
Journal of Huntington’s Disease 8 (2019) 257–269
DOI 10.3233/JHD-180333
IOS Press

257

Research Report

Characterization of Neurodevelopmental
Abnormalities in iPSC-Derived Striatal
Cultures from Patients with Huntington’s
Disease

Pranav P. Mathkar, Divya Suresh, James Dunn, Colton M. Tom and Virginia B. Mattis∗
The Board of Governors Regenerative Medicine Institute and Department of Biomedical Sciences;
Cedars-Sinai Medical Center, Los Angeles, CA, USA

Abstract.
Background: Huntington’s disease (HD) is an inherited neurodegenerative disease and is characterized by atrophy of certain
regions of the brain in a progressive manner. HD patients experience behavioral changes and uncontrolled movements which
can be primarily attributed to the atrophy of striatal neurons. Previous publications describe the models of the HD striatum
using induced pluripotent stem cells (iPSCs) derived from HD patients with a juvenile onset (JHD). In this model, the JHD
iPSC-derived striatal cultures had altered neurodevelopment and contained a high number of nestin expressing progenitor
cells at 42 days of differentiation.
Objective: To further characterize the altered neurodevelopmental phenotype and evaluate potential phenotypic reversal.
Methods: Differentiation of human iPSCs towards striatal fate and characterization by means of immunocytochemistry and
stereological quantification.
Results: Here this study demonstrates a distinct delay in the differentiation of the JHD neural progenitor population. However,
reduction of the JHD aberrant progenitor populations can be accomplished either by targeting the canonical Notch signaling
pathway or by treatment with HTT antisense oligonucleotides (ASOs).
Conclusions: In summary, this data is postulated to reflect a potential overall developmental delay in JHD.
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INTRODUCTION

Huntington’s disease (HD) is a progressive and
fatal neurodegenerative disorder that manifests in
motor symptoms, cognitive decline, and emotional
disturbances [1–3]. Symptoms include depression
[2, 3], chorea, and behavioral/emotional disturbances
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[4], leading to an eventual loss of cognitive function
[5–8]. HD is most prevalent in the Caucasian pop-
ulation, affecting around 5 to 7 in 100,000 people,
and is less in Asian population [9, 10]. The aver-
age age of onset for HD is between 30–50 years of
age, although it may vary dramatically from patient
to patient. Effect of gender differences is shown to
have minor and clinically insignificant impact on the
progression rate of the disease [11].

HD is a monogenic, autosomal dominant disor-
der that is caused by a ‘CAG’ trinucleotide repeat
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expansion, with greater than 35 repeats, in the exon
1 of huntingtin (HTT) gene [12, 13]. The number of
repeats is inversely correlated with the age of onset
and the severity of the disease, although the rela-
tionship is non-linear [14]. Individuals with CAG
repeats between 36–40, exhibit a much less severe
form of HD with later onset and slower progression.
A small population of patients carry more than 60
CAG repeats, which causes a severe phenotype with
juvenile onset (JHD) [15]. Despite being ubiquitously
expressed and having an array of cellular functions
[16, 17], the expanded HTT repeat primarily affects
the main neuron of striatum (medium spiny neuron
(MSN) [18]) followed by the projection neurons of
the cerebral cortex [14].

Animal models of HD have proven valuable in the
understanding of the disease, however species varia-
tions between humans and animals attribute to poor
mimicry of disease [20, 21], which can contribute
to failure of a number of translational therapies in
humans which had shown promise in animal models
[22]. Animal models of HD must be generated via
introduction of a transgenic expanded repeat, since
HD does not naturally occur in animals. The hip-
pocampus – a neurogenic region of the brain – of
HD mouse brain revealed higher number of nestin-
expressing neural progenitor cells (neNPC) [15].
Selective expression of mHTT in HD mouse model
during development showed similar phenotype with
the group of mice in which mHTT was expressed all
throughout development and adult life [26]. JHD also
resembles a neurodevelopmental disorder [27].

Prior to the discovery of ESCs, human brain tissues
were only available post-mortem, making develop-
mental investigation of the disease pathophysiology
limited. But with the use of induced pluripotent stem
cells, somatic cells reprogrammed to embryonic state
[23–25], gave new ability to focus on the origins of
HD in human brain tissues generated in vitro. Human
iPSC can not only recapitulate the disease phenotype
after onset, it can also provide critical information
about the pathogenesis of disease and progression
[28]. Human iPSC derived disease model may be used
as powerful tools to discover novel sites for therapeu-
tic intervention and subsequent high throughput drug
screening and bioinformatical analysis [29]. Proto-
cols to develop in vitro striatal neurons from human
pluripotent stem cells have attempted to mimic simi-
lar approach to embryonic striatal development [14].
HD iPSCs are an excellent model as they recapitulate
human neural development in vitro and also replicate
phenotypes found in HD model organisms and human

patients [14]. The iPSC lines were therefore, gener-
ated from JHD patients with 180, 109, 77, 71, and
60 CAG repeats and control subjects with 33, 28, 21,
and 18 CAG repeats.

