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SUMMARY

Huntington disease (HD) is a dominant neurodegenerative disorder caused by a CAG repeat expansion in HTT. Here we report correction
of HD human induced pluripotent stem cells (hiPSCs) using a CRISPR-Cas9 and piggyBac transposon-based approach. We show that both
HD and corrected isogenic hiPSCs can be differentiated into excitable, synaptically active forebrain neurons. We further demonstrate that
phenotypic abnormalities in HD hiPSC-derived neural cells, including impaired neural rosette formation, increased susceptibility to
growth factor withdrawal, and deficits in mitochondrial respiration, are rescued in isogenic controls. Importantly, using genome-wide
expression analysis, we show that a number of apparent gene expression differences detected between HD and non-related healthy con-
trol lines are absent between HD and corrected lines, suggesting that these differences are likely related to genetic background rather than
HD-specific effects. Our study demonstrates correction of HD hiPSCs and associated phenotypic abnormalities, and the importance of

isogenic controls for disease modeling using hiPSCs.

INTRODUCTION

Human induced pluripotent stem cells (hiPSCs) carry the
whole genetic context of a patient and can be a virtually
unlimited source of differentiated cell types of interest.
Increasingly, hiPSCs are being applied for disease modeling
and drug screening for a number of neurodegenerative dis-
orders, including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, and Huntington disease
(HD) (Sterneckert et al., 2014). Indeed, a number of valu-
able disease phenotypes have been uncovered using differ-
entiated neuronal subtypes of disease relevance (Ichida and
Kiskinis, 2015).

However, one of the challenges of hiPSC-based disease
modeling is the variability in differentiation potential
due to variations in their genetic background (Kajiwara
et al., 2012). This may result in inappropriate interpreta-
tion of disease phenotypes in vitro. Furthermore, the
influence of genetic background on disease phenotype
can be significant even for monogenic, dominant, and
highly penetrant diseases such as HD. Indeed, a recent
genome-wide association study identified a number of
loci with putative disease-modifying variants that appear
to influence the age of neurological onset in HD (GeM-

HD Consortium, 2015). Therefore, the use of control
hiPSC lines that are genetically identical is crucial to in-
crease confidence in candidate disease phenotypes and
mechanisms, and to minimize the chance of missing
modifiable effects that are of relevance to the pathogen-
esis of disease.

With recent advances in genome-editing technologies,
such as the zinc finger nucleases, transcription activator-
like effector nuclease, and the CRISPR-Cas9 system, the
establishment of isogenic control hiPSCs has become
more feasible. Here, we describe the seamless correction
of an HD hiPSC line. HD, the most common genetic cause
of dementia, results from an expansion of a polymorphic
CAG repeat tract in exon 1 of HTT (Group, 1993). Using a
CRISPR-Cas9 and a piggyBac transposon-based selection
system (Yusa, 2013), we corrected HD hiPSCs and estab-
lished isogenic control hiPSCs with seamless excision of
the selection cassette. Evaluation of the corrected lines
demonstrates that a number of phenotypic abnormalities
and gene expression changes in HD hiPSC-derived neural
cells are rescued in isogenic controls. Our study highlights
the utility of isogenic controls in distinguishing HD-
specific molecular phenotypes from those related to the
genetic background.
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Figure 1. Correction of HD Patient-Derived hiPSCs Using piggyBac and CRISPR-Cas9
(A) Cas9 nickase gRNA binding sequences in HTT 5" UTR and exon 1.
(B) Quantification of activity of HTT-targeted CRISPR-Cas9 using fluorescence-based surrogate reporter assay.

(C) Schematic depicting the donor DNA and piggyBac transposon-based selection strategy used for targeting the HTT locus.

(D) Overview of the targeting workflow, including selection, screening, excision, and rescreening.

(E) Junction PCR-based screening for successfully targeted iPSC clones.

(F) Verification of successful correction at the HTT locus in selected iPSC clones by western blotting.

(G) Summary of targeting efficiency by PCR screening.

(H) Junction PCR-based screening for selection cassette removal in targeted clones.

(I) Expression of normal HTT is maintained following removal of the selection cassette in corrected hiPSCs.

RESULTS

Gene Correction of HD Patient-Derived hiPSCs

To correct the disease mutation in HD hiPSCs and generate
isogenic control lines, we employed a CRISPR/Cas9 and
piggyBac-based gene-editing approach. We chose one pair
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of sgRNAs (sgRNA-a and sgRNA-b) for a Cas9 nickase
(Cas9n)-mediated cleavage (Ran et al., 2013) at the HTT lo-
cus to reduce off-target (OT) activity and enhance homol-
ogy-dependent repair efficiency (Figure 1A). sgRNAs were
cloned into Cas9n-expressing vectors and their cleavage
activity was tested using a fluorescence-based surrogate



reporter assay (Ramakrishna et al., 2014). Forty-eight hours
after transfection, 3.28% RFP and GFP double-positive cells
were detected by flow cytometry in cells co-transfected
with CRISPR-Cas9n and surrogate reporter plasmids. This
was 2.5-fold higher (1.3% double positive) than in cells
transfected with the surrogate reporter only (Figure 1B),
indicating efficient cleavage using this pair of Cas9n/
sgRNAs.

To establish isogenic controls for HD hiPSCs, we em-
ployed a piggyBac transposon (PB) selection cassette-based
homologous recombination (HR) donor, which enables
seamless transposase-mediated removal of the selection
cassette from the targeted locus (Figure 1C). The PB selec-
tion cassette contains a puromycin-resistance gene (Puro®)
for positive clone selection, and an hsvTK gene for negative
selection. HD hiPSCs were transfected with the HR donor
plasmid and the sgRNA-a and sgRNA-b Cas9n-expressing
plasmids, followed by puromycin selection. Drug-resistant
colonies were selected for further culture and screening by
junction PCR (Figure 1D). Two pairs of primers were de-
signed for HR screening (Figure 1C). Targeted clones were
identified by positive PCR amplification using both primer
pairs (Figure 1E). Successful correction of the mutant HTT
allele was confirmed by western blot using antibodies for
total HTT (MAB2166) and mutant HTT (1C2 and MW1)
(Figure 1F). Of the 129 colonies screened, 14 were positive
by junction PCR, and 6 of these were confirmed for correc-
tion by western blot (Figure 1G).

Because the integrated selection cassettes in targeted
clones may affect HTT expression, corrected hiPSCs were
transiently transfected with a PB-expressing plasmid,
followed by negative selection with 0.2 pM fialuridine.
Resistant colonies were screened by junction PCR, and
clones with no positive PCR amplification with the F1/R1
and F2/R2 primers were determined as free of the PB selec-
tion cassette at the HTT locus (Figure 1H). Using fragment
analysis, we verified that the expanded CAG tract present
in the CAG180 parental line was absent in the corrected
clones (Figure S1A). Furthermore, we performed Sanger
sequencing analysis of the TTAA sites that flank the
inverted terminal repeat sequences of the PB selection
cassette and confirmed effective excision of the selection
cassette (Figure S1B). Finally, using immunoblotting we
verified expression of normal HTT in the corrected hiPSC
clones post-excision (Figure 1I).

To investigate potential OT CRISPR/Cas9n activity, we
screened ten of the top-ranked OT sites predicted by
in silico analysis using the Surveyor assay (Figure S1C).
Our analysis revealed no detectable mutations at all ten
regions examined (Figure S1D).

To further investigate potential OT effects beyond the
top-ranked sites, we performed whole-exome sequencing
on three isogenic control hiPSCs and compared their se-

quences with that of the parental CAG180 line (Table S4).
While a low number of single nucleotide variants (SNVs)
were detected in each of the corrected hiPSC lines (Table
S5), no single SNV was common to all three isogenic
corrected lines (Table S6). This strongly suggests that the
SNVs detected represent de novo mutations acquired
during normal passaging of the hiPSCs and not from
OT activity of the CRISPR-Cas9n. These results are consis-
tent with previous reports indicating low OT activity
following CRISPR-Cas9-mediated genome editing (Suzuki
et al.,, 2014).

Characterization of Pluripotency in HD iPSC-Derived
Corrected Isogenic hiPSCs

We then examined whether the pluripotent characteristics
of the parental HD hiPSC line, previously shown to express
pluripotency markers and a normal karyotype (HD iPSC
Consortium, 2012), were maintained in the corrected
hiPSC lines. Indeed, all corrected hiPSC clones stained pos-
itive for OCT4 (Figure 2A), and had similar mRNA levels
of the pluripotency genes OCT4 and LIN28 compared
with the parental HD hiPSC line, CAG180 (Figure 2B).
We focused on three corrected clones, HD-C#1, HD-C#2,
and HD-C#3, for further characterization. The HD-C#1
and HD-C#2 clones were assayed using the PluriTest, a
genome-wide gene expression-based bioinformatic assay
for pluripotency (Miiller et al., 2011), and both demon-
strated very high scores (Figures 2C and S2). All three cor-
rected clones showed potential to differentiate into the
three germ layers, as shown by positive immunostaining
for AFP (endoderm), Tuj-1 (ectoderm), and ASM-1 (meso-
derm) (Figure 2D). Furthermore, karyotyping and G-band-
ing analysis showed that all three clones maintained a
normal 46,XY karyotype (Figure 2E).

