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SUMMARY

Huntington’s disease (HD) is a neurodegenerative
disease caused by an expanded CAG repeat in the
Huntingtin (HTT) gene. Induced pluripotent stem
cell (iPSC) models of HD provide an opportunity to
study the mechanisms underlying disease pathology
in disease-relevant patient tissues. Murine studies
have demonstrated that HTT is intricately involved
in corticogenesis. However, the effect of mutant
Hungtintin (mtHTT) in human corticogenesis has
not yet been thoroughly explored. This examination
is critical, due to inherent differences in cortical
development and timing between humans and
mice. We therefore differentiated HD and non-
diseased iPSCs into functional cortical neurons.
While HD patient iPSCs can successfully differentiate
toward a cortical fate in culture, the resulting neurons
display altered transcriptomics, morphological and
functional phenotypes indicative of altered cortico-
genesis in HD.
INTRODUCTION

Huntington’s disease (HD) is an autosomal-dominant neurode-

generative disease caused by an expanded CAG trinucleotide

repeat within the first exon of the Huntingtin (HTT) gene, with

the number of repeats inversely correlated to age of onset and

severity (HDCRG, 1993; Duyao et al., 1993, Andrew et al.,

1993). The devastating symptoms of HD include progressive

motor dysfunction, chorea, cognitive impairment, psychiatric

abnormalities and, ultimately, death (Vonsattel et al., 2008).

The HTT protein is ubiquitously expressed and has global roles

in apoptosis (Hickey and Chesselet, 2003), yet mutant Huntingtin

(mtHTT) primarily leads to the dysfunction and death of striatal

medium spiny neurons and subsequently cortical projection

neurons (Macdonald and Halliday, 2002; Thu et al., 2010). Inter-
Cell Rep
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estingly, neuronal dysfunction starts years before overt clinical

symptoms, including reduced cortico-striatal functional connec-

tivity (Unschuld et al., 2012) and cortical white matter atrophy

(Fennema-Notestine et al., 2004; Rosas et al., 2010). HD mouse

models also display several early changes, including altered

cortical cell migration and electrophysiological properties, as

well as reduced cortical thickness (Cummings et al., 2006,

2007, 2010; Stern, 2011; Molina-Calavita et al., 2014; Barnat

et al., 2017).

HD studies have primarily focused on neurodegeneration

occurring in adulthood. However, changes in cerebral cortex

development (corticogenesis) have also been implicated (Mo-

lina-Calavita et al., 2014; McKinstry et al., 2014; Molero et al.,

2009, 2016). Thismay be related to the role of HTT in cortical pro-

genitor spindle orientation during mitosis (Godin et al., 2010;

Tong et al., 2011). Spindle orientation is critical to corticogene-

sis, as the cleavage plane during cell division regulates the

daughter cell fate (Gauthier-Fisher et al., 2009; Marzesco et al.,

2009). Htt-depleted animal models display altered migration of

progenitors into the developing cortex, which leads to mislocal-

ized neurons within the cortical layers (Barnat et al., 2017) and a

reduction in overall cortical thickness at both the embryonic and

postnatal stages (Molina-Calavita et al., 2014; Barnat et al.,

2017). The necessity for Htt expression is mirrored in chimeric

mice, in which cells with a complete knockout of Htt were able

to generate neurons throughout the brain but weremuch sparser

than predicted in the cerebral cortex and striatum (Reiner et al.,

2001), pointing to the necessity for Htt function in the neuro-

development of neurons in these regions. Also, when Htt levels

were reduced, massive neurodevelopmental phenotypes could

be seen (White et al., 1997; O’Kusky et al., 1999). Alterations in

morphology also occur within cortical neuron dendrites (Barnat

et al., 2017; McKinstry et al., 2014). Together, this implicates

HTT in the regulation of cortical layering and the early migration

and dendritic morphogenesis of cortical neurons. These neuro-

developmental roles of HTT support an altered brain develop-

ment, which may account for the smaller intracranial adult brain

volume (Nopoulos et al., 2010) and smaller head size (Lee et al.,

2012) that occur in HD carriers decades before predicted onset.
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Rodent models of HD have helped to further understand HD

and the role of development; however, the rodent central ner-

vous system has fundamental differences compared to humans

(Dolmetsch and Geschwind, 2011; Clowry et al., 2010). The

altered corticogenesis in HD murine models may recapitulate

what has been tangentially described in humans, but this has

not been confirmed due to a lack of embryonic/fetal cortical

HD tissue. Fortunately, human-based models are now possible

with induced pluripotent stem cells (iPSCs), somatic cells re-

programmed to a pluripotent state with the capacity to generate

any cell in the body (Takahashi and Yamanaka, 2006; Magnuson

et al., 1982). We have shown that HD-patient-derived iPSCs,

upon differentiation into a striatal fate, display an altered neuro-

developmental phenotype (Mattis and Svendsen, 2017; HD iPSC

Consortium, 2012, 2017). Although striatal pathology has been

extensively studied, the cortical contribution to HD remains

underinvestigated. The mature human cortex is composed of

six layers, with neurons in development first forming the deep

layers (V and VI) and subsequently born neurons migrating

past the deep layer neurons to form the upper (II–IV) cortical

layers. Human iPSCs can be differentiated into a cerebral

cortical fate with distinct markers of either the deep layer or

upper layer neurons, and their development recapitulates the

timing of in vivo corticogenesis (Shi et al., 2012).

Here, iPSC lines from patients with juvenile-onset HD

(180, 109, or 77 CAG repeats) were differentiated toward a

cortical fate using an established protocol in order to examine

the role of an expanded CAG repeat on corticogenesis. The

HD iPSCs generated deep and upper layer cortical neurons

along the same timeline and in similar quantities as control iPSCs

(33, 21, or 18 CAG repeats), but the HD cortical cells, compared

to control, showed distinct differences in gene expression, many

overlapping with those detected in the BA4motor cortical region

of postmortem HD brains. Transcriptomics indicated both de-

layed maturation and altered morphology of the HD cortical

neurons, which were substantiated with electrophysiology and

neurite measurements. This report provides evidence of altered

corticogenesis in human HD patient tissues, which is critical for
Figure 1. Immunocytochemistry Revealed that HD (HD180, HD109, and

Differentiate into a Population of Cerebral Cortical Progenitors, Neuro

(A) Schematic of cortical differentiation timeline from day 0 (iPSC colonies) to da

(B) Feeder-free iPSC colonies expressmarkers of pluripotency (SSEA4) but do not

and Map2ab).

(C) By day 12 of differentiation, cells are dividing neural progenitors (Ki67 and N

beginning to express FOXG1, they are not yet fully committed to a neuronal or c

CTR21 but are representative of all lines.

(D) By day 24 of differentiation, the cultures are almost an entirely pure sheet of FO

CTR21 but are representative of all lines.

(E) Representative images across the time course of expression of differentiation f

Nestin), commitment to a cortical progenitor fate (FOXG1), cortical progenitors (TB

and general markers of neurons (TuJ1 and Map2ab). Images displayed are CTR1

130-day time point.

(F) Graphs of overall (HD and control) glia (dark purple), radial glia (light purple), ne

course of 130 days of differentiation.

(G) Graphs of overall deep layer neuron (red) and upper layer neuron (blue) coun

(H) Heatmap of the relative Z score of counts for each marker within each cell l

a 203 objective (scale bar indicates 25 mm).

Data are presented as mean ± SEM. All cell counts were from at least three sepa

also Figure S1.
understanding initial contributors to HD and developing potential

early treatment regimes.

RESULTS

Differentiation of HD and Control iPSCs toward a
Cerebral Cortical Fate
HD (180, 109, and 77 CAGs) and control (CTR; 33, 21, and

18 CAGs) iPSC lines were generated and characterized as previ-

ously described (Mattis et al., 2015). All lines were differentiated

from their pluripotent state into a cerebral cortical fate using a

published protocol (Shi et al., 2012) (Figure 1A). Dual SMAD inhi-

bition was used to differentiate iPSCs from their SSEA4+ plurip-

otent state (negative for the neural markers FOXG1, TBR2, Ctip2,

and Map2ab) (Figure 1B) toward ZO1+ neural rosettes by day 12

of differentiation (Figure 1C). At this point, the cells also positive

for markers of dividing cells (Ki67) and early neural progenitors

(Nestin) and faintly expressed markers of forebrain (FOXG1),

but not more mature neural markers (Ctip2, GFAP, and DCX).