These findings support the hypothesis that mHTT
causes an altered developmental phenotype in the
striatum, leaving these cells susceptible to disease
development as adults by hampering neuronal home-
ostasis during development. Staining for proliferation
marker Ki67 to examine overall proliferation levels
in JHD and control cultures did not show any signifi-
cant difference. These findings reveal a population of
neNPC in JHD cultures which are not newly born
and are reluctant to differentiate therefore termed
“persistent” [15]. This study demonstrates a true
delay in JHD striatal development using iPSC-based
model. Striatal cultures from JHD cell lines dis-
played increased number of neNPCs on days 14, 28,
and 42; which after further differentiation decreased.
This increased expression of nestin was found to
be reversible by the knockdown of mHTT over the
course of differentiation as well as by inhibition of
canonical Notch pathway.

MATERIALS AND METHODS

Generation of neural progenitor (“EZ”) spheres
from iPSCs

JHD (180, 109, 77, 71, and 60 CAG repeats)
and control (33, 28, 21, and 18 CAG repeats) iPSC
colonies (Supplementary Table 1) were generated by
the iPSC Core Facility within the Board of Gover-
nors Regenerative Medicine Institute at Cedars-Sinai,
grown on Matrigel with mTeSR media (STEM CELL,
05851) in a feeder free condition [15]. They were
lifted and transferred to hiEFH media (100 ng/ml
EGF and FGF-2, Peprotech, Rocky Hill, NJ, USA)
to grow as floating neural progenitor spheres (NPCs:
here after referred as EZ spheres). These lines were
all approved for use under IRB/SCRO protocols
Pro00021505 and Pro00024899.

Striatal differentiation of EZ spheres

8–10 EZ spheres were plated per well on Poly-L-
ornithine (PLO) coated glass coverslips treated with
mixture of Matrigel (0.5 mg/plate) and laminin (1:6 in
DMEM). The spheres were then differentiated in neu-
ral induction media (DMEM:F12, 1% PSA, and 1%
N2) for 7 days. After 7 days, cells were differentiated
using Phase 3 striatal media (Neural Induction Media,
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20 ng/ml BDNF; PeproTech Inc Cat#450-02-1MG,
200 ng/ml rhSHH; PeproTech Inc #100-45-100UG,
and 100 ng/ml rhDKK-1; PeproTech Inc Cat#120-
30-500UG) for next 21 days. On the 28th day, Phase
4 media (Neural Induction Media, 20 ng/ml BDNF;
0.5 mM dbcAMP; Sigma Aldrich, 0.5 mM Valproic
Acid) was used to differentiate the cells until 42
days and 56 days. The cells were refed in with 50%
new media and 50% conditioned media three times a
week. For the differentiations, up to five JHD cell
lines (CS97iHD180, CS09iHD109, CS77iHD77,
CS81iHD71, and/or CS21iHD60) and up to four
control cell lines (CS83iCTR33, CS14iCTR28, CS00
iCTR21, and/or CS25iCTR18) were used.

Partial Knockdown of HTT using ASO

The aforementioned striatal protocol was
employed to differentiate EZ spheres in four
different conditions, untreated, treated with scram-
bled ASO (IONIS #141923) [15], treated with
mtHTT-specific ASO (IONIS #572772) [15] and
treated with non-allele specific HTT ASO (IONIS
#4375327) [30]. The cells were treated for either one
week (days 35–42 of differentiation) or throughout
the entire differentiation protocol (days 0–42 of
differentiation), where ASOs were directly added
to the media. Half of the media was replaced three
times a week. For these experiments, four JHD cell
lines (CS97iHD180n2, CS09iHD109n1, CS77iHD
77n5, CS81iHD71n1) and four control cell lines
(CS83iCTR33n2, CS14iCTR28n5, CS00iCTR21n2,
CS25iCTR18n5) were used.

