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ABSTRACT

Huntington’s disease (HD) is a fatal neurodegenerative disease caused
by expansion of CAG repeats in the Huntingtin gene (HTT). Neither its
pathogenic mechanisms nor the normal functions of HTT are well
understood. To model HD in humans, we engineered a genetic allelic
series of isogenic human embryonic stem cell (RESC) lines with graded
increases in CAG repeat length. Neural differentiation of these lines
unveiled a novel developmental HD phenotype: the appearance of
giant multinucleated telencephalic neurons at an abundance directly
proportional to CAG repeat length, generated by a chromosomal
instability and failed cytokinesis over multiple rounds of DNA replication.
We conclude that disrupted neurogenesis during development is an
important, unrecognized aspect of HD pathogenesis. To address the
function of normal HTT protein we generated HTT*~ and HTT'~ lines.
Surprisingly, the same phenotype emerged in HTT~'~ but not HTT*~
lines. We conclude that HD is a developmental disorder characterized
by chromosomal instability that impairs neurogenesis, and that HD
represents a genetic dominant-negative loss of function, contrary to the
prevalent gain-of-toxic-function hypothesis. The consequences of
developmental alterations should be considered as a new target for
HD therapies.
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INTRODUCTION
Huntington’s disease (HD) is a dominant autosomal
neurodegenerative disease that is caused by an increase in the
number of CAG repeats, which expands a polyglutamine (polyQ)
tract in the Huntingtin (HTT) protein (Ross and Tabrizi, 2011).
Despite the fact that H7TT was among the first disease-causing genes
to be cloned over 20 years ago, no therapy yet exists to treat HD
(Ross and Tabrizi, 2011). It is estimated that the disease affects 1 in
10,000 Americans. The discovery of any drug that can prevent or
delay the onset of HD or prolong the life of patients will make a
significant contribution to the HD field in particular, but also have a
major impact on neurodegenerative disease treatments in general.
HTT protein is expressed continuously in all cells from the
fertilized egg onward; however, the expanded polyQ mutation
notably causes the degeneration of specific populations of neurons

"Laboratory of Stem Cell Biology and Molecular Embryology, The Rockefeller
University, New York, NY 10065, USA. ?Center for Studies in Physics and Biology,
The Rockefeller University, New York, NY 10065, USA.

*These authors contributed equally to this work

*Author for correspondence (brvnlou@rockefeller.edu)

A.H.B., 0000-0002-1761-280X

Received 2 July 2017; Accepted 3 December 2017

in the brain: medium spiny neurons and cortical projection neurons
(Ross and Tabrizi, 2011). Although animal models of HD, from
Drosophila to mouse, have been useful in understanding many
aspects of cellular deterioration, they have not fully resolved the
disease mechanisms or provided any effective therapies. This is
likely to be due in part to species-specific differences and human-
specific traits, which manifest at the molecular, cellular and tissue
levels. For example, the human forebrain is greatly increased in cell
number and complexity, and the normal HTT CAG repeat length is
expanded from 7 in rodent to ~20 in humans. In addition, we
recently reported that the human HTT locus encodes multiple
mRNA isoforms, thus generating multiple HTT proteins, some of
which are present only in higher apes and humans (hominids; Ruzo
et al,, 2015). Thus, HD cannot be fully studied in existing
non-human model systems.

Traditionally, HD pathology has been attributed to neuronal
dysfunction and death occurring during adult life. However, recent
reports have begun to suggest that HTT has important roles in the
developing brain, indicating that HD pathogenesis might start
during embryogenesis (Godin et al., 2010; HD iPSC Consortium,
2012; Lopes et al.,, 2016; Molero et al., 2009, 2016). As a
consequence, impaired neurodevelopment would compromise
neuronal homeostasis in adulthood, leading to increased cellular
vulnerability to late-life stressors (Ramocki and Zoghbi, 2008).
Indeed, expression of polyQ-expanded HTT uniquely during
embryogenesis results in a close recapitulation of all typical
biochemical and behavioral HD phenotypes in adult mice
(Molero et al.,, 2016). Although difficult to study in humans
in vivo, neurons differentiated in vitro from induced pluripotent
stem cells (iPSCs) derived from HD patients display alterations in
their developmental speed, electrophysiology, metabolism, cell
adhesion and, ultimately, cell death, consistent with an impairment
during human neurogenesis (HD iPSC Consortium, 2012, 2017).
Nevertheless, whether the polyQ-expansion constitutes a gain or a
loss of normal HTT functions is still a matter of debate. Historically,
aggregates of either full-length or N-terminal fragments of mutant
HTT have been considered the leading cause of HD pathogenesis
(Zuccato et al., 2010), although there are no studies comparing the
phenotypes of polyQ-expanded versus H7T knockout human cells
that could help properly dissect these mechanisms. While polyQ-
expanded mouse embryonic stem cells (mESCs) differentiate
normally to neural plate stage, mESCs deficient for HTT were
unable to generate neural rosettes, demonstrating that, at least for
this particular phenotype and species (mouse), mutant HTT is acting
through a gain-of-function mechanism (Lo Sardo et al., 2012).
Contrary to that hypothesis, a recent report using shRNA-mediated
downregulation or exogenous overexpression of mutant HTT hinted
that some HD phenotypes, such as a misregulation of the mitotic
spindle angle in neural stem cells, may indeed be caused by a loss of
HTT functions in a dominant-negative manner (Lopes et al., 2016).
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In order to fully untangle the molecular mechanisms of HD
pathology in humans, more precise tools are needed, avoiding the
use of exogenous gene expression modulators (shRNAs or plasmid
transfections) or lines with different genetic backgrounds that might
confound the conclusions.

