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Abstract

We have previously established induced pluripotent stem cell (iPSC) models of Huntington’s disease (HD), demonstrating
CAG-repeat-expansion-dependent cell biological changes and toxicity. However, the current differentiation protocols are
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cumbersome and time consuming, making preparation of large quantities of cells for biochemical or screening assays
difficult. Here, we report the generation of immortalized striatal precursor neurons (ISPNs) with normal (33) and expanded
(180) CAG repeats from HD iPSCs, differentiated to a phenotype resembling medium spiny neurons (MSN), as a proof of
principle for a more tractable patient-derived cell model. For immortalization, we used co-expression of the enzymatic
component of telomerase hTERT and conditional expression of c-Myc. ISPNs can be propagated as stable adherent cell lines,
and rapidly differentiated into highly homogeneous MSN-like cultures within 2 weeks, as demonstrated by
immunocytochemical criteria. Differentiated ISPNs recapitulate major HD-related phenotypes of the parental iPSC model,
including brain-derived neurotrophic factor (BDNF)-withdrawal-induced cell death that can be rescued by small molecules
previously validated in the parental iPSC model. Proteome and RNA-seq analyses demonstrate separation of HD versus
control samples by principal component analysis. We identified several networks, pathways, and upstream regulators, also
found altered in HD iPSCs, other HD models, and HD patient samples. HD ISPN lines may be useful for studying HD-related
cellular pathogenesis, and for use as a platform for HD target identification and screening experimental therapeutics. The
described approach for generation of ISPNs from differentiated patient-derived iPSCs could be applied to a larger allelic
series of HD cell lines, and to comparable modeling of other genetic disorders.

Introduction

Huntington’s disease (HD) is a fatal, progressive, neurodegenera-
tive disorder caused by a CAG-repeat expansion in the Huntingtin
gene (HTT). The disease is characterized by motor abnormalities,
cognitive deficits and emotional changes (1,2). HD is recognized
as a model disease to study neurodegenerative disorder, since it
is caused by a mutation in a single gene and shows correlation
between triplet repeat expansion length and age of disease
onset (1,3). HD exhibits selective atrophy of the striatum, mainly
affecting the caudate and putamen, causing death of up to
95% of GABAergic medium spiny neurons (MSNs) projecting to
the globus pallidus and substantia nigra. While the HTT gene
mutation resulting in HD was identified in 1993 (4), disease
pathogenesis remains incompletely understood and there is
currently no disease-modifying therapy available.

HD cell models represent useful tools for understanding the
cell biology of the disorder and testing potential therapeutics.
While previous HD cell models have provided useful informa-
tion, most of them have not been derived from patients, or
focused on clinically relevant MSNs (5-7). Human embryonic
stem cells (hESCs) have been generated from HD-affected
embryos (CAG-repeat range from 37 to 51 repeats) (8-10);
however, hESCs are hindered by ethical concerns and the
relative paucity of HD-related phenotypes (11). In contrast,
induced pluripotent stem cells (iPSCs) can be obtained from
adult somatic cells, such as skin fibroblasts, by reprogramming
with a set of transcription factors into pluripotent cells. Such
pluripotent cells can be differentiated into various mature cell
types, including neurons, and can be used for modeling human
hereditary diseases including neurodegenerative disorders
(3,12,13).

The NINDS HD iPSC Consortium has conducted an extensive
series of studies on iPSCs generated from HD patients with a
range of CAG-repeat expansion lengths, at the neural precursor
stage and after differentiation to striatal phenotypes (14-16). The
HD iPSCs show patterns of gene and protein expression distinct
from controls, and consistent with pathways known to be altered
in HD, such as neurodevelopment, cellular transport, proteosta-
sis, GABA and glutamate signaling, axonal guidance and calcium
influx, and RNA and cellular metabolism including lower expres-
sion of glycolytic enzymes. In addition, the patterns of gene and
protein expression correlate with CAG-repeat expansion length.
HD iPSCs differentiated into neural cells also exhibit disease-
associated phenotypes such as changes in electrophysiology,
cell adhesion, and metabolism, including decreased ATP levels.

The CAG-repeat expansion in these iPSC lines corresponds with
susceptibility to cell stressors (i.e. brain-derived neurotrophic
factor (BDNF) withdrawal, glutamate toxicity, oxidative stress
and autophagy inhibition) similar to the repeat expansion length
dependence in human HD patients. The patient-derived HD
iPSC model represents a substantial advance over previous
cell models of human genetic disorders [for review see Ref.
(17)]. Reversion of HD-associated phenotypes in isogenic cell
lines derived by genetic correction of HD iPSCs or HD iPSC-
derived neurons treated with mutant allele-specific antisense
oligonucleotides (ASOs) confirms the suitability of this model
(18-20). Rescue of HD-associated phenotypes in differentiated
HD iPSCs by small molecules has also been demonstrated
in numerous studies by the HD iPSC Consortium and others
(15,16,20-25).

Nevertheless, HD iPSCs still have several significant disad-
vantages—very complicated differentiation protocols, limited
yield of differentiated cells, and substantial variability in cell
phenotypes in differentiated cell populations and among dif-
ferent experiments. These disadvantages limit the use of this
model for comprehensive biochemical studies, or for develop-
ment of screenable cell-phenotypic assays.

We hypothesized that conditionally immortalized cell lines—
generated by co-expression of hTERT and regulated c-Myc from
patient-derived human iPSCs differentiated towards subtype
specific striatal precursors in vitro—would recapitulate the main
features of the parental iPSC model, including ability to be differ-
entiated to disease-affected cell types, demonstrating disease-
associated phenotypes. Here, we report proof of principle for
the generation and characterization of a new HD cell model
of immortalized striatal precursor neurons (ISPN) derived from
differentiated HD and non-disease control human iPSCs. The
ISPN lines characterized here may be suitable for studying HD-
related cellular pathogenesis and for screening for experimental
therapeutics.

Results

Generating human HD iPSC-derived immortalized
striatal precursor lines

Immortalization of mouse primary neurons as well as corti-
cal, hippocampal and striatal neurons from human embryonic
brains has been successfully used to generate neural cell lines
(6,26,27). We hypothesized that similar techniques could be used
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Figure 1. Scheme for generation of immortalized striatal precursor lines. NSCs (also designated as EZ-spheres) were derived from HD and non-disease control iPSCs
and differentiated towards striatal neurons for 56 days as described in Materials and Methods. The differentiated cells were dissociated with TrypLE Select solution and
plated into Matrigel-coated tissue culture plates. After recovery, the plated cells were transduced with retroviral vectors encoding immortalizing genes and genes for
resistance to selective antibiotics and, following the corresponding drug selection, used for single cell cloning. Clones were tested for expression of striatal progenitor
markers and differentiation potential. Selected clones were expanded and used for further characterization. Panels show representative images of the following cell
cultures: NSCs derived from HD iPSCs (i); NSCs differentiated to the end of Phase III after plating into Matrigel-coated tissue culture plates (ii); NSCs differentiated to
MSN-like phenotypes after ICC for MSN markers DARPP32/MAP?2 (iii); immortalized striatal precursors after ICC for Nestin (iv); and immortalized striatal precursors
differentiated into MSN-like phenotypes after ICC for MSN markers DARPP32/MAP2 (v). NIM—neural induction medium.

to immortalize striatal neurons derived by differentiation of
human pluripotent cell lines such as HD iPSCs generated and
characterized by the HD iPSC Consortium.

Primary neuronal cells can be immortalized using various
approaches such as somatic fusion (28) or expression of immor-
talizing genes/oncogenes including v-myc (29), c-myc (30,31),
SV40 large T (6,32-35) and hTERT (36,37). However, overexpres-
sion of hTERT alone was not sufficient to immortalize some pro-
genitor cells such as human hematopoietic stem cells, while co-
expression of hTERT with human papillomavirus type 16 (HPV16)
E6 and E7 oncogenes was reported to immortalize the cells and
prevent accumulation of multiple chromosomal abnormalities
(38).

