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ARTICLE INFO ABSTRACT

RUES2 cell lines represent the first collection of isogenic human embryonic stem cells (hESCs) carrying
different pathological CAG lengths in the HTT gene. However, their neuronal differentiation potential has yet
to be thoroughly evaluated. Here, we report that RUES2 during ventral telencephalic differentiation is biased
towards medial ganglionic eminence (MGE). We also show that HD-RUES2 cells exhibit an altered MGE
Striatal differentiation transcriptional signature in addition to recapitulating known HD phenotypes, with reduced expression of the
Neuronal specification neurodevelopmental regulators NEUROD1 and BDNF and increased cleavage of synaptically enriched N-
sp1 cadherin. Finally, we identified the transcription factor SP1 as a common potential detrimental co-partner of
muHTT by de novo motif discovery analysis on the LGE, MGE, and cortical genes differentially expressed in
HD human pluripotent stem cells in our and additional datasets. Taken together, these observations suggest a
broad deleterious effect of muHTT in the early phases of neuronal development that may unfold through its
altered interaction with SP1.
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1. Introduction

For many years after the discovery of the abnormally elongated CAG
trinucleotides in the huntingtin gene (HTT), resulting in a poly-
glutamine (polyQ) stretch in the HTT protein, as the genetic cause of
Huntington's disease (HD), the pathogenesis was studied primarily in
vivo using genetic models (Farshim and Bates, 2018). These studies
provided valuable information on how mutant HTT (muHTT) causes
progressive degeneration of the medium-spiny striatal neurons (MSNs),
in addition to the dysfunction and progressive loss of neurons in the
cerebral cortex. Mutant HTT is known to form intracellular oligomers
and aggregates, and is thought to have a toxic gain-of-function that
interferes with many cellular and biological processes (Rataj-Baniowska
et al., 2015), causing transcriptional, metabolic, and axonal transport
defects and excitoxicity in neurons. Glial cell function is also affected
(Osipovitch et al., 2019). The mutation in CAG repeat length varies in
patients, with longer CAG repeats correlating with earlier HD onset
(Gusella and MacDonald, 2006; Lee et al., 2012a, 2012b). Accordingly,
in an attempt to recapitulate this correlation between the pathological

CAG sizes and the clinical symptoms observed in patients, knock-in
genetic models have been generated by inserting a progressively in-
creasing CAG repeat, ranging from 50 (White et al., 1997) to 150 (Lin
et al., 2001), in the endogenous HTT gene. Knock-in models develop
behavioral deficits at a very early age, even before neuropathology,
though none of these models exhibit neuronal death or gliosis, even in
very old mice (Lucas and Ortega, 2011). These results demonstrate that
neuronal dysfunction precedes neuronal death, which is in agreement
with the presence of subtle clinical symptoms and cortical thinning in
HD patients decades before the appearance of relevant motor signs
(Nanetti et al., 2018; Sampedro et al., 2019; Smith et al., 2000).

The advent of human pluripotent stem cell (hPSC) technologies and
neuronal differentiation methods have added valuable information to
HD research. Disease-relevant human MSNs and cortical neurons can be
obtained from hPSCs carrying different sizes of CAG repeats in HTT
exon 1 and used to identify disease-perturbed regulatory networks
during the course of neuronal differentiation in vitro and in mature
neurons. Some studies have employed patient-derived human induced
pluripotent stem cells (hiPSCs), which have the advantage of carrying
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the mutation in the context of the genome of the donor in association
with the corresponding clinical information. Another relevant cell
model is represented by an engineered allelic series of isogenic human
embryonic stem cell (hESC) lines carrying a gradual increase in CAG
repeat length (Ruzo et al., 2018). Common evidence from all of these
studies is the demonstration that hPSCs carrying the HD mutation ex-
hibit early neuronal defects. In particular, one study found that the
expanded CAG negatively impacts the transition from the pluripotent
stem cell state to neuroectoderm, as well as the formation of polarized
neuroepithelial structures (Conforti et al., 2018). In other studies,
neuruloid morphogenesis (Haremaki et al., 2019) and cytokinesis (Ruzo
et al.,, 2018) were severely affected, with giant cells appearing in the
dish and resulting in developmental delay. Altered neuronal gene
transcription, electrophysiology, metabolism, and cleavage of critical
cell adhesion molecules that are enriched in synapses (e.g., N-cadherin,
NCAD) have also been reported, consistent with impaired neurogenesis
(Conforti et al., 2018; HD iPSC Consortium, 2012, 2017). Defects in the
differentiation of MSNSs, cortical progenitor homeostasis and cytoarch-
itecture in 3D organoids (Conforti et al., 2018), and transcriptional
alterations in HD cortical neurons have also been described (Mehta
et al., 2018). These data indicate that the expression of muHTT in
human cells exposed to cortical and striatal differentiation protocols
causes delayed maturation and altered morphology of several neuronal
subtypes, implying early abnormalities of neurological development, at
least in vitro. Such impaired neurological development would com-
promise neuronal homeostasis in adulthood, leading to greater cellular
vulnerability to advanced life stressors (Ramocki and Zoghbi, 2008).

Evidence mostly from animal models indicates that HTT has mul-
tiple roles during neurogenesis; therefore, its mutation may cause
dysfunctions, starting during embryogenesis (Godin et al., 2010; Lopes
et al., 2016; HD iPSC Consortium, 2012; Molero et al., 2009, 2016).
Furthermore, expression of polyQ-expanded HTT up to postnatal day 21
in mice has been found to recapitulate some of the typical biochemical
and behavioral HD symptoms observed in animals expressing muHTT
throughout life (Molero et al., 2009, 2016). The possibility of altered
brain development is also suggested by evidence of a smaller in-
tracranial brain volume (Nopoulos et al., 2011) and smaller head size
(Lee et al., 2012a) in HD carriers decades before predicted motor onset.
This possibility seems to find support in a recent study that compared
tissue fragments from control and HD human fetal brains of various
ages and concluded in favor of abnormal neuronal development,
though the scarcity of data and lack of relevant evidence from HD
samples raises some concerns (Barnat et al., 2020). Detailed analysis of
cells and recognizable brain tissue is indispensable for establishing
whether the basic mechanisms of neural development are altered in the
presence of an HD mutation. In this context, hPSCs carrying the HD
mutation and exposed to neuronal differentiation can help paint the
picture.