Differentiation of HD and Isogenic Control hiPSCs
into Forebrain Neural Cells

The cardinal neuropathological feature of HD is preferential
loss of striatal and cortical neurons (Macdonald and Halli-
day, 2002; Reiner et al., 1988). Therefore, studying human
forebrain neurons derived from hiPSCs may shed light on
pathogenic mechanisms contributing to HD. To assess the
potential of our hiPSC lines to generate neural progenitor
cells (NPCs) and neurons with forebrain identity, we used
previously published dual SMAD inhibition protocols
with some modifications (Delli Carri et al., 2013; Maroof
et al., 2013; Xu et al., 2013) (Figure 3A). After 15 days of
neural induction, CAG180, isogenic control, and the non-
isogenic healthy control CAG33 hiPSCs each were effi-
ciently differentiated into forebrain NPCs, as shown by pos-
itive staining for Nestin (Figure 3B) and FOXG1 (Figure 3C).
Moreover, the CNS NPC markers, PAX6 and SOX1, were
also highly expressed on day 15 (Figure 3D). Forebrain
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Figure 2. Gene-Corrected hiPSCs Maintain Pluripotency and Normal Karyotype

(A-C) The gene-corrected hiPSCs maintain pluripotency as shown by (A) positive immunostaining for the pluripotency marker 0CT4; (B)
expression of pluripotency genes 0CT4 and LIN28 (n = 6 for CAG33, 3 for CAG180 and HD-C#1-3; values for independent biological rep-
licates shown as mean + SEM); and (C) high pluripotency score on the PluriTest (Miiller et al., 2011). Scale bar, 25 pm. See also Figure S1.
(D) The gene-corrected hiPSCs maintain the potential to differentiate into all three germ layers as shown by positive immunostaining for

AFP (endoderm), Tuj-1 (ectoderm), and ASM-1 (mesoderm).

(E) Karyotyping and g-band analysis show all gene-corrected iPSC clones have a normal 46,XY karyotype.

NPCs were subsequently differentiated into GABAergic
neurons expressing mature neuronal marker MAP2, neuro-
transmitter gamma-aminobutyric acid (GABA), and presyn-
aptic marker synaptophysin (SYP) on day 48 (Figure 3E).
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The transcription factor NKX2.1, a marker of the human
medial and lateral ganglionic eminence regions, which
represent the predominant developmental origin of striatal
tissue (Maroof et al., 2013; Onorati et al., 2014), was also



highly elevated at 34 and 48 days of neuronal differentia-
tion (Figure 3F). Consistent with previous reports (HD
iPSC Consortium, 2012), no mutant HTT-containing aggre-
gates were detected in neurons differentiated from HD
hiPSCs (Figure S3).

Furthermore, the differentiated neurons were found to
exhibit electrical activity. First, using multi-electrode array
(MEA) recordings to measure population-level electrical ac-
tivity, we found that spontaneous activity, including both
individual spikes and spike bursts, was evident in cultures
of neurons by day 50 (Figure 4A). Application of tetrodo-
toxin (1 uM) completely abolished these responses (data
not shown). In addition, we compared the activity of neu-
rons cultured in two different media, N2B27 medium and
BrainPhys medium (Bardy et al., 2015). Neurons cultured
in BrainPhys medium were more active than those cultured
in N2B27 medium (Figure S4) and, as such, were considered
healthier and used in subsequent electrophysiological
assessments.

Next, we used whole-cell patch-clamp recording tech-
niques to measure the intrinsic electrical characteristics of
these differentiated cells. Filling the neurons with fluores-
cent dye, via diffusion from the patch pipette, revealed
that many cells had structures characteristic of neurons,
namely a central cell body and many fine processes (Fig-
ure 4B). To determine whether these cells exhibited the
excitability properties of neurons, depolarizing current
pulses (1 s duration) were applied (Figure 4C). In hiPSC-
derived CAG33 control (24 out of 26), CAG180 HD (31
out of 32), and isogenic control (HD-C#3; 28 out of 28)
cells, action potentials (APs) could be evoked by depolariza-
tion. Thus, the majority of cells examined in all three
hiPSC-derived cell lines were excitable, as expected for neu-
rons. The small number of cells that did not generate APs in
response to depolarizing current pulses were most likely
astrocytes, which are unexcitable; these were not included
in our analyses.

The majority of neurons fired APs repetitively during 1 s
long depolarizing current pulses (Figure 4C, right). How-
ever, their maximum firing frequency was variable, ranging
from 6 to 33 Hz. This indicates considerable heterogeneity
in the types of neurons derived from the hiPSCs. In 37 of
the 83 cells examined, including the example shown in
Figure 4C, the minimum delay between stimulus onset
and AP firing was longer than 200 ms (336 + 17 ms;
mean + SEM). Such delayed firing is characteristic of me-
dium spiny neurons (MSNs) (Arber et al., 2015; Klapstein
et al., 2001; Nisenbaum et al., 1994), suggesting that at
least some of the iPSC-derived cells had MSN-like proper-
ties. The remaining cells fired APs with much shorter delays
(113 + 7 ms). Some cells from each group also generated
spontaneous APs (sAPs) (Figure 4E); an example is shown
in Figure 4D. However, the frequency of sAP generation

was not significantly different across the three different
groups of hiPSC-derived cells (Figure 4F; p = 0.74, one-
way ANOVA).

The passive membrane properties of hiPSC-derived
cells also were very similar across all three groups; there
were no significant differences in membrane capacitance
(Figure 4G; p = 0.08, one-way ANOVA), input resistance
(Figure 4H; p = 0.49), and resting membrane potential (Fig-
ure 4I; p = 0.34). In addition, the membrane properties
of putative MSNs from each group were very similar (data
not shown). Thus, while most hiPSC-derived cells ex-
hibited morphological and electrical properties character-
istic of neurons, any differences between the three hiPSC
lines were difficult to discern as a result of the heterogene-
ity in the types of neurons generated.

Reversal of HD-Related Phenotypic Abnormalities in
Corrected hiPSCs

Previous studies have shown that HD hiPSCs are impaired
in their ability to form neural rosettes (Jeon et al., 2012).
Consistent with these studies, we observed marked impair-
ment in neural rosette formation in the CAG180 line
compared with the non-isogenic CAG33 control line (Fig-
ure S5A). Correction of the HD mutation in the isogenic
HD-C#1 and HD-C#2 lines rescued neural rosette forma-
tion (Figure 5A), indicating that this impairment is indeed
a consequence of the HD mutation and not related to dif-
ferences in genetic background.

Increased cell death of neurons differentiated from
HD hiPSCs following growth factor withdrawal has
been reported previously (An et al., 2012; HD iPSC Con-
sortium, 2012). Consistent with these studies, we observed
increased cell death following growth factor withdrawal
in neurons differentiated from HD hiPSCs, a phenotype
rescued in the corrected lines (Figures 5B and S5C). The
consistent sensitivity of HD neurons to growth factor
withdrawal highlights the likely contribution of trophic
support deficits to the pathogenesis of HD.

Analysis of Differential Gene Expression in HD and
Isogenic Control hiPSCs and Differentiated NPCs

To identify transcriptional changes resulting from mutant
HTT in our established human HD isogenic models, we per-
formed a global differential gene expression analysis in
hiPSC and NPC lines (Figure 6A). NPCs were differentiated
from the iPSC lines using a previously published protocol
(Li et al., 2011) (Figure SSA). For each cell type, all clones
were grown in tandem with three biological replicates
each. Global principal-component analysis (PCA) showed
distinct clustering of sample groups for both hiPSCs and
NPCs, with the non-isogenic CAG33 control clustering
furthest from the HD CAG180 and corrected isogenic con-
trol samples (Figure 6B).
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To identify differentially expressed genes (DEGs) in
hiPSCs and NPCs, we assessed the effect of the HD muta-
tion (HD CAG180 versus DEGs common to all control
CAG33 and corrected isogenic lines; ANOVA, false discov-
ery rate using Benjamini-Hochberg correction: 5%). We
identified 159 DEGs for hiPSCs (98 upregulated and 61
downregulated) and 131 DEGs for NPCs (72 upregulated
and 59 downregulated) in the controls compared with
CAG180. Hierarchical clustering of DEGs resulting from
the presence of the HD mutation was performed for
both hiPSCs (Figure 6C) and NPCs (Figure 6D). Functional
annotation of the DEGs in the differentiated NPCs using
WebGestalt (Wang et al., 2013) revealed ten significantly
enriched gene ontology (GO) categories, including nervous
system development (corrected p value = 0.012) (Fig-
ure S5B). Pathway enrichment analyses on DEGs in NPCs
(Figure 6E) revealed significantly enriched KEGG pathways
including fatty acid metabolism (corrected p = 0.004), a
transforming growth factor B (TGF-B) signaling pathway
(corrected p = 0.011), and a peroxisome proliferator-
activated receptor (PPAR) signaling pathway (corrected
p = 0.030), as well as Pathway Commons (PC) pathways
such as BMP receptor signaling (corrected p = 0.025).
In contrast, functional analysis of DEGs in hiPSCs
revealed only one significantly enriched GO category, cen-
tral element (corrected p = 0.038).