Knock-down was determined by quantitative real-
time PCR. Cells were treated throughout the entire
differentiation protocol, as described above. Cells
were harvested by scraping, cells were spun at
∼300 g for 5 minutes. RNA was extracted using
the Qiagen RNeasy kit (74104), per manufac-
turer’s instructions. RNA was DNAse treated using
Promega RQ1 DNAse (M6101), then cDNA was
generated using Promega AMV reverse transcrip-
tase system (A1260) per manufacturer’s instructions.
SYBR green (Thermofisher A25780) was then used
to amplify the cDNA for HTT (Huntingtin: forward
5’ AAACTTCTGGGATCGCTAATG 3’, reverse 5’
GTTGAGGCATTCGTCAGCCA 3’) and GAPDH
(GAPDH: forward 5’ GAGTCAACGGATTTGGT
CGT 3’, reverse 5’ TTGATTTTGGAGGGATCTCG
3’), which was used as an internal control, per manu-
facturer’s instructions. 2-��Ct method was then used
to calculate the ratio of HTT (GAPDH normalized) in

the untreated versus the scramble ASO treated or the
non-allele specific HTT ASO-treated samples. Statis-
tical analyses were performed using a student’s t test.
All experiments were performed in three separate
samples.

Inhibition of canonical Notch pathway

The cells were differentiated towards striatal fate
for 42 days. The cells were treated with 10�M DAPT
from day 35 to day 42 of striatal differentiation. Half
the cells were left untreated, to act as controls. The
cells were refed three times per week with a combina-
tion of 50% conditioned media and 50% fresh media.
Five JHD (CS97iHD180n2, CS09iHD109n1, CS77i
HD77n5, CS81iHD71n1, CS21iHD60n8) and four
control (CS83iCTR33n2, CS14iCTR28n5, CS00iC
TR21n2, CS25iCTR18n5) cell lines were used for
this project.

Immunocytochemistry

After fixation, the coverslips were taken from the
24 well plates and placed in the humid chamber. Then,
30 �l of 0.2% Triton-x-100 in PBS was added and
waited for at least 15 minutes. The Triton-x-100 in
PBS was aspirated, and cells were incubated with
30 �l of primary antibodies at 4◦C for overnight. The
primary antibodies working stocks were made using
0.2% Triton-x-100 in PBS. The primary antibod-
ies used are as follows: mouse anti-nestin antibody
(Millipore, Mab5326, 1:200), rabbit Ki67 polyclonal
antibody (Vector LAB, VP-K451, 1:1000), mouse
anti-Map2ab antibody (Sigma, M1406, 1:200), rab-
bit anti neuroD1 antibody (Abcam, ab16508, 1:200),
mouse monoclonal anti -S100� antibody (Sigma, S-
2532, 1:1000), rabbit anti-GFAP antibody (Dako,
Z0334, 1:500), mouse anti- TuJ1 antibody (sigma,
T8660, 1:400), rabbit anti- NG2 chondroitin sulfate
proteoglycan antibody (Millipore, ab5320, 1:200).
After overnight incubation, the primary antibodies
were aspirated and washed thrice with 250 �l of PBS.
Then the cells were incubated with 30 �l of sec-
ondary antibodies (Alexa fluor donkey anti-mouse
594 (Life technologies, A21205, 1:500), Alexa fluor
donkey- anti rabbit-488 (Life Technologies, A21206,
1:500) for an hour at room temperature. The sec-
ondary antibody was removed, and the cells were
washed thrice with 250 �l of PBS. Next, the cells
were incubated with 30�l of 1x 4’, 6-diamidino-
2-phenylindole (DAPI) for 5 minutes. DAPI was
removed and again the cells were washed thrice with
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250 �l of PBS. Finally, the coverslips were mounted
onto the glass slides using Fluoromount – G (South-
ern biotech, 0100-01). Fluorescent images were taken
in 20X magnification using Leica microscope (Leica,
DM6000B/M basic stand).

Nonbiased stereology (stereo investigator)

Cell line names were blinded, and unbiased count-
ing was performed using stereo investigator software
in the Zeiss microscope (Axiom manager. M2 stand
Mot, 3525000470). Cells on the coverslips were con-
toured; using fractionator more than 100 sites in
the contoured area were counted. Total number of
cells (DAPI) and the desired population (nestin, ki67,
TuJ1, Map2ab, GFAP, S100�, NG2, NeuroD1) were
counted. Total percentage of desired population was
estimated by the stereo investigator software.

TUNEL Assay

The cells were fixed using 3.2% PFA and the cov-
erslips were then placed in the humid chamber. The
coverslips were washed with PBS for 5 minutes at
room temperature for 3 times, followed by 5 min-
utes incubation using 0.2% Triton X-100. The cells
were washed twice with PBS for 5 minutes. The
cells were then equilibrated at room temperature for
10 minutes using 30 �l of equilibration buffer pro-
vided with Promega TUNEL Kit (Promega, DeadEnd
Fluorometric TUNEL Assay, Cat# G3250). Follow-
ing the equilibration, the cells were incubated in
30 �l of rTdT incubation buffer (rTdT Enzyme, 1:50;
Nucleotide Buffer, 1:10; and Equilibration buffer) for
60 minutes at 37◦C. The cells were then washed with
2X SSC by incubating at room temperature for 15
minutes. The coverslips were then stained for DAPI
for 5 minutes, washed, and mounted.

