAV-HTT Q25-EGFP or AAV-
HTT Q103-EGFP into the striatal region of the mouse
brain (Fig. 2a). In agreement with previous results (Fig. 1),
the level of p-FAK intensity in the neurons expressing
AAV-Q103-EGFP decreased approximately twofold com-
pared to that in the neurons expressing AAV-Q25-EGFP
(Fig. 2b, c). These results indicate that mHTT can down-
regulate the level of FAK activity in HD.

We further investigated whether the acute introduction
of mHTT can directly affect FAK activity. When compar-
ing the p-FAK levels in Q7 cells transiently expressing
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Q62) (Fig. 2d), we found that the intensity of p-FAK
was significantly reduced in cells expressing HTT Q62
(Fig. 2e, f). The reduced p-FAK level was also con-
firmed by western blotting (Fig. 2g, h). Taken together,
our results suggest that mHTT downregulates the level of
FAK activity.

The FRET-based FAK biosensor identifies
impaired FAK activation upon treatment
with neurotransmitters in HD striatal cells

To measure the levels of FAK activity in live cells, we used
the FAK biosensor based on fluorescence resonance energy
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transfer (FRET) [59]. The FAK FRET biosensor is com-
posed of a specific substrate for FAK and an SH2 domain
between the FRET pair ECFP and YPet (Fig. 3a). When
active FAK phosphorylates the substrate tyrosine in the bio-
sensor, the phosphorylated substrate subsequently binds to
the intramolecular SH2 domain, causing a conformational
change of the biosensor. This then causes a decrease in
FRET between ECFP and YPet; thus, the ECFP/FRET emis-
sion ratios of the FAK biosensor can indicate FAK activity
in live cells.

Utilizing this FRET-based FAK biosensor, we first con-
firmed that basal FAK activity is significantly reduced in the
HD cell line Q111 compared to Q7 cells (Fig. 3b, ¢). We also
observed that the ECFP/FRET ratios of the FAK biosensor
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in Q7 cells decreased with the addition of a FAK-negative
mutant (FAK-related non-kinase, FRNK), and a constitu-
tively active mutant (CA FAK) recovered the reduced FAK
level in Q111 cells (Fig. 3a—). We confirmed the correlation
between these ECFP/FRET ratios and the levels of phospho-
rylated FAK Y397 (Fig. 3d).

We next compared FAK activation in Q7 and Q111 cells
upon treatment with the cholinomimetic drug carbachol.
Acetylcholine is a crucial neurotransmitter for the function
of striatal neurons [3]. It has been shown that the carba-
chol-induced activation of the muscarinic acetylcholine
(M1) receptor can induce FAK phosphorylation, and FAK
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activation is blocked by siRNA for the M1 receptor [6, 29],
suggesting a link between the M1 receptor and FAK activa-
tion. When we measured the FRET changes of the FAK
biosensor in response to carbachol, the ECFP/FRET level
of the FAK biosensor in Q7 cells was increased upon treat-
ment with carbachol, while a much-reduced FRET change
was observed in Q111 cells (Fig. 3e—g and Supplementary
Video. 1 [Online Resource 2]). Therefore, in addition to the
reduced basal FAK level in Q111 (Fig. 3b, c), the carbachol-
induced FAK activation is impaired in the striatal cells of
HD.
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Reduced FAK activity impairs focal adhesion
dynamics in HD striatal cells

FAK serves as a key regulator of focal adhesion (FA)
dynamics, which is critical in cell adhesion, migration, and
neuronal development [47, 52, 66]. Thus, we next investi-
gated whether the reduced FAK activity influences the FA
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test, *p <0.05, **p <0.005. d The expression levels of p-FAK in Q7
and Q111 cells transfected without or with FRNK or CA FAK. The
p-FAK level was quantified by densitometry analysis and normalized
to p-actin. Data are shown as mean +s.e.m. n=3. e-g The representa-
tive images e and time-course graph of the ECFP/FRET ratio f of the
FAK biosensor in Q7 and Q111 cells after the treatment of 20 pM
carbachol (CCL) for indicated times. Scale bar: 20 pm. The bar graph
in g shows the maximal ECFP/FRET ratio changes of the FAK bio-
sensor in Q7 and Q111 after the treatment of 20 pM carbachol. Data
are represented as mean=+s.e.m. (n=10 and 12 cells). Statistical sig-
nificance: t-test, **p <0.005