To generate ISPN lines, we chosen retroviral transduction of
HD and non-disease control iPSCs differentiated into MSN-like
phenotypes with vectors encoding c-Myc fused to tamoxifen-
sensitive hormone binding domain of the estrogen receptor
(ER) (39) and human telomerase reverse transcriptase (hTERT).
Regulation of c-Myc-ER expression by 4-hydroxytamoxifen
(4-OHT) allows for gene silencing during differentiation by
4-OHT withdrawal and prevents potential disruption of differ-
entiation shown in some cell lines with constitutive expression
of immortalizing proto-oncogenes (38,40). Tamoxifen inducible
c-Myc-ER, a chimeric construct engineered by fusion of human
transcription factor c-Myc to the ER, is shown to efficiently
immortalize primary neurons without transformation (26).
hTERT is hTERT required for elongation of chromosomal ends
and maintenance of genomic integrity (41). Expression of
exogenous hTERT in certain normal human somatic cell types
stabilizes telomere length and allows for indefinite growth
(36,42,43). Using the Consortium differentiation protocol (14)
and validated retroviral vectors encoding immortalizing genes
c-Myc-ER and hTERT, we developed a scheme for generation of
such immortalized lines (Fig. 1).

We used iPSC lines derived from a healthy donor (33 CAG
repeats) and a juvenile onset HD patient (180 CAG repeats)

(Table 1) (14)from the same pedigree per the NINDS/Coriell
Institute catalog. Neural stem cells (NSCs, also designated
as EZ-spheres) derived from HD and control iPSCs were
differentiated to an early stage striatal neuron phenotype for
56 days (Fig. 1). The differentiated iPSCs were simultaneously
transduced with retroviral vectors encoding c-Myc-ER and hTERT
and genes for resistance to selective antibiotics puromycin
and neomycin, respectively, followed by drug selection and
expansion of surviving cells. Transduction with hTERT alone
was not sufficient to immortalize the differentiated iPSCs, as
cells did not survive through the selection process for more
than 2-3 weeks. In contrast, transduction with c-Myc-ER alone
or in combination with hTERT resulted in cell survival in the
presence of selective antibiotics for approximately 1 month
after transduction, which allowed for expansion of the surviving
cells in culture. Therefore, for further characterization we chose
cells transduced with both c-Myc-ER and hTERT. C-Myc and
hTERT expression in transduced lines was confirmed by Western
blotting (Supplementary Material, Fig. S1A).

We also tested two established cell culture media com-
positions previously used to propagate human immortalized
neural precursors [Supplementary Material, Tables S1 and S2,
modified from El-Akabawy (44) and Dashinimaev et al. (45)]
which we designated as Striatal Cell Medium (SCM) 1 and 2,
respectively. Both media compositions were supplemented with
4-hydroxytamoxifen. Cells maintained in SCM-1 did not survive
for more than a week, while cells in SCM-2 showed stable
survival and growth. SCM-2 medium with minor changes was
therefore used in all further experiments. After transduction,
we also lowered the oxygen level in the incubator from 21%
to 5%, since low oxygen was found to be optimal for human
neural precursors (45). Cells that survived over 2 weeks of drug
selection were expanded to sub-confluent cultures and used for
single-cell cloning performed by serial dilution in 96-well plates.

For further differentiation to MSN-like phenotypes, we used
the established HD iPSC differentiation protocol (Fig. 1). After
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Table 1. HD iPSC Consortium cell lines used for generation of ISPN (HD iPSC Consortium, 2012)

iPSC line Coriell fibroblasts # Repeat length Donor gender Donor age
CTR 33i.8 GM02183 33,18 Female ~21YR
HD 180i.5 GM09197 180, 18 Male ~6YR

4 days of induction of differentiation, we replaced the ‘Phase 3’
tamoxifen-free medium with ‘Phase 4’ medium for the follow-
ing 10 days. The differentiated clones were then screened for
the expression of mature neuron and MSN markers, MAP2 and
DARPP32, by dot blot analysis (Supplementary Material, Fig. S1B).
Clones positive for both markers were expanded, cryopreserved,
and used for further characterization. To distinguish our new HD
cell model from the parental iPSC model, it was designated ISPN.

ISPNs exhibit a striatal precursor-like phenotype before
differentiation and MSN-like phenotype after
differentiation

The immortalized cell lines derived from HD iPSCs became
proliferative and were grown as homogeneous adherent cultures
without any morphological sign of transformation, such as loss
of contact inhibition of proliferation, decreased adhesion or
change of morphology from polygonal to spherical. The mor-
phology of ISPNs before and after differentiation was similar to
striatal precursors and mature neurons, respectively, recapitu-
lating morphological changes during striatal differentiation in
human iPSCs and immortalized striatal precursors derived from
non-disease human embryonic brains (26,27) (Fig. 2A).

G-band karyotype analysis showed normal karyotypes in 33Q
and 180Q ISPN lines with 46, XX and 46, XY chromosomes,
respectively (Fig. 2B and Supplementary Material, Fig. S1D). We
also verified the number of CAG-repeats in control and HD ISPN
clones by CAG-repeat genotyping. Results confirmed 33/18 CAGs
in control ISPN lines and 220/18 CAGs in HD ISPN lines, similar to
the parent HD iPSC model (14). (We will still refer to the expanded
repeat line as ‘180 CAG’).

To compare our new ISPN model to the parental iPSC model,
we characterized selected clones by the expression of striatal
precursor markers in the undifferentiated, and on striatal mark-
ers in the differentiated state using immunocytochemistry.

Most of the immortalized cells express neuroepithelial
marker Nestin and early lateral ganglionic eminence (LGE)
markers, homeobox genes GSX2 and Meis2, as well as Ctip2
(BCL11b) and ASCL1 (MASH1) (46). Expression of the neural
precursor marker Nestin as well as striatal precursor mark-
ers GSX2 and Meis2 was detected in essentially all non-
differentiated ISPNs (Fig. 2C and Supplementary Material, Fig.
S1C). Our quantification using Image] software confirmed that
99.1+1.4% of the total cell populations express both GSX2 and
Meis2 and 98.3+1.1% Ctip2 markers. Based on morphological
and immunocytochemical analysis, we found that non-
differentiated ISPNs display LGE precursor-like phenotypes
which reverted from the differentiated neural phenotype of HD
iPSCs during immortalization. We suggest that this phenotype
resembles the ‘Phase III’ (Fig. 1) stage of iPSC differentiation from
the HD iPSC Consortium differentiation protocol (14).

HTT protein expression within cells was also evaluated
using immunostaining with an antibody to total HTT (MCA2051,
Fig. 2D). In both control and HD cells we observed mostly
cytoplasmic with some nuclear HTT localization, consistent with
previous reports (47,48).

ISPN lines were then differentiated as described above with
minor modifications (Fig. 1). To optimize the ‘Phase 3’ medium
composition, we replaced recombinant Sonic Hedgehog with
purmorphamine. Purmorphamine is known to significantly
upregulate the Hedgehog signaling pathway (GLI1 expression)
and enhanced differentiation of the immortalized striatal
cell line STROCOS into mature striatal phenotypes (44). We
also substituted the recombinant Dickkopf-related protein
1, an inhibitor of the canonical WNT pathway, with IWR-1,
a small molecule inhibitor of WNT pathway, that has been
shown to promote intermediate progenitor domain specification
(49).

Expression of MAP2 and DARPP32 dramatically increased
after differentiation, being almost undetectable in the undif-
ferentiated ISPNs (Fig. 3A and Supplementary Material, Fig.
S2A). DARPP32 and MAP2 expression levels in ISPNs were
further confirmed by Western blotting (Fig. 4A). DARPP32 protein
increased from an undetectable level, to detectable at week
one and further increased across 3 weeks. DARPP32 induction
was significantly greater if the ISPNs were differentiated
at normal atmospheric oxygen levels of 21% instead of 5%
O, (Fig.4A and B). MAP2 protein showed a similar increase;
however, we did not observe any oxygen concentration
dependency (Fig. 4A). Notably, ISPNs differentiated for 2 weeks
demonstrated greater expression of mature neuron and MSN
markers compared to parental iPSCs differentiated for over
72 days. Over 90% of the differentiated ISPNs were positive
for MAP2a/2b, Ctip2, and DARPP32 (95.2+4.5%) and more than
80% were positive for GABA (89.5 +6.7%), while only about 10%
of the parental iPSCs were TUJ1/MAP2 positive and 5% were
DARPP32/Ctip2 positive (14).