Here, we report that, upon exposure to a striatal differentiation
protocol (Delli Carri et al., 2013), the hESC line H9 and hiPSC line
KOLF2 up-regulate markers of the lateral ganglionic eminences (LGE),
the brain region that gives rise to the MSNs of the striatum during
development, whereas the RUES2 parental line acquires a significantly
more ventralized identity, as indicated by up-regulation of medial
ganglionic eminence (MGE) transcripts. Presence of an expanded CAG
in the RUES2 line negatively affects the MGE transcriptional signature,
as well as levels of other neurodevelopment transcripts, including
BDNF. These data, together with the literature, show that the detri-
mental effect of muHTT in hPSC differentiation is not lineage-specific,
but affects multiple neuronal types. In silico analysis highlighted tran-
scription factor (TF) SP1 as a potential common co-partner of adverse
muHTT activity during neuronal differentiation. Taken together, these
observations suggest a broad deleterious effect of muHTT during the
early stages of neuronal development that may unfold through its al-
tered interaction with SP1.
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2. Material and methods
2.1. Human cell cultures

RUES2 hESC lines derived and kindly provided by Prof. Ali
Brinvalou's Laboratory (Rockefeller University) and H9 hESCs (WiCell
Research Institute) were cultured in mTeSR1 (Supplement Fig. 1A).
Proliferating RUES2 cells grew in adhesion on Geltrex™ (Thermo Fisher
Scientific), whereas H9 cells were maintained on Cultrex coated plates
(Trevigen). KOLF2 hiPSCs were kindly provided by the Sanger
Institute's Human Induced Pluripotent Stem Cell Initiative (HipSci)
project. Pluripotent KOLF2 cells were grown in TeSR-E8 (Voden) on
tissue culture plates coated with Synthemax II-SC substrate (Corning)
under feeder-free conditions (Supplement Fig. 1A). Additional control
(Q21n1) and HD (Q60n5, Q109n1) hiPSCs generated and characterized
in previous studies (HD iPSC Consortium, 2017; Conforti et al., 2018)
were cultured in mTESR1 medium (Voden) and plated on Cultrex
(Trevigen).

All cell lines used in this study were maintained under sterile con-
ditions and regularly tested for mycoplasma (Eurofins). The karyotype
of each line/clone was monitored every 3 months by Q-banding ana-
lysis (ISENET).

2.2. Striatal differentiation

HD and control hPSC lines were exposed to the striatal differentia-
tion protocol published by Delli Carri et al. (2013). Briefly, cells were
plated at a density of 0.6 X 10° cells/cm? on Cultrex-coated plates
(120-180 pg/ml) in complete mTeSRTM1 medium and expanded for
2 days. When cultures reached 70% confluence, cells were exposed to
neural induction medium [DMEM-F12 (Gibco), N2 supplement (Gibco),
B-27 without retinoic acid (Gibco), 10uM SB431542, and 500 nM
LDN193189] for 12 days. Neural induction lasts 12 days and is trig-
gered by the dual SMAD inhibitor compounds SB431542 (a blocker of
the TGF-p pathway) and LDN193189 (an inhibitor of the BMP pathway)
(Chambers et al., 2009). These two reagents were provided by CHDI
Foundation (NY, USA). Patterning and specification of the cells towards
the ventral telencephalic fate lasts from day 5 to day 25. In this time
window 200 ng/ml recombinant human SHH (PrepoTech) and 100 ng/
ml DKK-1 (PrepoTech) were added. At DIV15, cells were detached by
Accutase single cell dissociation and replated at a density of 2.5 x 10*
cells/cm? on Matrigel-coated plates (240-360 ug/ml). Neuronal ma-
turation lasts from day 25 to day 50 and is achieved in the presence of
30ng/ml BDNF (PrepoTech,) in DMEM-F12 plus N-2 and B-27 sup-
plements (Gibco).

2.3. Western blot

At specific time points of differentiation, cell cultures were collected
and lysed in RIPA buffer (50 mM Tris-HCl pH 8, 150 mM NacCl, 0.1%
SDS, 1% NP40) supplemented with 1 mM PMSF and Halt Protease &
Phosphatase Inhibitor Cocktail (Thermo Scientific). The protein con-
centration was determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific). Equal amounts of total proteins were loaded on
7.5% or 10% SDS-PAGE gels and transferred to a nitrocellulose mem-
brane (Bio-Rad) using the Trans-Blot® Turbo™ System (Bio-Rad).
Membranes were blocked for 1h at room temperature (RT) in 0.1%
TBS-T with 5% non-fat dry milk (Bio-Rad) and incubated overnight at
4°C with the following primary antibodies: MAP2a/b (mouse, 1:500;
Beckton Dickinson), CTIP2 (rat, 1:500; Abcam), GAD67 (mouse,
1:1000; Millipore), DARPP32 (rabbit, 1:500; Abcam), N-CAD (mouse,
1:500; Beckton Dickinson), and ADAM10 (rabbit, 1:1000; Abcam).
Membranes were washed thrice in 0.1% TBS-T and incubated for 1 h at
RT with the appropriate HRP-I conjugated secondary antibodies (dilu-
tion 1:3000, Bio-Rad). Following three washes, immunoreactive bands
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were detected using Clarity™ western ECL Substrate (Bio-Rad) in ac-
cordance with the manufacturer's instructions. GAPDH (rabbit, 1:5000;
Abcam) was used to normalize expression. Acquisitions were performed
using a ChemiDoc MP imaging system (Bio-Rad) and densitometric
analysis using ImageLab software.

2.4. Immunocytochemistry

Cell cultures were fixed with ice-cold 4% paraformaldehyde for
15min and washed thrice with phosphate-buffered saline (PBS) at
specific times. Next, cells were permeabilized with 0.5% Triton X-100
in PBS for 10 min and subsequently blocked with 5% normal goat serum
(NGS, Vector) for 1 h at RT. Cells were incubated overnight at 4 °C with
primary antibodies diluted in solution containing 2.5% NGS and 0.25%
Triton X-100. Appropriate Alexa Fluor®-conjugated secondary anti-
bodies (Molecular Probe, Life Technologies) were diluted 1:500 in PBS
and mixed with 0.1 ug/ml Hoechst (Invitrogen) to counterstain the
nuclei. Images were acquired on a Leica TCS SP5 Confocal Laser
Scanning Microscope (Leica Microsystems) using a 40 X oil immersion
objective with a zoom of 1.7. CellProfiler software (version 2.1.1) was
used to quantify positive cells.

The following primary antibodies were used: OCT3/4 (mouse,
1:100; Santa Cruz), Ki67 (rabbit, 1:500; Abcam), p27 (mouse, 1:1000;
Cell Signaling), PALS1 (rabbit, 1:500; Cell Signaling), N-CAD (mouse,
1:800; Beckton Dickinson), GSX2 (rabbit, 1:250; Millipore), ASCL1
(mouse, 1:1000; Beckton Dickinson), FOXG1 (rabbit, 1:1000; Diatech),
NKX2.1/TTF1 (rabbit, 1:2500; Abcam), CTIP2 (rat, 1:1000; Abcam),
DARPP32 (rabbit, 1:250; Abcam), TBR1 (rabbit, 1:1000; Abcam), TBR2
(rabbit, 1:1000; Abcam).