dynamics in HD striatal cells. Utilizing the FAK biosen-
sor and mCherry-tagged paxillin, a representative scaf-
folding protein at focal adhesions [70], we observed the
time-dependent changes in FA dynamics after carbachol-
mediated FAK activation in Q7 cells but not in Q111 cells
(Supplementary Fig. 2 [Online Resource 1]). In response
to carbachol, paxillin-positive FAs were disassembled
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in Q7 cells, resulting in a change in local FAK activ-
ity at these sites (Supplementary Fig. 2a and 2c [Online
Resource 1]). In contrast, no detectable change in either
paxillin or the FAK biosensor was observed in Q111 cells,
suggesting that the reduced FAK activity in HD striatal
cells may lead to impaired focal adhesion dynamics (Sup-
plementary Fig. 2b-c [Online Resource 1]).

For the more accurate quantification of focal adhe-
sion dynamics, we monitored mCherry-paxillin in Q7
and Q111 cells by total internal reflection fluorescence
(TIRF) microscopy and analyzed them from the Focal
Adhesion Analysis Server (FAAS) [4] (Supplementary
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Fig.4 Decreased FAK activity is associated with the impairment of
focal adhesion dynamics in HD striatal cells. a The representative
TIRF images of mCherry-paxillin in Q7, Q111, Q7 cells expressing
FRNK, and Q111 cells expressing CA FAK, before and after 20 pM
carbachol stimulation. Scale bar: 20 pm. Insets show the boxed areas
at high magnification. b—g Bar graphs show the quantification of
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Fig. 3 [Online Resource 1]). Our results show that Q111
cells display more FAs than Q7 control cells (Fig. 4a, b),
and carbachol-induced FA disassembly is significantly
inhibited in Q111 cells (Fig. 4a, ¢ and Supplementary
Video. 2 [Online Resource 3]). These results confirm that
FA dynamics is impaired in HD striatal cells.

To demonstrate that the impaired FA dynamics in HD
striatal cells is due to the reduced FAK activity, we first
introduced the negative FAK mutant FRNK to Q7 cells
and observed that the number of FAs was increased in the
Q7 cells expressing FRNK (Fig. 4a and d). In addition,
the carbachol-induced disassembly of focal adhesions was

Q7 + FRNK

Q111 + CAFAK
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FA number per cell b, d and f and FA disassembly rate in response
to 20 uM carbachol (c, e and g) in the indicated groups (n=38, 40
in Fig. 4b, ¢; n=39, 38 in Fig. 4d, e; n=75, 66 in Fig. 4f, g). Data
are shown as mean=+s.e.m. Statistical significance: r-test, *p <0.05,
**p <0.005
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also severely inhibited by FRNK (Fig. 4a and e), suggest-
ing that FAK activity is crucial for FA dynamics. Next, we
introduced a constitutively active mutant CA FAK in Q111
cells to determine whether it could rescue the impaired
FA dynamics in Q111 cells. Indeed, the number of FAs
decreased with the reconstitution of FAK (Fig. 4a, f), and
carbachol-induced FA disassembly was also recovered in
Q111 cells expressing CA FAK (Fig. 4a, g). These results
suggest that the reduced FAK activity impairs the FA
dynamics in HD striatal cells.