We confirmed expression of both wild-type and mutant
forms of HTT protein by Western blotting using an antibody
to total HTT (Fig. 4C). Expression of mHTT in HD ISPNs was
confirmed by Western blot using two independent poly-Q
recognizing antibodies (Fig. 4D).

Proteome and RNA-seq analysis demonstrate
separation of HD and control ISPNs and confirm the
upregulation of MSN markers upon differentiation

We compared the proteomes and transcriptomes in non-
differentiated and differentiated control and HD cell lines by
mass spectrometry (MS) using isobaric mass tags (tandem mass
tags, TMTs) and RNA-seq. All experiments were performed on
two HD (n2 and n14) and two normal control (EE and DG) ISPN
lines. The abundance of over 7000 proteins, identified at 1% false
discovery rate (FDR), in non-differentiated and differentiated
ISPN samples were compared in each of two separate TMT
MS analyses. The data from both TMT runs were combined
for downstream analysis. In RNA-seq analysis, 4788 genes were
significantly differentially expressed (adjusted P-value < 0.01)
between HD and control iPSCs, 5323 genes were differentially
expressed between HD and control cells in differentiated MSNs,
while 7461 genes were significantly differentially expressed
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Figure 2. Characterization of selected clones of control and HD ISPNs. (A) Phase-contrast images of non-disease control (33Q, clone EE) and HD (180Q, clone n14)
ISPNs demonstrate striatal precursors phenotypes before (undifferentiated) and neural phenotypes after differentiation (differentiated). Differentiation to MSN-like
phenotype was performed for 14 days as described in Materials and Methods. Scale bar, 100 pm. (B) G-banding analysis demonstrates normal karyotype of ISPNs from
representative karyotype spread images. (C) Immunofluorescence analysis of ISPNs shows expression of striatal precursor markers GSX2 and Meis2 in undifferentiated
HD cells (180Q, clone n14) (upper four panels) as well as neural precursor marker Nestin in undifferentiated control (33Q, clone EE) and HD (180Q, clone n14) cells
(bottom panels). Scale bars, 100 pm. (D) Immunofluorescence analysis (with MCA2051 Ab) of undifferentiated ISPNs shows expression of HTT predominantly in the
cytoplasm of control (33Q, clone EE) and HD (180Q, clone n14) cells. Confocal images.

between differentiated and undifferentiated HD cells. Both TMT control samples by principal component analysis, and greater
and RNA-seq analysis demonstrated separation of HD versus separation after differentiation (Fig. 5A and B). We searched
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Figure 3. Immunophenotyping of differentiated ISPNs demonstrates MSN-like phenotype of selected clones. (A) Immunofluorescence analysis of ISPNs demonstrates
expression of MAP2 (mature neuron marker) and DARPP32 (MSN marker) in differentiated ISPNs (180Q, clone n14) (lower row). No expression of the markers was
observed in the undifferentiated ISPNs (upper row). (B) Co-expression of other MSN markers Ctip2 and GABA with neural markers TUJ1 and MAP2 was also observed
in the differentiated ISPNs (180Q, clone n14). Nuclei stained with Hoechst. Scale bars, 100 pm.

for the previously reported aberrantly spliced exon-1 HTTla
transcript (50,51) in our RNAseq data. However, it was not
detected.

Omics data demonstrate that major MSN markers (MAP2,
DARPP32 and Ctip2) are significantly upregulated in ISPNs
upon differentiation as was validated by immunocytochemistry
(Fig. 5C). mRNA levels of other striatal markers such as Calbindin
1, Calretinin (Calbindin 2) and D1R/D2R were also increased in
the differentiated cells (Fig. 5C).

RNA-seq and proteomics results both detected a significant
increase of synaptic markers such as GAD1, GAD2, DLG4, GPHN
and SLC32A1 after differentiation in non-disease control and HD
ISPNs (Supplementary Material, Fig. S3). Notably, levels of major
MSN and synaptic markers were similar between differentiated
ISPNs and a previously published dataset procured from iPSC-
derived neural cells (15), demonstrating the comparability of the
two HD cell models (Supplementary Material, Fig. S4). Levels of
glial markers including GFAP and PDGF-RA were lower in dif-
ferentiated ISPN compared to iPSC-derived neural cells (Supple-
mentary Material, Fig. S4), indicating a much more homogeneous
MSN-like phenotype.

HD relevant signaling pathways and protein networks
are altered in HD compared to control ISPNs

Ingenuity pathway analysis (IPA) of proteomics data identified
pathways altered in our HD ISPN model that are similarly altered
in other HD models including iPSCs and patient brains (14,15,48).
These pathways are involved in endocytosis including caveolar-
mediated signaling, and neural development and maturation
including GABA receptor, semaphorin and axonal guidance sig-
naling (Fig. 6A and Supplementary Material, Figs S5, S6 and
s8).

Previously, we identified several genes in GABA and gluta-
mate signaling pathways downregulated in differentiated HD
iPSCs compared to control cells (15). IPA analysis of HD ISPN
proteomics data also identified a panel of differentially down-
regulated proteins in GABA receptor signaling pathway including
GABA transporter (GAT1), vesicular GABA transporter (VGAT),
GABA-B receptor 2, Adenylyl cyclase 2 and gephyrin (Supple-
mentary Material, Fig. S5) We also found significant alteration
of glutamate receptor signaling including downregulation of K-
type mitochondrial glutaminase, glutamate receptor 7 and PSD-
95 in differentiated HD ISPNs (Fig. 6B). We observed decreased
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Figure 4. Western blots show expression of MSN-specific genes and proteins in differentiated ISPNs. (A) Western blot for MSN marker DARPP32 and mature neurons
marker MAP2 confirms expression of the markers in differentiated versus undifferentiated (Undiff.) ISPNs with gradual increase from week 1 to week 3. Notably, cells
differentiated at atmospheric oxygen level (21% O,) show higher levels of the markers on week 2 compared to cells maintained at 5% O, even for 3 weeks. Actin used as
a loading control. (B) Densitometric quantification normalized to actin confirms significant increase of the MSN marker levels in ISPNs differentiated at atmospheric
oxygen level. N=3 independent differentiations. (C) Western blot analysis of ISPNs using anti-HTT MAB2166 antibody (epitope: amino acids 441-455) demonstrates
specific expression of mutant HTT (upper band, top red arrow) in HD ISPNs (180Q, clones n2 and n14). Lower band (bottom black arrow) corresponds to normal HTT.
(D) Western blots of polyglutamine expression in ISPN lines using two different (3B5H10 and MW1) anti-polyQ antibodies demonstrate mutant HTT in the HD derived

lines. Actin used as a loading control.

viability of HD ISPNs compared to control cells after induction
of cell toxicity by glutamate pulse treatment (Fig. 6C), consistent
with previously shown increased glutamate toxicity in HD iPSC-
derived neural cultures (14).

In addition, we observed alterations in metabolic pathways
such as sphingomyelin metabolism and ethanol degradation,
which correlate with dysregulation of metabolism described in
HD iPSC derived neural cells and other HD models.

The top altered network identified using IPA of proteomics
data was ‘Neurological Disease, Cell-To-Cell Signaling and Inter-
action, Nervous System Development and Function’ (Supple-
mentary Material, Fig. S6). Notably, most proteins in the network
are downregulated in HD ISPNs and one of the central nodes in
the network is BDNF, which plays a crucial role in neuronal sur-
vival and activity in HD (52,53). Top functional categories altered
in differentiated HD ISPNs versus control included behavior, cel-
lular development, cell-to-cell signaling and interaction, tissue
development, nervous system development and function, and
neurological disease. These categories are similar to those found
altered in HD iPSCs (15). Notably, the nervous system devel-
opment and function category was significantly decreased in
HD ISPNs compared to control cells, while neurological disease
functional category was significantly increased (Supplementary
Material, Table S3). We also identified the ingenuity top toxicity
list altered in differentiated HD versus control ISPNs, which
includes biogenesis of mitochondria, swelling of mitochondria
and glutathione depletion (Supplementary Material, Table S4).
Various impairments of mitochondria and bioenergetics are well
documented in HD models and patients.

Expression levels of the key regulators
of neurodevelopment are altered and can be
pharmacologically rescued in differentiated HD ISPNs

Further analysis of proteomics data identified a list of upstream
regulators of differential protein expression altered in differ-
entiated HD ISPNs (Supplementary Material, Table S5). The top
upstream regulators include REST and BDNF known to be altered
in HD.