2.5. Real-time qPCR and biomark analysis

RNA was prepared using Trizol reagent according to the manufac-
turer's instructions (Thermo Fisher Scientific). After treating RNA with
the DNA-free Kit (Ambion, Invitrogen) to remove contaminating DNA,
500 pg RNA was retrotranscribed using the iScript cDNA Synthesis Kit
(Bio-Rad). Conventional qPCR was performed in a 15pl volume con-
taining 50 ng cDNA and SsoFast™ EvaGreen® Supermix 2 X (Bio-Rad) in
a CFX96 Real-Time System (Bio-Rad). Gene expression analysis was
performed using this method for the BDNF total transcript (forward:
5-TAACGGCGGCAGACAAAAAGA-3’; reverse: 5-GAAGTATTGCTTCA
GTTGGCCT-3") and reference gene 18S (forward: 5-CGGCTACCACAT
CCAAGGAA-3’; reverse: 5-GCTGGAATTACCGCGGCT-3).

All other gene expression analyses were carried out using Fluidigm
96.96 dynamic arrays (Fluidigm Corporation, CA, USA) according to
the manufacturer's instructions. Pre-amplification reactions were pre-
pared by mixing PreAmp Master Mix, the pooled TagMan assay 0.2 X,
and nuclease-free water. The panel of all TagMan probes is reported in
Supplementary Table 2. Briefly, for each sample, 3.75 pl of PreAmp Mix
was aliquoted in a 96-well PCR plate and 1.25ul of newly retro-
transcribed cDNA added to reach a total volume of 5pl. The pre-am-
plification was performed in a GeneAmp PCR System 9700 (Applied
Biosystems). The 96.96 dynamic array IFC Chips (Fluidigm) were
primed with the IFC controller fluid (Fluidigm). After priming, the
dynamic array was loaded with 5l of each assay and sample mix into
the appropriate inlets of the primed chip and loaded with the IFC
controller. After loading, the chip was placed in the Biomark instrument
and qPCR performed.

2.6. De novo motif discovery analysis

The gene IDs (obtained from NCBI) of the selected genes were
submitted to RSAT retrieve sequences (http://rsat.sb-roscoff.fr/
retrieve-seq_form.cgi) to obtain the 3000 bp upstream the genes. The
searching parameters were set as follows: in mandatory options “Single
Organism_ Homo sapiens GRCh38, in advanced options “Prevent
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overlap” unselected and “Mask repeats” selected. Then, the output was
loaded in two de novo web accessible motif discovery tools: MEME
(http://meme-suite.org/tools/meme) and RSAT Oligo Analysis (http://
rsat.sb-roscoff.fr/retrieve-seq_form.cgi). MEME parameters were set as
follow: the number of motifs that MEME should find was set to 12, the
background was set to 1st order model of sequences, minimum width of
6 and maximum width of 12, the other parameters were as default.
Oligo Analysis parameters were: H. sapiens was selected as organism,
the estimate from input sequence was set to Markov model (higher
order of dependencies) order 2, max matrices 12, min site weight 6. The
motifs identified were submitted to STAMP (http://www.benoslab.pitt.
edu/stamp/) to identify the 10 best matches to each of the discovered
motif in JASPAR v2010 and TRANSFAC v11.3 databases.

The motifs identified in the 4 different output (MEME_JASPAR,
MEME_TRANSFAC, Oligo_JASPAR, Oligo_ TRANSFAC) were compared
and only the TFs represented in at least 2 different motif discovery tools
with high score were considered. Each predicted TFs was examined
looking for literature evidences in respect to the biological role and
disease context. To further investigate and confirm the predicted in-
teractions we submitted the list of the genes of a specific area (i.e LGE)
and the respective TFs found to public pathway and interactions data-
base Pathway Commons (https://www.pathwaycommons.org). Many
interactions were confirmed, and the networks obtained were imported
in Cytoscape 3.7.1 (http://cytoscape.org/) and enriched with the pre-
dicted interactions.

2.7. Statistical analysis

All statistical analyses were performed using Prism (GraphPad
Software). One-way ANOVA with Tukey's post-hoc test was performed
for all biological experiments including HD and control lines. Student t-
test was used to compare only two group conditions. The numbers in
each individual experiment and tests used are described in the figure
legends. P < 0.05 was considered significant.

3. Results

3.1. Diverse hPSC lines present different propensities to respond to a striatal
MSN differentiation protocol

To investigate the neuronal differentiation potential of the parental
RUES?2 line and, subsequently, its HD derivatives, we exposed cells to a
stepwise striatal differentiation protocol that mimics human ventral
telencephalon development (Delli Carri et al., 2013; Onorati et al.,
2014) (Fig. S1A), together with H9 and KOLF2 cell lines (clone C1; Fig.
S1B). These three cell lines all exhibited a normal karyotype (Fig. S1C).

First, we compared the H9 and RUES2 cell proliferative state by
evaluating the proportion of Ki67* and p27™* cells at DIVO, 15, 25, and
50 (Figs. 1A, B). The percentage of Ki67* cells decreased over time
with an increase in p27* post-mitotic neurons, suggesting that both
lines exited the cell cycle (Figs. 1C, D) and acquired neuronal
morphologies with similar timing (Fig. 1A and S1D). Next, we in-
vestigated the ability of the lines to acquire a striatal-MSN cell identity.
Similar levels of telencephalic marker FOXG1 were found in both lines
at DIV15 (Figs. 1E, F). In contrast, when counting the number of GSX2
and ASCL1-positive cells at DIV25, the RUES2 culture was significantly
reduced in GSX2 or ASCL1-positive and GSX2*/ASCL1* double-posi-
tive progenitors (Figs. 1G, H). Co-expression of CTIP2 with DARPP32
qualifies cells in vitro as being bona-fide MSNs (Besusso et al., 2020).
Immunocytochemistry and cell counting revealed that RUES2 cells did
not express DARPP32 at the end of the differentiation, as indicated by
the absence of CTIP2* /DARPP32" neurons (Figs. 11, J). Western blot
analysis further confirmed this observation. Although the RUES2 line
behaved similar to the H9 line in terms of MAP2, CTIP2, and GAD67
protein levels, DARPP32 was almost undetectable at the end of differ-
entiation (Figs. 1K, L and S1E). The KOLF2 hiPS line exposed to the
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Fig. 1. Different hPSC lines present different propensities to respond to striatal differentiation.

(A) Cell morphology of the H9 and RUES2 lines was monitored during differentiation (DIVO, DIV15, DIV25, and DIV50) by phase contrast microscopy. Representative
phase contrast images (4 X objective) are shown for each time point with an additional 10 X objective image at DIV50 to highlight the presence of neurite outgrowth,
neurofilaments, and processes from cell bodies at the end of differentiation. Scale bar, 200 pm.

(B) Immunocytochemistry of Ki67 and p27 at DIVO, DIV15, DIV25, and DIV50 of differentiation for the H9 and RUES2 lines. Scale bar, 50 um. Top right, Hoechst
inset.

(C-D) Counts of Ki67* and p27™* cells for the H9 and RUES2 lines by CellProfiler software (version 2.1.1). N = 4 biological replicates for H9 and N = 3 for RUES2.
(E) Immunocytochemistry of FOXG1 at DIV15 of differentiation for the H9 and RUES2 lines. Scale bar, 50 um. Top right, Hoechst inset.