To compare the effect of genetic background versus
mutation status on differential gene expression, we per-
formed a Venn analysis on the list of genes identified as
being differentially expressed relative to the CAG180
HD line when using the non-isogenic (CAG33) versus
isogenic (HD-C#1 and HD-C#2) lines as control (Figure 6F,
top). Strikingly, almost half (109) of the 240 NPC DEGs
for CAG33 versus CAG180 were not common to the 169
DEGs for corrected isogenic controls versus CAG180.
Similarly, 38 of the 169 DEGs found in the corrected
isogenic controls versus CAG180 comparison were not
identified when comparing the CAG33 and HD CAG180
lines. We validated by qRT-PCR a subset of the DEGs
that were common to the CAG33 and corrected control
lines (Figure 6G) or not (Figure 6H). It should be noted
that while gene correction may reduce the phenotypic
variability related to genetic background, variability due
to clonal differences remains. This, for example, is re-

flected in the incomplete overlap in the DEGs between
HD-C#1 and HD-C#2 (Figure 6F, bottom). Indeed, of the
12 DEGs assessed by qRT-PCR, 3 showed discordance be-
tween HD-C#1 and C#2 (Figures 6G and 6H). This high-
lights the need to assess multiple clones, even when using
isogenic controls.

To further validate and investigate the possible biological
relevance of the DEGs identified, we focused on CHCHD2,
a gene recently identified as a genetic risk factor for a num-
ber of neurodegenerative disorders (Zhou et al., 2016). We
examined whether the changes in CHCHD2 mRNA levels
observed in NPCs are also present in hiPSCs. Using qRT-
PCR, we find that, indeed, CHCHD2 levels are significantly
elevated in CAG180 HD hiPSCs relative to the CAG33 and
isogenic control lines (Figure 7A). Using immunoblotting,
we further find that the changes in CHCHD2 mRNA levels
are paralleled by similar changes on the protein level (Fig-
ure 7B). Our findings in HD hiPSCs and NPCs are consis-
tent with a previous study showing dysregulated CHCHD2
levels in HD human embryonic stem cells (hESCs) (Feyeux
et al., 2012).

Given that CHCHD2 has been implicated in mitochon-
drial oxidative phosphorylation (Baughman et al., 2009),
we investigated mitochondrial respiration in CAG180
and isogenic control NPCs (Figure 7C). We find that
genetic correction results in improved basal respiration
and maximal respiration (significant improvement in two
of three isogenic lines) (Figures 7D and 7F), and significant
improvement in ATP production (three of three isogenic
lines) (Figure 7E).

DISCUSSION

Using a CRISPR/Cas9 nickase- and piggyBac transposon-
based HR approach, we demonstrate that the expanded
trinucleotide repeat in HTT can be efficiently corrected in
hiPSCs. We show that corrected isogenic hiPSC lines retain
pluripotency and normal karyotypes, and can be differen-
tiated into excitable and synaptically active neurons. We
further show that a number of phenotypic abnormalities
in HD hiPSC-derived neural cells, including impaired
neural rosette formation, increased susceptibility to
growth factor withdrawal, and deficits in mitochondrial

Figure 3. Differentiation of HD and Isogenic Control hiPSCs Cells into Neurons

(A) Scheme of neuronal differentiation protocol.

(B-D) Neural induction results in robust expression of neural stem cell markers (B) Nestin (day 10) and (C) FOXG1 (day 15) as assessed by
immunocytochemistry, and (D) PAX6, SOX1, and FOXG1 (day 15) as measured by gRT-PCR (n =3 per clone; values for independent biological

replicates shown as mean + SEM).

(E and F) Further differentiation results in neurons expressing (E) MAP2ab, GABA, and SYP (synaptophysin) protein at day 48 and
(F) MAP2AB, SYP, NKX2.1, and GAD65 mRNA at days 34 and 48 (n = 3 per clone; values for independent biological replicates shown as

mean + SEM).

Stem Cell Reports | Vol. 8 | 619633 | March 14,2017 625




A Figure 4. Electrophysiological Assess-
CAG33 20 CAG180 ment of Neurons Differentiated from HD
win e e 8 e it ol and Isogenic Control hiPSCs

' ' " b ey (A) Raster plots of spike time stamps indi-
. 10 cating spontaneous activity in differenti-
. ated neurons as measured by multi-elec-
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ' : trode arrays. Raster plots representative of
o HD'HC#1 T T HD'C#2 o n = 3 biological replicates for CAG180 and
B R NI ERTRINE HD-C#1 and #2, n = 2 biological replicates

' : iii G i i T G e O T T R T B T R (T TR A R T T for CAGB3. See alSO Figul’e 54

2 | ‘. | ‘ | | “ o ‘ o (B) Representative image of dye-filled

e W g neuron from isogenic control hiPSCs.

T A R S Tk () Action potential recordings from the
Time (sec) Time (sec) isogenic control hiPSC-derived neurons

shown in (B). While small current pulses

B - C evoked a single action potential (left), a

larger current pulse evoked a train of action

| potentials (right) In both cases, the first

\ § action potential was delayed relative to the

. i voltage onset of the depolarizing current pulse.

; Resting membrane potential was —85 mV.
. 7" current (D) Representative example of spontaneous
2 E ™~ —_ action potentials (sAPs) recorded from an
ZCEm ] %g SR/ isogenic cc?n.trol hiPSC-deﬁved neurons.
300 ms (E) Probability of observing sAPs measured
in CAG33, CAG180, and HD-C#3 neurons.

(F) Frequencies of sAPs for CAG33, CAG180,
and HD-C#3 neurons.

(G-I) Passive membrane properties of

hiPSC-derived neurons. Similar values were

observed for membrane capacitance (G),

input resistance (H), and resting membrane

potential (I) across all three experimental

groups. Sample sizes: CAG33 = 24, CAG180 =
31, and HD-C#3 = 28.

o aN
o o O

CN R T N R T BT TN Y T ]
i L Tl e e ol T T R Y Tt}
ORTTE R IR TRV B A v [

a

Channel number

o

S T e T T O
| 1

o a N
o o O

Channel number

Yy
-_—
=

0.8
0.6
0.44

0.2

N

=N
1

sAP probabilit
sAP
frequency (Hz)

20 mv

2 0
S C’)(b

7z
D

o

Qe

o
47
%
o
oy

—_ —_ N
o ()] o
1 f 1
w

f
1 1
B (o2}
o o
1 1

R
o
:

5.

potential (mV)

Resting membrane

Capacitance (pF)
Input resistance (GQ)

respiration, are rescued in isogenic controls. Importantly, genetic background and are not HD-specific effects. We
using genome-wide expression analysis, we reveal that a also show that while gene correction may reduce the
number of apparent differences in gene expression seen phenotypic variability related to genetic background, vari-
when comparing HD with non-isogenic control lines are ability due to clonal differences remains, highlighting the
not seen when comparing HD with isogenic corrected importance of assessing multiple clones, even when using
lines, indicating that these differences are likely related to  isogenic controls.
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Genetic correction of HD hiPSCs by HR was reported pre-
viously using CRISPR/Cas9-assisted methods (An et al,,
2014). However, removal of a selection cassette from the
genomic locus of the HTT gene after targeting was not re-
ported. As the presence of a selection cassette may affect
HTT expression and regulation, its removal is important
to ensure optimal modeling of disease effects.

A number of differentiation protocols for the derivation
of MSNs have been published (Arber et al., 2015; Delli Carri
et al., 2013). In this study, using a modified version of the
protocol of Delli Carri et al. (2013), we derived neurons
from CAG180 hiPSCs capable of survival for over 3 weeks,
the majority (88%) of which generated sAPs. This is in
contrast to previous work using CAG180 hiPSCs, which re-
ported no sAP firing by cells derived following 2 weeks of
neuronal differentiation. Moreover, no cells survived after
3 weeks of differentiation (HD iPSC Consortium, 2012).
Thus, our study demonstrates that improvements in differ-
entiation protocols can lead to enhanced viability and
maturity of hiPSC-derived neurons.