Here we report the generation of the first collection of isogenic
human embryonic stem cells (hESCs) modeling HD as a classical
genetic allelic series. Since disease onset and severity are directly
proportional to polyQ length, we used CRISPR/Cas9 genome editing
to engineer hESC lines that are genetically identical except for the
length of the polyQ expansion. We found that these HD-hESCs
recapitulate some previously reported neuronal phenotypes, thus
validating the model. Importantly, they revealed an unexpected, new
phenotype. Chromosomal instability during forebrain neurogenesis
resulted in the generation of multinucleated neural progenitors and
neurons, at a frequency proportional to polyQ length. These novel
findings support the idea that HD is not just an adult-onset disease,
but also a neurodevelopmental disorder. In addition, we found that
these HD phenotypes were similar to those of HTT~/~, but not
HTT"~, hESCs, thus assigning a new function for wild-type HTT
during neurodevelopment and demonstrating that HD pathology
begins far earlier than expected as a dominant-negative loss-of-
function, rather than through the broadly accepted gain-of-toxic-
function mechanism. Collectively, these findings generate a new
model for early HD pathology in which disrupted forebrain
neurogenesis renders brain circuits specifically vulnerable to
subsequent effects of mutant HTT or lifetime stressors. Finally, our
results validate the utility of this novel HD toolkit, and we predict that
it will enable the HD research community to explore further aspects
of HD in other cell types and at other time points with unprecedented
genetic power.

RESULTS

Generation of an HD allelic series in hESCs

In order to precisely model the correlation between polyQ length
and disease severity, and elucidate the embryonic function of wild-
type HTT, we combined CRISPR/Cas9 technology (Cong et al.,
2013; Jinek et al., 2012; Mali et al.,, 2013) with ePiggyBac
transposition (Lacoste et al., 2009) to edit the genome of the RUES2
hESC line [NIH0013 (James et al., 2006; Rosa et al., 2009)]. Five
different polyQ lengths (45, 50, 58, 67 and 74 Q) were introduced
into one of the two alleles to generate genotypes RUES2-45Q,
RUES2-50Q, RUES2-58Q, RUES2-67Q and RUES2-74Q in order
to model the spectrum found in HD patients, including two extreme
lengths (67 and 74 Q) that cause juvenile-onset HD (Andrew et al.,
1993; Duyao et al., 1993). To ensure that our gene-editing process
itself did not influence any readout, we used the same approach to
reinsert the normal 22Q repeat, thus creating a sixth isogenic line
by regenerating wild-type RUES2, i.e. RUES2-22Q (Fig. 1A,
Fig. S1A,B). To address the embryonic function of HTT we also
used CRISPR/Cas9 to delete HTT exon 1, generating heterozygous
(RUES2-HTT*~) and homozygous null (RUES2-HTT~") HTT
mutants (Fig. 1A, Fig. S1C-E).

Two to three independent pluripotent hESC clones were
thoroughly characterized for each genotype. First, their HTT
alleles were sequenced to confirm correct targeting and correct
sequence of the non-targeted allele (Fig. S1B). Western blot
confirmed expression of the appropriate wild-type and expanded
full-length HTT protein, or its absence in 7T~ lines. There was a
slight variation in overall full-length HTT expression level between
lines, but without association to genotype, except for HTT*'~ lines,
which showed ~60% of normal level (Fig. SID,F). Importantly, in