(F) Counts of FOXG1™ cells for the H9 and RUES2 lines by CellProfiler software (version 2.1.1). N = 4 biological replicates for H9 and N = 3 for RUES2.

(G) Immunocytochemistry of GSX2 and ASCL1 at DIV25 for the H9 and RUES2 lines. Scale bar, 50 um. Top right, Hoechst inset.

(H) Counts of GSX2*, ASCL1*, and GSX2" /ASCL1™" cells for the H9 and RUES2 lines by CellProfiler software (version 2.1.1). N = 4 biological replicates for H9 and
N = 3 for RUES2. Data are presented as mean + SEM (H9 GSX2* DIV25: 24.61% =+ 1.73%, RUES2 DIV25: 8.6% + 0.8%; ASCL1™* DIV25: 9.19% = 0.73%,
RUES2 DIV25: 5.12% + 0.45%; GSX2*/ASCL1* DIV25: 4.85% =+ 0.31%, RUES2 DIV25: 1.21% =+ 0.13%) *p < 0.0001, **p < 0.01, *p < 0.05 using
Student t-test to compare the two group conditions.

(I) Immunocytochemistry of CTIP2 and DARPP32 at the end of differentiation for the H9 and RUES2 lines. Scale bar, 50 pm. Top right, Hoechst inset.

(J) Counts of double-positive neurons (CTIP2* /DARPP32™ cells) for the H9 and RUES2 lines by CellProfiler software (version 2.1.1). N = 4 biological replicates for
H9 and N = 3 for RUES2. Data are presented as mean + SEM (H9 DARPP327: 18.5% =+ 0.11% and CTIP2*/DARPP32% 9.46% = 0.07%). ****p < 0.0001,
Student t-test.

(K) Western Blot analysis of MAP2, CTIP2, GAD67, and DARPP32 at DIV15, DIV25, and DIV50 of differentiation for the H9 and RUES2 lines. MAP2, CTIP2, GAD67,
and DARPP32 protein levels were normalized to GAPDH. N = 3 biological replicates.

(L) Violin plot representing the densitometric analysis performed on western blot results. N = 3 biological replicates. Student t-test was used to compare each group
condition, **p < 0.01.
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same protocol was similar to H9 (Fig. S1F, G), as both GSX2* /ASCL1*
progenitors were present at DIV25 and CTIP2*/DARPP32*/GAD67 *
neurons were counted at the end of the protocol (Fig. S1G). DARPP32
and GAD67 were already detected at DIV25 of differentiation in the
KOLF2 line (Fig. S1H, I). These data indicate that hPSC lines exhibit a
distinct propensity to respond to the same ventral (striatal) differ-
entiation protocol.

3.2. RUES?2 line acquired an MGE-like expression profile after exposure to
striatal differentiation

To investigate whether RUES2 and H9 lines are differentially specified
along the dorso-ventral axis, we performed high-content qPCR analysis on
select LGE and MGE markers from DIV15 to DIV50. Analysis of the ventral
marker ASCL1 did not show any differential expression at the time points
investigated (Fig. 2A; Fig. S2A, B). By monitoring the expression of LGE
markers, we confirmed that H9 cells acquire an LGE cell fate through the
progressive up-regulation of ISL1, EBF1, CTIP2, DARPP32, and DLX6
(Fig. 2A). The expression profile in differentiating H9 cells recapitulated the
developmental transition from VZ to SVZ to mantle zone of the LGE as
expected (Delli Carri et al., 2013). In contrast, this set of transcripts was
significantly down-regulated in the RUES2 parental line at DIV50 (Fig. 2A;
Fig. S2A). The RUES2 line acquired a more ventral MGE-like identity as
indicated by the expression of the MGE transcripts NKX2.1, NKX6.2, LHXS8,
SOX6, SPON1 and OLIG2 (Fig. 2B). Of these mRNAs, NKX2.1, SOX6, and
SPON1 were significantly up-regulated starting from DIV25, whereas
NKX6.2, LHX8, and OLIG2 were significantly upregulated only at DIV50
(Fig. 2B; Fig. S2B).

In contrast to the H9 line, the RUES2 line did not exhibit any
TBR2*/CTIP2* and TBR1*/CTIP2* cell populations typically asso-
ciated with cortical development, further supporting the tendency of
this line to acquire a more ventral identity (Fig. S3A, B). Gene ex-
pression analysis of the cortical markers TBR1, NEUROD1, and
DATCH1 confirmed that these transcripts were all reduced in the
RUES2 line compared to the H9 line (Fig. S3C). KOLF2 cells behaved

similarly to H9 cells and expressed transcripts associated with MSN
differentiation (Fig. S3D).

3.3. Changes in the SHH and WNT signaling pathways contribute to MGE
regional identity

In humans, SHH and WNT signaling have opposite effects on re-
gional specification of the ventral and dorsal telencephalon, respec-
tively (Ma et al., 2019), whereas their combination sustains NKX2.1
expression, a transcript that is found in the MGE (Chi et al., 2016) and is
up-regulated in differentiating RUES2 cells (Fig. 2B). Therefore, we
looked at the main components of these signaling pathways in H9,
RUES2, and KOLF2 cultures from DIVO to DIV10. High-content gene
expression analysis revealed no differences between the three cell lines
in the mRNA levels of SHH (Fig. 3A; Fig. S4A), Indian Hedgehog (IHH),
or the transmembrane protein Smoothened (SMO) (Fig. S4B). However,
the RUES2 line presented significant up-regulation of the receptors of
HH signaling, PTCH1 and PTCH2, and the transcriptional effectors GLI2
and GLI3 over H9 and KOLF2 cells (Fig. 3A; Fig. S4A), suggesting hy-
peractivation of SHH signaling in this line. (See Fig. 4.)

Acquisition of a ventral fate requires inhibition of dorsalizing WNT
signaling. Therefore, we evaluated the expression of Dickkopf WNT
Signaling Pathway Inhibitor 1 (DKK1), an inhibitor of WNT that is added to
the medium starting from DIV5 to facilitate the acquisition of a ventral
identity. As reported previously (Fasano et al., 2010), DKK1 expression
peaked in H9 at DIV4, followed by progressive decline (Fig. 3B; Fig. S4A). In
contrast, the RUES2 line maintained low levels of this transcript for the
entire induction phase, whereas KOLF2 cells were similar to H9 cells
(Fig. 3B). In addition, the RUES2 line exhibited a significant up-regulation of
WNT ligands associated with the development of MGE interneurons, such as
WNT1, WNT3A, and WNT5A (Chi et al., 2016; Zhang and Zhang, 2010)
starting from DIV8 (Fig. 3B; Fig. S4A), whereas WNT8B, which is typically
expressed in cortical neurons (Hasenpusch-Theil et al., 2017), was more
highly expressed in H9 cells than RUES2 cells (Fig. S4C), supporting our
previous analysis that the RUES2 line has a more ventralized identity than
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Fig. 3. Changes in the SHH and WNT signaling pathways contribute to defining MGE regional identity acquisition.