To further promote a neuroepithelial fate, bFGF was added for

2 days, after which time cells were almost entirely a sheet of

FOXG1+, Nestin+, and DCX+ committed forebrain progenitors

(Figure 1D). These cells were then plated on coverslips, placed

in a neuronal maturation media, and assayed for markers of

cortical development and commitment to a mature neuronal

fate by nonbiased stereological counting on days 36, 60, 80,

100, and 130 of differentiation (Figures 1E and S1). Counts of

specific populations demonstrate that these populations appear

over a developmentally appropriate time course for both HD and

control lines. Progenitor cells (Nestin+) and dividing cells (Ki67+)

decrease over the course of 36–130 days, going from �30% of

cells expressing these markers to �10% and 1%, respectively

(Figures 1E and 1F). However, by day 36, general neuronal

markers (Map2ab and TuJ1) are already �25%–30% of all cells

and maintain their expression over the duration of the 130 days

(Figures 1E and 1F), as do specific deep layer (Ctip2 and

TBR1, �20% of neurons) and upper layer (SatB2, �10%) (Fig-

ures 1E and 1G) cortical markers. As reported previously (Shi
HD77 CAG) and Control (CTR33, CTR21, and CTR18 CAG) iPSCs Can

ns, and Glia in a Developmentally Appropriate Time Course

y 130 (mature cortical neurons and glia).

expressmarkers of a committed neuronal or cortical fate (FOXG1, TBR2, Ctip2,

estin), which are beginning to form neural rosettes (ZO1), and while they are

ortical fate (Ctip2, GFAP, Map2ab, and DCX negative). Images displayed are

XG1-expressing neural rosettes (ZO1, DCX, and Nestin). Images displayed are

rom days (d) 36 to 130 of differentiation of dividing neural progenitors (Ki67 and

R2), deep layer cortical neurons (TBR1 andCtip2), upper layer neurons (SatB2),

8 but are representative of all lines. On the right, images of the HD77 line at the

urons (green), and cells with a committed cortical fate (orange) counts over the

ts over the course of 130 days of differentiation.

ine over the course of 130 days of differentiation. All images were taken with

rate differentiations. Please see STAR Methods for statistical information. See
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Figure 2. Transcriptomic Analysis Also Revealed Cortical and HD iPSC Differentiation toward a Cortical Fate
(A) Graphs of overall reads per kilobase million (RPKM) values of HD (109 and 77 CAGs) and control (33, 21, and 18 CAGs) glia (dark purple), radial glia (light

purple), neurons (green), and cells with a committed cortical fate (orange) at time points (day [d] 0 [iPSC stage], 60, 80, 100, and 130) over the course of 130 days of

differentiation.

(B) Graphs of overall (HD and control) RPKM values of deep layer neuron (red) and upper layer neuron (blue), over the course of 130 days of differentiation.

(C) Heatmap of the relative Z score of RPKM values for eachmarker within each cell line over the course of 130 days of differentiation (time points: day [d] 0 [iPSC

stage], 60, 80, 100, and 130 of differentiation). Gene expression is shown by color intensity in a red-to-blue spectrum, where upregulated genes are shown in red

and downregulated genes are shown in blue (gray indicates absent sample). Genes are divided into categories of cortical progenitors (FOXG1, EMX, PAX6, TBR2,

HES1, and SOX2), radial glia (HOPX, FAM107A, and RELN), glia (GFAP), deep layer cortical neurons (TBR1 and CTIP2), neurons (TUBB3), and upper layer cortical

neurons (Brn2, CARTPT, Cux1, CACNA1E, and SATB2).

Please see STAR Methods for statistical information.
et al., 2012), the presence of a GFAP+ glial population of cells

was very low (only �2%), rising only after �100 days in culture

(Figure 1F). There is no significant effect seen in the percentages

of cells produced of any one marker assayed between the HD

and control lines (Figures 1H and S1).

RNA sequencing recapitulates the stereology data from sam-

ples at days 0 (iPSC colony stage), 60, 80, 100, and 130 of dif-

ferentiation (Figure 2). By day 60, increased expression of

committed forebrain markers such as FOXG1 is seen, in addi-

tion to expression of known transcriptional regulators of the

neocortex (EMX2 and PAX6; Figures 2A and 2C). Transcripts

of radial glia populations (HOPX, FAM107A, and RELN; Figures
1084 Cell Reports 25, 1081–1096, October 23, 2018
2A and 2C) were seen from day 60 (the first time point

analyzed) onward. Neuronal gene expression (TUBB3; Figures

2A and 2C), as well as specific cerebral cortex layer transcripts

(deep layers: TBR1 and Ctip2; upper layers: Cux1 and CAC-

NA1E; Figures 2B and 2C), is also seen from day 60 onward.

Interestingly, the upper layer cortical transcript CARTPT was

not detected until day 100 of differentiation (Figures 2B and

2C), in line with in vivo corticogenesis patterns. In addition,

GFAP transcripts were greatly upregulated by 130, in agree-

ment with the immunocytochemistry marker counts (Figures

2A and 2C). These transcripts did not significantly differ be-

tween HD and controls.
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3 yrs M1C 0.65 0.67 0.66 0.66 0.66 0.72 0.73 0.71 0.71 0.74 0.71 0.71 0.72 0.74 0.74 0.73 0.69 0.72 0.74 0.73 0.75 0.72 0.74 0.73 0.68 0.75 0.75 0.76 0.70 0.76 0.73 0.73 0.75 0.74 0.73 0.76 0.74 0.74 0.76 0.73 0.74 0.75
8 yrs M1C 0.64 0.65 0.64 0.64 0.64 0.71 0.72 0.70 0.70 0.74 0.70 0.71 0.73 0.73 0.73 0.73 0.73 0.70 0.74 0.72 0.75 0.72 0.74 0.73 0.72 0.74 0.75 0.75 0.73 0.76 0.71 0.72 0.74 0.74 0.73 0.76 0.73 0.71 0.75 0.69 0.72 0.73

11 yrs M1C 0.62 0.64 0.63 0.63 0.63 0.73 0.74 0.72 0.72 0.74 0.71 0.71 0.74 0.74 0.75 0.74 0.71 0.72 0.74 0.74 0.74 0.72 0.74 0.74 0.69 0.75 0.75 0.76 0.71 0.75 0.73 0.73 0.73 0.74 0.74 0.76 0.74 0.72 0.73 0.70 0.73 0.74
13 yrs M1C 0.61 0.63 0.62 0.63 0.62 0.74 0.75 0.72 0.73 0.74 0.72 0.71 0.75 0.74 0.76 0.74 0.69 0.73 0.74 0.75 0.74 0.73 0.74 0.74 0.68 0.76 0.75 0.77 0.70 0.75 0.74 0.74 0.74 0.75 0.75 0.76 0.75 0.74 0.74 0.71 0.74 0.74
18 yrs M1C 0.63 0.64 0.63 0.64 0.64 0.70 0.71 0.68 0.68 0.72 0.68 0.69 0.70 0.73 0.71 0.71 0.67 0.69 0.72 0.71 0.73 0.71 0.72 0.72 0.66 0.73 0.73 0.73 0.67 0.74 0.70 0.70 0.73 0.72 0.71 0.74 0.72 0.71 0.75 0.70 0.71 0.73
19 yrs M1C 0.61 0.63 0.62 0.62 0.62 0.72 0.73 0.70 0.71 0.73 0.70 0.70 0.73 0.74 0.74 0.73 0.68 0.71 0.73 0.73 0.74 0.72 0.73 0.74 0.66 0.75 0.74 0.75 0.68 0.75 0.73 0.72 0.73 0.74 0.73 0.75 0.74 0.72 0.73 0.69 0.73 0.74
21 yrs M1C 0.60 0.62 0.60 0.62 0.61 0.73 0.73 0.71 0.72 0.72 0.71 0.70 0.74 0.72 0.75 0.73 0.68 0.72 0.72 0.73 0.72 0.71 0.73 0.73 0.66 0.75 0.74 0.75 0.68 0.73 0.73 0.73 0.72 0.73 0.73 0.74 0.73 0.73 0.71 0.70 0.73 0.72
23 yrs M1C 0.63 0.65 0.63 0.64 0.64 0.74 0.75 0.72 0.73 0.74 0.72 0.72 0.75 0.75 0.76 0.75 0.70 0.74 0.74 0.75 0.75 0.73 0.75 0.75 0.68 0.77 0.76 0.77 0.70 0.76 0.75 0.74 0.75 0.75 0.75 0.76 0.75 0.75 0.75 0.72 0.75 0.75
30 yrs M1C 0.59 0.60 0.60 0.60 0.60 0.70 0.71 0.68 0.69 0.72 0.68 0.68 0.71 0.72 0.72 0.71 0.65 0.69 0.71 0.71 0.72 0.71 0.72 0.72 0.64 0.73 0.72 0.74 0.65 0.73 0.70 0.70 0.72 0.72 0.71 0.74 0.72 0.70 0.72 0.67 0.70 0.72
36 yrs M1C 0.61 0.63 0.62 0.63 0.62 0.73 0.74 0.71 0.72 0.73 0.71 0.71 0.75 0.75 0.75 0.74 0.69 0.73 0.73 0.74 0.74 0.73 0.74 0.75 0.67 0.76 0.75 0.76 0.69 0.75 0.74 0.73 0.74 0.75 0.74 0.76 0.75 0.74 0.74 0.70 0.74 0.74
37 yrs M1C 0.61 0.63 0.62 0.63 0.62 0.75 0.75 0.73 0.74 0.73 0.73 0.72 0.76 0.75 0.77 0.75 0.70 0.74 0.74 0.75 0.74 0.74 0.75 0.75 0.68 0.77 0.76 0.77 0.70 0.75 0.76 0.74 0.75 0.75 0.75 0.76 0.75 0.75 0.74 0.72 0.75 0.75
40 yrs M1C 0.63 0.64 0.64 0.64 0.64 0.71 0.72 0.70 0.70 0.74 0.69 0.71 0.72 0.73 0.72 0.73 0.72 0.69 0.74 0.72 0.75 0.72 0.74 0.73 0.71 0.73 0.75 0.74 0.72 0.76 0.70 0.71 0.73 0.74 0.73 0.76 0.73 0.70 0.75 0.68 0.71 0.73
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In order to validate the developmental paradigm of the in-vitro-