lines with a polyQ expansion, there was equivalent expression from
each allele (Fig. S4D-F). Immunofluorescence further confirmed
the lack of full-length HTT protein in HTT~'~ lines and the reduced
expression in HTT"~ lines, and showed pan-cytoplasmic non-
nuclear subcellular distribution, which was unaffected by polyQ
length (Fig. 1B, Fig. S1G). All lines were validated for the absence
of off-target effects in the top five predicted off-target loci (data not
shown). In addition, we performed whole-genome sequencing of
the core set of lines (22Q, 50Q, 58Q, HTT"~ and HTT~'~; data
available at rues.rockefeller.edu), and demonstrated that no
mutations in any of the CRISPR/Cas9 predicted off-target loci or
any consistent modifications of the genome were generated by the
gene-editing procedure (Table S1). Karyotype and the ability of
the cells to self-renew or maintain pluripotency were unaffected
(Fig. S2A,B, data not shown). Additionally, since karyotype and
whole-genome sequencing analysis cannot detect copy number
variation (CNV), we also screened all lines using array comparative
genomic hybridization (aCGH). This demonstrated that neither
CAG expansion nor loss of HTT affects the basic properties of
embryonic stem cells. This collection of isogenic HD-hESC lines
therefore constitutes a unique genetic toolkit that allows, for the first
time, a comparison of molecular and cellular differences that are
specifically due to graduated HD mutation or knockout to be made,
with minimal background variability, directly in human pluripotent
cells, which can differentiate to all human cell types.

HD and HTT-'- hESCs show dysregulation of neural plate
mitotic spindle orientation

Since HD is characterized by the selective degeneration of several
categories of forebrain neurons, we first used the allelic series to ask
whether HTT mutations, both for the CAG expanded collection, as
well as for loss of HTT function, had any effect on early neural
development. The formation of the nervous system begins by neural
induction, which occurs by an evolutionarily conserved ‘default
mechanism’ that involves inhibition of both the SMAD1/3/5 and
SMAD2/3 branches of TGF signaling during early embryogenesis
(Mufioz-Sanjuan and Brivanlou, 2002). This dual SMAD inhibition
can be accomplished by exposing pluripotent embryonic cells, such
as hESCs, to two small compound inhibitors: SB-431542 and
LDN-193189. This inhibition leads to a direct fate conversion of
hESCs after a few days of culture, from pluripotency to neuronal
fates of anterior telencephalic character, and the emergence of
rosette-like structures after 14 days. At day 19 after default neural
induction, all isogenic lines generated typical neural rosettes
(Fig. 1CD, Fig. S2A), with no significant difference in
morphology or in the expression of pan-neural [PAX6, SOX1 and
nestin (NES)] or telencephalic-specific (FOXG1) markers (Fig.
S2B). HTT protein was still localized in the cytoplasm of the neural
progenitors at this stage, regardless of polyQ length (Fig. S2B), and
appeared to be relatively enriched in the apical cytoplasm
surrounding the rosette lumen. We concluded that expansion of
polyQ or lack of HTT does not interfere with the initial stages of
neural differentiation or positional identity in human cells. The fact
that HTT~'~ hESCs could undergo neural induction and self-
organize into rosettes contrasts with the observation made in Htr~/'~
mESCs, and thus might represent a species-specific difference
(Lo Sardo et al., 2012).

Our previous study and those of others have demonstrated a link
between HTT, cell polarity and cell division in animal models
(Godin and Humbert, 2011; Godin et al., 2010; Haremaki et al.,
2015). Since rosettes are composed of highly polarized
neuroepithelial cells, with centrosomes and apical membrane
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Fig. 1. Generation and validation of isogenic HD model hESC lines. (A) (Left) Strategy for generating the isogenic HD model hESC cell lines. CRISPR/Cas9-
targeted homologous recombination generated hESC clones with increasing lengths of the CAG repeat region in exon 1 of the HTT gene, and a selection
cassette flanked by ePiggyBac (ePB) terminal repeats. The ePB selection cassette was subsequently removed by transfecting an excision-only piggyBac

transposase plasmid, which regenerated a ‘pristine’ polyQ-expanded allele. (Right) Strategy used for generating HTT*'~ and HTT~'~ RUES2 hESCs. A pair of
sgRNAs was used to specifically delete exon 1 of the HTT gene. Two to three independent clones of each polyQ length and HTT dosage were isolated, screened
for quality control, then subjected to default neural differentiation by SB-431542 plus LDN-193189 to rosette stage forebrain neuroepithelia (day 19) and

lower cortical layer neurons (day 45) to search for polyQ length-dependent phenotypes. (B) Immunostaining for HTT protein (D7F7 antibody, green) and DNA
staining (DAPI, red) shows that HTT is localized to the cytoplasm in hESCs and its intracellular localization is unaffected by the increasing polyQ lengths. The lack
of HTT signal in HTT—/~ clones validates the efficiency of HTT knockout. (C) Clones of all polyQ lengths and HTT dosages were able to differentiate to

neural rosettes. Immunostaining of day 19 cultures showed uniform expression of neuroepithelial protein markers. (Top) Intermediate filament NES (green), and
apical protein N-cadherin (red) identifying neural tube-like lumens. (Bottom) Pan-neural transcription factors PAX6 (green) and SOX1 (red) in the nuclei.