Summary diagram of signaling pathway components and heat map showing the expression levels in high-content qPCR analysis (Biomark) of (A) SHH, (B) WNT, (C)
RA, and (D) BMP signaling components at DIVO, DIV2, DIV4, DIV6, DIV8, and DIV10 of differentiation of the H9, RUES2, and KOLF2-C1 lines. N = 3 biological
replicates. H9 vs. RUES2, PTCH1: DIV6 **p < 0.01, PTCH2: DIV4 **p < 0.01, DKK1: DIV4 *p < 0.05, WNT1: DIV10 *p < 0.05, WNT3A: DIV10 **p < 0.01,
WNT5A: DIV10 **p < 0.01; RARB: DIV10: ****p < 0.0001; BMP4: DIV10 *p < 0.05, BMP5: DIV10 *p < 0.05, one-way ANOVA with Tukey's post-hoc test.
(E) Schematic representation of the expression profile characteristics of the H9 and RUES2 lines with respect to the LGE, MGE, and signaling transcripts analyzed by

high-content gene expression analysis.

the HO line (Fig. 2B). Although we observed different profiles in the ex-
pression of WNT receptors FZD1, FZD2, FZD3 and intracellular signaling
TCF1 from DIVO to DIV10, no significant differences were found between
the H9 and RUES2 parental lines at any time-points (Figs. 3B and S4C).
LGE-derived GABAergic neurons in the basal ganglia require retinoic
acid for their development (Chatzi et al., 2011; Rataj-Baniowska et al.,
2015). Therefore, we measured the expression of retinoic acid receptors
RAR and RXR in all cell lines during neural induction. Though the mRNA
levels of RARa, RARy, and RXR did not differ between the RUES2 and H9
lines, RAR was significantly reduced at all time points in RUES2 cells but

progressively increased in H9 cells over time, reaching a peak at DIV10
(Fig. 3C; Fig. S4A). This finding is in line with the propensity of H9 cells to
differentiate into MSNs. RUES2 cells also exhibit strong and unique upre-
gulation of BMP4 and BMP5 ligands compared to H9 and KOLF2 cells,
possibly contributing to acquisition of an MGE interneuron identity
(Mukhopadhyay et al., 2009) (Fig. 3D; Fig. S4A).

Taken together, these data indicate that H9 and RUES2 human cell
lines exposed to the same striatal differentiation protocol acquire dif-
ferent cell identities, possibly due to the activation of different signaling
pathways in response to the applied morphogens (Fig. 3E).
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3.4. Aberrant telencephalic and MGE cell fate acquisition in isogenic

RUES?2 carrying different pathological CAG lengths

Several reports have demonstrated that muHTT affects the differ-
entiation and cell fate specification of the human PSC-derived neurons
preferentially affected in HD (i.e., the striatal MSNs originating in the
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2018). By exploiting the MGE differentiation bias of RUES2, we tested
whether muHTT has a similar detrimental effect on this lineage. For
these studies, we employed the isogenic HD RUES2 lines with 50 and 58
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Fig. 4. muHTT interferes with telencephalic and MGE cell fate acquisition in HD RUES2 lines.

(A) Immunocytochemistry of Ki67 and p27 at DIVO and DIV50 of differentiation of the RUES2 control Q22, HD Q50, and HD Q58 lines. Confocal images, 40 X . Scale
bar, 50 pm.

(B—C) Counts of Ki67 " and p27 ™ cells for the Q22, Q50, and Q58 RUES2 lines by CellProfiler software (Version 2.1.1). N = 3 biological replicates. Data are
presented as mean = SEM.

(D) Immunocytochemistry of neural rosette formation by N-CAD* /PALS1 ™ at DIVS for the RUES2 control Q22, HD Q50, and HD Q58 lines. Confocal images, 40 X .
Scale bar, 50 um (crops of N-CAD*/PALS1* of the same images).

(E) Counts of rosette lumen sizes by CellProfiler software (Version 2.1.1). N = 3 biological replicates. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey's post-
hoc test.

(F) Western blot analysis of the full-length N-cadherin (FL N-CAD), CTF1 fragment, and metalloprotease ADAM10 (mADAM10) at DIV8 of differentiation for the
RUES2 control Q22, HD Q50, and HD Q58 lines. The FL N-CAD, CTF1, and mADAMI10 protein levels in each line were normalized to GAPDH. N = 3 biological
replicates.

(G) Violin plot representing the densitometric analysis performed on western blot results from three biological differentiation experiments. *p < 0.05, one-way
ANOVA with Tukey's post-hoc test comparing each group condition.

(H) Immunocytochemistry of FOXG1 at DIV15, DIV25, and DIV50 of differentiation for the RUES2 control Q22, HD Q50, and HD Q58 lines. Confocal images, 40 X .
Scale bar, 50 um.

() FOXG1™ cell counts for the control Q22, HD Q50, and HD Q58 RUES2 lines by CellProfiler software (Version 2.1.1). N = 3 biological replicates. Q50 vs. Q22 and
Q58 vs. Q22, ****p < 0.0001, one-way ANOVA with Tukey's post-hoc test.

(J) Heat map showing the expression levels in high-content qPCR analysis (Biomark) of FOXG1 at DIV15, DIV25, and DIV50 of differentiation for the RUES2 control
Q22, HD Q50, and HD Q58 lines.

(K) Heat map showing the expression levels in high-content qPCR analysis (Biomark) of the MGE marker NKX2.1 at DIV15, DIV25, and DIV50 for the RUES2 control
Q22, HD Q50, and HD Q58 lines. N = 3 biological replicates.

(L) Immunocytochemistry of NKX2.1 and CTIP2 at DIV30 for the RUES2 control Q22, HD Q50, and HD Q58 lines. Confocal images, 40 X, zoom = 1.7. Scale bar,
50 pm. Top right, Hoechst inset.

(M) Counts of NKX2.1" and NKX2.1*/CTIP2* for the control Q22, HD Q50, and HD Q58 RUES2 lines by CellProfiler software (Version 2.1.1). N = 3 biological
replicates. ****p < 0.0001, one-way ANOVA.

(N) Heat map showing the expression levels in high-content qPCR analysis (Biomark) of the MGE markers NKX6,2, LHX6, LHX8, GLI1, OLIG2, and SPON1 at DIV15,

DIV25, and DIV50 for the RUES2 control Q22, HD Q50, and HD Q58 lines. N = 3 biological replicates.

glutamines and the edited control line carrying Q22 (Fig. S1B) (Ruzo
et al., 2018). Normal karyotypes (Fig. S1C) and pluripotency markers
were found in all lines (Figs. SSA-M). RUES2 control Q22, HD Q50, and
HD Q58 had no significant differences in the number of Ki67* and
p27 " cells from DIV15 to DIV50 (Fig. 4A), suggesting that muHTT does
not affect cell cycle exit or neuronal maturation in these cells (Fig. 4B,
C), as indicated by phase contrast images (Fig. S5N), im-
munocytochemistry for TUBB3 and MAP2, and gene transcription
analysis for TUBB3, MAP2, and DCX mRNAs (Fig. S50O-R).