derived cortical samples, their transcriptomic profiles were

compared to that of the developing motor cortex from 8 post-

conception weeks (PCW) to 40 years of age (Allen Brain Institute;

Handel et al., 2016) using Pearson correlation (Figure 3A;

Table S1). The iPSC-derived cortical samples were shown to

be fetal in nature, most significantly correlating with that of the

8–9 PCW primary motor-sensory cortex (Figure 3A; Table S1).

To further address the developmental profiles of the in-vitro-

derived cortical samples compared to the in vivo motor cortex,

principal-component analysis (PCA) was performed. Principal

components (PCs) 1–3 reveal that the iPSC-derived cortical

samples from day 60 to 130 of differentiation grouped away

from the iPSCs and toward a motor cortical fate (Figures 3B

and 3C). Gene ontology (GO) enrichment was used to gain a bet-

ter biological understanding of these PCs (HD iPSC Consortium,

2012). On the PC1 axis (Figure 3B, x axis), the iPSCs were in the

positive coordinates, defined by GO terms indicative of repli-

cating cells, such as ‘‘cell division.’’ The iPSC-derived cortical

neurons were between the iPSCs and the developing motor cor-

tex, which continued in trajectory toward the increasing negative

PC1 coordinate with in vivo development, defined by GO terms

associated with a mature neuronal network. Hierarchical clus-

tering of log2-transformed gene expression values showed a

demarcation in PC1 between the in vitro and in vivo samples (Fig-

ure S2). On the PC2 axis (Figure 3B, y axis), the earlier-time-point

iPSC-derived cortical neurons generally mapped to the positive

coordinate with the 8–24 PCW motor cortex, as defined by GO

terms associated with ‘‘nervous system development,’’ while

the later time points mapped toward the negative coordinates

with the post-natal and adult motor cortex and were defined

by terms describing adult neurodegenerative disorders,

including HD. On the PC3 axis (Figure 3C, y axis), the iPSC-

derived cortical neurons were mapped to the negative coordi-

nate with the 37 PCW to 40 year motor cortex, defined by terms

associated with cellular maintenance, such as ‘‘rRNA process-

ing.’’ Upon hierarchical clustering of PC2 and PC3, the iPSC-

derived cortical cells clustered away from the undifferentiated

iPSCs and with the developing motor cortex (Figures S2B and

S2C). In PC2, it was noted that the iPSC-derived cortical cultures

also tended to group by repeat length, with a distinction seen in

the dendrogram.

Together, this demonstrates that both HD and control iPSCs

can be differentiated toward a cortical cell fate that is most

similar to the early fetal cerebral cortex. There was not a signifi-

cant difference between the generation of either deep or upper

layer cortical neurons, as demonstrated by heatmap (Z score;
Figure 3. iPSC-Derived Cortical Cultures Correlate with the In Vivo Fet

(A) Pearson correlation of the developing motor cortex from the Allen Brain Institu

cortical cultures (days 0, 60, 80, 100, and 130 of differentiation). Red indicates

correlation. The highest correlation between each in vitro and in vivo cortical sam

(B) Principal-component analysis (PCA) of the top 500 genes of developingmotor c

and both control and HD iPSC-derived cortical samples (days 0 [gold], 60 [mage

ontology (GO) terms that define the top 1,000 genes of the negative and positive

(C) PCA of the developing motor cortex and iPSC-derived cortical samples and

Dim 2–3.

Please see STAR Methods for statistical information. See also Table S1 and Figu
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Figure 1G) or raw percentage counts (Figure S2), in concordance

with HTT-depleted or HDmice (Molina-Calavita et al., 2014; Bar-

nat et al., 2017). However, significantly differentially expressed

marker genes, such as GFAP (Figure 1J), demonstrate that

potentially more subtle differences were likely present in these

cultures.

HD iPSC-Derived Cortical Neurons in 2D Display
Transcriptomic Profiles Reflective of Altered Neuronal
Development
When PCA was performed on the whole-transcriptome analysis

of the HD (77 or 109 CAGs) and control (18, 21, or 33 CAGs)

iPSC-derived cortical samples in the absence of in vivo motor

cortex, at all time points (days 0, 60, 80, 100, and 130 of differ-

entiation), the HD samples largely segregated independently

from controls (Figure 4A). This is also reflected in the hierarchi-

cal clustering, in which the HD and control samples had a clear

distinction on the dendrogram (Figure S3), demonstrating the

transcriptomic variation between the disease and control

states.

To further investigate the variability between HD and control

cultures, differentially expressed genes (DEGs; Table S3) were

examined at all time points. Ingenuity Pathway Analysis (IPA)

was used to examine the potential biological implications of

the DEGs on the disease process (Table S2; Figure 4). At the

iPSC stage (day 0), the DEGs between HD and controls can

largely be described by the ‘‘top diseases and functions’’ net-

works associated with cellular proliferation and development

(Table S2). However, by days 60, 80, and/or 100 of differentia-

tion, the top categories describing the HD gene expression

changes were associated with cellular morphology, cell move-

ment, hereditary disorder, neurological disease, and nervous

system development and function (Table S2).

For example, network 4 at 100 days of differentiation highlights

that in the HD samples, genes associated with voltage-gated

sodium currents (SCN1A, SCN2A, SCN4B, and SCN9A) were

largely downregulated in the HD samples (Table S2, bold; Fig-

ure 4B, green). As voltage-gated sodium currents are obviously

essential to the ability for neurons to generate a functional action

potential, the decreased expression of these genes could poten-

tially be indicative of a delayed maturation phenotype in the

cortical cultures, as has been previously described in HD

iPSC-derived models of the developing striatum (Mattis et al.,

2015; HD iPSC Consortium, 2012, 2017; An et al., 2012). These

pathways have also been previously implicated in neurodegen-

erative disease, and furthermore, specifically in HD (Neueder

and Bates, 2014).
al Brain

te (8–9 post-conception weeks [PCW] to 40 years of age) to the iPSC-derived

high correlation of the samples to brain regions, while blue indicates a lesser

ple is highlighted by a bold outline.

ortex (8–9 PCW [green], 12–24 PCW [black], or 37 PCW to 40 years of age [red])

nta], 80 [gray], 100 [dark blue], and 130 [light blue] of differentiation) and gene

axes of dimension (Dim) 1–2.

GO terms that define the top 1,000 genes of the negative and positive axes of

re S2.
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Additionally, at several time points (Table S2: day 60,

network 1; day 80, network 2; day 100, networks 1, 2, and 6),

the genes involved with collagen formation and proper cellular

morphology were downregulated in HD. There have been previ-

ous implications of altered cellular adhesion and morphology in

HD (Reis et al., 2011), and this may be reflective of similar find-

ings in the iPSC-derived cortical neurons.

In order to compare the DEGs from the iPSC-derived HD

cortical cultures to the patient condition, we next used IPA to

analyze the DEGs from a previously published transcriptomic

dataset from the Brodmann area 4 (BA4) motor cortex of post-

mortem HD patients, as compared to controls. Using the

GEO2R platform with Benjamini-Hochberg false discovery rate

(FDR) correction, 953 DEGs were found between HD and non-

diseased BA4 regions of the cerebral cortex from this dataset.