(D) Clones of all polyQ lengths generated similarly organized neural rosettes. High-resolution images of individual neural rosettes, immunostained for the lumen

marker N-cadherin (red), the cilia and cytoskeleton marker acetylated tubulin (cyan), and with DAPI (blue). Scale bars: 50 um in B; 100 pm in C; 5 ym in D.

proteins clustered to form a neural tube-like apical lumen, we first
asked whether the size of the rosette lumen was affected by HTT
genotype. At day 19 we found no significant difference between
genotypes in the mean or population distribution of lumen areas;
however, when cultures were maintained for an additional 7 days
and lumen sizes increased, polyQ-expanded and HTT~'~ lines
showed a significantly reduced fraction of larger rosettes
compared with the control (Fig. 2A). To address the mechanism
underlying this difference, we first examined cell division polarity.
As in the developing brain, nuclei undergo interkinetic nuclear
migration and move to the apical pole for cell division, which then
occurs adjacent to the rosette lumen, which is the in vitro
manifestation of the neural tube. Early neuroepithelial cell
divisions are symmetrical (Bayer and Altman, 2007) and occur
with an orthogonal mitotic plane with respect to the lumen
(Fig. 2B). Wild-type and HTT"~ lines showed predominantly
orthogonal cell divisions as expected, whereas polyQ-expanded

and HTT~'~ lines exhibited randomized mitotic angles, suggesting
dysregulation of mitotic spindle orientation (Fig. 2C). A decrease
in regulated, symmetrical divisions provides an explanation for the
failure of the mutant and knockout rosettes to expand at pace with
controls (Fig. 2A). In agreement with this mitotic dysregulation,
both expanded polyQ and HTT~'~ lines displayed occasional
multipolar metaphase figures (Fig. 2D) and cells with
supernumerary centrosomes (Fig. 2E). Our data support previous
studies in mouse models and human fibroblasts (Keryer et al.,
2011; Molina-Calavita et al., 2014; Sathasivam et al., 2001) and
additionally suggest that mitotic angle defects and centrosomal
dysregulation occur at the earliest stages of human
neurodevelopment, even with physiological levels of HTT
protein and common polyQ tract lengths. Finally, since the
expanded polyQ HD mutants phenocopied the HTT~/~, but not the
HTT"~ lines, we conclude that, at least in this developmental
context, HD mutations represent a loss of function.
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Fig. 2. HD mutations drive early neural rosette phenotypes. (A) Inverted cumulative percentage plot of rosette lumen size shows no difference between
genotypes at day 19 of differentiation (5 days after reseeding), but that lumens evolve to be substantially smaller in polyQ-expanded lines and HTT~/~ by day 28
(14 days after seeding). n=2-3 lines/genotype. Arrow indicates statistical comparison (*P<0.05). (B) Expanded polyQ and HTT~/~, but not HTT*~, lines
exhibited a randomization of the angle of the mitotic plane, as compared with wild-type controls that are typically orthogonal. Immunostaining for centrosomes
(pericentrin, green) and DNA staining (DAPI, white). (C) Quantification of mitotic plane angles relative to the center of the rosette lumen. Individual data points
and median are shown. *P<0.05, **P<0.01, Kruskal-Wallis test with Dunn’s multiple comparison post-test. Moreover, both a linear regression and a non-
parametric test for trend (Jonckheere-Terpstra test) showed a significant correlation of polyQ length with the magnitude of spindle angle dysregulation
(P=2.2x10"* and P=1x10"4, respectively). (D,E) Expanded polyQ clones exhibited defects in mitosis, including (D) multipolar mitoses (arrowheads) and

(E) supernumerary centrosomes (arrowheads). Staining for DNA (DAPI, white) and immunostaining for centrosomes (pericentrin, green) and acetylated tubulin
(red). (F,G) Analysis of inter-rosette self-organization. (F) The distribution of nearest-neighbor distances between neural rosette lumens (N-cadherin foci) is
significantly different (arrow, d) compared with a random distribution in wild-type cultures, demonstrating high-level inter-rosette self-organization. (G) Expanded
polyQ and HTT~'=, but not HTT*'~, lines show a significantly more random spatial distribution of rosettes compared with control. n=2-3 lines/genotype. *P<0.05,

**P<0.01, ANOVA. Scale bars: 10 ymin B,D; 5 umin E.
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Neural rosette spatial self-organization is impaired in HD and
HTT-'- hESCs