Neural rosettes are a stereotypical cell organization of an acquired
neuronal phenotype, mimicking the end of neuroectodermal induction.
Previous studies have shown that HD-hiPSCs have a smaller lumen size
at DIV15 of striatal differentiation (Conforti et al., 2018), whereas HD-
RUES2 lines exposed to a default neural induction protocol generate
typical neural rosettes with no significant difference (Ruzo et al., 2018).
The same HD cellular system exhibits a gradual reduction in lumen size
when differentiated into ectodermal neuruloids (Haremaki et al., 2019).
Using PALS1 and NCAD markers for rosette lumen identification at
DIV8 of in vitro differentiation, we confirmed that both the Q50 and
Q58 HD RUES2 lines have a significant reduction in rosette lumen area
(RUES2 Q22: 37.31 pm2 + 5.34; RUES2 Q50: 22.36 umz + 2.66;
RUES2 Q58: 21.6 um? + 7.61; Fig. 4D, E). Western blot analysis for
NCAD confirmed an increase in CTF1 cleavage fragment in HD Q58
cells (two clones; Fig. 4F, G), without changes in NESTIN and NCAD
mRNA levels (Fig. S5S, T), which is indicative of an altered capacity of
the HD RUES2 cells for cell adhesion and rosette formation.

Next, we monitored the effects of muHTT on ventral telencephalic
specification by measuring the acquisition of markers related to a
ventral identity. The control Q22 line presented the expected expres-
sion profile for FOXG1, with 80 = 9% of cells immunoreactive at
DIV15 and decreasing with time as expected (Fig. 4H, I). In contrast,
significantly fewer FOXG1* cells were found in both HD lines at the
same time point (3% * 2.3 and 4% = 3 in Q50 and Q58, respec-
tively), with the positive cell peak shifting several weeks for the Q50
line, which remained much lower than in control cells, whereas HD
Q58 cultures had a maximum of 11 * 9% and 15 *+ 13% FOXG1*
cells at DIV25 and DIV50, respectively (Fig. 4H, I). Gene expression
analysis performed from DIV15 to DIV50 confirmed a reduction in

FOXG1 mRNA in the RUES HD line versus control (Fig. 4J) and, con-
sequently, a further reduction in the percentage of GSX2*/ASCL1*
ventral progenitors at DIV25 and CTIP2* at DIV50 (Fig. S6A-D). These
data indicate that muHTT also causes a delay in telencephalic fate ac-
quisition in ventralized RUES2 cells.

After observing that the RUES2 line acquired a more ventral fate
than the H9 line, we explored the impact of muHTT on MGE transcripts.
Although NKX2.1 has been linked to MGE development, it is co-ex-
pressed with ISL1 and CTIP2, suggesting that NKX2.1 plays a role in
LGE formation (Elias et al., 2008; Onorati et al., 2014). QPCR analyses
showed up-regulation of NKX2.1 mRNA in control Q22 cells starting
from DIV15 (Fig. 4 K), whereas the HD RUES lines exhibited delayed
expression of this transcript, which remained at levels below control for
the entire period of differentiation (Fig. 4 K). Similarly, in control Q22
cultures, NKX2.17 cells increased over time, reaching 80% at DIV50; in
both HD lines, we observed a complete loss of this cell population
(Fig. 4L, M). In the RUES2 Q22 line, we found that only 10% of
NKX2.17 cells co-expressed CTIP2, confirming that this hESC line has
greater ventral identity under these experimental conditions (Fig. 4L,
M). No NKX2.1*/CTIP2* double-positive progenitors were found in
the RUES2 HD lines. Gene transcription analysis performed on a larger
set of MGE markers, including NKX6.2, LHX6, LHX8, GLI1, OLIG2,
SPON1, and GSX1 corroborated these results, suggesting a negative
effect of muHTT in MGE fate determination (Fig. 4 N).

3.5. Isogenic RUES2 lines recapitulate HD phenotypes

To further assess the ability of RUES2 lines to recapitulate known
HD phenotypes, we performed a high-content qPCR analysis for tran-
scripts involved in neurodevelopment that are known to be affected by
muHTT. REST/NRSF is part of a repressor complex that acts as a central
negative regulator of neuronal gene transcription (Ballas and Mandel,
2005; Chong et al., 1995; Schoenherr and Anderson, 1995). Excessive
nuclear access of REST/NRSF in HD cells and tissues has been found to
reduce the transcription of several neuronal genes, including BDNF
(Zuccato et al., 2011; Zuccato and Cattaneo, 2009). Consistently, our
qPCR of BDNF in neurons derived from RUES2 HD and control lines
showed significant downregulation in both HD Q50 and HD Q58 cells



P. Conforti, et al. Neurobiology of Disease 146 (2020) 105140

>
W
O
w

BDNF NEUROD1 GRIN2B GRIA1
2,04 Ot o 2907 o 60 * o 40 **
2 &l = 2 | B, o=
1.5+ 150+ 04 -
2 2 2 40 H 4 L
[+ -] -] [}
g’ 1.0 2100- g’ g’ 204
5 -+ 5 § 1 X 3
= 0.5 o 507 —t o B8 - 107 =) =
S ° S _ o o
0.0- 0- 0- 0-
O Q VD D VD D
F &S & &S & &S & & S
E F G H
CALB1 CALB2 VIP TAC1
g 10+ F S 50 *k g 12+ — S 20
o 84 e O 404 =) 109 — 0 454 *
2 2 2 s 4
> 6 & o 301 Y o ®
=) o o 6 D 10+
= t c c
[} 4 o 204 [} ©
5 5 s 4 0 5l g
° - ki - amd—
2 $" 08 3¢ g )
0'—r—z;$— 0- 0'—1—*—*— i s s
O S D Q 2
&S &S &S F S S
|
Current data
DLX1 DLX2 NKX2.1 CALB2
DLX6 MEIS GLI1 FOXG1
NKX6.2 GPR6
Our | e e e e e — —
transcripts | [ - @SX .
P ZNF503 ISL1  SOX6  GSX2  AscCL1 our
BCL11BRARB  LHX6 GAD2 GRIA1 IKZF1 transcripts
FOXP1 DLX5 TACA GRIN2B common
X1 with
FOXP2 EBF1 PAX6 - o5 :
‘ CALBY ‘ouea literature
VIP  BDNF - NEUROD1 i1 DEGs

[Ring et al. 2015] [HD iPSC Consortium 2017] Smith et al. 2019

Fig. 5. Isogenic RUES2 lines recapitulate the HD phenotype.