Statistical analyses

All the experiments were repeated at least 3 times
and quantified using non-biased stereo investigator.
The resulting data was then graphed and analyzed.
The statistical analysis was done using two-way
ANOVA with Bonferroni correction on all data sets
(Supplementary Table 2). One-way ANOVA with
Bonferroni correction was then performed on all the
significant data sets. All the HD vs control samples
were analyzed using paired t-test, with 95% confi-
dence interval.

RESULTS

Significantly increased nestin expression on days
14, 28, and 42 in the HD iPSC-derived neuronal
cultures

Previous studies have shown that after iPSC are dif-
ferentiated towards a striatal fate for 42 days, there
is an increased percentage of nestin-expressing neu-
ral progenitor cells (neNPCs) in the HD cultures
compared to controls [15]. In order to examine the
timeline of the increased neNPC phenotype, the HD
and control iPSC-derived neural progenitor spheres
were plated and differentiated towards striatal fate
and characterized at different time points of dif-
ferentiation (Day 0, 7, 14, 28, 42, 56, and 80).
These cultures were examined for the expression of
neural progenitor markers (nestin, NeuroD1, NG2),
neuronal markers (TuJ1, Map2ab, DCX), and glial
markers (GFAP, S100�).

During the EZ stage (Day 0), it was found that
both HD and control lines had a similar percentage
of cells expressing nestin (Fig. 1A), ranging from
∼35% (CTR 28 and 33) to 65% (CTR 18 and 21)
in control samples and ∼30% (JHD 109 and 60) to
75% (JHD 180 and 77) in JHD (Fig. 1B). This is in
agreement with previous studies which established
similar levels of nestin expression in iPSC-derived
striatal cultures at this time point [15]. In general, it
was observed that nestin expression went down sig-
nificantly over time from the EZ stage in both JHD
and control lines (p < 0.0001), as expected as the cells
are differentiating to a more mature neural state.

By day 7, nestin expression generally decreased
in all lines and ranged from ∼15 (JHD 71) to 54%
(JHD 180) in JHD lines and ∼8% (CTR 28) to 60%
(CTR 21) in control lines. Similar to Day 0, there was
no significant difference observed between JHD and
control lines on day 7.

On day 14 of striatal differentiation, the nestin
expressing cellular population continued to decrease
in the control lines, ranging from ∼19 (CTR 28) to
37% (CTR 21). However, when analyzed, the per-
centage of cells expressing nestin in the JHD lines was
significantly higher than controls (p < 0.05), ranging
between approximately 34 (JHD 60) to 54 % (JHD
180). Similarly, by day 28, the JHD lines contin-
ued to show significantly higher expression of nestin
expressing cells than the controls. The JHD lines with
180 (33.5%, p < 0.001), 109 (27.75%, p < 0.05), 71
(43.5%, p < 0.0001) CAG repeats were significantly
higher than all the control lines (3–16%).
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Fig. 1. Increased expression of nestin expressing neural progenitor cells was observed on day 42 of striatal differentiation. A) Representative
images of nestin and DAPI on time points (day 0, 7, 14, 28, 42, 56, and 80). Scale bar represents 50 �m. B) Stereological quantification
of nestin C) NeuroD1 D) NG2 E) Map2ab F) TuJ1 G) GFAP. Statistical analysis was performed using paired T-test (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). Error bars represent SEM.

As has been previously demonstrated, the per-
centage of cells expressing nestin after 42 days of
differentiation remained significantly higher in JHD

180, 109, 77, 71 (∼38–50%) than the control lines
(∼10–18%) [15]. Statistical analysis between JHD
and control lines showed the highest significance of
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all time points (p < 0.0001). However, as we have
previously reported, the JHD 60 cultures were not sig-
nificantly different than the control or other remaining
JHD lines [15].

To observe the effect of extended differentiation on
the NPC population, the cultures were allowed to con-
tinue differentiating until day 56 or 80. Expectedly,
there was a continued decrease in percentage of neN-
PCs in both JHD and control cultures. However, at
these later time points there was no statistical signif-
icance observed between the JHD and control lines.
This potentially indicates a delayed developmental
phenotype in JHD cultures.