We next theorized that the mitotic spindle dysregulation might impact
the global spatial organization of neural rosettes, and therefore
analyzed their higher order self-organization. Interestingly, rosettes in
control lines displayed a highly regular organization, in which the
nearest-neighbor distance distribution differed significantly from
random (Fig. 2F). This demonstrates, for the first time, that cultured
neural rosettes have an intrinsic, quantifiable ability to self-organize in
space. Surprisingly, neural rosettes from expanded polyQ and HTT~'~
lines showed significantly diminished self-organization (Fig. 2F,G,
Fig. S2C,D). HTT"~ lines were not significantly different from
control, but showed an intermediate level of organization, suggesting
potential sensitivity to H7T gene dosage at this developmental stage.
We thus concluded that HTT regulates global morphogenetic self-
organization during early neural development, thus identifying a
novel early function in self-organization during embryonic
development. These results also suggest that HD mutations affect
the earliest stages of human neurodevelopment, rather than acting
primarily in adulthood, as commonly assumed.

Appearance of aberrant multinucleated neurons and
progenitors during neurogenesis in HD and HTT-'~ hESCs

We next examined the extent to which our HTT alleles affect
neurogenesis downstream of neural induction, when neuroepithelial
cells transition to radial glia and their mitoses begin to produce
postmitotic neurons or intermediate progenitors (Shi et al., 2012).
At day 45 of in vitro neural differentiation, we detected no
significant difference between control and mutant genotypes in the
abundance of neural progenitors (SOX2", NES*) or postmitotic
neurons (CTIP2*, MAP2") (Fig. 3A, Fig. S3A,B). Surprisingly, we
detected a number of dramatic, abnormal cellular phenotypes in
both progenitors and postmitotic neurons from polyQ-expanded and
HTT~'~ as compared with control or HTT"~ genotypes (Fig. 3).
First, progenitor cells (NES"e" MAP2'°%) displayed enlarged cell
somas, with multiple nuclei, disorganized filaments, and vacuoles
(Fig. 3B,C, Movies 1,2). Second, neurons (MAP2Me" NES!'*%) were
seen with multiple nuclei tethered by strands of DNA into bouquet
shapes, and multiple concentrically located centrosomes (Fig. 3B,
D, Movie 3). Cells from polyQ-expanded and HTT~'~ lines with
bouquet nuclei or large oblong nuclei showed multiple centrosomes
and severe aneuploidy (Fig. 3D, Fig. 4D, Movie 4). The frequency
of these abnormal phenotypes in polyQ-expanded or HTT~'~ was
higher than in control or HTT"~ genotypes, and displayed a
statistically significant correlation to the length of the polyQ
expansion (P=0.013 in a linear regression model and P=0.012 in the
Jonckheere—Terpstra non-parametric trend test). As in the rosette
phenotypes, HTT"~ lines showed a mild phenotype (Fig. 3E,
Fig. S3C). These data are again consistent with a dominant-negative
loss-of-function model for this aspect of HD. Collectively, these
cellular phenotypes are characteristic of chromosomal instability,
which can result from defects in many aspects of the mitotic
apparatus or unresolved DNA damage.

Chromosomal instability was not observed during pluripotency
in any of our lines, suggesting that this is a time-specific event.
During pluripotency, HTT protein(s) were selectively localized
in the cytoplasm and excluded from the nucleus before or
during cell divisions. We therefore evaluated the levels and
subcellular localization of HTT proteins by western blot and
immunofluorescence in neural progenitors and neurons. Western
blot analysis established that HTT protein expression was increased
from pluripotency to day-22 neural rosettes, and subsequently

decreased at day 40 during neurogenesis (Fig. S4D). We note that
the stoichiometric ratio of wild-type HTT to expanded CAG HTT
remains unchanged from pluripotency (Fig. S1F) to the last time
point of neurogenesis (day 40, Fig. S4D,E). Immunofluorescence
revealed several differences in HTT protein distribution. First, in
postmitotic neurons (MAP2" CTIP2*) HTT protein was detected in
both the cytoplasm and, in contrast to pluripotent cells, in the
nucleus (Fig. 3F, top). In progenitor cells (SOX2" NES*), HTT was
more enriched and punctate in the apical perinuclear cytoplasm
(Fig. 3F, HTT"™). HTT also showed a stereotypical subcellular
localization during mitosis: enriched at both apical poles as well as
the midplane at anaphase (Fig. 3F, HTT"~, arrowhead). In polyQ-
expanded lines the HTT signal was greatly increased in the
abnormal multinucleated cells, displaying large, bright puncta
suggestive of aggregates, both in the cytoplasm and the nuclei, with
a particularly dense enrichment at the multicentrosomal location
described above (Fig. 3F, 45Q and 74Q, arrows).