(A-H) QPCR of transcripts known to be altered in mouse and cellular HD models at DIV30 for the RUES2 control Q22, HD Q50, and HD Q58 lines (total mRNA level
normalized to 18 s housekeeping transcript). N = 3 biological replicates. BDNF: Q50 vs. Q22, ****p < 0.0001; Q58 vs. Q22, ****p < 0.0001. NEURODI: Q50 vs.
Q22, **p < 0.01; Q58 vs. Q22, **p < 0.01. GRIN2B: Q50 vs. Q22, **p < 0.01; Q58 vs. Q22, *p < 0.05. GRIAI: Q50 vs. Q22, ***p < 0.001. Q58 vs. Q22,
**p < 0.01. CALBI: Q50 vs. Q22, ***p < 0.001; Q58 vs. Q22, ****p < 0.0001. CALB2: Q58 vs. Q22, **p < 0.001. VIP: Q50 vs. Q22, ***p < 0.001; Q58 vs. Q22,
**¥%p < 0.001. TACI: Q58 vs. Q22, *p < 0.05, one-way ANOVA with Tukey's post-hoc test.

(I) Schematic diagram showing our differential transcripts (current data). Transcripts we found to be in common with differentially expressed genes (DEGs) from
studies comparing control and HD lines are showed in bold.
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compared to control Q22 cells (Fig. 5A). BDNF levels were also reduced
in HD-iPS lines upon exposure to the same differentiation protocol and
to cortical differentiation (Shi et al., 2012) (Fig. S7A).

NEURODI1 is controlled by REST/NRSF and has been implicated in
aberrant developmental and adult neurogenesis in R6/2 mice and HD
iPSC-derived neurons (HD iPSC Consortium, 2017). Both HD RUES2
Q50 and Q58 lines exhibit a significant reduction in NEUROD1 mRNA
at DIV30 of differentiation (Fig. 5B). Developmental genes GRIN2B and
GRIA1 (Endele et al., 2010) were also reduced in Q50 and Q58 RUES2-
derived neurons (Fig. 5C, D), as were CALB1 and CALB2, two calcium
binding proteins expressed early in development (Al-Jaberi et al., 2015)
(Fig. 5E, F). Other transcripts known to be altered in HD and linked to
central nervous system development were also investigated. The neu-
ropeptide vasoactive intestinal polypeptide (VIP), which is highly ex-
pressed in the central nervous system, is reduced in R6/2 mice
(Fahrenkrug et al., 2007) and significantly reduced in our HD RUES2-
derived neurons (Fig. 5G). Similarly, the striatal transcript TAC1, the
expression of which is sustained by BDNF (Xie et al., 2010), was re-
duced in the RUES2 HD lines (Fig. 5H).

To address whether the differentially expressed genes (DEGs) were
shared by other HD in vitro systems, we interrogated available RNAseq
datasets from Ring et al. (2015), the HD iPSC Consortium (2017), and
Smith-Geater et al. (2020) and found that several LGE genes were
common to all studies, including certain MGE transcripts. In particular,
SPON1 and LHX8 were differentially expressed in our analysis and in
the Ring et al. (2015) and the HD iPSC Consortium datasets (Fig. 5I).
This comparison revealed that common genes were similarly affected in
diverse HD hPSC lines exposed to different striatal differentiation pro-
tocols, showing the ability of the RUES2 model system to recapitulate
mouse and human HD phenotypes.

3.6. De novo motif discovery analysis identifies SP1 as a potential common
regulator in HD neural differentiation

As muHTT-driven dysregulation appears to affect multiple neuronal
lineages (Fig. 6A) (Conforti et al., 2018; HD iPSC Consortium, 2012,
2017; Ooi et al., 2019; Ring et al., 2015; Ruzo et al., 2018; Smith-Geater
et al.,, 2020; Xu et al., 2017), we attempted to identify common reg-
ulators of muHTT toxicity by comparing HD-related DEGs using tran-
scriptional data from the above-mentioned studies (Ring et al., 2015;
HD iPSC Consortium, 2017; Smith-Geater et al., 2020).

First, we looked at whether the upstream regions of the DEGs
characterizing HD hPSCs undergoing LGE, MGE, and cortical differ-
entiation in vitro were enriched for specific motifs of TFs that may be
affected by muHTT. We employed two different de novo motif discovery
tools to identify the common TF binding motifs: Multiple EM For Motif
Elicitation (MEME) and Oligo Analysis (RSAT) (Bailey et al., 2009;
Nguyen et al., 2018) (Fig. S8A). Next, we compared the sequence of the
identified motifs with a series of databases of known TF binding sites
using STAMP (Mahony and Benos, 2007), a toolkit for comparing DNA
motifs that relies on the JASPAR (Bryne et al., 2008) and TRANSFAC
(Matys et al., 2003) databases (Fig. S78A; SI1, SI2, SI3). Only the TFs
represented by both motif discovery tools were considered further (Fig.
S8B). As shown in Fig. 6B, the most significant LGE-specific TFs in-
cluded SP1 and LHX3, followed by CREB1, KLF4, and SPI1.

The TFs SP1 and RREB1 had the highest scores in the same analysis
for MGE and cortex (Fig. 6B). Specifically, the RREB1 protein re-
cognizes and binds RAS-responsive elements (RREs) in gene regulatory
regions, and potentiates the transcriptional activity of NEUROD1 (Ray
et al., 2014). Lastly, the analysis identified RAP1 as MGE-specific; the
protein regulates several signaling pathways affecting cell proliferation
and adhesion, as well as the neuronal response to dopamine (Zhang
et al., 2018) (Fig. 6B).

Notably, using both databases, STAMP analysis revealed SP1, SPI1,
and KLF4 as common putative TFs potentially regulating the DEGs
identified in the LGE, MGE, and cortex (Fig. 6B). In particular, SP1
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reached the highest significant score in the analysis of signaling path-
ways (Fig. S9A, B; Table S1 and SI4).

Next, in an attempt to identify gene networks potentially affected by
the aberrant SP1-HTT interaction, the DEGs identified by the in silico
analyses and the predicted TFs were submitted to the protein interac-
tion database Pathway Commons (http://www.pathwaycommons.org).
Using Cytoscape for graphical representation, we found that the DEGs
and TFs were connected in an intricate network by both direct binding
and transcriptional regulation. The analysis highlighted the direct in-
teraction between SP1 and HTT in all areas analyzed (Fig. 6C-E; Table
S1).

4. Discussion

As hPSCs can efficiently differentiate into functional neurons
through processes that recapitulate in vivo development, the use of
small molecules and morphogens to drive hPSCs towards the acquisi-
tion of a coordinated antero/posterior or ventral/dorsal fate allows the
generation of specific neurons essential for modeling neurodegenera-
tive diseases. Patterning during in vitro neural differentiation is regu-
lated by retinoic acid and the FGF and BMP families, with a prominent
role of SHH signaling in ventralization (Germain et al., 2013; Li et al.,
2009; Liu et al., 2013; Maroof et al., 2013; Nicholas et al., 2013) and
WNT signaling in both dorsalization and caudalization (Elkabetz et al.,
2008; Kirkeby et al., 2012; Li et al., 2009).