These DEGs revealed similarly affected network functions

to the in vitro cortical samples at 60, 80, and 100 days of differ-

entiation, including Developmental or Hereditary Disorder.

Although these samples are from a broad range of samples

(Vonsattel grade 0–3), within the BA4 HD patient samples, there

was only one DEG between the grade 0–1 and 2–3 samples

(SLC9A3R2). Therefore, all HD BA4 postmortem samples were

grouped together to compare to the iPSC-derived HD cortical

samples. When examining the overlap of the day 100 in vitro

iPSC-derived cortical neuron DEGs with the in vivo human pa-

tient DEGs (Figures 4C and S4), there was some conserved

gene dysregulation that can be generally classified in networks

describing neurological disease, together adding further validity

that a developmental model can capture elements of the patient

condition.

Weighted gene co-expression network analysis (WGCNA) was

then used to link tightly co-expressed gene modules to known

traits (Figure 5A; Langfelder and Horvath, 2008; Zhang and Hor-

vath, 2005). 23,106 genes across the iPSCs and iPSC-derived

cortical samples were hierarchically clustered based on topolog-

ical overlap (Figure 5B). This analysis identified 42 modules,

which are arbitrarily associated with colors. The genes within

those modules were then evaluated for correlation with ‘‘traits’’

of the differentiations, namely ‘‘day of differentiation’’ and

‘‘HD’’ (Figure 5C). The turquoise, purple, light green, gray 60,

dark olive green, tan, and light yellow modules were found to

be anti-correlated with the trait ‘‘days of differentiation’’ (Fig-

ure 5C). These modules can be defined by biological terms

describing cell components (e.g., plasma membrane, cytosol,

nucleoplasm, nucleolus, mitochondrion, and nucleus) and

cellular functions (e.g., spliceosomal assembly, DNA replication,

and protein sumoylation or transport). The blue, brown, salmon,

red, light cyan, midnight blue, yellow, dark magenta, violet,

green, steel blue, pink, and saddle brown modules are signifi-
Figure 4. Transcriptomic Differences Seen between HD and Control De

Post-mortem Samples

(A) PCA demonstrates clear differences between HD and control samples at the

(B) Network 4 altered in HD samples at day 80 is mapped. Green genes are sign

(C) The greatest degree of DEG overlap between in vitro and in vivo (BA4 sam

35 overlapping genes into pathways representing neurological disease and cel

overlapping DEGs of day 100 and the BA4 cortex.

Please see STAR Methods for statistical information. See also Tables S2 and S3
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cantly correlated with days of differentiation. These modules

also describe not only cellular components (plasma membrane,

cytoplasm, and centriole) but also terms associated with a

neuronal network (synapse, presynaptic membrane, voltage-

gated potassium channel, axon guidance, neuron projection,

and nervous system development). This validates the PCA find-

ings that the iPSCs are differentiating to a neural network upon

differentiation.

Two modules were significantly correlated to the trait ‘‘HD’’:

gray and dark orange (Figure 5C). However, as the gray module

(anti-correlated to HD) consists of genes that do not fall into a

true module, only the genes associated with dark orange (corre-

lated with HD) were evaluated for their biological relevance. GO

analysis identified biological terms associated with ‘‘nucleo-

plasm,’’ ‘‘protein binding,’’ ‘‘cytosol,’’ and ‘‘mitochondrion’’ (Fig-

ure 5D). The biological terms that define this module largely

describe cellular components, similarly to those describing

modules anti-correlated to days of differentiation. In part, this

validates previous findings of IPA examination of the DEGs,

which indicated potential issues with maturation.

HD iPSC-Derived Cortical Neurons in 2D Display
Measurable Phenotypes in Neurite Morphology
Transcriptional profiles implicating altered cellular morphology in

theHD iPSC-derived cortical cultures is in linewith previous pub-

lications, which demonstrated that Htt is responsible for cortical

neuronal polarity (Barnat et al., 2017). Therefore, themorphology

of the iPSC-derived cortical Map2ab+ neurons was examined

at day 130 of differentiation. In order to first assess overall

morphology, the neurons were categorized as unbranched,

branched, or multipolar (Figure 6A), and each morphological

type was counted (Barnat et al., 2017). Overall, there was no dif-

ference in the percentage of Map2ab+ neurons displaying

differingmorphology between the HD iPSC-derived cortical neu-

rons and those from controls (Figure 6B).

As the importance of wild-type Htt during corticogenesis has

been described for proper dendritic development in cortical neu-

rons (Barnat et al., 2017), neurite length was assessed in the day

130 HD cortical cultures. Map2ab+ neuronal outgrowths were

measured using Neuroleucida tracing software (Figure 6C). Not

only did controls generally demonstrate higher mean neurite

lengths than the HD neurons (Figure 6D; p = 0.0474), but there

was a significant effect of the CAG repeat length across the

entire series of both control and HD neurons (p < 0.0001,

r = �0.7698), where increased CAG repeat length correlated

directly with decreased neurite lengths. These CAG-repeat-

length-dependent cortical changes in controls have been

previously described in school-aged children within the

‘‘normal’’ CAG length range (Lee et al., 2017). Together, while
monstrates Some Overlap with Those Seen in HD BA4 Motor Cortex

different stages of cortical differentiation from day 0 to day 130.

ificantly downregulated in HD samples, while red genes are upregulated.

ples; yellow) samples occurs at day 100 of differentiation. IPA groups these

l morphology. Bold genes are those within the network that are found in the

; Figures S3 and S4.
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no differences were seen in overall branching morphology, these

data validate the transcriptomic results of a CAG-length-depen-

dent change in iPSC-derived cortical neuronal morphology.

HD iPSC-Derived Cortical Neurons in 2D Display
Measurable Phenotypes in Electrophysiology
The transcriptomic analysis also indicated a possible delay in

functional maturity, with a specific downregulation of voltage-

gated sodium channels (Table S2; Figure 4B). Therefore, in order

to investigate a potential phenotypic effect of these alterations,

both spontaneous and induced action potentials were examined

in the HD iPSC-derived cortical neurons. First, multielectrode

array (MEA) was used to track the spontaneous activity in control

and HD cultures in over an extended differentiation timeline

(weekly from day�30 to 200+). Over this time course, the control

neurons were not only more likely to be active than HD neurons,

asmeasured bypercentage ofwells to have spontaneous activity

(p = 0.0049; Figures 7A and 7B), but also had greater activity, as

measured by increased spontaneous firing events within the

wells (p = 0.0054; Figures 7C and 7D). Interestingly, in both mea-

surements, there is a significant effect of repeat count (p = 0.0103

for Figures 7A and 7B and p < 0.0001 for Figures 7C and 7D,

respectively), again identifying a CAG-repeat-length-dependent

phenotype. Also, a stronger effect of the repeats is seen at the

earlier time points, as the HD neurons did not begin to reliably

spontaneously fire action potentials until 15 weeks of differentia-

tion, whereas the control neurons fired from the earliest time

points examined (5 weeks). This implicates a potential delay in

the functional maturation of the HD cortical neurons.

In order to further validate this potential delay in maturation,

single-cell patch-clamp electrophysiology was performed on

the HD and control iPSC-derived cortical cultures. At 60 days

of differentiation, there was no significant difference between

the percentages of HD or control iPSC-derived cortical neurons

in the populations that were able to fire an induced action poten-

tial (Figure 7E), as the neurons assessed at this time point were

mostly relatively immature and firing was lower across the board.

This immaturity was defined by the relatively high mean resting

membrane of all cells (around �30 mV) (Figure 7F). However,

by 80 days of differentiation, the control iPSC-derived cortical

neurons had significantly matured, as measured by a decreased

mean resting membrane potential (around �45 mV) (Figure 7F).

Consequentially, an increased percentage of neurons were

able to generate an induced action potential, with some even

producing trains of action potentials, indicating that these neu-

rons had matured over the 20 additional days of differentiation

(Figure 7E). However, during this time, the HD lines did not
Figure 5. Weighted Gene Co-network Analysis Reveals Co-expressio

Cortical Samples

(A) Samples were first clustered via dendrogram and associated with traits such

(B) Weighted gene co-expression network analysis (WGCNA) clustered 22,106 ge

130 for the HD109, HD77, CTR33, CTR21, and CTR18 cell lines, based upon simila

tightly networked genes into 27 different modules (illustrated by color).

(C) Heatmap illustrates correlation of the traits HD and days of differentiation (Dif

significantly correlated trait boxes are outlined in black.

(D) GO analysis of genes associated with the dark-orange module identified b

mitochondrion. The adjusted (Adj.) p value was calculated using the Benjamini-H
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demonstrate a decreased resting membrane potential and

therefore did not increase the percentage of cells able to

generate an action potential. Together, this validates the poten-

tial delay in functional maturation of the HD cortical neurons as

seen by spontaneous activity in the MEA recordings.