While we show that hiPSC-derived neurons can
generate APs, differences in the electrophysiological prop-
erties of human HD and control neurons remain to be
determined. Indeed, that no discernable differences in
the electrophysiological characteristics of HD and control
neurons were observed likely reflects the heterogeneity in
the type of neurons generated by the differentiation proto-

Figure 5. Phenotypic Abnormalities of
HD Cells Are Reversed in the Corrected
hiPSCs

(A) Assessment of neural rosette formation
following neuralinduction of CAG33, CAG180,
and isogenic HD-C#1 and HD-C#2 control
hiPSCs. Staining with Nestin, a marker for
neural stem cells, and Z0-1, a luminal neural
rosette marker, reveal impaired rosette for-
mation in the CAG180 HD line compared with
the control CAG33 lines. Correction of the HD
mutation in the HD-C#1 and HD-C#2 rescues
the HD-related impairment in neural rosette
formation. Results are representative of three
independent experiments.

(B) TUNEL immunofluorescence images
showing cell death in CAG180 and HD-C#1
neurons following growth factor withdrawal.
(C) Quantification of cell death as measured
by TUNEL staining in CAG180 and isogenic
control neurons following growth factor
withdrawal. n = 3 independent biological
replicates; values shown as mean + SEM, and
ns, no significance and **p < 0.01 for shown
comparison, ’p < 0.05 and *¥p < 0.001
relative to CAG180-GF withdrawal group,
was determined by unpaired t test.

HD-C#1
TUNEL '/

col employed and not a lack of genotypic difference per se.
As such, future studies aiming to tease apart the electro-
physiological properties of disease versus control neurons
should be coupled with careful definition of not only the
neurons being examined but also the presence of other
cell types, most notably glia, that can influence neuronal
properties.

There are conflicting reports on the impact of mutant
HTT on neural rosette formation by human pluripotent
stem cells. An early study using HD hESC lines with 37
and 51 CAG repeats reported formation of “characteristic”
neural rosette structures (Niclis et al., 2009). Subsequent
studies using HD iPSCs with 72 CAG repeats reported
impaired rosette formation, including a significantly
decreased number of rosettes per colony and a reduced
area of rosette as a percentage of colony area (Jeon et al.,
2012). Consistent with these latter studies, we observed a
marked impairment in neural rosette formation in the
CAG180 HD line, which was rescued in corrected isogenic
control lines. Our findings are reminiscent of the pheno-
type observed with Hdh-deficient ESCs, where a role for
ADAMI10 and N-cadherin has been identified (Lo Sardo
etal., 2012). Itis interesting to speculate whether the differ-
ences in neural rosette formation among the HD pluripo-
tent stem cell lines reflect a loss of this aspect of normal
HTT function in the lines with high CAG repeat lengths
(72 CAGs in Jeon et al., 2012 and 180 CAGs in our study)

Stem Cell Reports | Vol. 8 | 619-633 | March 14,2017 627




lllumina HumanHT-12v4: 47,231 probes

hiPSC: Detected 36,474 probes

!

« Background subtraction
* Percentile normalization
« Detection: flags and expression filtering

NPC: Detected 36,574 probes

!

Differentially expressed genes (DEGs

Controls [CAG33, HD-C#1, HD-C#2] versus CAG180
Common to all controls

Differentially expressed genes (DEGs)

Controls [CAG33, HD-C#1, HD-C#2] versus CAG180
Common to all controls

« One way ANOVA; p-value <0.05
* Fold change = 2

159 DEGs
98 upregulated in Controls versus CAG180
61 downregulated in Controls versus CAG180

* One way ANOVA; p-value <0.05
« Fold change = 2

131 DEGs
72 upregulated in Controls versus CAG180
59 downregulated in Controls versus CAG180

| hiPSCs | |

NPCs

Fatty acid metabolism
TGF-beta signaling
Glycosaminoglycan biosynthesis - heparan sulfate

CAG180 | [ cAG33

HD-C#2

HD-C#2

CAG180 |

Viral myocarditis

00 Z-

NOD-like receptor signaling
Hedgehog signaling
Adipocytokine signaling
PPAR signaling
Hypertrophic cardiomyopathy
Rheumatoid arthritis

Fatty Acyl-CoA biosynthesis

. CAG180

o°
I
o
=)
a

KEGG

W

ol
g Signaling by BMP
Fatty acid beta-oxidation |
Synthesis of very long-chain fatty acyl-CoAs g
Heparan sulfate biosynthesis
Triglyceride biosynthesis
2 BMP receptor signaling
10° 107 102 103
Corrected p-value
F Differentially expressed
enes (NPCs) CHCHD2 SPATA8 LGR6 CSAG3A KIAA1239 SPON2
9 S1s 15 15 15 15
2
S10 1.0 1.0 = 1.0 1.0 -
3
CAG33 HD-C#1 & C#2 2os 0.5 . 05 0.5 0.5 e
2 - - -
versus versus oo ' ol 0.0 00
2 SN 2 O N 2 DN D DN 2 DN
CAG180 CAG180 SOOFF SOSF SOSFF GO oS
O P P Sy S
. zic4 GPM6A OPN1SW CLDN10 JARID1D EIF1AY
5200 607, 150 8 1.5 1.5
% o ok o ns g
g 50 40 100 6 1.0 .10 ns
HD-C#1 HD-C#2 100 » . 4 05 05
versus versus 2 50 . N 2/l nsns
o ns ns ns wen o
0 o o 0.0 0.0
CAG180 CAG180 RN D SN 0%0\% NN 2 o N 2 SN
I de NTeden RO K DK DX SIOTK K
v 00’0’ v (90,0, YOO v QO,Q, YOO TR0
OB OIS OFIR O OFIdE OrIE

Figure 6. Genome-wide Gene Expression Analysis of HD and Isogenic Control hiPSCs and NPCs
(A) Workflow for the transcriptional analysis performed on hiPSCs and NPCs. For each cell type, three biological replicates for HD CAG180,
its isogenic corrected clones HD-C#1 and HD-C#2, and the non-isogenic CAG33 control were assayed (a total of 24 samples).

(B) 3D principal-component analysis (PCA) scatterplots for microarray data of hiPSCs (top) and NPCs (bottom) shows good clustering
within replicates of the different cell lines, signifying high biological reproducibility.
(Cand D) hiPSCs (C) and NPCs (D): heatmap representing relative expression levels of the DEGs common to all controls (HD-C#1, HD-C#2,
CAG33) versus HD CAG180, with fold change >2 and corrected p < 0.05. Samples (in columns) and genes (in rows) are clustered by
similarity. Shades of red represent upregulation, shades of green represent downregulation.
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but not low CAG lengths (37 and 51 CAGs in Niclis et al.,
2009).

Enrichment analyses of the DEGs common to the non-
isogenic and isogenic control lines identified a number of
pathways that have been previously implicated in HD.
For example, TGF-B signaling was previously shown to be
altered in HD (Kandasamy et al., 2010; Ring et al., 2015),
drawing interesting links between its role in temporal neu-
rogenesis (Dias et al., 2014) and the known impairment of
mutant HTT in striatal and cortical neuronal development

FEEE

(Molina-Calavita et al., 2014). Pathway enrichment of fatty
acid metabolism and PPAR signaling in this study is partic-
ularly interesting given their known dysregulation in HD
(Block et al., 2010; Dickey et al., 2016). PPARs are ligand-
activated transcription factors activated by lipids and fatty
acid derivatives, and they perform essential regulatory
roles in various processes including cellular differentiation,
metabolism (lipid, carbohydrate, protein) and energy pro-
duction (Grygiel-Gorniak, 2014). Indeed, mitochondrial
dysfunction and metabolic deficits in HD have been

(E) KEGG and Pathway Commons (PC) pathway enrichment analysis of the 131 DEGs common to all controls (HD-C#1, HD-C#2, CAG33)
versus HD CAG180 identified for NPCs (corrected p < 0.05). See also Figure S5B.

(F) Top: Venn diagram comparison of 240 DEGs between non-isogenic control CAG33 versus HD CAG180, and the 169 DEGs between
corrected isogenic controls HD-C#1 and HD-C#2 versus HD CAG180; bottom: Venn diagram comparison of 241 DEGs between HD-C#1 versus

HD CAG180, and the 241 DEGs between HD-C#2 versus HD CAG180.

(G and H) gRT-PCR validation of a subset of genes showing differential expression in CAG33 versus CAG180 that are rescued in HD-C#1 and
HD-C#2 NPCs (G), and those that are not (H). n = 3 per clone; values for three independent biological replicates shown as mean + SEM; ns,
no significance; *p < 0.05, **p < 0.01, and ***p < 0.001 was determined by unpaired t test.
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attributed to mutant HTT interference with PPAR-y coacti-
vator-1 a, a key transcriptional regulator of mitochondrial
biogenesis and metabolism (Weydt et al., 2006). With
further relevance to mitochondrial dysfunction in HD is
the gene CHCHD?2, the expression of which we found
to be dysregulated in the CAG180 HD NPCs relative to
isogenic and non-isogenic control lines. CHCHD2 was first
identified in a computational screen as a regulator of mito-
chondrial respiration (Baughman et al., 2009), and subse-
quently validated in knockdown and overexpression
studies (Aras et al., 2015; Baughman et al., 2009). More
recently, mutations in CHCHD2 have been identified as
risk factors for a number of neurodegenerative disorders
(Zhou et al., 2016). The marked upregulation of CHCHD2
in CAG180 HD NPCs that we observed, which is consistent
with a previously published report (Feyeux et al., 2012), is
paralleled by deficits in mitochondrial respiration. Given
its described role in oxidative phosphorylation, the upre-
gulation in CHCHD2 may represent a compensatory adap-
tation to cellular energy deficits in HD. However, whether
such upregulation in CHCHD?2 levels does indeed moder-
ate the energetic status or other phenotypic abnormalities
of HD cells remains to be determined.