Along with nestin, the iPSC-derived striatal cul-
tures were also characterized for other neural
progenitor (NeuroD1, NG2, DCX), neuronal (TuJ1
(�III-tubulin), Map2ab) and glial markers (GFAP,
S100�). No overall significant differences were
observed between the JHD and control lines for
the progenitor makers NeuroD1 (a basic helix-loop-
helix family of transcription factor) (Supplementary
Figure 1A) or NG2 (an oligodendrocyte progenitor
marker) (Supplementary Figure 1B), except on day
28 (p < 0.05, increase in control) or except on day
42 (p < 0.05, increase in control), respectively. It was
observed that NeuroD1 expression was similar in
both JHD and control samples on days 0, 7, 14, and
also on later time points days 42 and 56 (Fig. 1C).
Although a cell line specific variability could be
observed, the overall control versus JHD compar-
ison was not significantly different. Similar results
were observed with NG2, with the expression level
remaining variable throughout different time points
and cell line specific variability (Fig. 1D). Map2ab
(microtubule associated protein – a and b isoforms)
is a more mature neuronal marker and stains for the
differentiating/ post-mitotic neurons (Supplementary
Figure 1C). TuJ1 is an immature neuronal marker,
staining for post mitotic neuron that arises through-
out neurogenesis (Supplementary Figure 1D). Both
TuJ1 and Map2ab expression gradually increased
from day 0 onwards (p < 0.001). There was signifi-
cant difference observed between JHD and control
lines on day 7 (p < 0.05) for Map2ab (Fig. 1E) and
on day 42 (p < 0.05) for TuJ1 (Fig. 1F), where JHD
lines showed significant increase. GFAP (Glial fib-
rillary acidic protein) (Supplementary Figure 1E) is
a marker of immature glia, whereas S100� (Sup-
plementary Figure 1F) is characterized as the late
marker in the astrocyte development. There was no
significant difference observed in GFAP expression
except on day 80 (p < 0.05), where more control cells

expressed GFAP than JHD lines (Fig. 1G). However,
there was no significant difference observed between
JHD or control cell lines for the other glial marker
S100� (Supplementary Figure 1G). No significant
difference was observed in JHD and control lines.
DCX (Supplementary Figure 1H) is expressed by
neural progenitor cells in adult or embryonic cortex.
No significant difference was observed between JHD
and control lines at days 42 and 56 (Supplementary
Figure 1I).

No overrepresentation of populations expressing
nestin alone, or in conjunction with either TuJ1
and/or GFAP was observed in striatal cultures
after 42 days of differentiation

In an effort to further classify the aberrant cell pop-
ulation observed in the JHD striatal cultures, levels
of co-expression of nestin with the neuronal marker
TuJ1 and glial marker GFAP were quantified at 42
days of differentiation. Statistical analysis revealed
that the cell lines with higher CAG repeats have
significantly more cells expressing only nestin (not
co-expressing either TuJ1 and/or GFAP) (p < 0.0001,
JHD 180 and JHD 109; p < 0.001, JHD 77 and JHD
71). As the JHD striatal cultures have more nestin
positive cells overall, nestin co-expressing popula-
tions were evaluated as a percentage of total nestin
positive cells in order to further analyze the sig-
nificance of the TuJ1 and/or GFAP co-expressing
Nestin-positive cells (Fig. 2A). Statistical analysis
conducted on each of these populations individually
revealed no over-represented co-localization popu-
lations (Fig. 2B). In agreement, within the GFAP
and TuJ1 populations there was no over-represented
co-localization populations in the JHD cells (Supple-
mentary Figure 2A-D). Therefore, even though there
is a delayed development phenotype in the JHD iPSC
striatal differentiations, they do not appear to be aber-
rantly co-expressing markers of progenitors and more
mature neural types.

HTT knockdown for one week prior to day 42 does
not reduce the nestin phenotype, but knockdown over
the course of the differentiation does

In order to determine whether the observed phe-
notype of increased neNPC population in the JHD
cultures was reversible, HTT was knocked down
using antisense oligonucleotides (ASOs). The cells
were treated with an ASO targeted to either total HTT
or a single-nucleotide polymorphism found only in
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Fig. 2. Nestin co-expression with neuronal and/or glial markers is not significantly different in HD cultures. A) Nestin co-expression levels
with the neuronal (TuJ1) and glial (GFAP) marker at 42 days of differentiation. B) No nestin population is over represented in HD lines at
42 days of differentiation. Statistical analysis was performed using paired T-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error
bars represent SEM.

the JHD180 long-allele or were treated with a non-
HTT targeted (scramble) negative control from day
35 until day 42 (Fig. 3A), based upon previous exper-
iments [15]. At day 42, after one week of either total
HTT or allele-specific HTT knockdown, no signifi-
cant reduction of nestin (Fig. 3B), TuJ1 (Fig. 3C) or
GFAP (Fig. 3D) was observed in any of the lines.