In agreement with our Omics results for the HD iPSC model
(15), REST (a regulator of NeuroD1 expression) was classified
by IPA as the top ‘activated upstream regulator’ of differential
protein expression in differentiated HD ISPNs with activation Z-
score 3.388 (Fig. 7A and Supplementary Material, Table S5) RNA-
seq analysis confirmed a significant increase of REST mRNA
levels (Fig. 7B). NEURODI, a key regulator of neurodevelopment
altered in the HD iPSC model (15) was also altered in our novel
ISPN model. IPA analysis predicted that NEUROD1 is another
upstream regulator of differential protein expression with one
of lowest activation Z-score: —1.98 (Fig. 7C). RNA-seq analysis
confirmed significantly decreased NEUROD1 mRNA levels in dif-
ferentiated HD ISPN lines (Fig. 7D), as well as ASCL1, one of the
pro-neural bHLH factors upstream of NEUROD1 (Fig. 7E). Valida-
tion of the Omics results by Western blot confirmed significantly
decreased levels of NEUROD1 and its downstream targets Cal-
bindinl and CAMK IV in HD ISPNs compared to control, and an
increase after treatment of differentiated ISPNs with the small
molecule Isoxazole-9 (Isx-9) in the absence of BDNF, similar to
results obtained using the HD iPSC model (Fig. 7F and G).


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab200#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab200#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab200#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab200#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab200#supplementary-data
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Figure 5. Proteome and RNA-seq analysis demonstrate separation of HD and control ISPNs and confirm the upregulation of MSN markers upon differentiation. (A)
Proteomics principal component analysis of log2 normalized protein expression values shows separation of HD (red and purple) versus non-disease control (green
and blue) ISPNs along principal component 3. Shapes of points for different lines are shown in graph. (B) RNA-seq principal component analysis of log2 normalized
global gene count values demonstrates clear separation between undifferentiated HD and non-disease ISPNs. (C) Upregulation of MSN markers MAP2, DARPP32, Ctip2,
Calbindin 1 and 2, and DRD2 but not DRD1 in differentiated ISPNs by Omics analysis. Y-axes for mRNA graphs are on a log scale and represent read counts normalized
by size factor. Y-axes for protein graphs represent log2 normalized TMT reporter ion signal intensity values. Colors and shapes of points as in (A, B). *** adjusted

P-value <1e-5, ** adjusted P-value < 0.01.

IPA pathway tools suggest that the down-regulated BDNF
could be an upstream regulator of the differential protein
expression in differentiated HD ISPNs (activation Z-score — 2.653,
Fig. 8A and Supplementary Material, Table S5). RNA-seq analysis
confirmed significantly decreased BDNF mRNA levels in HD ISPN
lines (Fig. 8B). To investigate whether BDNF withdrawal from the
cell culture medium can induce cell death in HD ISPNs that can
be rescued with small molecules, we used a drug previously
validated in HD iPSC model, Isx-9 and a nuclear condensation
cell death assay (14,15). We observed a 3-fold increase in death
of differentiated HD ISPNs after BDNF withdrawal for 48 h, while
control cells were not significantly affected. Addition of Isx-9 to
the BDNF-free differentiation medium ameliorated toxicity in
the HD ISPNs (Fig. 8C), similar to what has been shown for HD
iPSCs and other HD models (14).

We used a BDNF withdrawal model of neuronal death to
develop a screening platform using our new HD ISPNs (Fig. 8D).

The assay was performed in a 96-well plate format using a
CellTiter-Glo luminescent cell viability assay (Promega). HD and
control ISPNs were differentiated for 2 weeks before being trans-
ferred into BDNF-free neural induction medium (NIM); ATP levels
were determined after 24 h. We tested rescue of cell death
using small molecules previously validated in the HD iPSC model
such as memantine (NMDA receptor antagonist), SB 239063 (p38
MAPK inhibitor) (20) and Isx-9 (15). We also tested the BDNF
receptor TrkB agonist, 7,8-Dihydroxyflavone (7,8-DHF), known to
activate TrkB in primary neurons cultures (54). BDNF was used
as a positive control at 2x concentration (40 ng/ml) compared
to differentiation media. Our results demonstrated that all the
tested small molecules ameliorated BDNF-withdrawal induced
toxicity in HD ISPNs, and rescue with 7,8-DHF can be blocked by
TrkB receptor antagonist ANA-12 (Fig. 8D).

Pridopidine (a sigma-1 receptor agonist) protection of neu-
rons from mHTT toxicity via the sigma-1 receptor was recently


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab200#supplementary-data
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Figure 6. HD relevant signaling pathways are altered in HD compared to control ISPNs. (A) Top IPA pathways showing differential expression in differentiated HD
versus control ISPNs in proteomics analysis. (B) Glutamate receptor signaling pathway is altered in HD ISPNs. Proteins found to be downregulated in HD lines are
shown in blue and proteins upregulated are in red. (C) ATP levels in differentiated ISPNs after induction of cell toxicity by glutamate pulse treatment. HD (180Q, clone
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Luminescent Cell Viability Assay (Promega) according to the manufacturer’s protocol. One-way ANOVA: *P < 0.001 versus Vehicle (Veh); DM—complete differentiation
medium; 3x - 3 pulses of glutamate toxicity, 2x — 2 pulses of glutamate toxicity.

shown in mouse primary neurons and human HD iPSCs (25). Discussion
Similar protection was observed in our ISPN model and this
protection was blocked by the sigma-1R antagonist NE-100 (Sup-
plementary Material, Fig. S7).

The recent development of patient-derived models is a substan-
tial advance for cell models of HD and other genetic diseases.
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Table 2. Comparison of HD iPSC and ISPN cell models

HD iPSCs

ISPNs

Starting cell culture

‘EZ-spheres’ in suspension)

Differentiation time 8 weeks
Heterogeneity of

differentiated population

Expansion and modification

to 40-50% glia
difficult to subclone

Generation of material for
biochemical

characterization single-cell molecular analysis

iPSC clones or neural precursors (e.g.

5-10% of DARPP32/Ctip2 positive cells; up

Complicated methods of propagation;

Restricted amount of material after
differentiation, usually requiring ICC or

Homogeneous culture of adherent cells

2 weeks
over 90% of DARPP32/Ctip2 positive cells

Easy to expand adherent cell lines; relatively easy to
derive lines by single-cell cloning followed by genetic or
other modifications

Can generate large amounts of material applicable for
biochemical analysis including Omics and Western
blotting, and for screening

However, developing iPSC-based platforms for biochemical stud-
ies and therapeutic screenings has been hindered by hetero-
geneity, long differentiation times and complicated methods of
propagation of iPSC models. We present here a proof-of principle
for the development of a novel model of HD patient-derived
ISPNs which ameliorates some of these disadvantages. Our HD
ISPN model recapitulates key features of the parental cell lines
but is experimentally more tractable. Key properties of the HD
ISPN model versus the parental iPSC model are as summarized
in Table 2.

Differentiated ISPNs exhibit morphology similar to striatal
projection neurons and show expression of many of the same
mature neuron and MSN markers as the parental HD iPSCs. HD
ISPNs demonstrate much broader expression of DARPP32, Ctip2
and GABA in over 90% of differentiated cells versus 5-10% in the
iPSC model. We are also currently optimizing our experiments
for further functional maturation of the ISPNs, such as synapse
formation and electrophysiological recordings.

To further elucidate whether HD ISPNs recapitulate major
features of HD iPSCs, we performed RNA-seq and proteomics
pathways analysis (using IPA), and compared results to previ-
ously reported Omics analysis of HD iPSCs (14). We observed a
significant overlap of signaling pathways, upstream regulators,
and functions altered in our differentiated HD ISPNs and iPSCs.
Many of these dysregulated pathways have been previously
implicated in HD.

Pathways identified as altered in HD ISPNs included
endocytic pathways, consistent with early studies of biopsies
from postmortem HD patient brains, which showed a dramatic
increase in endosome-lysosome-like organelles and HTT-
positive tubulovesicular structures in remaining striatal neurons
(55,56). Alterations in caveolar-mediated endocytosis signaling
in HD ISPNs correlate with reported inhibition of endocytosis
in mHTT-expressing primary striatal neurons through a non-
clathrin caveolar-related pathway, suggesting a potentially novel
mechanism for HD neurotoxicity (57).