Both polyQ expansion and loss of HTT lead to chromosomal
instability

To determine the mechanisms for the emergence of aberrant neurons,
we first asked if multinucleation arose from cell fusion or dysregulated
cell division. Time-lapse imaging of mixed RFP-labeled and GFP-
labeled cultures showed no cell fusion events in any genotype (data
not shown). However, whereas control clones exhibited normal cell
cycle progression (Movie 5), polyQ-expanded and HTT~'~ lines
displayed failed cytokinesis over multiple rounds of karyokinesis
(Fig. 4A, Movies 6,7). These unsuccessful divisions usually failed at
the terminal separation of daughter cells (abscission). Failed
abscission can result from defects in the assembly of the telophase
midbody, but we found that the key abscission proteins citron kinase
and aurora B kinase constituted normal midbodies in all genotypes
(Fig. 4B, data not shown). However, polyQ-expanded and HTT '~
anaphases and telophases showed lagging chromosomes and
chromatin bridges, respectively (Fig. 4B), which are known to lead
to abscission failure if unresolved by DNA repair proteins
(Steigemann et al., 2009). Importantly, we detected lagging
chromosomes even in the context of normal ploidy (Fig. 4C,
Movie 8), whereas all multinucleated cells with DNA strands had high
levels of aneuploidy (Fig. 4D). These findings further support the
hypothesis that both HD polyQ-expansion mutations and the loss of
HTT can lead to chromosomal instability. Furthermore, they suggest
that HTT normally prevents DNA damage, and loss of this function
leads to the chromosomal instability phenotypes that we describe.

DISCUSSION

A novel genetic toolkit

We have created a novel genetic toolkit in hESCs that, for the first
time, allows the comparison of molecular and cellular differences
that are specifically due to either graduated HD mutation or to HTT
knockout. Using CRISPR/Cas9 gene-editing technology we
generated a series of lines with different CAG lengths, with
minimal genetic background variability. Because these cells are of
human origin, and are based on a precisely edited endogenous H7T
locus, they offer significant advantages over previous cell models in
other species and other expression systems, as our lines maintain
endogenous regulation of gene dosage and contain common,
clinically significant CAG lengths. Because they are pluripotent
they provide the means to access all human cell types at all
developmental stages, including specific neural lineages classically
known to be affected in HD. We have validated our allelic series as
an HD model by confirming previous reports of mitotic angle
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dysregulation in polyQ-expanded and HTT'~

progenitor cells, and have further demonstrated its unique power by
providing entirely novel insight into HTT function and HD
pathology during early neural development. We believe that this
new allelic series will become a valuable resource for studying HTT
and HD biology in many specific cell types and developmental
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stages, in a human genetic, molecular and cellular background. In
the future, it will also be of extreme interest for the HD community
to expand this HD allelic series to other hESC lines. This will allow
comparison between different genders and genetic backgrounds, to
assess the possibility that some phenotypes are particularly
enhanced in a specific genetic background.
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Fig. 3. Expanded polyQ and HTT-'~ lines show abnormal cellular
phenotypes in early neurogenesis phase. (A) Immunofluorescence for
progenitors (NES, red), neurons (MAP2, green) and DNA staining (DAPI, blue)
identifies two mutant cellular phenotypes in expanded polyQ and HTT~/~
clones: large progenitor cells (arrows) with large soma, multiple nuclei,
disorganized filaments and vacuoles; and neurons with multiple nuclei
(arrowheads). 3D rendering of 40x% confocal z-stacks. (B) Higher resolution
(100x% confocal image, Imaris 3D rendering) of (top) an aberrant progenitor cell
(NESNi9h MAP2'°") from the RUES2-58Q line, showing multinucleation,
vacuolation and filament disorganization; and (bottom) an aberrant postmitotic
neuron (NES'™" MAP2"9") from the RUES2-50Q line, with a typical nuclear
bouquet structure (yellow arrow). (C) Expanded polyQ and HTT~/~ lines
display an increase in larger NES"9" cells. Shown is a cumulative probability
curve of NES* cell areas, the sum of two to three lines/genotype. (D) Aberrant
polarization of abnormal postmitotic neurons. Centrosomes (pericentrin,
magenta) are located in the center of the soma, surrounded by subnuclei (100
confocal z-section). DAPI, gray. (E) Quantification of the frequency of aberrant
cells, showing meants.e.m. percentage of cells with abnormally large cell
soma among all DAPI-stained cells; n=2-3 lines/genotype. Both a linear
regression and a non-parametric test for trend (Jonckheere—Terpstra test)
showed significant correlation between the length of the polyQ expansion and
the abundance of multinucleated cells (P=0.013 and P=0.012, respectively).
(F) Unlike in pluripotency and at early neural rosette stage,
immunofluorescence of HTT (D7F7 antibody, green) in postmitotic neurons
shows a granular, but uniform, signal in nucleus and cytoplasm (22Q). In
polyQ-expanded multinucleated neurons and progenitors, the HTT signal
accumulates in bright puncta, in the nuclear cleft region where
multicentrosome clusters are located (45Q and 74Q, arrows). Interestingly, in
mitotic figures at this stage, HTT was enriched at spindle poles and in between
the separating chromosomes during anaphase (HTT*~, arrowhead). Scale
bars: 40 ymin A; 5 um in B.