As HTT is expressed throughout development,
it was therefore postulated that HTT knockdown
through the entire course of differentiation might
be necessary in order to fully reverse the neNPC
phenotype. Therefore, the JHD and control cells
were treated with ASOs throughout the 42 days of
the differentiation protocol. Using a scramble ASO,

the average HTT expression was calculated to be
between 51–139% of untreated in controls (with an
average HTT knockdown of 0.05 ± 41.8% standard
deviation), and between 56–117% in HD samples
(with an average HTT knockdown of 4.83 ± 26.5%
standard deviation). When a total HTT-targeted
ASO was used, HTT expression was seen between
25–80% of untreated in controls (with an average
HTT knockdown of 46.2 ± 27.3% standard devia-
tion), and between 48–88% of untreated in controls
in HD samples (with an average HTT knockdown
of 28.4 ± 17.1% standard deviation) (Supplementary
Figure 3). While all lines had a trend towards knock-
down using the total HTT ASOs, only the HD77
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Fig. 3. Reduction of HTT levels during differentiation reduces the HD Nestin phenotype. A) Images of and B) quantification that one week
of HTT knock-down (day 35–42) using antisense oligonucleotides (ASOs) does not reduce Nestin expression in the HD cultures. C) ASO
targeted knock-down of mtHtt does not significantly affect the amount of TuJ1-positive, D) or GFAP-positive cells. E) Partial knockdown
of HTT during the 42 days of differentiation using ASOs showed significant reduction in nestin expressing progenitor population in the
striatal cultures. F) There was no significant difference in TuJ1+ cell population in both the control and HD lines with or without the HTT
knockdown. G) There was no significant difference in GFAP + cell population in both the control and HD lines with or without HTT
knockdown. Statistical analysis was performed using one-way ANOVA. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) Error bars
represent SEM.
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and CTR33 lines had a significantly decreased HTT
expression over the scramble ASO (Supplementary
Figure 3). It was found that the increased percent-
age of neNPCs was significantly reduced after HTT
knockdown, not just in the JHD lines, but also in
the controls (p < 0.0001, JHD 71; p < 0.001, JHD 77;
p < 0.01, JHD 109 and CTR 28; p < 0.05, JHD 180,
CTR 21, and CTR 33) (Fig. 3E). No significant dif-
ference was observed in neuronal (TuJ1) (Fig. 3F) or
glial (GFAP) (Fig. 3G) populations. This reduction in
nestin expression in all lines upon HTT knockdown
implicates its role in neuro-/glio-genesis.

No significant increase in the proliferation of
JHD cultures and phenotypic reversal by
inhibition of canonical Notch pathway

The next thing to determine was if the JHD neN-
PCs were true neural progenitors, or whether they
were simply aberrantly expressing nestin as a stress
response [33]. Since neural progenitor cells possess
the ability to proliferate [38], the self-replication abil-
ity of these cultures was analyzed using Ki67 staining
(Fig. 4A). When Ki67 expression was examined over
the time course of 0 to 56 days of differentiation,
expectedly the percentage of cells expressing of Ki67
decreased over time (p < 0.0001) (Fig. 4B). However,
no significant difference was observed in the JHD
and control cultures, demonstrating that even though
there are more neNPCs, there is no higher prolifera-
tion rate in JHD cultures than controls.

To further investigate whether the persistent JHD
neNPCs are true neural progenitor cells, canonical
Notch pathway was inhibited using 10 �M of N-[2S-
(3,5-difluorophenyl) acetyl]-L-alanyl-2-phenyl-1,1-
dimethylethyl ester-glycine (DAPT) from day 35 to
day 42 (Fig. 4C). Notch pathway is highly conserved
in various multicellular organisms and is known
to be critical for self-maintenance and renewal of
NPCs [39–42]. This one-week Notch pathway inhi-
bition caused the neNPC population to significantly
decrease in both control samples (p < 0.001) and
in JHD samples (p < 0.0001) (individually, CTR18,
CTR21, CTR28, HD60, HD71 and HD109 had a sig-
nificant decrease upon Notch addition; Fig. 4D). This
data is corelates with recent findings of the role of
Notch in self-renewal of NPCs and subsequent dif-
ferentiation to glial and neuronal fate [43]. There was
significant increase observed in JHD 71 and JHD
180 (p < 0.05) in TuJ1-expressing neuronal popula-
tion (Fig. 4E). There was however, no significant
difference in GFAP-expressing glia (Fig. 4F).

As the inhibition of canonical Notch pathway
reduced the nestin expressing cell population but
did not result in a significant increase in TuJ1 stain-
ing in every line, it was decided to analyze whether
these cells were simply dying upon Notch inhibi-
tion, as opposed to being forced to differentiate to a
more mature neural fate. A terminal deoxynucleotidyl
transferase dUTP Nick-End Labelling (TUNEL)
assay was therefore used to investigate cellular apop-
tosis (Fig. 4G). Although there appeared to be an
increased percentage of apoptotic cells in the treated
cultures, no significant difference was observed upon
DAPT treatment of the cultures in either control or
JHD cultures (Fig. 4H).