Here, the RUES2 line presented a different expression profile in
SHH, WNT, RA, and BMP signaling compared to the H9 and KOLF2
lines. The hyperactivation of SHH signaling, together with the upre-
gulation of BMP4 and BMP5 ligands and the complete loss of RARf
expression, suggests that the RUES2 lines are more ventralized than the
H9 and KOLF2 lines. In line with this data, Strano et al. (2020) de-
monstrated that the patterning variation of different hESCs is associated
with differences in SHH and WNT signaling dynamics and that early
differences in regional gene expression were predictive of late-stage fate
acquisition (Strano et al., 2020). Earlier studies have reported marked
differences in differentiation propensities among different human em-
bryonic stem cell lines (Osafune et al., 2008), further pointing to the
relevance of deriving multiple lines for lineage-specific differentiation
(Wu et al., 2007; Hu et al., 2010).

In our experiments, control RUES2 cells exposed to the striatal
differentiation protocol exhibited impairment in the acquisition of an
MSN striatal fate, compared to H9 and KOLF2 cells. In particular, the
RUES?2 line failed to express the MSN regulator DARPP32 while pre-
ferentially upregulating MGE-enriched transcripts. This is suggested by
simultaneous expression of NKX2.1, LHX6 and LHX8 and other tran-
scripts qualifying MGE GABAergic interneurons, such as GAD67.
Leveraging the RUES2 MGE-biased differentiation potential, we show
that muHTT interferes with MGE cell fate acquisition, as already de-
monstrated for LGE (Ring et al., 2015; HD iPSC Consortium, 2017; Xu
etal., 2017; Conforti et al., 2018; Smith-Geater et al., 2020) and cortical
neurons (Conforti et al., 2018; Ruzo et al., 2018; Mehta et al., 2018; Ooi
et al., 2019). MGE GABAergic interneurons are essential for neural
circuit function (Tremblay et al., 2016), and their loss or dysfunction is
implicated in several human psychiatric disorders, including autism,
schizophrenia, and epilepsy (Marin, 2012). Our data suggest that
muHTT negatively influences MGE-interneuron differentiation, opening
up the possibility that MGE derivatives may make a greater contribu-
tion to HD than previously thought.

Our observations also point to the presence of common muHTT-
related interactors whose activity is shared by the different lineage-
specific signaling pathways that interact during neurogenesis. SP1 is a
TF found in all mammalian cell types that plays a central role in several
human diseases, including HD. Several lines of evidence link SP1 to
HTT, demonstrating their direct interaction in transgenic HD mouse
brain, striatal HD cells, and human HD brain (Dunah et al., 2002). In
particular, the N-terminal portion of muHTT interacts more strongly
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Fig. 6. De novo motif discovery analysis identified Sp1 as a potential common regulator in neural differentiation.

(A) Schematic representation of the papers reported in the literature differentiating iPSCs and hESCs in different neuronal lineages (LGE, MGE, and CTX). The
presence of muHTT may impact the ability to differentiate into multiple neuronal types, and this constitutes the rationale for the de novo motif discovery analysis.
(B) Venn diagram of the unique and shared LGE, MGE, and cortical predictive transcription factors (TFs) identified by de novo motif discovery analysis.

(C-E) Cytoscape networks for LGE, MGE, and CTX, representing the predicted interactions obtained by de novo motif discovery analysis enriched with the molecular
and genetic interactions and gene regulation networks generated by Pathway Commons (https://apps.pathwaycommons.org/interactions). The TFs submitted to the
de novo motif discovery analysis specific for each brain area are depicted in yellow, and in orange are the common regulators. Sp1 is highlighted in red because it was
the most represented and relative to HTT. The binding interactions are reported in red and controlled expression in grey.

with SP1 than non-pathologic HTT, resulting in cytoplasmic retention
of the TF in HD and reduced nuclear SP1, leading to reduced occupancy
of the promoters of SP1-responsive genes, such as DRD2 (Chen-Plotkin
et al., 2006; Dunah et al., 2002), REST (Ravache et al., 2010), and HTT
itself (Wang et al., 2012).

A second transcriptional regulator that potentially plays a role in
modulating HD-related gene signaling is SPI1 or PU.1, which encodes a
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protein involved in the regulation of several cellular processes, in-
cluding cell differentiation, cell growth, apoptosis, DNA damage re-
sponse, and chromatin remodeling. In particular, SPI1 controls a variety
of myeloid genes that are important for brain inflammation and neu-
roimmunology. Crotti et al. (2014) found that the presence of muHTT
in microglia promotes cell-autonomous pro-inflammatory transcrip-
tional activation by increasing the expression and activation of the
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transcription of SPI1.

A third TF that emerged from the analysis is Krueppel-like factor 4
(KLF4), an important regulator of early embryonic development, as it
contributes to maintaining self-renewal and preventing hESC differ-
entiation. KLF4 is also a powerful negative regulator of the expression
of multiple smooth muscle cell (SMC) genes through its activation by
SP1 (Deaton et al., 2009; Zhang et al., 2012).

The data from our in-silico analysis showed that, in the LGE context,
LHX3 is a potential common mediator of signaling. Interestingly, SP1
controls and interacts with LHX3 (Yaden et al., 2006). This gene en-
codes a protein that, by acting as a transcriptional activator, regulates
pituitary development and motor neuron specification through the in-
teraction with ISL1 (Erb et al., 2017; Lee et al., 2012a, 2012b, 2012c;
Seo et al., 2015; Thaler et al., 2002).

We also found LGE-specific alterations in the transcription of the
cAMP response element-binding protein (CREB), which has already
been associated with HD as a possible contributor to neuronal cell death
and dysfunction (Wyttenbach, 2001). The CREB pathway involves the
activity of TAFII130, a coactivator found in polyQ aggregates that,
when overexpressed, can rescue HD reduction in CREB-dependent
transcription (Shimohata et al., 2000). Dunah et al. (2002) reported
that the expanded polyQ of muHTT impairs the soluble association of
TAFII130 with SP1 through direct interference in SP1 binding to the
DNA.

The discovery of SP1 as the most common predictive TF of the de
novo motif discovery analysis is supported by several lines of evidence
in the literature, highlighting SP1 as a possible common player in the
abnormal neuronal gene transcription profiles identified thus far in all
studies that have employed HD-hPSC lines, suggesting SP1 as a po-
tential detrimental co-partner of muHTT during neuronal differentia-
tion.

Overall, this work highlights the different propensity of various
hPSCs to acquire a specific cell fate when exposed to the striatal dif-
ferentiation protocol. The RUES2 line exhibited MGE-biased neuronal
differentiation that is compromised by muHTT. In silico de novo motif
discovery analysis identified the TF SP1 as a putative common regulator
of the DEGs specific for different cerebral areas. Therefore, we hy-
pothesize that, in the presence of muHTT, the broad transcriptional
activity of SP1 is compromised and this interferes with cell fate com-
mitment.
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