There is widespread recognition of the complementary
value of hiPSCs in disease modeling. Indeed, a number of
studies have revealed mutant HTT-related molecular and
cellular abnormalities using human pluripotent stem cells
and differentiated cells, e.g., alterations in transcriptomes,
proteomes, ATM-p53 and TGF-B signaling, and mono-
amine oxidase activity (Mattis and Svendsen, 2015; Ooi
etal., 2015). Cellular abnormalities include enhanced lyso-
somal activity in HD hiPSCs, altered neuronal glutamate
signaling and calcium homeostasis, reduced mitochondrial
length and function, reduced neurite length in GABAergic
and MSNs, impaired neuronal brain-derived neurotrophic
factor (BDNF)-vesicular transport, and reduced viability in
response to a number of cellular stress paradigms including
BDNF withdrawal, H,O, treatment, and inhibition of auto-
phagy (Mattis and Svendsen, 2015). While many of these
pathological features had been previously identified in
animal models of HD, some human-specific discoveries
are starting to emerge from studies in hiPSCs (Ruzo et al.,
2015). Ultimately the use of isogenic control lines will
facilitate such efforts, and will help authenticate mutant
HTT-specific effects.

EXPERIMENTAL PROCEDURES

Cloning of Constructs

Synthesized oligos for sgRNA-a (Addgene, no. 87201) and sgRNA-b
(Addgene, no. 87200) expression were cloned into the Cas9 nick-
ase expression vector pX335. A 1.7-kb 5 homology arm containing
human HTT exon 1 with 18 “CAG” repeats and a 2.4-kb 3’ homol-
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ogy arm were cloned into the MCS1 and MCS2 sites of the PB HR
targeting donor vector (pJOP-HTT-HR18Q, Addgene, no. 87228).
The oligo sequences for the sgRNAs are listed in Table S1.

Cell Culture

HEK293 cells for testing CRISPR-Cas9 activity were cultured in
DMEM supplemented with 10% fetal bovine serum. Human
CAG33 hiPSCs (ND36997) and CAG180 hiPSCs (ND36999) were
obtained from the NINDS iPSC Repository at Coriell Institute
and were cultured on Matrigel-coated plates in mTeSR-1 medium
(STEMCELL Technologies, no. 05850).

Nucleofection of hiPSCs

hiPSCs were dissociated with Accutase, and 1 x 10° cells were elec-
troporated using the Neon Transfection System (Life Technologies)
with 1 pg sgRNA-a, 1 pg sgRNA-b, and 4 pg PB donor plasmids at
1,400 V for 3 pulses of 10 ms. Targeted hiPSCs were selected by
1 pg/mL puromycin treatment for 48 hr from day 3 and another
48 hr from day 10 post transfection. Surviving colonies at 2 weeks
post transfection were manually picked and expanded for culture
and PCR screening.

Selection Cassette Excision

To remove the PB cassette, corrected hiPSCs were transfected with
PB Excision-Only Transposase vector (System Biosciences). Sev-
enty-two hours after transfection, 0.2 pM fialuridine (Sigma) was
used to eliminate PB cassette-containing clones for 5 days. Resis-
tant colonies were picked and expanded, and further screened by
junction PCR.

Analysis of piggyBac TTAA Site Post-excision

The genomic region flanking the TTAA site (PB excision site) from
pre- and post-excision clones were PCR amplified and sequenced.
Amplicons were analyzed by Sanger sequencing.

Surveyor Assay for OT Analysis

To predict potential OT effects, guide sequences sgRNA-a and
sgRNA-b (Table S2) were analyzed using the CasOT script (Xiao
et al., 2014) and the top-ranked hits were selected for screening.
Selected genomic regions were amplified and amplicons were
then mixed in a 1:1 ratio of parental (CAG180):corrected (HD-
C#1, #2 or #3) to a final volume of 20 pL for Surveyor assay
following the manufacturer’s instructions (IDT, no. 706020).

Whole-Exome Sequencing

Whole-exome sequencing of the parental CAG180 hiPSCs and
three isogenic control lines was performed. See Supplemental
Experimental Procedures for details of the protocol.

Mitochondrial Respiration Analysis

Mitochondrial respiration of CAG180 and corrected control NPCs
was carried out using a Seahorse XF96 Extracellular Flux Analyzer
followed the instructions of Seahorse XF Cell Mito Stress Test Kit
(Seahorse Bioscience). Readings were normalized to total protein
measured by Bradford assay, and data were analyzed using the Sea-
horse Wave software.



Immunoblotting

Cells were lysed with RIPA buffer (Sigma-Aldrich) containing com-
plete protease inhibitor Cocktail Tablets (Roche). A total of 30 pg of
protein per sample was separated on NuPAGE 3%-8% Tris-acetate
(for HTT/calnexin) or NuPAGE 4%-12% bis-Tris (for CHCHD2/
calnexin) gradient gels followed by transfer to nitrocellulose
membrane. Membranes were imaged using the LI-COR Odyssey
infrared imaging system and quantified by Image]J software.

Immunofluorescence Staining

Cells grown on coverslips were fixed with 4% paraformaldehyde
(PFA) for 15 min, permeabilized using 0.3% Triton X-100, then
blocked with 3% normal donkey serum containing 0.1% Triton
X-100 in DPBS, before being stained with primary antibodies at
4°C overnight, followed by the appropriate secondary antibodies
for 1 hr at room temperature and 1 pg/mL DAPI (Sigma) for
10 min. Images were acquired using an Olympus FV1000 inverted
confocal microscope.

RNA Isolation, cDNA Synthesis, and qPCR

RNA was purified using the RNeasy Plus Mini Kit (QIAGEN)
and c¢cDNA was generated using PrimeScript RT reagent kit
(TAKARA BIO). Quantitative real-time PCR was performed on
the StepOnePlus or QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems) using the primers listed in Table S3. Relative
gene expression levels were analyzed using the Comparative CT
Method (AACT Method).

Three Germ Layers Differentiation

To form embryonic bodies (EBs), hiPSCs were dissociated into
clumps using Dispase, and cultured on low-attachment tissue
culture plates in knockout serum replacement (KSR) medium
(DMEM/F12 with 20% knockout serum replacer, 1% GlutaMAX,
1% non-essential amino acids, and 0.1 mM 2-mercaptoethanol).
On day 7, EBs were transferred onto Matrigel-coated coverslips
and left to spontaneously differentiate for 9 days in KSR medium
before fixation and staining.

Differentiation of hiPSCs

NPC differentiation: hiPSCs were induced into NPCs according to a
previously published protocol (Li et al., 2011). Cells between pas-
sage 3 and passage 6 were used for experiments.

Forebrain neuronal differentiation: hiPSCs were differentiated
into forebrain neurons using an established protocol (Delli Carri
et al., 2013) incorporating some modifications from other pub-
lished protocols (Maroof et al., 2013; Xu et al., 2013). NPCs were
induced in N2B27 medium supplemented with certain small mol-
ecules and growth factors for 15 days. For final neuronal differen-
tiation, the cells were cultured in N2B27 medium supplemented
with BDNF (20 ng/mL), glial cell-derived neurotrophic factor
(20 ng/mL), cAMP (N6,2'-O-dibutyryladenosine 3’,5'-cyclic mono-
phosphate; Sigma, 0.5 mM), and ascorbic acid (0.2 mM).

MEA Recordings
Neurons on day 46 were dissociated and re-plated on 0.1%
polyethylenimine (Sigma)-coated 12-well MEA plates (Axion

BioSystems) and spontaneous neuronal activity was observed
and recorded at 37°C for 5 min every other day using the Maestro
MEA system (Axion BioSystems).

Whole-Cell Patch-Clamp Recordings

Whole-cell patch-clamp recordings were performed as described
previously (Ma et al., 2015). See Supplemental Experimental Pro-
cedures for details of the protocol.

Neural Rosette Formation Assay

hiPSCs were dissociated into single cells using Accutase, and
4.5 x 10° cells were seeded into AggreWell800 plates to form
neural aggregates in STEMdiff Neural Induction Medium. On
day 5, neural aggregates were harvested and transferred into
poly-L-ornithine/laminin-coated plates. On day 10, cells were
fixed using 4% PFA and stained with antibodies against ZO-1
and Nestin.