HD has a developmental origin

We present new evidence for a strong developmental component of
HD. Little attention has traditionally focused on embryonic
development in HD; however, our data support and expand on a
growing body of literature that has begun to define important effects
at multiple stages of neurodevelopment (Barnat et al., 2017; Molero
et al., 2009, 2016; Molina-Calavita et al., 2014; Nopoulos et al.,
2011; White et al., 1997). Notably, a study of mouse forebrain
neurogenesis reported a series of phenotypes remarkably similar to
those we describe in vitro, including an increased volume of
progenitor cells, and irregular, fused, misshapen nuclei (Molero
etal., 2009). Our findings now suggest that chromosomal instability
is a key cellular mechanism underpinning these phenotypes, and
future studies in HD mice should test this possibility directly.
Another study provided perhaps the most convincing genetic
evidence of key pathological events during development by
demonstrating that conditional expression of mutant HTT in mice
during development alone reproduces the near-complete adult-onset
HD phenotypes (Molero et al., 2016). Our data shed light on the
molecular mechanism behind these phenotypes in a human neural
developmental context, and support the contention that HD is
indeed a developmental disease.

Our results suggest that the chromosomal instability phenotype
displays cell type and developmental stage specificity, since it is not
present during pluripotency or early neuronal induction, but only
when progenitor cells initiate neurogenesis. It will be important to
exploit this specificity in future work to determine what makes these
cells specifically dependent on HTT function. The answer might
point to an evolutionary function for HTT in the enlargement and
diversification of the human forebrain, which was accomplished in
large part by an increasing diversification of progenitor cell types
and modes of division, ultimately expanding both the total number
and diversity of neurons (Namba and Huttner, 2017). Furthermore,
this presents an opportunity to test whether this mechanism might

be responsible for the selective vulnerability of cortical and medium
spiny neurons in HD. Both are forebrain CTIP2" cell types, and
thus it will be important to determine if chromosomal instability
affects the ventral and dorsal forebrain CTIP2" lineage in a similar
manner.

Cause of chromosomal instability

Chromosomal instability can result from a variety of organelle and
molecular defects, including those affecting chromosome positioning
during anaphase (via defects in microtubules), motor proteins,
kinetochores or centrosomes, which could be related to mitotic
spindle angle regulation as previously suggested in HD (Elias et al.,
2014; Haremaki et al., 2015; Lopes et al., 2016; Molina-Calavita
et al., 2014). However, the chromosomal instability that we describe,
especially given the observation of lagging DNA in the context of
normal centrosome and spindle organization, suggests that one of the
primary defects could be increased DNA damage or dysfunctional
DNA replication/repair, which would lead to entangled or dicentric
chromosomes. Several lines of evidence support this DNA damage/
repair model. First, recent genome-wide association studies identified
DNA repair genes, such as FANI, as the main genetic modifiers that
significantly accelerate or delay the age of disease onset regardless of
CAG length (GeM-HD Consortium, 2015; Jones et al., 2017; Lu
et al.,, 2014). Indeed, increased baseline chromosomal instability
might provide a new explanation for the significantly reduced
incidence of cancer in HD patients (Serensen et al., 1999), since it
typically leads to apoptotic elimination of pre-cancerous cells in the
early stages of transformation (Funk et al., 2016). These findings
support our implication that DNA damage/repair is a more likely
primary cause for these novel chromosomal instability
neurodevelopmental alterations, but future work will test this
hypothesis.

Integration with previous reports and models

Our conclusions are consistent with, and expand, previous
observations made in human HD-iPSCs and other HD models.
These include the detection of abnormal nuclear morphology
(Nekrasov et al., 2016) and early neural rosette phenotypes where
differences in adhesion with long CAG expansions was observed
(HD iPSC Consortium, 2012). Additionally, our observations are
also consistent with a role of HTT in nuclear pore function, as seen
in neurons from HD mice, human iPSCs and human HD brain
samples, where misshapen nuclei, HTT aggregates, and increased
double-stranded breaks were also observed (Gasset-Rosa et al.,
2017; Grima et al., 2017). In light of our results, it is tempting to
speculate that early DNA damage during neurogenesis sets the stage
for later nuclear envelope and nuclear pore defects.