Alterations of GABAergic neurotransmission are well docu-
mented in HD patient brains and rodent models. These include
changes in GABA levels and synthesis, abnormal receptor
subunit compositions and distribution of GABA, receptors,
and aberrant GABA, receptor-mediated signaling (58,59). GABA
receptor signaling is also one of the top IPA canonical pathways
showing differential gene expression in differentiated HD iPSCs
(15). Hence, changes in GABA receptor signaling in our HD ISPN
model correlate well with data from HD patients, iPSCs and other
models.

Axonal guidance signaling was previously found altered in
the HD iPSC model (14,15) and the closely related semaphorin

signaling pathway is significantly perturbed in differentiated HD
ISPNs. It has been reported that anti-semaphorin 4D (SEMA4D)
immunotherapy ameliorates neuropathology and some cogni-
tive impairment in YAC128 mice, consistent with the idea that
semaphorins may represent a therapeutic target in HD (60).
The recently concluded SIGNAL trial of Pepinemab (conducted
by Vaccinex), a humanized monoclonal antibody to SEMA4D,
yielded promising results.

Changes in CTLA4 and antigen presentation pathways iden-
tified in our ISPN model suggest possible immune dysregulation
involved in HD pathogenesis since CTLA4 is a crucial immune
regulator (61). Identification of changes in two metabolic path-
ways, sphingomyelin metabolism and ethanol degradation, con-
firms the alteration of metabolism that has been described in
HD iPSCs (16). Dysfunction in serotonin and dopamine receptor
signaling in HD ISPNs is also well documented in HD (62-64).

Alterations in Stathmin1, a microtubule destabilizer involved
in cell cycle progression, segregation of chromosomes, clono-
genicity, cell motility and survival (65), is a new observation
for HD, and could be either relevant to chromosomal instability
in HD cells (11) or a result from the immortalization process.
Changes in germ cell-Sertoli cell junction signaling could be rele-
vant to reported sperm and testicular degeneration in HD trans-
genic animal model through coordinated interactions between
Sertoli cells and germ cells (66,67).

The top two upstream regulators identified by IPA, REST and
CREB1, were shown to modulate neurotoxicity in HD (68,69)
and predicted via weighted gene correlation network analysis
(WGCNA) of HD datasets as upstream regulators highly corre-
lated to disease stage (70). REST is a master regulator of neu-
rogenesis and neurodevelopment. Its elevated levels may be
responsible for reduced neural maturation of HD iPSCs and con-
tribute to unbalanced generation of GABAergic and glutamater-
gic neurons. REST was reported as the most activated upstream
regulator of the differential gene expression in the HD iPSC
derived neurons, which again demonstrates the great correlation
in global Omics profiles between HD iPSC and ISPN models
(15). In previous studies of HD iPSC lines, the HD iPSC Consor-
tium reported decreased expression of one of the REST target
genes NEUROD1 (a proneuronal basic helix-loop-helix gene, that
regulates neurodevelopment and adult neurogenesis), as well
as altered expression of several genes that regulate NEUROD1
expression including ASCL and REST (15). The Consortium also
established that mHTT-related phenotypes could be modulated
in HD iPSC neurons by a small molecule, isoxazole-9 (Isx-9),
which targets several of these dysregulated genes. In particular,
Isx-9 was shown to rescue BDNF-withdrawal induced toxicity
in differentiated HD iPSCs specifically through upregulation of



NEUROD1 levels. Our ISPN model recapitulates altered levels of
NEUROD1, CALB1 and CAMK4 as well as the effects of Isx-9 on
induction of these neurodevelopmental regulators and on cell
viability.

BDNF is another upstream regulator identified by IPA in
HD ISPNs with decreased gene expression levels in HD versus
control cells. Decreased BDNF levels in HD brains and cell
models are well documented and considered one of the most
important contributors to loss of striatal neurons (52,53). BDNF
signaling alterations was reported in differentiated HD iPSCs
(15). Notably, increased expression of REST is implicated in
dysregulation of BDNF: in HD, REST translocates from the
cytoplasm to nucleus resulting in BDNF transcription repression
in neurons (68). BDNF withdrawal causes reduced cell viability
of differentiated HD iPSCs in a CAG-repeat-dependent manner
that can be rescued by various small molecules (14,15,20,25). We
observed similar protective effects of these compounds in our
HD ISPN model. In addition, we tested the pro-survival effect
of a small molecule Tropomyosin receptor kinase B (TrkB) agonist
7,8-dihydroxyflavone (7,8-DHF). 7,8-DHF is shown to protect
neurons in the N171-82Q transgenic HD mouse model while
significantly improving motor deficits, ameliorating brain atro-
phy, and extending survival (71). 7,8-DHF treatment in primary
striatal cultures from R6/1 HD mice induces phosphorylation
of TrkB at tyrosine 816 and activation of the downstream
PLCy1 pathway. Chronic administration of 7,8-DHF delays
motor deficits in R6/1 mice (72). Our results show that 7,8-
DHF and BDNF itself can rescue BDNF-withdrawal induced
toxicity in HD ISPNs, demonstrating that the rescue of HD
toxicity with 7,8-DHF is applicable to an HD patient derived
model.

Overcoming iPSC disadvantages in our novel ISPN model
allows to generate larger amounts of material that can be used
for molecular and biochemical analysis, including identification
of post-translational modifications (PTMs) in mHTT. PTMs can
contribute to HD onset age, and relevant kinases are being
considered as HD therapeutic targets (73,74). Furthermore, we
demonstrate that our HD ISPN model is a suitable screening plat-
form for experimental therapeutics in a 96-well format, using
quantitative readout methods like the CellTiter-Glo luminescent
cell viability assay. However, more work is needed to determine
optimal tests (phenotypic readouts) and analytical endpoints,
and validate the assay parameters including range, specificity,
accuracy, precision, linearity and robustness (5). In addition to
cell viability/toxicity assays, candidate endpoints could include,
among others, assays for mitochondrial dysfunction (Supple-
mentary Material, Table S4).

We are currently developing more ISPN lines with an allelic
series of repeat lengths. We anticipate studying the pathologic
pathways related to HD in the context of differences in gender
and genetic background by using this cell model. As a separate
approach, isogenic lines carrying varying CAG repeat lengths in
the first exon of HTT for ISPNs will be useful for investigating
CAG repeat length related mechanisms. Currently, the CAG size
of our original 180Q ISPN line has expanded to around 220, indi-
cating somatic expansion in our cells. Thus, we anticipate the
ISPN model cane also be used for somatic CAG repeat instability
studies in the future.

Taken together, our results demonstrate that our new HD
ISPN model recapitulates some key disease-related phenotypes
of the parental iPSC model, and it will be amenable to the studies
of pathogenesis, and screening for experimental therapeutics.
We believe our approach also represents a novel paradigm for
generating tractable cell models of other genetic disorders.
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Materials and Methods

Cell culture and differentiation of iPSC derived
NSC lines

NSCs (also designated as EZ-spheres) were derived from human
HD (180Q, clone 180i.5) and non-disease control (33Q, clone
33i.8) iPSCs as described previously (14). Briefly, iPSCs were con-
verted into non-adherent NSCs by lifting iPSC colonies with
Collagenase IV solution (ThermoFisher), followed by propagation
in Stemline NSC medium (Sigma-Aldrich) supplemented with
heparin (5 pg/ml, Sigma-Aldrich, cat # H3149) and high concen-
trations of EGF and FGF-2 (100 ng/ml, both from Peprotech). NSCs
were maintained as spherical aggregates in polyhema-coated
flasks to prevent attachment and split weekly by mechani-
cal chopping as described before (40). Differentiation of NSCs
towards striatal neurons was performed according to the EZ-
sphere differentiation protocol (14,75) for 56 days prior to viral
transduction. First, the NSCs were transferred into NIM com-
posed of DMEM/F12 (ThermoFisher-Invitrogen) supplemented
with 25 pg/ml Insulin (cat # 13536), 50 pg/ml Transferrin (cat #
T1147), 100 pM Putrescine (cat # P5780), 20 nM Progesterone (cat
# P6149), and 30 nM Selenium chloride (cat # 323527) (all from
Sigma-Aldrich) for 5 days (Phase I) and then, BDNF (20 ng/ml;
Peprotech) was added for 2 days (Phase II). For the following
21 days, cells were differentiated in NIM with 20 ng/ml BDNF,
200 ng/ml rhSHH (Peprotech) and 100 ng/ml DKK1 (Peprotech) to
promote a rostral forebrain fate (Phase III). Finally, the cells were
matured into MSN-like phenotypes in NIM supplemented with
20 ng/ml BDNF, dibutyryl cyclic AMP (dbcAMP, 0.5 mwm; Sigma-
Aldrich, cat # D0627) and valproic acid (VPA, 0.5 mm; Sigma-
Aldrich, cat # P4543) for 14 days (Phase IV). The differentiation
media were half-changed three times per week.