Growth Factor Withdrawal Assay

hiPSC-derived neurons on day 40 were switched to N2B27 medium
supplemented with 50 ng/mL BDNF or N2B27 medium only for
48 hr. Cells were then fixed with 4% PFA and used for TUNEL stain-
ing (In Situ Cell Death Detection Kit; Roche) following the manu-
facturer’s instructions.

Microarray Analysis

Total RNA from hiPSC and NPC samples was analyzed on Illumina
HumanHT-12-v4 Expression BeadChip. See Supplemental Experi-
mental Procedures for details of the protocol.

The detailed methods for immunoblotting, immunofluorescence
staining, qPCR, fragment sizing analysis, TTAA site analysis, OT
Surveyor analysis, whole-exome sequencing, three germ layer differ-
entiation, differentiation of hiPSCs, MEA recordings, whole-cell
patch-clamp recordings, neural rosette formation, growth factor
withdrawal, and microarray analysis are found in the Supplemental
Experimental Procedures.
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Figure S1. Fragment sizing, TTAA sequencing, Surveyor off-target analysis (A) PCR results
and fragment analysis show different CAG sizes between WT allele and expanded allele; PCR
results from full length HTT constructs with 23Q, 73Q, 145Q are shown for size comparison. (B)
Sequence analysis of pre-excision and post-excision at TTAA site. (C) The predicted top 10 off-
target (OT) sites; Red characters indicate mismatches compared to on-target sgRNA-a or
sgRNA-b sequence. (D) The predicted off-target loci are amplified by PCR and analyzed by
Surveyor assay. Related to Figure 1.
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Figure S2. PluriTest novelty and pluripotency scores for parental and corrected hiPSC lines.
Related to Figure 2.
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Figure S3. No aggregates in CAG180 hiPSC-derived neurons on Day 52. HEK293 cells
overexpressed with HTT128Q N-fragment plasmid were used as positive control for EM48
staining (scale bar = 25um). Related to Figure 3.
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Figure S4. MEA recordings from hiPSC-derived neurons cultured in N2B27 versus BrainPhys
media. (A) Mean and (B) max spike frequency, (C) the number of unresponsive channels, and
(D) raster plots demonstrate the effect of culturing medium (N2B27 versus BrainPhys) on
spiking activity. n = 3 independent biological replicates; values shown as mean+SEM. Related
to Figure 4.
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Figure S5. (A) Differentiation of HD hiPSCs and isogenic control hiPSCs into NPCs using the
neuronal differentiation protocol described by Li and colleagues (Li et al., 2011) (scale bar =
25um) (B) Significantly differentially enriched GO terms compared to CAG180 in NPCs.
Related to Figure 6.
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Table S1. Sequences of oligos for CRISPR-Cas9n cloning. Related to Figure 1.

Name Sequence (5'—3’)

sgRNA-a-Forward caccgGACCCTGGAAAAGCTGATGA
sgRNA-a-Reverse 2aacTCATCAGCTTTTCCAGGGTCc
sgRNA-b-Forward caccgCGCCATGGCGGTCTCLCCGCC
sgRNA-b-Reverse 2aacGGCGGGAGACCGCCATGGCGC




Table S2. Primer sequences for Surveyor off-target analysis. Related to Figure S1.

Name Forward (5'—3’) Reverse (5'—3’)

SMCO2 CTGCCTCAGCTTTCCTCTGT AGAGCCACAAGGGCTTAACA
NPHP3 GCAGCCCCATAAAACTACCA AAGACCTGAACCAGCAATTCA
AHDC1 CTCCAACTACACACCGCAGA ATGAAGTCACAGGGGTCTCG
CNTN2 GGTACCGAGATGAAGCTGGA CCAGGGATGGGTGCTTCTAA
LGR5 AGCAAACCTACGTCTGGACA TCTCCCTCCTCCCAAAATGA
THTPA GACATCAGCAGCAGTGGAAG TGTAGGTTCCGCTGTGAGTT
HIST3H2BB ACCCTTTCTTGATCGTGTGG CCAGCGATGACGTAGAACAA
CTD-2047H16.4 CTCCTCTAGCTCCCAATGCA GGGACACATCTGCAGAACTG
PDE11A AACTGGGAATACTGGTGGGG GTAGGTCCTGTTCACGTGGA
ARHGEF11 AAACATGTGGAAGCGGTCAC AGAGGGGAGGAAGAAAGTGC




Table S3. Sequences of primers for gRT-PCR analysis. Related to Figures 2, 3, 6, and 7.

Name F/R® Sequence (5—3) Name F/R* Sequence (5—3’)

F AGTTTGTGCCAGGGTTTTTG F GCTTCAGTGGAGGAAGTAATG
OCT4 CHCHD2

R ACTTCACCTTCCCTCCAACC R TGATGTCACCCTGGTTCT

F GCGGGCATCTGTAAGTGGTT F GGACACATCAACCCTCTTATTA
LIN28 KIAA1239

R GGTGAACTCCACTGCCTCAC R CTCATGTAGCCAGCCATAAG
PAXG F AATAACCTGCCTATGCAACCC JRID1D F CCTCTTCTCCGACTTCTATCT

R AACTTGAACTGGAACTGACACAC R GAAGTGAGACTGGGCTTTG

F ATGCACCGCTACGACATGG F GCGAATCTACTGAGCTGAAC
SOX1 GPM6A

R CTCATGTAGCCCTGCGAGTTG R GTTGGCAGACAGAACCATAA

F TACTACCGCGAGAACAAGCA F ACTAAGCATGTGGGAGTTATTT
FOXG1 CLDN10

R TCACGAAGCACTTGTTGAGG R GGGATGTCCTTAACCCATTTAT

F AAAGCTGATGAGGGCAAGAA F CGCCATGCCCAAGAATAA
MAP2 EIF1AY

R GGCCCCTGAATAAATTCCAT R TCCTCTTTAAACACCAACTCTC
SYp F TCTTGAGCAAGGCAAGAAGTGGGA OPN1SW F TCACCATTCCTTCATTCTTCTC

R CTGCCCAAACCCAGCCATTGTAAA R CTTCCCACACACCATCTTC
NKX2.1 F CGCATCCAATCTCAAGGAAT 71C4 F CCATCCTTCCCTTCATTCAC

' R TGTGCCCAGAGTGAAGTTTG R GGACCAGCACATCCTTATTT

F GGGAATTGGCAGACCAACCACAAA F CACCAACACCAAAGAGGTT
GAD65 CSAG3A

R TCAGCCAGTCTGCTGCTAATCCAA R GTCAGAGTGGCTGGATAGT
NESTIN F TGGCAAAGGAGCCTACTCCAAGAA LGRG F GGTTCCATAACAACAACATCAA

R ATCGGGATTCAGCTGACTTAGCCT R CAGAGATAGTGTGTGGAGTTTAG

F GGCATGGGTCAGAAGGATTC F GCAATCAGCTGGCTCTATATC
ACTIN SPATAS8

R CACACGCAGCTCATTGTAGAAG R CCATTCCAGGACTAGCATAAC

F CTTTCCCAACCTTGCTTCT
SPON2

R CTGGACGATGAAGGACAATC

@ Primer orientation: F, forward; R, reverse



Table S4. Summary of capture statistics for whole exome sequencing. Related to Figure 1.

Mean iRy
Cateqo Sample Read Total Removing Unique Mapped Mapping
gory ID Lenath Reads Identical (%) reads (%)
9 Reads
Parental CAG180 188 89,275,348 69634771  78% 69425867  99.7%
iPSC clone
HD-C#1 184 76,298,896 60,276,128 79% 59,974,747 99.5%
Isogenic
corrected HD-C#2 192 84,908,852 65,379,816 77% 65,118,297 99.6%
clones
HD-C#3 192 94,346,489 75,477,191 80% 75,175,282 99.6%
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Table S5: Sequence Variants in the gene-corrected hiPSC clones by whole exome sequence
analysis. Related to Figure 1.

Sample HD-C#1 HD-C#2 HD-C#3
Number of SNVs Total 6 2 14
Intergenic 0 0 0
Intronic 3 1 6
Exonic 2 1 7
UTRs 1 0 0
ncRNA 0 0 1
Up/downstream 0 0 0
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Table S6. SNVs detected by whole exome sequencing. Related to Figure 1.