DISCUSSION

Altered neurodevelopment has been implicated in classically

defined adult neurodegenerative diseases, such as HD (Molero

et al., 2009, 2016; Mattis and Svendsen, 2017; HD iPSC Con-

sortium, 2012, 2017; McKinstry et al., 2014; Barnat et al.,

2017). HTT is intricately involved in corticogenesis (Molina-Cala-

vita et al., 2014; Barnat et al., 2017), and mtHTT causes a loss-

of-function phenotype in the developing cortico-striatal circuit

(McKinstry et al., 2014). While the effects of HD on striatal cells

are well documented, studies assessing the impact on cortico-

genesis are less common and have primarily have focused on

mouse models rather than human cells. Here, human HD

and control iPSCs were differentiated toward cortical neurons

using a previously described differentiation paradigm, and their

phenotype was compared to control non-diseased lines (Shi

et al., 2012).

In agreement with a cortical Htt-depleted mouse model

(McKinstry et al., 2014), HD and control cultures generated

similar quantities of cortical neurons of each layer, based upon

assessment of markers of cortical progenitors and upper and

deep layer cortical neurons commonly used in the field. How-

ever, transcriptomic analysis revealed DEGs pointing to alter-

ations in cellular morphology and electrophysiological potential.

Upon further investigation, the HD cortical neurons had shorter

neurites, which corroborated the transcriptomic results indi-

cating altered cellular morphology. Previous studies have

demonstrated that the absence of Htt expression during embry-

onic development causes longer and more elaborate dendritic

outgrowth of layer V cortical neurons, with the opposite being

true for layer II and III neurons (McKinstry et al., 2014, Barnat

et al., 2017). As neurite extensions in the iPSC-derived cortical

neurons were measured by expression of the pan-neuronal

marker Map2ab, it will be important to next assess altered

neuronal morphology in cortical-layer-specific neurons. Interest-

ingly, the HD iPSC-derived cortical cells had downregulation of

voltage-gated calcium channels, such as Scn4b, which was

seen previously in HD patients (Oyama et al., 2006). These chan-

nels are necessary for neurite outgrowth and axonal fascicula-

tion (Patino and Isom, 2010), and hence their reduction may

play a role in the observed altered cellular phenotype. In the
n Modules with HD and Days of Differentiation in the iPSC-Derived

as HD.

nes across iPSCs (day 0) and cortical differentiations at days 60, 80, 100, and

r network topology (n = 43 samples). A dynamic tree-cutting algorithm grouped

f.) to each color module. Benjamini-Hochberg multiple-comparison-corrected

iological terms associated with nucleoplasm, protein binding, cytosol, and

ochberg method.
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Figure 6. Transcriptomic Changes in the HD iPSC-Derived Cortical Cultures Manifest into Relevant Altered Morphological Phenotypes in

Cortical Neurons
(A) Representative traces of the three morphologies of Map2ab+ iPSC-derived cortical neurons: unbranched, branched, and multipolar.

(B) Graphs of total percentage ofMap2ab+ neurons at day 130 of differentiation displaying unbranched, branched, or multipolar morphology indicate there are no

significant differences between populations of neurons displaying any one morphological type between HD and control.

(C) Representative traces of control (CTR18) and HD (HD180) iPSC-derived cortical Map2ab-positive neurons at 130 days of differentiation. Circles indicate the

cell bodies and lines represent the individual neurites and their respective branching.

(D) HD iPSC-derived Map2ab+ cortical neurons at day 130 of differentiation had a CAG-length-dependent decrease in neurite length. The control samples had

significantly longer neurite lengths than the HD samples (dotted line; p = 0.0474) with a strong correlation of CAG length and mean neurite length (r = �0.7698,

p < 0.0001).

Data are presented as mean ± SEM. All cell counts were from at least three separate differentiations. Please see STAR Methods for statistical information.
neurite outgrowth measurements, HD samples showed a signif-

icant relationship between CAG-repeat expansion and altered

phenotype. Of note, HD samples of varying CAG length showed

a graded response, which has been previously demonstrated in

the HD iPSC lines (HD iPSC Consortium, 2012). We also saw a

graded response within the controls as well, as within the gene

expression profiles (Figure 3), neurite length (Figure 6), and elec-

trophysiology (Figure 7), the long-repeat control (CTR33) group-

ed between the other controls and HD lines. These results in vitro

correlate with non-HD carriers, who show that increased repeats

of Htt CAG within the non-pathogenic range correlate with

greater overall changes in cortex structure (Lee et al., 2017).

One thing yet to be investigated is whether the DEGs found in

this study are representative of overall gene expression changes

in all the cells within culture or whether they are reflective of large

gene expression changes within a small subset of cells. This

could be further uncovered with more advanced single-cell tran-

scriptomic analysis.
Altered developmental signatures, followed by compensatory

mechanisms for decades until formal disease onset, have been

proposed for multiple adult-onset neurodegenerative diseases

such as amytrophic lateral sclerosis (ALS) (van Zundert et al.,

2012) and spinocerebellar ataxia 1 (Fujita et al., 2017) in addition

to HD. Here, we demonstrate that the HD iPSC-derived cortical

neurons also displayed a delayed electrophysiological matura-

tion phenotype. This corroborates findings from iPSC-derived

striatal cultures, which demonstrated developmental delays

by transcriptomic analysis (HD iPSC Consortium, 2017) and

reduced numbers of neural progenitor cells (Mattis et al.,

2015). Although HD cortical neurons displayed reduced action

potentials, both induced and spontaneous, at�80 days of differ-

entiation, by day 90+, they began to spontaneously fire, indi-

cating that the HD neurons do mature with extended time. This

correlates with overall DEGs at this time points, as the day

60–100 time points have the highest numbers of DEGs

(222–568), but by day 130, the number of genes has dropped
Cell Reports 25, 1081–1096, October 23, 2018 1091
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dramatically (55 DEGs). As it has been previously reported in

murine models that mtHTT cannot compensate for the loss of

wild-type Htt in order to establish cortical and striatal excitatory

circuits (McKinstry et al., 2014), this delayed functional matura-

tion phenotype may be indicative of overall circuitry dysfunction

in human HD cortical neurons.

Murine models of HD have demonstrated that mtHTT expres-

sion alters the spindle orientation of dividing cortical progenitors

(Molina-Calavita et al., 2014) and impairs mitosis. This reduces

the overall thickness of the developing cortex (Molina-Calavita

et al., 2014), with a greatly decreased layer VI thickness and an

increased layer II–IV thickness (Molina-Calavita et al., 2014).

Altered mitosis was clearly reflected in the GO term analysis of

the HD cortical neuron DEGs (Table S3). However, examination

of spindle orientation and cortical layer thickness is unreliable

in 2D models, as they do not recapitulate the cortical lamination

seen in vivo (Pasxca et al., 2015). Therefore, using a 3D organoid

model in the future will be essential to analyze potential cortical

lamination phenotypes, because while these organoids do not

form the exact cortical layering seen in the in vivo brain, they

organize into recognizable deep and upper layers (Pasxca et al.,

2015; Lancaster et al., 2013; Qian et al., 2017; Sloan et al.,

2017; Mariani et al., 2015). A recent publication using a 3D cere-

bral organoid model of HD demonstrated defects in developing

cytoarchitecture and neuronal maturation (Conforti et al.,

2018). These data were limited to the iPSC line but set the stage

for future investigation. Therefore, in the future, 3Dmodels of HD

corticogenesis will provide much information regarding both

potential altered development and functionality, as well as how

dysfunctional neurodevelopment can later lead to neurodegen-

eration (Pasxca et al., 2015).

The cortex does not function in a vacuum, and defects in the

connectivity of the projection neurons of the cortex to those of

the striatum have been well documented in HD murine models

and patients (Gauthier et al., 2004; Zuccato et al., 2010; Cepeda

et al., 2003; Gatto et al., 2015; Saudou and Humbert, 2016; Ro-

sas et al., 2010; Tabrizi et al., 2011). Therefore, the next logical

step in these experiments is to use 3Dmodeling to study the cor-

tico-striatal function in HD iPSC-derived in vitro models. Previ-
Figure 7. iPSC-Derived Cortical Cultures Display Altered Induced and

Delayed Functional Maturation Seen in Transcriptomic Analysis

(A) Multielectrode array (MEA) data demonstrate that the control cultures elicit spo

percentage of wells with active electrodes.