DISCUSSION

HD is traditionally considered as an adult onset
neurodegenerative disorder. The present study was
designed to explore the potential neurodevelopmental
aspects of the disease. iPSC based disease modelling
provides a unique perspective about the pathogenesis
and progression of HD. Since iPSC are repro-
grammed somatic cells with patient specific genetic
information, the differentiation towards striatal fate
of the same allows an exclusive insight towards
development of the disease. This approach of dis-
ease modelling presents an ideal opportunity to study
the early disease onset and its progression. Previous
studies have shown that there are increased percent-
age of neNPCs in JHD cultures than control after
42 days of striatal differentiation. The same study
proved that this NPC population is not newly gener-
ated but instead “persistent” [15]. In this study, the
higher neNPC phenotype in JHD cultures compared
to controls was successfully recapitulated. Previ-
ous transcriptomic analysis of these cultures showed
alteration in neurodevelopmental pathways, validat-
ing the phenotypes observed in HD iPSC derived
striatal cultures [30]. In this study, the gene changes
identified were largely associated with neural devel-
opment, and the genetic profile of the HD striatal
cultures mapped to an earlier developmental stage
than control cultures [30]. Treatment with a small
molecule shown to increase Ca2+ influx in neural
stem/progenitor cells at least partially reversed some
phenotypes in the cultures, including cell death, and
restoring the cortico-striatal synapses in HD model
mice [30], further providing evidence for dysregu-
lation at early stages of development. A completely
different transcriptomic study of HD neural progen-
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Fig. 4. HD nesting phenotype reversed by inhibition of canonical Notch pathway. A) Immunocytochemistry of the proliferation marker Ki67.
The proliferation decreases in both HD (180 repeats) and control (21 repeats) lines over increasing time points of striatal differentiation.
Pictures were taken at the magnification of 20X. B) Graph shows the expression of proliferation marker Ki67 at 0, 7, 14, 28, 42, and 56
days of iPSC-derived striatal cultures. The Ki67 expression decreases over increasing time points of differentiation in both HD and control
lines. C) Inhibition of canonical Notch pathway showed significant reduction in nestin expressing NPC population in both control and HD
cultures. Representative images of the 1 week inhibition of canonical Notch pathway using 10�M DAPT during striatal differentiation. D)
Notch inhibition decreases percentage of nestin+ cells in all lines, but a greater percentage in HD to the level of control. E) Two of the HD
lines (HD 71 and HD 180) showed significant difference in TuJ1 population F) No significant difference was observed in GFAP+. G) Images
of H) and quantification of apoptotic cell death by means of TUNEL assay reveal no significant increase in cell death due to Notch inhibition.
Statistical analysis was performed using paired T-test for Fig. 4 B), D) – F) and one-way ANOVA for Fig. 4 H). (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001) Error bars represent SEM.
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itors derived from iPSCs also revealed dysregulation
of genes involved with neuronal development [31].
The data presented in this paper demonstrates a delay
in development of HD iPSC characterized by the
increased percentage of nestin expressing neural pro-
genitor cells on days 14, 28, and 42, which was
reversed upon HTT knock-down or treatment with
canonical Notch inhibition.

Nestin is a neural progenitor marker that is
expressed throughout the development of central ner-
vous system [32], however it can also be upregulated
after a traumatic injury or other cellular stress [33].
The observed phenotype of higher number of “persis-
tent” nestin expressing NPCs in JHD cultures could
either be reflective of a delayed developmental phe-
notype or be brought about as a stress response due to
the continuous insult of mHTT. Nestin functions as a
class VI intermediate filament protein that becomes
down regulated upon progenitor maturation into neu-
ral or glial cells [34]. Therefore, nestin is an excellent
marker for determining the presence of neural pro-
genitor cells in culture. However, there are instances
where nestin can become expressed in different cell
types other than neural progenitors. Astrocytes have
demonstrated to upregulate nestin expression dur-
ing times of cytoskeletal reconstruction as well as
in neurons and astrocytes following an acute stress
such as traumatic brain injury [33]. This could give
rise to upregulation of nestin along with coexpres-
sion with TuJ1 and/or GFAP. There is evidence that
shows that increasing the expression of nestin in neu-
rons and astrocytes may be in an effort to extend the
survival of diseased tissues, such as Purkinje cells
in advanced Creutzfeld-Jakob Disease [35]. Notch
signaling pathway, a highly conserved pathway in
multicellular organisms, is critical for self-renewal
and maintenance of progenitors. The receptors are
triggered by cell-cell contact and a subsequent cas-
cade of signals dictates the cellular fate, including but
not limited to neurogenesis [39–41]. Recent findings
suggest that Notch signaling plays vital role in sub-
sequent differentiation of NPCs to neuronal or glial
fate and inhibition of this pathway also impedes the
differentiation [43].