Generation of retroviral stocks and transduction
of differentiated iPS cells

Viral stocks were prepared by transfection of Phoenix-AMPHO
cells (ATCC, CRL3213) with pBabe-puro-myc-ER [a gift from
Dr Wafik El-Deiry (Addgene plasmid # 19128; http://n2t.net/a
ddgene:19128; RRID: Addgene_19128)] or pBabe-neo-hTERT [a
gift from Dr Bob Weinberg (Addgene plasmid # 1774; http://
n2t.net/addgene:1774; RRID: Addgene _1774)] plasmid DNA
using LipofectAMINE 2000 reagent (ThermoFisher Scientific, cat
#11668027) followed by concentration of retroviral particles from
conditioned media using Retro-X Concentrator (Clontech, cat #
631455) according to the manufacturer’s protocol. Transfection
efficiency of approximately 90% was verified by in parallel
transfection with pBabe-GFP (a gift from Dr William Hahn,
Addgene plasmid # 10668; http://n2t.net/addgene:10668; RRID:
Addgene_10668) plasmid DNA. The average viral titer measured
by QuickTiter Retrovirus Quantitation Kit (Cell Biolabs Inc.,
VPK-120) was ~10® per ml.

For generation of immortalized striatal neurons, non-disease
control and HD iPSCs were differentiated for 56 days, dissociated
with TrypLE Select solution (ThermoFisher-Invitrogen), and
re-plated in Striatal Cell Medium-2 (SCM2, for composition
see Supplementary Material, Table S2) into 6-well plates pre-
coated for 1 h with Matrigel (0.167 mg/ml DMEM; Corning).
After 48 h, the cells were transduced or co-transduced with
the fresh or frozen viral stocks diluted with fresh SCM2 1:10.
Polybrene (Hexadimethrine bromide, Sigma-Aldrich, #H9268,
6 mg/ml stock solution made in sterile water) was added to
a concentration of 6 pg/ml. After overnight incubation, the
medium was changed to fresh SCM2 for 48 h then, to SCM2
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containing selective antibiotics 0.2 pg/ml Puromicin dihydro-
choloride (ThermoFisher Scientific) and/or 50 pg/ml Geneticin
(ThermoFisher Scientific). Cells were maintained in the media
with selective antibiotics until selection was complete, and sub-
confluent cultures were split using TrypLE Select solution for
single-cell cloning and frozen stock preparation.

Single-cell cloning of ISPNs

ISPN single-cell cloning was performed according to a Cell
Cloning by Serial Dilution in 96 Well Plates protocol (Corning).
After the first split of non-disease control or HD ISPNs following
drug selection, the cells were re-plated from one well of a 6-
well plate into Matrigel coated 96-well plates using the serial
dilution technique and maintained in medium prepared by
mixing of equal volumes of fresh SCM2 and SCM2 conditioned
medium from non-disease control ISPNs culture. Wells of the
96-well plate containing single-cell clones were monitored
daily, and cells were split into two new 96-well plates after
reaching sub-confluent density. One of these two plates was
used for induction of differentiation followed by dot-blot
analysis of striatal marker expression and another one for
further propagation, Western blot validation of c-myc and hTERT
transduction, and preparation of frozen cell stocks.

Immortalized striatal precursors propagation
and freezing

For propagation, selected ISPN clones were cultured in Matrigel-
coated 6-well plates with SCM2 medium at 37°C, 5% CO, and
5% O, atmosphere incubator. The cells were split approximately
twice per week after reaching sub-confluent density. First, cells
were treated with TrypLE solution for 10 min at 37°C. Then, the
cells were harvested with DMEM +0.02% BSA into 15 ml tube and
counted with a hemocytometer. After spinning at 150 g for 5 min
at room temperature, cell pellets were re-suspended in SCM2
and plated at a density of 2 x 10° per well in Matrigel coated
6-well plates. SCM2 was changed every 2-3 days. For freezing,
cells were harvested as for propagation and cell pellets were re-
suspended in SCM2 plus 10% DMSO (Sigma-Aldrich) to a density
of 5 x 10° to 10° cells per ml. Cryovials with 1 ml cell suspension
per vial were placed into a —80°C freezer in an isopropyl alcohol
chamber for 24 h. The frozen vials were then transferred for
long-term storage into a liquid nitrogen tank.

Karyotyping and CAG-repeat genotyping

Karyotyping of live cells was performed by Cell Line Genetics
laboratories, Madison, WI. Cytogenetic analysis was performed
on 20 G-banded metaphase cells for each tested cell line.
Genomic DNA was collected from cells using the Qiagen
DNeasy Blood and Tissue Kit (cat # 69504) per the manufacturer’s
protocol. Genotyping was performed by Laragen Inc. (Culver City,
CA), while the remaining DNA was frozen as stocks at —80°C.

Immortalized striatal precursors differentiation

To induce striatal differentiation sub-confluent monolayer ISPN
cells were grown in Phase 3 medium on Matrigel-coated plates
at a density of 3x10* cell/cm?. The cells were maintained
4 days in modified ‘Phase-3 medium’ (14) composed as NIM
supplemented with 20 ng/ml BDNF (Peprotech), 0.67 uM

purmorphamine (Stemgent), and either 100 ng/ml Dickkopf-
related protein 1 (DKK-1) (Peprotech) or 1.5 pMm IWR-1 (Sigma-
Aldrich). Then, the cells were transferred for 10 days into ‘Phase-
4 medium’: NIM with 20 ng/ml BDNF (Peprotech), 0.5 mM valproic
acid (VPA) (Sigma-Aldrich) and 0.5 mm dibutyryl cyclic adenosine
monophosphate (dbcAMP) (Sigma-Aldrich).

Proteomics

Protein samples preparation. Quantitative proteomics samples
of two HD and two control undifferentiated and differentiated
ISPN lines were prepared and characterized in parallel cultures
according to the previously described protocol (73,76). Briefly,
cell pellets were lysed in 2% SDS/1 mm EDTA/1 mmM PMSF in
dH,0 at room temperature and sonicated 2-3 times with 22%
power input and 5 s intervals to reduce viscosity of the lysate.
The lysates were diluted with water and protein amounts were
determined via BCA assay (Pierce) to normalize protein levels
between samples (100 pg protein/108 pl each). For additional QC,
aliquots of the prepared material were fractionated on SDS-PAGE
and stained with Coomassie blue protein stain to ensure the lack
of protein degradation during the procedure. Two independent
sets of protein samples were used in parallel for the proteome
analysis.

Mass tag Labeling. Protein extracts were reduced with 10 pl of
200 mmM TCEP then alkylated with 10 pl or 375 mm iodoacetamide
in the dark for 30 min and TCA/Acetone precipitated (100 pg).
Protein pellets were resolubilized in 100 pl of 100 mm triethyl
ammonium bicarbonate (TEAB) and digested overnight at 37°C
by adding 10 pg of Trypsin/LysC mixture (V5071, Promega) in
100 mm TEAB. Individual samples (100 pg) were labeled with a
unique isobaric mass tag reagent (TMT 10-plex, ThermoFisher
Scientific) according to the manufacturer instructions. Both pair-
ing and labeling order of TMT reagent and peptide sample were
randomized. Briefly, TMT-10 plex reagents (0.8 pg vials) were
allowed to come to room temperature before adding 41 pl of
anhydrous acetonitrile, then briefly vortexed and centrifuged.
The entire TMT reagent vial was added to the 100 pg peptide
sample and reacted at room temperature for 1 h. 5% hydroxy-
lamine (8 pl) was then added to quench the reaction. All TMT
labeled samples were combined and vacuum centrifuged to
dryness. The combined samples of TMT labeled peptides was
resuspended in 10 mm TEAB and separated into 84 fractions
using a 0-90% acetonitrile gradientin 10 mm TEABon a 5 pm C18
Waters XBridge column using an Agilent 1200 capillary HPLC in
normal flow mode and Agilent 1260 micro-fraction collector. The
84 fractions were concentrated into 24 fractions by combining
all odd rows into 12 fractions and all even rows into another 12
fractions.