(B) MEA data demonstrate that there is a significant difference across groups and

time point as compared to controls (A), as measured by the percentage of wells w

(rS =�0.244, p < 0.0001), but stronger negative correlations are noted at earlier tim

(p = 0.0103). Asterisk (*) indicates an adjusted p value of 0.0021 in HD compared

(C) Control cultures have spontaneous activity (as measured by spiking events o

(D) HD cultures have spontaneous activity only at later stages. There is a signifi

correlation across all times (rS = �0.261, p < 0.0001), but stronger negative correl

0.0017 (*) or 0.0038 (**) in HD compared to controls of the single time point.

(E) Proportions of cells in the cortical cultures at days 60 and 80 that are not able to

a train of iAPs. While similar in proportion between HD and control at day 60, by da

full or a train of iAPs seen in control cultures (*p < 0.05, HD compared to control

(F) While the control lines had a decreased resting membrane potential (RMP) from

had a significantly similar or increasedRMP in conjunction with the reduced ability

the same time point).

Data are presented as mean ± SEM. All electrophysiology was performed in at l

tistical information.
ous studies have fused iPSC-derived organoids of cortical and

medial ganglionic eminence regions, demonstrating functional

interneuron migration into the cortex (Xiang et al., 2017). This

paradigm could be easily adapted to use HD iPSC-derived

cortical organoids fused to organoids of the lateral ganglionic

eminence, from which the striatum arises, to examine the func-

tionality of the cortico-striatal synapses. Alternately, microfluidic

devices have been used to recapitulate the HD murine cortico-

striatal network, demonstrating presynaptic defects that may

be critical to the progression of HD (Virlogeux et al., 2018). Hu-

man iPSC-derived motor neurons and endothelial cells can be

co-cultured on a microfluidic ‘‘organ-on-chip’’ platform in order

to model cellular interactions involved in motor neuron diseases

(Sances et al., 2018). HD iPSC-derived cortico-striatal networks

grown on an organ-on-chip should advance the understanding

of disease origin and progression, as well as drug development.

In conclusion, iPSCs generated from HD patients can be

differentiated toward a cortical fate in a culture that generates

neurons with transcriptomic, morphological, and functional phe-

notypes in a way that reflects an altered neurodevelopmental

signature. In the future, this model can be used not only to further

examine the role of mtHTT in human corticogenesis but also to

find novel pathways for potential therapeutic intervention before

onset of disease.
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SatB2 Abcam Cat# ab51502, RRID:AB_882455

GFAP Aves labs Cat# LS-C51002-100, RRID:AB_1220403

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed,

Alexa Fluor� 488

Life Technologies Cat# A-21202, RRID:AB_141607

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed,

Alexa Fluor� 647

Life Technologies Cat# A-31571, RRID:AB_162542

Goat anti-Mouse IgG (H+L) Cross-Adsorbed,

Alexa Fluor� 594

Life Technologies Cat# A-11005, RRID:AB_141372

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed,

Alexa Fluor� 488

Life Technologies Cat# A-21206, RRID:AB_141708

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed,

Alexa Fluor� 594

Life Technologies Cat# A-21207, RRID:AB_141637

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed,

Alexa Fluor� 647

Life Technologies Cat# A-31573, RRID:AB_2536183

Chemicals, Peptides, and Recombinant Proteins

Matrigel Corning 354230

mTeSR StemCell Technologies, Inc. 5850

EZ tool Life Technologies 23181-010

rock inhibitor (Y27632) Tocris 1254

DMEM:F12 Life Technologies 11330

Neurobasal Life Technologies 21103-049

Insulin Sigma-Aldrich I9278-5ML

NEAA Life Technologies 11140-050

L-Glutamine Life Technologies 25030-081

antibiotic/antimycotic Life Technologies 15240-062

N2 Life Technologies 17502048

B27 Life Technologies 17504044

SB43142 Tocris 1614

LDN193189 Selleck S2618

TrypLE Thermofisher 12604013

FGF2 Peprotech 100-18B

paraformaldehyde EMS 1224SK-SP

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

40,6-diamidino-2-phenylindole (DAPI) molecular probes D3571

1mm OD thin wall glass capillaries Fisher Scientific 22-362566

Trizol Thermo Fischer Scientific 155596026

choloroform Sigma-Aldrich C2432-25ML

RNeasy column QIAGEN 74106

RNase-free DNase QIAGEN 79254

reverse transcriptase Invitrogen LS18064022

Agencourt AMPure XP beads Beckman Coulter A63880

Critical Commercial Assays

48 well microarray electrode array (MEA) plates Axion Biosystems M768-KAP-48

96 well microarray electrode array (MEA) plates Axion Biosystems M768-KAP-96

TruSeq Stranded mRNA library preparation kit Illumina 20020594

Deposited Data

Raw data and statistical analysis (Mendeley Data) This paper https://doi.org/10.17632/y275mydz78.1

RNA sequencing data This paper GEO: GSE109534

Experimental Models: Cell Lines

CS97iHD180n; male, 6 years iPSC Core (CSMC) CS97iHD180n

CS09iHD109n; female, age unknown iPSC Core (CSMC) CS09iHD109n

CS77iHD77n; male, age unknown iPSC Core (CSMC) CS77iHD77n

CS83iCTR33n; female, 21 years iPSC Core (CSMC) CS83iCTR33n

CS00iCTR21n; male, 6 years iPSC Core (CSMC) CS00iCTR21n

CS25iCTR18n; male, 76 years iPSC Core (CSMC) CS25iCTR18n

Experimental Models: Organisms/Strains

Qubit fluorometer ThermoFisher Scientific Qubit fluorometer

2100 Bioanalyzer Agilent Technologies 2100 Bioanalyzer

Software and Algorithms

Neuroleucida 11.07.3 MBF Biosciences v11.07.3

Neuroexplorer 360 11.09 MBF Biosciences v11.09

Maestro Axis software version 2.4.2 Axion Biosystems v2.4.2

Plexon Offline Sorter, v4.3.1 Plexon v4.3.1

STAR (version 2.5.0) / RSEM (version 1.2.25) http://code.google.com/p/rna-star/ Open source

DESeq2 Bioconductor package version 1.10.1

in R version 3.2.2

https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Open source

Bioconductor g-plots package (version 2.14.2) in R https://www.bioconductor.org/install/ Open source

DAVID Bioinformatics database (version 6.8) https://david.ncifcrf.gov/ Open source

WGCNA was performed using its package in R https://cran.r-project.org/web/

packages/WGCNA/index.html

Open source

SAS v9.4 software SAS Institute Inc. v9.4
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Virginia

Mattis (virginiamattis@gmail.com). Requests for iPSC lines can be made to the CSMC Board of Governors Regenerative Medicine

Institute iPSC Core and will require an MTA.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human fibroblast lines were obtained from three HD patients with a CAG-expanded HTT allele with 180 (CS97iHD180n; male,

6 years), 109 (CS09iHD109n; female, age unknown), or 77 repeats (CS77iHD77n; male, age unknown), and from three non-HD
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‘‘controls’’ with 33 (CS83iCTR33n; female, 21 years), 21 (CS00iCTR21n; male, 6 years), or 18 (CS25iCTR18n; male, 76 years) repeat

CAG alleles. These lines were all approved for use under IRB/SCRO protocols Pro00021505 and Pro00024899.

METHOD DETAILS

Cortical Differentiation from iPSCs
Reprogramming was conducted by non-integrating methods, as previously described (Mattis et al., 2015; HD iPSC Consortium,

2017). These iPSC lines were fully reprogrammed as demonstrated by staining for alkaline phosphatase and other pluripotency

makers, passed the ‘PluriTest’ assessed by characterization of low ‘novelty’ and high ‘pluripotency’ gene expression and grouped

away from the original fibroblast source (Mattis et al., 2015). Southern blotting and genomic polymerase chain reaction (PCR)

analyses confirmed the absence of plasmid gene expression after several passages, confirming that there was no integration of

the reprogramming plasmids (Mattis et al., 2015). The iPSCs were also easy to grow, remained karyotypically normal over many

passages and could be efficiently banked to provide resources for future experiments and collaborators. CAG length was analyzed

and, as we have previously reported (HD iPSC Consortium, 2012), while no expansion was seen within the control lines, some

expansion was seen in the HD iPSC lines (data not shown).

iPSCs were differentiated toward a cortical fate as described in Shi et al. (Shi et al., 2012), with some modifications as described

here. iPSCs were grown on Matrigel (Corning 354230) in mTeSR (StemCell Technologies, Inc. 5850) at 37 degrees and with 5% O2

until they reached 70% confluency. They were then passaged with an EZ tool (Life Technologies 23181-010) and plated in a 2:1 ratio

with rock inhibitor (10 mMY27632, Tocris 1254) in mTeSR on matrigel. When the cells reached 100% confluency they were switched

to cortical NIM (1:1 DMEM:F12 (Life Technologies 11330): Neurobasal (Life Technologies 21103-049), 2.5 mg/ml Insulin (Sigma-