HD-C#1 HD-C#2  HD-C#3  Chr Position Gene Location (CARGe1f80) Alt
- SNV 1 32131000 COL16A1 intronic C T
-- SNV 1 179533782  NPHS2 intronic G T
-- SNV 2 103061805 IL18RAP intronic G T
SNV -- 2 170382223  KLHL41 utr_3 T A

-- SNV 4 81123529 PRDMS8 exonic A T
SNV - 7 134719493  AGBL3 exonic A G

- SNV - 8 96276030 C8orf37 intronic C T
SNV -- 10 124337239 DMBT1 intronic G A

SNV -- 12 52886627 KRT6A exonic C T

-- SNV 13 79928669 RBM26 exonic C T
-- SNV 15 42057270 MGA intronic A T
-- SNV 15 81199146 CEMIP exonic C A
-- SNV 16 25172530 LCMT1 intronic G A
-- SNV 16 58577599 CNOT1 exonic G T
-- SNV 17 4936878  SLC52A1 exonic G T
-- SNV 17 72322909 KIF19 intronic C A
-- SNV 19 17301918 MYQO9B exonic C A
-- SNV 19 51391447 KLKP1 intronic_nc G C
-- SNV 20 238447 DEFB132 exonic G T
SNV -- 21 45743643 PFKL intronic C A

SNV -- 22 30981293 PES1 intronic G A

22 41573572 EP300 exonic C T
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Supplemental Experimental Procedures

Selection cassette excision

To remove the piggyBac cassette, 1x10° corrected hiPSCs were transfected with 2 ug piggyBac
Excision-Only Transposase vector (System Biosciences, PB220PA-1) using NEON Transfection
System. 72 hr after transfection, 0.2 pM of 1-(2-deoxy-2-fluoro-1-D-arabinofuranosyl)-5-
iodouracil (FIAU, Sigma) was used to eliminate piggyBac-containing clones for 5 days.
Resistant colonies were picked and expanded, and further screened by junction PCR using
F1/R1 (F1-5’GCACCTCGCTGGAACTTAAT-3’; R1-5GTGTCTGCAGGCTCAAAGAG-3’) and
F2/R2 (F2-5ACTTACCGCATTGACAAGCACG-3’ and R2-5CCACAGTTCCACACCAAAGAGC-
3’) primers.

Analysis of piggyBac TTAA site post-excision

The genomic region flanking the TTAA site (piggyBac transposase excision site) from pre and
post-excision clones were PCR amplified and sequenced with primers TTAA.J-F2 %
CCTGTCCTGAATTCACCGAGGG3’ and TTAA.J-R2 5’CCTGCAGACCAACTTAGGCTTAGAYZ
with KOD Xtreme (Novagen, #71975). Amplicons were visualized on 1% agarose gel on the
Geldoc XR system (Bio-Rad) and analyzed by Sanger sequencing.

Surveyor assay for off-target analysis

To predict potential off-target effects, guides sequences sgRNA-a and sgRNA-b (Table S2)
were analyzed using the CasOT script (Xiao et al., 2014) and the top ranked hits were selected
for screening. Selected genomic region were amplified with Platinum Taq polymerase
(Invitrogen, # 10966-083) and amplicons were then mixed in a 1:1 ratio of Parental
(CAG180):Corrected (HD-C#1, #2 or #3) to a final volume of 20pl for surveyor assay following
the manufacturer’s instructions (IDT, #706020).

Fragment sizing analysis

The RNA of parental CAG180 and the corrected HD-C#1, #2, and #3 hiPSC lines were
extracted using the RNeasy Plus kit (QIAGEN, #74136) and cDNA converted using the Takara-
RT kit (#RR037A) following the manufacturer’s instructions. HTT constructs with 23Q, 73Q, and
145Q (Coriell, #CH00022, CH00023,and CH00024) were used for tract length comparison. To
amplify the CAG tract, 100ng of cDNA or plasmid DNA was used as template DNA with KOD
Xtreme (Novagen, #71975) supplemented with 8% DMSO (final v/v). Cycling conditions were as
follows: initial denaturation at 96°C for 5 mins, followed by 7 cycles of 96°C for 45s, 70°C for
30s, 72°C for 2 mins; and 33 cycles of 96°C for 45s, 58°C for 30s and 72°C for 2mins and a
final elongation at 72°C for 10mins. Primers used for amplification span exons 1-6 of HTT cDNA
and are 6-FAM conjugated L33FAM-5-CGAGTCCCTCAAGTCCTTCC-3’' and unconjugated
R390-5-TTCCATAGCGATGCCCAGAA-3’. Amplicons were visualized on 1% agarose gel on
the Geldoc XR system (Bio-Rad) and sent to Axil Scientific Pte Ltd for fragment sizing with the
GeneScan™ 1200 LIZ® dye Size Standard. Files were analyzed using Genemapper (Applied
Biosystems).
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Whole Exome Sequencing

One microgram of high-molecular weight DNA per sample was used for exome capture with
Agilent Technologies SureSelectXT™ All Human Exon V6 Kit. The exon capture kit targets 60
Mb that allows capture of 99% of RefSeq, CCDS, GENCODE, HGMD, OMIM exons. DNA was
sheared using Covaris M220 Focused-ultrasonicator (Covaris Inc., Woburn, MA, USA) to target
an average fragment size of 200 bp. Shearing was followed by end repair, ligation of adapters,
nick repair, purification, size selection and final amplification prior to exome capture as per
SureSelect protocol. The amplified DNA was cleaned with Ampure XP reagent (Agencourt,
Boston, USA) and the DNA was eluted in 30 ml low TE buffer. The libraries were quantified
using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). The exome library was
used for emulsion PCR on lon Chef System (Life Technologies, Carlsbad, CA, USA) following
the manufacturer's protocol. Each library was sequenced on an lon Proton instrument (Life
Technologies, Carlsbad, CA, USA) using one ION PI chip. For the HD-C#1, HD-C#2, HD-C#3
and CAG180 samples, 14.0 Gb, 16.3 Gb, 18.1 Gb and 16.7 Gb were sequenced with an
average read length of 184 bp, 192 bp , 192 bp and 188bp, respectively. An average coverage
of 164x (HD-C#1), 187x (HD-C#2), 208x (HD-C#3) and 195x% (CAG180) was achieved per base
over the exome with 97% of the bases covered at least 20%. Sequence reads were aligned to
the human reference genome [Human GRCh37 (hg19) build] using Torrent Mapping Alignment
Program (TMAP) from the Torrent Suite (v5.0.2). PCR duplicates in the BAM file were identified
by the Filter Duplicates plugin (v5.0) and removed. The variants were called using the Torrent
Variant Caller (TVC) plugin (v5.0.2). The variants were imported into lon Reporter (v5.2), where
each variant was annotated using the “annotate single sample variants” workflow.

Immunoblotting

Cells were lysed with RIPA buffer (Sigma Aldrich) containing complete protease inhibitor
Cocktail Tablets (Roche) and protein concentration was measured using the Bradford Assay
(Bio-Rad). Samples were denatured at 70°C for 10 min in 4x NuPAGE sample buffer and 10x
NuPAGE reducing agent (Life Technologies). A total of 30 pg of protein per sample was
separated on NUPAGE 3%-8% Tris-Acetate (for HTT/Calnexin) or NUPAGE 4%-12% Bis-Tris
(for CHCHD2/Calnexin) gradient gels at 100 V for 3 h followed by transfer to nitrocellulose
membrane at 120 V for 1.5 h at room temperature. The following primary antibodies were used
for detection: anti-total HTT (Millipore, MAB2166), anti-mutant HTT [1C2] (Millipore, MAB1574),
anti-mutant HTT [MW1] (Developmental Studies Hybridoma Bank), anti-Calnexin (Sigma,
C4731), and anti-CHCHD2 (Proteintech). Alexa Fluor 680 goat anti-mouse and Alexa Fluor 790
goat anti-rabbit (Life Technologies) were used as secondary antibodies. Membranes were
imaged using the Li-Cor Odyssey infrared imaging system and quantified by ImageJ software.

Immunofluorescence staining

Cells grown on coverslips were fixed with 4% paraformaldehyde (PFA) for 15 min at room
temperature. The cells were permeabilized using 0.3% Triton X-100 for 20 min at room
temperature, then blocked with 3% normal donkey serum containing 0.1% Triton X-100 in DPBS
for 1 h at room temperature, before being stained with primary antibodies at 4°C overnight. The
following primary antibodies and dilutions were used: anti-OCT4 (Santa Cruz, 1:500), anti-
Foxg1 (Abcam, 1:500), anti-Nestin (Millipore, 1:2000), anti-ASM-1 (Millipore, 1:1000), anti-AFP
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(Millipore, 1:150), anti-TUJ1 (Covance, 1:1000), anti-SOX2 (Santa Cruz, 1:500), anti-ZO-1
(Zymed, 1:200), anti-MAP2 (Millipore, 1:2000), anti-SYP (Abcam, 1:1000), anti-GABA (Sigma,
1:1000), and anti-HTT (mEM48, Millipore, 1:100). After three washes in PBS containing 0.1%
Triton X-100, the cells were incubated with the appropriate secondary antibodies for 1 h at room
temperature, washed three times with PBS containing 0.1% Triton X-100, and incubated with 1
pug/mL 4', 6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) for 10 min. Images were acquired
using an Olympus FV1000 inverted confocal microscope.

RNA isolation, cDNA synthesis and Quantitative PCR

Cells were lysed using RLT Plus Buffer and RNA was purified using the RNeasy Plus Mini
(QIAGEN) according to the manufacturer’s instructions. For all samples, cDNA was generated
using PrimeScript® RT reagent Kit (TAKARA). Quantitative real-time PCR was performed on
the StepOnePlus™ or QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) using
primers listed in Table S3. Relative gene expression levels were analyzed using the
Comparative CT Method (AACT Method).