Impaired FA dynamics blocks proper development
of neuronal projections in HD striatal cells

In normal cells, FAK and paxillin are mainly located at focal
adhesions in the filopodial shaft and regulate the dynamics
of filopodia [23, 53]. In contrast, filopodial tips contain more
dynamic focal complexes that contain only a small percent-
age of mature adhesion components. It has been suggested
that the dynamic focal complex contains p-FAK, but not
paxillin, and as paxillin follows, this focal complex becomes
stable and larger focal adhesions stabilizing filopodia [19,
23, 45]. Interestingly, we observed reduced focal adhesion
dynamics at filopodial projections in striatal cells expressing
mutant HTT. When we compared the levels of p-FAK and
paxillin, p-FAK was often observed without paxillin at the
tips of the projections in HTT Q2-expressing cells (Fig. Sa,
¢, d and Supplementary Fig. 4a [Online Resource 1]), indi-
cating that they are small and dynamic focal complexes. In
contrast, in HTT Q62-expressing cells, larger and mature
focal adhesions containing both p-FAK and paxillin were
detected at the tips of the projections (Fig. 5b—d and Sup-
plementary Fig. 4b [Online Resource 1]). These data suggest
impaired FA dynamics at the projections in HD, possibly as
aresult of the delay or arrest of filopodial retraction.

The reduced FA dynamics at neuronal projections in HD
may contribute to the impaired development of neurites in
striatal neurons. Indeed, we observed an increased number
of shorter neurites in rat primary striatal neurons expressing
HTT Q103 compared to HTT Q25 (Fig. 5e-g), suggesting
impaired development of neurites in HD. We further moni-
tored the neuronal projections during the adhesion process of
the Q7 and Q111 cell lines. We detected a significantly larger
number of cellular projections in Q111 cells than in Q7 cells
after 2 h of adhesion, and this difference was sustained until
96 h (Fig. 5h, 1). The lengths of projections in Q7 and Q111
cells were similar at 2 h of adhesion. However, after 96 h, the
neuronal projections in Q7 cells became significantly longer,
while those in Q111 cells remained short (Fig. 5h, j). These
results suggest that the selection and proper development of
neuronal projections are impaired in HD striatal cells.

To confirm that the impaired development of neuronal
projections in HD cells is related to the reduced FAK

activity, we introduced FRNK or CA FAK and then checked
whether the numbers and lengths of neuronal projections
can be controlled by FAK activity. The results showed that
in HTT Q2-expressing cells, FRNK overexpression led to
an increased number of short neurites (Fig. 5k, 1). These
results suggest that the reduced FAK activity and impaired
FA dynamics block the proper development of neuronal pro-
jections in HD striatal neurons.

The reduced FAK activity in HD is related
to the altered distribution of Ptdins(4,5)P, by mHTT

We learned that the reduced FAK activity in HD striatal
cells is related to the impairment of FA dynamics and proper
development of neurites. We further wondered how FAK
activity is initially altered by mHTT in HD striatal cells.
First, we checked whether mHTT physically interacts with
FAK. The results showed that GFP-tagged normal hunting-
tin, HTT Q25-GFP, was distributed over the cell with no
particular colocalization with FAK. In contrast, HTT Q103-
GFP was concentrated in a few bright spots, indicating the
aggregation of mHTT, but mHTT also did not directly inter-
act with FAK (Supplementary Fig. 5a [Online Resource
1]). We confirmed that the level of p-FAK was reduced by
mHTT (Supplementary Fig. 5b—d [Online Resource 1]).

For the activation of FAK, it is known that a basic region
in the FERM domain of FAK binds to phosphatidylinositol
4,5-bisphosphate, PtdIns(4,5)P,, which induces a partially
open conformation of FAK and its autophosphorylation at
Y397 [14, 60]. Indeed, mutations in the basic region in the
FAK FERM domain disable the activation of FAK [14, 60].
Interestingly, HTT can bind to acidic phospholipids via its
N-terminal basic sequences, and in particular, it has been
shown that PtdIns(4,5)P, can associate more strongly with
mHTT [25, 27, 28]. Thus, we next investigated the associa-
tion between HTT and PtdIns(4,5)P, in control and mHTT-
expressing cells.