Aldrich I9278-5ML), 0.5% NEAA (Life Technologies 11140-050), 0.5% L-Glutamine (Life Technologies 25030-081), 1% antibiotic/

antimycotic (Life Technologies 15240-062), 0.5% N2 (Life Technologies 17502048), 1% B27 (Life Technologies 17504044), 10 mM

SB43142 (Tocris 1614), 2 mM LDN193189 (Selleck S2618)) with daily media changes. They were passaged at day 12 with TrypLE

(Thermofisher 12604013) and replated at a 1:2 ratio. The next day they were refed with cortical NMM (1:1 DMEM:F12: Neurobasal,

2.5 mg/ml Insulin, 0.5% NEAA, 0.5% L-Glutamine, 1% antibiotic/antimycotic, 0.5% N2, 1% B27) with 20ng/ml FGF2 (Peprotech

100-18B) for the next four days, after which FGF2 was removed from the media. Cells were passaged using TrypLE and expanded

1:2 as necessary after this point until day 32. At day 32-35 cells were single-cell dissociated using TrypLE (5 min at 37�C), washed in

DMEMand resuspended in NMM to plate onto PLO-treated andMatrigel-coated coverslips at 100,000 cells per coverslip. Cells were

grown in NMM until time points described in the text. Half-media changes were performed every 2-3 days, as needed.

Immunocytochemistry and Cell Counting
All cells were plated and differentiated on poly-lysine and matrigel-coated coverslips before being fixed in 3.2% paraformaldehyde

(EMS 1224SK-SP) at time points indicated in the text. After fixation, cells were rinsed with phosphate buffered saline (PBS; Corning

21-030-CV) and permeabilized using 0.2% Triton X-100 in PBS for 10 min at room temperature. Cells were then labeled with primary

antibodies Ki67 (VP-K451; 1:1000), Nestin (Abcam ABD69; 1:10,000), SSEA4 (Stemgent 09-006; 1:100), FOXG1 (Abcam ab18259;

1:300), DCX (Aves labs DCX; 1:200), ZO1 (Invitrogen 617300; 1:100), Beta-Tubulin III/TUJ1 (Sigma-Aldrich T8660, 1:1000), Map2ab

(Sigmam1408; 1:250), TBR2 (Abcamab23345; 1:200), TBR1 (Abcamab31940; 1:300), Ctip2 (Abcam ab18465; 1:300), SatB2 (Abcam

ab51502; 1:100), and/or GFAP (Aves labs GFAP; 1:250) for 60 min at room temperature or overnight at 4�C. Coverslips were then

exposed to the appropriate fluorescently tagged secondary antibodies for 60 min at room temperature (Alexa Fluor 488, 594 or

647 1:500 (Life Technologies A-21202, A-31571, A-11005, A-21206, A-21207, A-31573)). 40,6-diamidino-2-phenylindole (DAPI;

molecular probes D3571) was used to label nuclei. All experiments were performed on at least three separate differentiations. All

immunochemistry was visualized on a Leica microscope using a 20 3 objective.

Non-biased stereological quantification was performed using the optical fractionator method (MBF Biosciences, Williston,

Vermont, USA) paired with a Zeiss microscope in order quantify the total percentage of cells (DAPI-expressing nuclei) expressing

a given marker. Each coverslip was individually traced and cells were counted with a 20x objective, using a counting frame size

of 203 20 mm and a 10003 1000 mm distance between the counting frames. At least one coverslip was analyzed at each time point

for each cell line for each cell marker from at least three separate experimental differentiations.

Cellular Morphology Analysis
Map2ab+ neurons were randomly selected from blinded slides and live traced using Neuroleucida 11.07.3 (MicroBrightField, VT,

USA) on a Axio Imager 2 (Zeiss, Oberkochen, Germany) microscope at 20x magnification. Neuronal mapping was done first by con-

touring the cell soma and then the connected neurites, by tracing a graph of points through the midlines of the Map2ab extensions.

A single cell soma with all its dendrites was classified as one dataset, twenty-five datasets were recorded for each blinded coverslip.

Neuronal reconstruction and visualization was accomplished using the companion software module, Neuroexplorer 360 11.09. Each

neuron was classified based on dendritic morphology (Branched/ Unbranched/ Multipolar) and multiple branch structure analyses

were carried out such as length of each dendritic segment, number of segments of each branching order, number of nodes, dimen-

sions of soma and neuronal processes. The mean percentage of each dendritic morphology (Branched/ Unbranched/ Multipolar) as

well as average dendritic length of each individual differentiation was calculated, whichwas then used to establish themean dendritic
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length and morphology across a particular cell line. At least 50 neurite lengths were measured per experiment, with at least three

independent experimental repeats.

Electrophysiology
Patch Clamp: Glassmicropipettes were pulled using a Sutter Instruments P-1000 fromWPI 1mmOD thin wall glass capillaries (Fisher

Scientific 22-362566) with a tip resistance of between 4 and 6 MU. Whole cell patch clamp was performed on a Leica DM-LED mi-

croscope on an air table, using Scientifica Patchstar manipulators. Voltage and current clamp recordings were performed using a

Molecular Devices Multiclamp 700b amplifier, Digidata 1300 digital to and from analog converter, and Pclamp 10 acquisition soft-

ware. Cells were bathed in an extracellular solution (ECS) containing 135mM NaCl, 5mM KCl, 5mM HEPES, 10mM Glucose,

1.2mM MgCl2 and 1.25mM CaCl2. The internal solution contained 10mM NaCl, 117mM KCl, 11mM HEPES, 2mM Na.ATP, 2mM

MgCl2 and 1mM CaCl2. In current clamp, the cell’s resting membrane voltage was assessed by averaging from continuous voltage

recordings while holding the current at 0pA. Induced action potentials were recorded in fast current clampmode during a current step

protocol; current was injected to hold the membrane potential at ca.�70 mV and then 100 ms current injection was applied, starting

with 0 pA and increasing to 180 pA in 10 pA increments in each successive sweep.

Multi-Electrode Array (MEA): MEA experiments were performed in two to three experimental repeats, with at least three wells as-

sayed per experiment. 47,500 cells were plated per cm2 in either 48 (Axion Biosystems M768-KAP-48) or 96 (Axion Biosystems

M768-KAP-96) well microarray electrode array (MEA) plates at approximately 35 days of differentiation. MEA data was recorded us-

ing theMaestroMEA system (Axion Biosystems). The recording sampling frequency was set to 12.5kHz and the analog settings were

set to standard neural spikes (1200X Gain, 2000 – 5000 Hz, Axion Biosystems Maestro Axis software version 2.4.2). A Butterworth

band pass filter was applied, with the high and low pass cutoff frequencies set to 200 Hz and 3000 Hz, respectively. The spike de-

tector method was ‘‘Adaptive Threshold Crossing,’’ with the threshold set to 6x standard deviation. The pre-spike and post-spike

durations were set to 0.84ms and 2.16ms with no sample overlap. In the Inter-Spike Interval Threshold settings, the Maximum

Inter-Spike Interval was 100ms and the minimum number of spikes set to 5. The mean firing rate estimation window was 10 s and

the synchrony parameters window size was 20mswith the spike counter interval set to 1 s. All cell recordings were performed weekly

at 37�C in normoxia for 300 s. Spike sorting was performed using Plexon Offline Sorter, v4.3.1. To reduce noise, only wells that regis-

tered five or higher spikes under 300 s were further analyzed. For efficient alignment, waveforms were then oriented around the

Global Maximum Start and Sort. Sorting was performed semi-automatically using the K-Means Scanner, with the range set from

two to four. Waveforms with shapes uncharacteristic of neuronal action potentials were marked as invalid and removed. Noise clus-

ters, identified and isolated by their position in the 2D Cluster View, were also disregarded for increased accuracy. The timeline view

was used to remove artifacts caused by movement or electrode malfunction, on the basis of consistent unnatural firing rate. After

each well and unit has undergone alignment, sorting and noise/artifact reduction, the average waveform and action potential graph

of each unit is recorded. After the last time point recording, 0.1 mM tetrodotoxin was added to block sodium channels and validate

that neurons were responsible for the firing detected with the MEA plates (data not shown). At least three independent experiments

were recorded for each cell line.