Three germ layers differentiation

To form embryonic bodies (EBs), hiPSCs were dissociated into clumps using Dispase, and
cultured on low-attachment tissue culture plates in KSR medium (DMEM/F12 with 20%
knockout serum replacer, 1% Glutamax, 1% NEAA, and 0.1 mM 2-Mercaptoethanol) and
medium was changed every two days for a total of seven days. EBs were then harvested onto
Matrigel-coated coverslips and left to spontaneously differentiate for nine days in KSR medium
before fixation and staining.

Differentiation of hiPSCs

NPC differentiation: hiPSCs were induced into NPCs according to a previously published
protocol (Li et al., 2011). Briefly, hiPSCs at approximately 20% confluence were treated with
N2B27 media (DMEM-F12/Neural Basal medium 1:1 with 1% N2, 2% B27, 1%
pen/strep/glutamine, 10 ng/mL hLIF, and 5 pg/mL BSA) containing 3 yM CHIR99021 (Tocris), 2
MM SB431542 (Sigma), and 0.1 uM compound E (Millipore) for the first seven days. The culture
was then split 1:3 for the next six passages using Accutase without compound E on Matrigel-
coated plates. Cells between passage 3 and passage 6 were used for experiments.

Forebrain neuronal differentiation: hiPSCs were differentiated into forebrain neurons using an
established protocol (Delli Carri et al., 2013) incorporating some modifications from other
published protocols (Maroof et al., 2013; Xu et al., 2013). hiPSCs maintained in feeder-free
cultures were disaggregated using 1 mg/mL Dispase, then washed in mTeSR-1 medium, and
cell clumps were cultured on uncoated petri dishes in N2B27 medium (DMEM-F12/Neural Basal
medium 1:1 with 1% N2, 2% B27, 1% non-essential amino acids, and 2 mM L-glutamine)
supplemented with 10 uM Y-27632 (Sigma Aldrich) for 8 h. Then cell aggregates were collected
and plated on dishes pre-coated with 10 pg/mL poly-L-ornithine (Sigma Aldrich) and 10 pg/mL
laminin in N2B27 medium supplemented with 100 nM LDN193189 (Stemgent),10 uM SB-
431542 (Sigma Aldrich), and 2 yM XAV939 (Stemgent). From Day 5, 200 ng/mL SHH (R&D)
was added to the differentiated cells. After 15 days culture, cells were passaged with a cell
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scraper at a split ratio of 1:1. These cells, hereon referred to as neural progenitor cells (NPCs),
were cultured in N2B27 medium supplemented with 20 ng/mL BDNF (R&D), 2 yM XAV939, and
200 ng/mL SHH for five days. For neuronal differentiation, the NPCs were first cultured in
N2B27 medium supplemented with 20 ng/mL BDNF (R&D) and 20 ng/mL GDNF for seven
days, then cultured in N2B27 medium supplemented with BDNF (20 ng/mL), GDNF (20 ng/mL),
10 uM DAPT (Sigma-Aldrich), and 0.2 mM ascorbic acid (STEMCELL Technologies) for another
seven days. In the final step of neuronal differentiation and maturation, cells were dissociated
with Accutase and filtered with a 40-um cell strainer (BD Bioscience) to obtain single cells. The
differentiated cells were seeded onto plates pre-coated with 10 pg/mL poly-L-ornithine and 4
ug/mL laminin at a density of 50,000 — 100,000 cells/cm? and cultured for a further 2 — 3 weeks
in N2B27 medium supplemented with BDNF (20 ng/mL), GDNF (20 ng/mL), cAMP (N6,2'-O-
Dibutyryladenosine 3',5'-cyclic monophosphate, Sigma Aldrich, 0.5 mM), and ascorbic acid (0.2
mM). Half the medium was replaced with fresh medium every 3 — 4 days for the terminally
differentiated neurons.

Multielectrode array (MEA) recordings

After 46 days of differentiation, neurons were dissociated and re-plated on 0.1%
polyethylenimine (PEI, Sigma-Aldrich) coated 12-well MEA plates (Axion Biosystems) at a
density of 140,000 cells/well. The following day, complete medium was changed with N2B27
medium or Brainphys medium (BrainPhys™ Neuronal Medium with 1% N2 and 2% NeuroCult™
SM1, STEMCELL Technologies) supplemented with 20 ng/mL BDNF, 20 ng/mL GDNF, 0.5
mM cAMP, and 0.2 mM ascorbic acid. For cell maintenance, 50% medium was exchanged with
fresh medium every 3 — 4 days. Spontaneous neuronal activity was observed and recorded at
37°C for 5 min every other day using the Maestro MEA system (Axion Biosystems). For all
recordings, a neural spikes analog mode was applied along with 12.5 kHz sampling frequency
and median referencing. The recorded traces were high-pass filtered (200Hz — 3 kHz) offline,
and spike detection was performed using a threshold of 6 standard deviation (SD) above noise
levels (Axion Integrated Studio software, AxIS). Timestamps files were subsequently imported
and analyzed using custom-written Matlab scripts (R2015b). Mean and max spike frequency,
the number of unresponsive channels, and raster plots were chosen to characterize the
extracellular activity recorded with the MEA.

Whole-cell patch clamp recordings

Whole-cell patch clamp recordings were performed as described previously (Ma et al., 2015). In
brief, recordings were made with electrodes (6-8 MQ) pulled from borosilicate glass (World
Precision Instruments, Inc.) and filled with the internal solution (in mM): 120 K-gluconate, 9 KCl,
10 KOH, 4 NaCl, 10 HEPES, 1 EGTA, 2 Mg,ATP, 0.4 Na;GTP (pH 7.3, and 290 mOsm). For 2-
photon fluorescence imaging, Alexa Fluor 594 (5 pg/ml; Invitrogen) was included in the internal
solution. Recordings were made at room temperature (25°C) from cells bathed in an external
solution containing (in mM): 127 NaCl, 2.6 KCI, 23.8 NaHCOg3, 0.77 NaH,PO,, 2 MgCl,, 2.5
CaCl,, and 10 glucose. Recordings were made with a Multiclamp 700B amplifier, filtered at 2
kHz, digitized at 10 kHz with a Digidata 1440A, and acquired/analyzed with PCLAMP software
(all from Molecular Devices). Series resistance ranged from 10-20 MQ and was monitored
throughout the recordings. The resting membrane potential (RMP) of hiPSC derived cells was
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determined immediately after breakthrough in the whole-cell patch clamp mode, taking into
account a liquid junction potential of 11.8 mV (Barry and Lynch, 1991). Action potentials were
evoked by depolarizing current steps (10 pA; 1 s). To facilitate comparison across cells during
these current clamp measurements, steady currents were applied as needed to maintain the
RMP at -80 mV. Membrane capacitance and input resistance were determined, under voltage
clamp, from responses to a 5 mV hyperpolarization.

Neural rosette formation assay

hiPSCs were dissociated into single cells using Accutase, and 4.5 x 10° cells were seeded into
AggreWell™800 Plates to form neural aggregates. Cells were cultured in STEMdiff™ Neural
Induction Medium and three-quarters of the medium was changed every four days. On Day 5,
neural aggregates were harvested and transferred into Poly-L-Ornithine/Laminin coated plates.
On Day 10, cells were fixed using 4% PFA and stained with antibodies against ZO-1 and Nestin.

Growth factor withdrawal assay

hiPSC-derived neurons were dissociated and re-plated on coverslips on Day 34 of
differentiation. After 6 days of culture in N2B27 medium with 20 ng/mL BDNF, 20ng/mL GDNF,
0.2 mM ascorbic acid and 0.5mM cAMP, cells were switched to N2B27 medium supplemented
with 50 ng/mL BDNF or N2B27 medium only for 48 hrs. Cells were then fixed with 4% PFA and
used for TUNEL staining (In Situ Cell Death Detection Kit, Fluorescein, Roche) following the
manufacturer’s instructions.

Microarray analysis

Total RNA was purified from hiPSCs and hiPSC-derived NPCs following the double extraction
protocol: RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction (Trizol
Invitrogen) followed by a Qiagen RNeasy clean-up procedure. Total RNA integrity was
assessed by Agilent Bioanalyzer and the RNA Integrity Number (RIN) was calculated; all RNA
samples had perfect RIN 10. Biotinylated cRNA was prepared from 300 ng of total RNA using
the Epicentre TargetAmp Nano-g Biotin-aRNA Labelling kit for lllumina system. Labelled cRNAs
(750 ng) were hybridized onto the lllumina® HumanHT-12-v4 Expression BeadChip at 58°C for
16 h; the arrays were then washed and stained using the lllumina Wash Protocol and then
scanned using a BeadArray Scanner 500GX at the BSF Microarray Facility. The images were
analyzed using GenomeStudio Gene Expression v 1.9.0 according to the instructions provided
by lllumina.
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