Again, we observed that HTT Q25 is distributed over the
cell, while HTT Q103 is aggregated inside the cells (Fig. 6a, b).
In HTT Q25-expressing cells, PtdIns(4,5)P, was mostly located
at the edge of the plasma membrane (Fig. 6a, c). Surprisingly,
we observed that mHTT aggregates were surrounded by
PtdIns(4,5)P, in HTT Q103-expressing cells (Fig. 6b, c), sug-
gesting a strong association between PtdIns(4,5)P, and mHTT.
We also observed PtdIns(4,5)P,-positive clusters adjacent to
mHTT aggregates in HTT Q103-expressing medium spiny neu-
rons of the striatal region of the mouse brain, which was con-
firmed (Supplementary Fig. 6 [Online Resource 1]). To confirm
the association between PtdIns(4,5)P, and mHTT aggregates
in striatal Q7 cells expressing HTT Q103-mTagBFP, we fur-
ther utilized super resolved structured illumination microscopy
(SR-SIM). As shown in Fig. 6d, e and Supplementary Video. 3
[Online Resource 4], three-dimensional (3D) SR-SIM images
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showed that mHTT aggregates are tightly surrounded by a shell
of PtdIns(4,5)P,. These data indicate that mHTT aggregates are
strongly associated with PtdIns(4,5)P,, thus possibly interfering
with its normal distribution and function.

We next investigated whether the abnormal distribution of
PtdIns(4,5)P, in HD cells is linked to impaired FA dynamics.
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First, we found PtdIns(4,5)P, puncta around p-FAK in HTT
Q25-expressing cells (Fig. 6f and Supplementary Fig. 7a [Online
Resource 1]), suggesting that they can function as mediators of
FAK activation. In contrast, we observed that HTT Q103 induced
the accumulation of PtdIns(4,5)P, surrounding mHTT aggregates
in the cytosol but not focal adhesions and significantly decreased
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«Fig.5 mHTT impairs the focal adhesion dynamics and proper devel-
opment of cellular projections. a—~¢ Immunofluorescence staining of
p-FAK (green), paxillin (blue), and phalloidin (red) in the striatal
cell line expressing HTT Q2 a or HTT Q62 b. Right images show
the boxed areas in the left images at high magnification. Scale bar:
5 pm (left) and 20 pm (right). The distribution of p-FAK, paxillin,
and F-actin in filopodia (from tip to base) was assessed with line
intensity profiles in ¢. d The proportion of p-FAK distribution with
or without paxillin at the tip of the projections in HTT Q2- or HTT
Q62-expressing cells (n=62 and 60 cells). Statistical significance:
Fisher’s exact test, *p<0.05. e—~g Immunofluorescence staining of
MAP2 in the AAV-HTT Q25 or AAV-HTT Q103 transduced rat stri-
atal neurons e. Scale bar: 20 pm. Bar graph in f shows the averaged
projection number in AAV-HTT Q25 or AAV-HTT Q103-transduced
rat striatal neurons. Data are shown as meanz+s.e.m. n=20 cells
per group. Statistical significance: t-test, **p<0.005. Bar graph
in g shows the averaged projection length in AAV-HTT Q25 and
AAV-HTT Q103-transduced rat striatal neurons. Data are shown as
mean+s.e.m. n=20 cells per group. Statistical significance: t-test,
*#p <0.005. h-j Immunofluorescence staining of phalloidin in Q7
and Q111 cells after adhesion for 2 h or 96 h h. Scale bar: 20 pm.
Corresponding graphs show the averaged projection number per cell
i and the averaged projection length j in Q7 and Q111 cells (n=8,
13, 15, 18 in Fig. 5i; n=21, 29, 114, 90 in Fig. 5j). Data are shown
as meanzs.e.m. Statistical significance: one-way ANOVA with
sidak’s multiple comparisons test, *p<0.05, **p<0.005. k-1 Bar
graphs show the averaged projection number per cell k and the aver-
aged projection length I in the striatal cell line expressing HTT Q2,
HTT+FRNK, HTT Q62, or HTT Q62+ CA FAK (n=20, 35, 20,
45 in Fig. 5k; n=37, 112, 77, 49 in Fig. 51). Data are represented as
mean +s.e.m. Statistical significance: one-way ANOVA with sidak’s
multiple comparisons test, *p < 0.05, **p <0.005

p-FAK levels (Fig. 6g and Supplementary Fig. 7b [Online
Resource 1]). These results suggest that the altered distribution of
PtdIns(4,5)P, may result in reduced FAK activity.