RNA extraction for RNA sequencing
Cortically-differentiated iPSCs were manually scraped off of coverslips at days 0, 60, 80, 100 and 130 in PBS, spun down at 1000

RPM for 5 min and pellets were snap-frozen in liquid nitrogen. Frozen pellets were resuspended in 1 mL Trizol (Thermo Fischer Sci-

entific 155596026). 200 mL of choloroform (Sigma-Aldrich C2432-25ML) was added, then samples were shaken and incubated at

room temperature for 3 min prior to spinning at 13,000 RPM for 15 min. The clear supernatant was moved to a new tube and

318 mL of 100% ethanol was added. The supernatant was then transferred to an RNeasy column (QIAGEN 74106) and spun 30 s

at 13,000 RPM. Column was washed once with 500 mL buffer RW1 and spun for 30 s at 13,000 RPM. 70 mL of buffer RDD and

10ul of RNase-free DNase (QIAGEN 79254) were added to the column and incubated for 30 min. 500 mL of buffer RW1 was then

added and column was spun at 13,000 RPM for 30 s. Column was then washed again with 500 mL of RPE and spun at 13,000

RPM for 30 s. The collection tube was changed and spun at 13,000 RPM for 1 min to remove residual buffer. 50 mL of RNase-free

water was added and incubated at room temperature for 3 minutes before being spun into a clean collection tube at 13,000 RPM

for 5 min. RNA was quantified using a nanodrop then 500 ng was run on a 1% agarose gel to ensure quality. At least 1,200 ng of

RNA was submitted for sequencing.

Library preparation and sequencing
Library construction was performed using the Illumina TruSeq Stranded mRNA library preparation kit (Illumina, San Diego, CA).

Briefly, total RNA samples were assessed for concentration using a Qubit fluorometer (ThermoFisher Scientific, Waltham, MA)

and quality using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Up to one mg of total RNA per sample was used

for poly-AmRNA selection. cDNAwas synthesized from enriched and fragmented RNA using reverse transcriptase (Invitrogen, Carls-

bad, CA) and random primers. The cDNA was further converted into double-stranded DNA (dsDNA), and the resulting dsDNA was

enriched with PCR for library preparation. The PCR-amplified library was purified using Agencourt AMPure XP beads (Beckman

Coulter, Brea, CA). The concentration of the amplified library was measured with a Qubit fluorometer and an aliquot of the library
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was resolved on a Bioanalyzer. Sample libraries are multiplexed and sequenced on a NextSeq 500 platform (Illumina) using 75bp

single-end sequencing. On average, about 20 million reads were generated from each sample.

RNA Sequencing
Raw reads obtained from RNA-Seq were aligned to the transcriptome using STAR (version 2.5.0) (Dobin et al., 2013)/ RSEM (version

1.2.25) (Li and Dewey, 2011) with default parameters, using a custom human GRCh38 transcriptome reference downloaded from

https://www.gencodegenes.org, containing all protein coding and long non-coding RNA genes based on human GENCODE version

23 annotation. Expression counts for each gene in all samples were normalized by amodified trimmedmean of theM-values normal-

ization method and the unsupervised PC analysis (PCA) was performed with DESeq2 Bioconductor package version 1.10.1

in R version 3.2.2. Each gene was fitted into a negative binomial generalized linear model, and the Wald test was applied to assess

the differential expressions between two sample groups by DESeq2. Benjamini and Hochberg procedure was applied to adjust for

multiple hypothesis testing, and differential expression gene candidates were selected with a false discovery rate less than 0.05. The

HD 180 samples and the CTR21 d130 sample were treated as outliers and excluded, based upon the plot of principle component

analysis and hierarchical clustering (at least 3 standard deviations from all other samples; Figure S5). After exclusion of these sam-

ples, the N (independent experimental sample) for each ‘‘cell line (time point; 0, 60, 180, 130 days of differentiation)’’ is as follows:

HD109 (1, 2, 3, 3, 2), HD77 (1, 2, 3, 3, 1), CTR33 (1, 2, 2, 2, 1), CTR21 (1, 2, 3, 3, 0), CTR18 (1, 2, 2, 2, 1). Each replicate sample

(per cell line, per time point) was from an independent experimental differentiation. For visualization of coordinated gene expression

in samples, a two-way hierarchical clustering with Pearson correlation distance matrix was performed with samples and DEG can-

didates using the Bioconductor g-plots package (version 2.14.2) in R. The pathway enrichment analysis was performed on these can-

didates with DAVID (https://david.ncifcrf.gov/summary.jsp) and IPA (QIAGEN). RPKM (reads per kilobase of transcript per million

mapped reads) values were calculated for each gene of all samples to compare the gene expression from 524 samples downloaded

from ALLEN BRAIN ATLAS database (http://www.brainspan.org/static/download.html). RPKM levels below 1.0 were set to a ‘‘floor’’

value of 1.0. Low expression genes were filtered out and expression matrix were subjected to logarithm transformation. Pearson

correlation was calculated between 30 samples and 524 samples.

The HDpatient BA4 data from (Hodges et al., 2006) was analyzedwith GEO2R, Benjamini andHochberg (FDR) adjustment applied,

auto-detect log transformation applied, NCBI generated category of platform annotation to display (GSE3790, GPL96) in order to

determine the DEGs between all HD and all control post-mortem samples. All 16 control BA4 regions of the control BA4 cerebral

cortex (HD grade 0; Ages 34-81 years) were compared to all 19 HD BA4 regions (HD grade 0-3; Age 41-87).

GO Terms: Gene ontological (GO) analysis was performed using DAVID Bioinformatics database (version 6.8) (Huang et al., 2007b,

Huang et al., 2007a). The top or bottom 1000 genes from each PC were uploaded in the functional annotations platform. The back-

ground was maintained against Homo sapiens. After receiving the summary results through the platform, only 7 categories were

selected. ‘‘OMIM_Disease’’ under Disease; ‘‘GOTERM_BP_DIRECT,’’ ‘‘GOTERM_CC_DIRECT,’’ and ‘‘GOTERM_MF_DIRECT’’

under Gene Ontology; and ‘‘BIOCARTA,’’ ‘‘KEGG_PATHWAY,’’ ‘‘REACTOME_PATHWAY’’ under Pathways. The functional annota-

tion chart was obtained after the category selection. The resulting chart was rerun using all correction option available. The resulting

file was downloaded, opened and sorted inMicrosoft Excel to obtain the corrected Bonferroni value of p < 0.05. All the termsmeeting

the criteria were used for further analysis.

WGCNA
WGCNA was performed using its package in R (Langfelder and Horvath, 2008; Zhang and Horvath, 2005), per the instructions found

at ‘‘https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/Tutorials/.’’ Normalized and log2-trans-

formed data was loaded into R and the samples were clustered, based upon their Euclidean distance. The soft threshold

power b of 8 was used, based upon the network topology, as it was the lowest power for scale-free topology fit index curve flattens

out upon reaching a high value. The one step network construction and module detection command blockwiseModules was used,

with power = 6,maxBlockSize = 23,000, TOMType= ‘‘signed,’’ networkType = ‘‘signed,’’minModuleSize = 30, reassignThreshold = 0,

mergeCutHeight = 0, numericLabels = TRUE, pamRespectsDendro = FALSE, saveTOMs = TRUE, and verbose = 3. The eigengene

expression of the resulting modules, which is the first PC of all expression values of genes assigned to that module, were then

correlated to the samples traits (HD and day of differentiation) and P values (corPvalueStudent; calculates Student asymptotic p value

for given correlations) were Benjamini-Hochbert corrected for multiple comparisons. The genes for each module found to be signif-

icantly correlated to a given trait were then analyzed using DAVID Bioninformatics Database, as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental repeat numbers are listed within the methods above for each analysis. Changes in the percent of various immunocy-

tochemical markers and the MEA neuronal firing pattern data were tested across groups and time with mixed model regression to

account for the repeated-measures taken within each cell line over time. A compound-symmetry correlation structure was used. Re-

siduals were inspected to confirm the model fit and absence of outliers. Where necessary, data was transformed using Box-Cox

method prior to analysis to meet assumptions necessary for parametric assessment. Separate regression models were constructed

with similar methods to test the association between HTT CAG repeat number and immunocytochemical counts or neuronal firing.
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Post hocmultiple testing performedwith the adapted step-down Bonferroni adjustmentmethod at a two-sided alpha level of 0.04. All

analysis was performed using SAS v9.4 software. For the single-cell patch clamp experiments, Chi Squared tests were performed on

data with a categorical or binomial dependent variable. t tests were performed on data with a continuous dependent variable,

following inspection to be sure that the data were normally distributed around each hypothesized mean. Unless stated otherwise,

continuous data are reported asmean ± standard error of themean. All raw data and statistical evaluations can be found inMendeley

(‘‘Human Huntington’s Disease iPSC-derived cortical neurons display altered transcriptomics, morphology, and maturation’’ https://

doi.org/10.17632/y275mydz78.1).

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA sequencing data reported in this paper is GEO: GSE109534.
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