Tandem mass spectrometry. Peptide fractions were resuspended
in 20 pl 2% acetonitrile in 0.1% formic acid and analyzed by
reverse phase liquid chromatography coupled to tandem mass
spectrometry. Peptides were separated on a 75 pm x 150 mm
ProntoSIL-120-5-C18 H column (3 um, 120 A (BISCHOFF), www.
bischoff-chrom.com) using 2-90% acetonitrile gradient at
300 nl/min over 90 min on a EasyLC nanoLC 1000 (ThermoFisher
Scientific). Eluting peptides were sprayed through 1 pm emitter
tip (New Objective, www.newobjective.com) at 2.0 kV directly
into a Q-Exactive Plus (QE Plus, ThermoFisher Scientific) mass
spectrometer. Survey scans (full ms) were acquired from 350 to
1700 m/z with data-dependent monitoring of up to 15 peptide
masses (precursor ions), each individually isolated in a 1.2 Da
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window and fragmented using HCD activation collision energy
32 and 30 s dynamic exclusion. Precursor and the fragment ions
were analyzed at resolutions 70 000 and 35 000, respectively, with
automatic gain control (AGC) target values at 3e6 with 50 ms
maximum injection time (IT) and 1e5 with 200 ms maximum IT,
respectively.

Peptide identification and quantification. Isotopically resolved
masses in precursor (MS) and fragmentation (MS/MS) spectra
were processor in Proteome Discoverer (PD) software (v1.4, Ther-
moFisher Scientific). Spectra were extracted and deconvoluted
using both MS2 processor and Xtract. All data were searched
using Mascot (2.5.1; www.matrixscience.com) against the Refseq
2015_Complete database (57479 sequences for taxonomy Homo
sapiens). The following criteria were set for all database searches:
sample’s species; trypsin as the enzyme, allowing one missed
cleavage; N-terminal TMT label as fixed modifications; TMT
label on lysine, methionine oxidation, asparagine, and glutamine
deamidation, and cysteine carbamidomethylation as variable
modifications. Peptide identifications from Mascot searches
were filtered at 1% false discovery rate (FDR) confidence
threshold, based on a concatenated decoy database search,
using the Proteome Discoverer. Proteome Discoverer uses only
the peptide identifications with the highest Mascot score for the
same peptide matched spectrum from the different extraction
methods.

Protein quantification and statistical analysis. The peptides
identified with a confidence threshold 1% FDR as described
above were considered for analysis. Reporter ions from MS/MS
spectra with isolation interferences greater or equal to 30% were
excluded from further analysis. Protein relative abundances
were determined from the normalized log2 values of the above
spectra. In brief, reporter ion intensities were first transformed
into log2 notation and for each sample the median value for each
peptide was taken to represent that peptide. The values of all
samples were then quantile normalized to minimize technical
variation, such as differential amounts of material loading, prior
to fold change analysis.

Samples were compared based on their number of HD repeats
using the two-tailed one-way ANOVA t-test using the Partek
Genomics Suite v6.6 platform. This provided each protein’s rela-
tive expression, as fold change, and that fold change’s statistical
significance as P-value. Those proteins whose log2 fold changes
differed by greater than two standard deviations (2SD) from the
mean of zero were deemed to be significantly changed for pur-
poses of downstream functional analysis by QIAGEN Ingenuity
Pathway Analysis (IPA). Proteomic raw data and search results
can be downloaded from ‘figshare’ database using the following
link: https://doi.org/10.6084/m9.figshare.14781480

RNA-seq analysis

RNA-seq library preparation. RNA-sequencing was performed
on two HD (n2 and n14) and two normal control (EE and DG) ISPN
lines. Each line was evaluated both before and after differentia-
tion into MSN-like phenotypes. Three separately generated sets
of samples were obtained for each line and differentiation state,
totaling 24 samples. RNA was extracted from each sample using
the GenElute™ Universal Total RNA Purification Kit (Millipore-
Sigma). RIN values were obtained for the extracted RNA samples
using the Agilent 2000 Bioanalyzer. Samples with a RIN > 8 were
taken forward to sequencing. RNA-Seq was performed by the

Human Molecular Genetics, 2021, Vol. 30, No. 24 | 2483

University of Iowa Genomics Division using manufacturer rec-
ommended protocols. Initially, 500 ng of DNase I-treated total
RNA was used to enrich for polyA containing transcripts using
oligo(dT) primers bound to beads. The enriched RNA pool was
then fragmented, converted to cDNA, and ligated to sequencing
adaptors containing indexes using the Illumina TruSeq stranded
mRNA library preparation kit (Cat. #RS-122-2101, Illumina, Inc.,
San Diego, CA). The molar concentrations of the indexed libraries
were measured using the Agilent 2100Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA) and combined equally into pools for
sequencing. The concentration of the pools was measured using
the Illumina Library Quantification Kit (KAPA Biosystems, Wilm-
ington, MA) and sequenced on the Illumina HiSeq 4000 genome
sequencer using 150 bp paired-end SBS chemistry.

RNA-seq data analysis. FASTQ files for paired-end RNA-seq data
were aligned to the hgl9 genome using Tophat 2.1.1 running
Bowtie2 (v2.1.0) with default parameters. Reads were assigned
to genes using the Transcription Database object provided in
the R library TxDb.Hsapiens.UCSC.hgl9.knownGene. Differen-
tial genes between HD and control samples were calculated
with DESeq2 (v1.18.1). Genes with no reads across all samples
were eliminated from analysis, as well as genes on the X or Y
chromosome. Genes with adjusted P-value less than 0.01 were
considered differentially expressed.

The FASTQ RNAseq data can be downloaded from the link:
http://dnacore454.healthcare.uiiowa.edu/20160727-0041_Davi
dson_607 (Username: davidson, password:6lswewdavidson).
Samples key can be found in Supplementary Material, Table
Sé.

Western blot and dot blot analysis

Cells were lysed with RIPA buffer (MilliporeSigma, cat# R0278)
supplemented with 1% Triton X100 (MilliporeSigma, cat # 93443)
and 0.5% Protease Inhibitor Cocktail (Set III, Calbiochem, now a
part of MilliporeSigma, cat # 539134). Then, samples were soni-
cated 3 times for 5-10 s on ice and clarified from cell debris by
centrifugation at 14000 rpm in a desktop Eppendorf centrifuge
at +4°C for 15 min. Protein concentrations were determined
using Pierce BCA Protein Assay Kit (ThermoFisher Scientific, cat
# 23225), according to the manufacturer’s directions. Approx-
imately 15 pg of protein was loaded into NuPAGE 4-12% Bis-
Tris protein gels (ThermoFisher Scientific, cat # NP0321BOX),
separated with 200 V for approximately 1 h, and electrotrans-
ferred to PVDF membrane in the XCell II Blot Module transfer
(ThermoFisher Scientific) for 90 min at 30 V. The membrane
was blocked in 5% non-fat dry milk in TBS buffer, pH 7.4 (Qual-
ity Biological, cat # 351-086-101) plus 0.1% Tween 20 (Sigma-
Aldrich) for 1 h at room temperature and then, exposed to
primary antibodies with shaking overnight in a cold room. The
HTT-specific antibody 2166 (1:1000, EMDMillipore MAB2166) was
used to detect HTT protein in the control and HD lines. The
expanded polyglutamine-specific antibodies 3B5H10 (1:20000,
Sigma-Aldrich, cat # P1874) and MW1 (1:10 000, DSHB) were used
to detect mutant HTT in the HD lines. Antibodies for detection of
DARPP32 (1:250, sc-11365) and MAP2 (1:1000, cat # MAB3418) were
from Santa Cruz biotechnology and EMDMillipore, respectively.
Antibodies for detection of NEUROD1 (1:1000, NeuroD (D90G12)
rabbit mAb: cat # 7019), Calbindin 1 (1:1500, Calbindin (D114Q) XP
rabbit mAb: cat # 13176), and CAMK IV (1:1000, rabbit, cat # 4032)
were purchased from Cell Signaling Technology. Equal loading
was verified by Western blotting for actin (B-actin: 1:10000,
mouse, Sigma-Aldrich, clone AC-15, cat # A5441). Densitometry
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was performed using Image] software and statistical analysis
was performed using one-way ANOVA for three independent
experiments.