Next, we introduced mCherry-paxillin and GFP-tagged
PLC PH domain, a specific biosensor for the visualization
of the real-time dynamics of PtdIns(4,5)P, in live cells [63].
In response to carbachol, we observed the local distribution
of PtdIns(4,5)P, near disassembling FAs in Q7, but no such
dynamics was detected in Q111 cells (Fig. 6h, i, Supplemen-
tary Fig. 8 [Online Resource 1] and Supplementary Video.
4 [Online Resource 5]). Our results suggest that mHTT
aggregates can alter the normal distribution and function of
PtdIns(4,5)P,, which is crucial for the activation of FAK and
FA dynamics (Fig. 7). Therefore, mHTT-induced dysregula-
tion of PtdIns(4,5)P, can cause reduced FAK activity, which
is linked to the impairment of FA dynamics and the abnor-
mal development of neuronal projections in HD striatal cells.

Discussion

Focal adhesion dynamics is required for neurite outgrowth
and remodeling during neuronal development and adult
neurogenesis [13]. The formation of presynaptic struc-
tures in developing axons is initiated by the emergence of
axonal filopodia at the tips of growth cones [61, 74]. In the

postsynaptic part, dendritic filopodia search for presynap-
tic axonal partners and evolve into spines to form a stable
synaptic connection [11, 24]. These neuronal filopodia are
dynamic protrusions with short lifetimes. They are actin-rich
thin processes that search the environment [17]; in particu-
lar, at the tip of protrusions, neuronal filopodia contact the
extracellular matrix through highly dynamic focal complexes
[17, 22]. Many of these focal complexes disappear, result-
ing in the retraction of neuronal filopodia, while some are
selected to become more stable focal adhesions supporting
the extension of functional neurites [13]. This selection
process mediated by FA dynamics is thus important for the
proper development of neurites and correct synaptic func-
tions [56].

In HD, the dysregulation of synaptic function and plas-
ticity have been reported [46, 50, 51, 71], which are associ-
ated with abnormal density or morphology, and stabilization
of dendritic or axonal branches and spines [12, 32, 40]. In
this study, we discovered that FAK activity is significantly
reduced in a striatal HD cell line, a mouse HD model, and
human post-mortem brains of HD patients (Fig. 1). In addi-
tion, carbachol-induced FAK activation is impaired in HD
striatal cells (Fig. 3), which results in the dysfunction of
focal adhesion dynamics (Fig. 4). The decreased FA dynam-
ics causes a defect in filopodial dynamics, which can lead to
an increased number of short neurites (Fig. 5). These results
are supported by previous studies showing that FAK can
control axonal branching and synapse formation and that the
depletion of FAK induces the reversion of mature dendritic
spines to immature filopodia-like neuronal protrusions [49,
54, 62]. Thus, our results suggest that reduced FAK activity
and impaired FA dynamics block proper neurite develop-
ment and synaptic functions in HD.