Aberrant populations of nestin expressing cells
have also been observed in HD striatal cultures. In
BACHD mice (mice that contain the bacterial arti-
ficial chromosome containing the full length human
mHTT gene), hippocampal derived neural progen-
itor cells exhibited significantly elevated levels of
nestin after a week of differentiation in the presence
of BDNF. This phenotype has also been observed

in human cell lines as well. ESC derived neu-
rospheres containing the mHTT gene (111 CAG
repeats) presented a similar significant increase in
nestin expression to the BACHD mice, compared
to control line (18 CAG repeats). The same study
showed alterations in differentiation potential of
NPCs with mHTT genes. [36].

There is increasing evidence on the possible func-
tions that HTT plays within the cell. While the
presence of HTT is required for prenatal devel-
opment and the absence of HTT is lethal, there
are also reports of impaired adult neurogenesis in
the presence of mHTT [18]. Mutant HTT has also
shown to have cellular alterations in vesicle recy-
cling, decreased BDNF signalling, excitotoxicity,
disrupted calcium signalling, decreased intracellular
ATP, inhibition of protein clearance pathways, altered
gene transcription, and mitochondrial and metabolic
disturbance [37]. This evidence demonstrates some
mechanisms why mHTT, present in HD, impairs
normal development within the striatum by alter-
ing neuronal homeostasis and subsequently placing
a specific neuronal cell type (medium spiny neurons)
in an environment that leaves them susceptible to
disease [18]. Based on this, the presence of a per-
sistent nestin positive neural progenitor population
after 42 days of striatal differentiation may represent
a possible early HD phenotype. The characterization
of this aberrant population may provide insight into
the delayed neural and glial maturation observed in
HD-iPSC striatal cultures.

Non-selective HTT knockdown using ASOs
showed phenotypic reversal without any significant
neuro-/glio-genesis. This study only characterized
TuJ1 and GFAP as neuronal and glial marker, respec-
tively. This further confirmed that TuJ1 and GFAP
are not sufficient markers to characterize the aberrant
neural progenitor population. It is imperative that this
study be corroborated with more studies using other
progenitor, neuronal, and glial markers, along with
other scientific methods.

Despite the ubiquitous expression of HTT, the vul-
nerability of striatal MSNs to mHTT remains unclear.
To confirm the association of the observed delayed
developmental phenotype with the mHTT protein
expression in the culture, the study was designed with
the use of ASOs to partially knockdown HTT (with
HTT knock-down levels in this study between 12%
and 75%). After treating the both JHD and control
cultures with non-allele specific ASOs throughout
the 42 days long striatal differentiation, a phenotypic
reversal in JHD cultures was observed. The levels
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of nestin expressing NPCs in the ASO treated cul-
tures reduced dramatically. A significant decrease in
NPC population in control cultures as well was also
observed, however it may be due to the non-allele spe-
cific nature of the ASOs to also target non-expanded
wild-type HTT. There was no significant difference
in glial or neuronal populations in either JHD or
control cultures, indicating the lack of enhanced gli-
ogenesis and neurogenesis. No significant difference
was observed in NPC population of JHD or con-
trol cultures treated with scrambled ASO and the
cells behaved similarly to the untreated cultures. This
may demonstrate that knockdown of the mutant HTT
protein alone may be enough to reverse the nestin
phenotype observed in JHD. There is a known neces-
sity for wild-type HTT in the developing brain, as it
is essential for mitotic spindle orientation [44]. Inter-
estingly, the partial knock-down did not negatively
affect the differentiation of neurons (TuJ1) or glia
(GFAP).

Although it needs to be validated by in-vivo data,
this study provides evidence to support the hypothe-
sis of delayed development phenotype in HD patient
striatum. After differentiating towards striatal fate,
JHD cultures showed significantly higher percentage
of nestin positive cells. HTT knockdown throughout
the course of differentiation can reverse the pheno-
type. Inhibition of canonical Notch pathway (DAPT)
reversed the elevated nestin phenotype. Interestingly,
gamma-secretase inhibitors, such as DAPT, have
been previously shown to reduce mtHTT cleavage
and thereby decrease mtHTT-induced neurotoxicity
in immortalized cell lines [45]. This in addition to the
fact that no increased proliferation in the HD striatal
cultures was observed does warrant future studies into
whether the increased nestin expressing cells are truly
a neural progenitor population, or whether they are
an aberrant population that is either stalled in devel-
opment or are expressing Nestin as a stress response.
It will also be interesting to determine if the HD cul-
tures are still susceptible to glutamate excitotoxicity
upon BDNF withdrawal [15] after notch inhibition.
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