For dot-blot analysis, ISPNs differentiated in 96-well plates
were lysed on wet ice with 15 pl per well of the same lysis
buffer as for Western blotting and 5 pl of each lysate were
transferred with a pipette tip to nitrocellulose membrane. The
membranes were air-dried and processed with primary and
secondary antibodies as for Western blotting.

Immunofluorescence

For immunophenotyping, ISPNs were differentiated in 24-well
plates on Matrigel coated 12 mm coverslips, fixed with 4%
paraformaldehyde (PFA) in PBS for 15 min at room temperature,
permeabilized with PBS containing 0.5% Triton X-100 (Sigma-
Aldrich) for 10 min, washed with PBS, and blocked with 10%
Normal Goat Serum (NGS, Sigma-Aldrich) in PBS for 1 h. Then,
cells were co-incubated overnight at +4°C in PBS containing
10% NGS and a combination of two primary antibodies—one of
mouse and one of rabbit origin. The list of primary antibodies
includes GSX2 (1:250, rabbit polyclonal, LSBio, cat # LS-C31550),
Meis2 (1:250, mouse, clone 63-T, Santa Cruz Biotechnology,
cat # sc-81986), Nestin (1:500, mouse, clone 10c2, Santa Cruz
biotech, cat # sc-23927), MAP2 (1:500, mouse, clone AP20, EMD
Millipore, cat # MAB3418), Tujl (1:1000, neuron-specific class
III beta-tubulin, mouse, Neuromics, cat # M0O15013), DARPP32
(1:150, rabbit polyclonal, Santa Cruz Biotechnology, cat # sc-
11365), Bcll1b/Ctip2 (1:200, rabbit mAb D6F1, Cell Signaling
Technology, cat # 12120S),GABA (1:500, rabbit, Sigma-Aldrich,
cat # A2052) or HTT (1:200, mouse MCA2051 Bio-Rad). The
next morning, cells were rinsed three times with PBS and
co-incubated for 1 h with goat anti-mouse Alexa488-conjugated
(1:1000, Cell Signaling Technology, cat #4408) and goat anti-
rabbit Alexa555-conjugated (1:1000, Cell Signaling Technology,
cat #4413) antibodies in 10% NGS in PBS. Nuclei were stained
with 0.2 pg/ml Hoechst 33342 (Sigma Aldrich) in PBS and after
washing twice in PBS, coverslips with fixed cells were mounted
onto slides with FluorSave reagent (MilliporeSigma-Calbiochem,
cat # 345789) and imaged using a Zeiss Axiovert 100 fluorescence
microscope. Quantification of cells positive for subtype specific
markers was performed using ImageJ software.

Cell viability and cell death assays

BDNF withdrawal. BDNF withdrawal to induce cell toxicity was
performed as described before for HD iPSCs with some changes
(14,20). Briefly, ISPNs were differentiated toward a striatal fate
for 14 days and then washed once with either DMEM/F12 or
NIM before being transferred into basic NIM for 24 or 48 h.
NIM was not supplemented with dbcAMP and VPA because they
increase endogenous BDNF transcription but are not critical for
cell survival (77). NIM with 40 ng/m] BDNF was used as a positive
control.

Nuclear condensation cell death assay. Cell toxicity was mea-
sured by nuclear condensation assay per our published
protocol (14,15,24). To rescue from BDNF withdrawal induced
toxicity, cultures of differentiated HD and control ISPNs were
supplemented with Isx-9 (20 um, Tocris), Pridopidine (0.1 pMm
or 1 pM, a kind gift from TEVA Pharmaceutical Industries),
3PPP (1 pM, Sigma-Aldrich), or 40 ng/ml BDNF. After 48 h
of treatment, cells were fixed with 4% PFA and stained for
15-20 min with 0.2 pg/ml Hoechst 33342 (Sigma-Aldrich)

in PBS. Automated picture acquisition was performed on a
Zeiss Axiovert 200 fluorescence inverted microscope at 10x
objective, and automated quantification of nuclear intensity was
performed using Volocity (Perkin Elmer). Cells were considered
dead when their average nuclear intensity was more than twice
the average intensity of nuclei in untreated cells.

CellTiter-Glo luminescent cell viability assay and rescue of BDNF
withdrawal. The cell viability assay was performed as described
before for HD iPSCs with modifications (15,16). HD and control
ISPNs were plated into Matrigel coated 96-well plates at a density
of 10* cells/well in ‘Phase-3 medium’ and differentiated to
striatal fate for 14 days including transfer to ‘Phase-4 medium’
after 4 days of differentiation. BDNF withdrawal was performed
for 24 h. Cell viability was determined using the CellTiter-Glo
luminescent cell viability assay (Promega, cat # G7571) according
to manufacturer’s instructions. Luminescence was measured
on a SpectraMax 340PC microplate reader (Molecular Devices)
and the values were normalized to the amount of double-
stranded DNA per well determined by QuantiFluor® dsDNA
System (Promega, cat # E2670) according to the manufacturer’s
instructions. Statistical analysis was performed using one-way
ANOVA for at least three independent experiments. For rescue
experiments, 7,8-Dihydroxyflavone (7,8-DHF, 1 um, a kind gift
from Dr Keqgiang Ye, Emory University School of Medicine,
Atlanta, GA), Memantine (10 pMm, Sigma-Aldrich), SB239063
(200 nM, Sigma-Aldrich), Pridopidine (1 pM, a kind gift from
TEVA Pharmaceutical Industries), Isx-9 (20 pm, Tocris) or 3PPP
(1 pm, Sigma-Aldrich) small molecules were supplemented
into NIM without BDNF for the full 24 h of BDNF withdrawal.
ANA-12 (10 pM, TrkB receptor antagonist, ICso of the high-
affinity TrkB receptor sites, 45.6 +6.7 nM, and low-affinity sites,
41.1+21.7 pm; (78), Sigma-Aldrich) or NE-100 (1 pM, Sigma-1
receptor antagonist, 1Csp=4.16 nwMm, (79), Sigma-Aldrich) were
used to block 7,8-DHF or Sigma-1 receptor agonists, Pridopidine
and 3PPP, induced rescue, respectively. BDNF was used for rescue
of cell toxicity at 2x concentration (40 ng/ml) compared to
differentiation media.

Statistical analysis

Multiple statistical models were used during the analysis as
detailed in specific sections of Materials and Methods, Figure
legends, and below. Principal component analysis was used to
assess variance in proteomic and RNA-seq analysis between
non-differentiated and differentiated or HD and non-disease
control cells using the prcomp function in the R stats package.

Western blot results (densitometry) were normalized to actin.
Statistical significance was determined by one-way ANOVA.

CellTiter-Glo luminescent cell viability assay (Promega)
results were normalized to amount of dsDNA per well measured
by QuantiFluor dsDNA fluorescent system (Promega). Statistical
significance was determined by one-way ANOVA.

One-way ANOVA was performed using the results of at least
three independent experiments at VassarStats statistical com-
putation web site (http://vassarstats.net/).

Cell toxicity studies using nuclear condensation assay were
performed blind with a coding system. The placement of the
treatments on the plates was randomized with each experiment.
All statistics are shown for independent experiments. No power
analysis was done a priori for these experiments since we had
performed power analysis for similar conditions previously (14).
Four wells per condition were used per experiment and the
experiments were reproduced at least 3 times each. A total
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of 5000-10000 cells were quantified per condition per experi-
ment. Statistical analysis was performed using ANOVA with a
Bonferroni post-hoc test.

Supplementary Material

Supplementary Material is available at HMGJ online.
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