An intriguing question is why FAK activity is initially
reduced in HD. In particular, the decreased FAK activity
can be directly induced by mHTT (Fig. 2); thus, we further
investigated the fundamental pathological mechanisms of
HD. In the inactive state of FAK, the FERM domain inter-
acts with the kinase domain, and this autoinhibitory inter-
action is a key mechanism for negatively modulating FAK
activity [42]. Upon cell adhesion and integrin clustering,
FAK can be recruited to focal adhesion sites via its FAT
domain, initiating autophosphorylation at Y397. For full
FAK activation, the basic patch of the FERM domain is
further required to bind to PtdIns(4,5)P, at the plasma mem-
brane [14, 60], which can partially open the closed structure
of autoinhibited FAK and maintain the active conformation
of FAK [14]. Interestingly, we discovered that mHTT can
strongly associate with PtdIns(4,5)P,, causing the alteration
of its normal distribution, which thus blocks FAK activa-
tion. In mHTT-expressing cells, PtdIns(4,5)P, is abnormally
found and sequestered in the cytosol surrounding mHTT
aggregates, and the dynamics of PtdIns(4,5)P, is severely
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«Fig.6 mHTT binds to PtdIns(4,5)P,, altering the normal distribution
and function of PtdIns(4,5)P, for FA dynamics. a—¢ Immunofluo-
rescence staining of HTT (green), PtdIns(4,5)P, (red), and merged
images in the striatal cell line expressing HTT Q25-GFP a or HTT
Q103-GFP b. Lower images show the boxed areas in the upper
images at high magnification. Scale bar: 20 pm (upper) and 2 pm
(lower). The distribution of p HTT Q25 or Q103 and PtdIns(4,5)P,
was assessed with line intensity profiles in c. d, e Super-resolved SIM
images of immunofluorescence staining of HTT Q103-mTagBFP
(blue) and PtdIns(4,5)P, (red) in the striatal Q7 cells expressing HTT
Q103-mTagBFP. The merged xz and yz stacked f or z-stack images g
of an mHTT aggregate. The z-stack depth is labeled in the lower right
in each image. Scale bar: 2 pm. f, g Immunofluorescence staining of
HTT (blue), PtdIns(4,5)P, (red), p-FAK (green) and merged images
in the striatal cell line expressing HTT Q25-GFP f or HTT Q103-
GFP g. Lower images show the boxed areas in the upper images at
high magnification. Scale bar: 20 pm (upper) and 5 pm (lower). h,
i Time-course images of mCherry-paxillin (red) and GFP-PLC PH
domain (green) after the treatment of 20 pM carbachol for indicated
times. Yellow arrows in h indicate that the GFP-PLC PH domain is
recruited to the sites of focal adhesion disassembly. Scale bar: 5 pm

impaired in regulating focal adhesion disassembly (Fig. 6).
It is currently unclear how PtdIns(4,5)P, is associated with
mHTT aggregates and further biophysical and biochemical

Normal state

Clustering

HD state

Fig. 7 Proposed model of the impaired FAK activity in HD. (Nor-
mal state) Upon cell adhesion and integrin clustering, the autoinhib-
ited FAK is recruited and clustered at focal adhesion sites. The basic
patch in the FERM domain of FAK binds to PtdIns(4,5)P, at the
plasma membrane, leading to the FAK activation. (HD state) Upon

investigations are needed to clarify the mechanism of this
association. One attractive possibility is that the N-terminal
basic residues of HTT, which have been suggested to be rel-
evant in the association of acidic phospholipids [5, 28, 65],
may mediate such interaction. These results indicate that the
mHTT-induced loss of PtdIns(4,5)P, function may lead to
dysregulation of FAK and FA dynamics in HD.

In conclusion, we report that reduced FAK activity and
impaired FA dynamics can result in the failure of proper
neurite development in HD, which is critical for synap-
tic functions in the brain. We also discovered that mHTT
directly and strongly associates with PtdIns(4,5)P,, which
is critical for FAK activation, thus resulting in reduced
FAK activity and FA dynamics (Fig. 7). The roles of FAK
in focal adhesion dynamics have been previously high-
lighted in growth cone guidance during neural develop-
ment [9, 54]. In this study, we provide direct evidence of
how FAK function is linked to the pathological mecha-
nisms underlying the impaired development of neurites
and altered synaptic functions in HD. The alteration in
FAK function may further contribute to a variety of neu-
rodevelopmental abnormalities in HD, as recent studies

“FAK activation”

FERM
basic patch

; PI(4,5)P;

No FAK activation
|, MHTT

cell adhesion and integrin clustering, the autoinhibited FAK can be
recruited to focal adhesion sites. mHTT is directly and strongly asso-
ciated with PtdIns(4,5)P, blocking its normal distribution and func-
tion for the FAK activation. This leads to the reduced FAK activity
in HD
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have reported defects in neuronal migration [2] as well as
developmental malformations [18] in HD. Therefore, our
novel findings will help us to understand the pathophysi-
ological mechanism and investigate strategies to overcome
these defects in HD.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-022-02462-z.
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