Our observations on rosette organization and neurogenesis are
also consistent with a role of HTT in the establishment/maintenance
of polarity. Our data on rosette size and secondary organization
should be considered along with reports of reduced cell adhesion in
HD-iPSC neural progenitor cells, neural tube defects in zebrafish
embryos, randomization of epithelial polarity in the skin of frog
embryos, and reduced rosette formation in mESCs (Haremaki et al.,
2015; HD iPSC Consortium, 2012; Lo Sardo et al., 2012). Of
particular interest is an assessment of the possible involvement of
the ADAMI10/N-cadherin pathway in the phenotypes that we
observe (Lo Sardo et al., 2012).

Gain- or loss-of-function and proportionality to polyQ length
Whether the HD mutation represents a gain- or loss-of-function has

been the subject of debate, and remains controversial. Historically,
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HD had been considered a toxic gain-of-function, supported
initially by the fact that homozygous and heterozygous HD
patients display the same age of symptom onset and clinical
course, which indicates that the presence of a wild-type allele is not
beneficial (Wexler et al., 1987), as well as by the fact that the
embryonic lethality of Hi#t knockout in mice can be rescued by
mutant HTT (Leavitt et al., 2001). On the other hand, recent
evidence supports loss-of-function as being the basis of, or at least
involved in, HD. These include studies of polarity and cell division
in amphibian embryos, mouse mammary stem cells, and human
cortical progenitor cells derived from non-isogenic hESC lines,
which suggest a loss-of-function and dominant-negative effect of
HD CAG expansion mutations (Elias et al., 2014; Haremaki et al.,
2015; Lopes et al., 2016). These studies, however, did not have the
luxury of an isogenic HTT~'~ line to directly and quantitatively
compare the CAG expansion with complete loss-of-function
phenotypes in human cells as we have in our study. Although we
strongly believe this to be the case, the ultimate and most stringent
evidence for a true dominant-negative effect requires rescue

experiments, in which the observed effects of CAG expansion
and HTT~'~ can be reverted by co-expression of wild-type HTT.

One of the most tantalizing genetic questions in HD biology is the
remarkably direct inverse correlation between polyQ length and
disease onset (Duyao et al., 1993). We designed our platform to have
the potential to finally allow a mechanistic understanding of the timing
and severity of the disease. We demonstrate that both spindle
orientation dysregulation and multinucleated cell generation
increased with CAG length. However, it is possible, even likely, that
HTT has multiple functions at multiple developmental stages and in
different cell types, and thus that the overall clinical phenotype might
be a combination of multiple molecular or cellular phenotypes. Finally,
while a dominant-negative loss-of-function model does not necessarily
require polyQ length proportionality (Lopes et al., 2016), we note that
there is a linear relationship with our observed phenotypes.

Implications for clinical aspects of HD
How could these new discoveries based on isogenic HD-hESC lines

contribute to an understanding of HD pathology and to bringing
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patients one step closer to a much-needed therapy? It is tempting to
speculate that the multinucleated neuronal progenitors are destined to
undergo cell death, and gradually over decades. This hypothesis is in
agreement with the phenotype of the citron kinase knockout mouse,
where cortical neurons show nuclear bouquets and multiple
centromeres, phenocopying our neuronal phenotype. In these mice,
multinucleated cortical neurons are gradually eliminated by apoptosis
(Anastas et al., 2011; Mitchell et al., 2001). If this were the case in
human HD, the total cortical neuron pool would gradually diminish,
therefore enhancing vulnerability to accumulated homeostatic
burdens of age. Additionally, dying cells might leave scarring or
residual inflammation. Another possibility is that surviving
multinucleated HD neurons might integrate into circuits, perturbing
their normal function and eventually leading to degeneration.

Most fundamentally, our findings collectively argue that the
consequences of early defects must be considered when developing
therapies for HD, even when symptoms only appear decades later.

MATERIALS AND METHODS

Generation of an isogenic set of HD model hESC lines

In order to establish an optimal platform for understanding the effects of HD
mutations, we used CRISPR/Cas9 technology to generate a set of isogenic
hESC lines that would differ only in the H7'T locus, bearing different lengths
of the CAG tract. The already established, registered and validated RUES2
hESC line (NIH hESC-09-0013) was used as the parental line. Genetic
analysis of the HTT gene in RUES2 showed that it contained 20 and 22
CAGs. The homology donors for the CRISPR/Cas9-mediated homologous
recombination were designed to contain ~1 kb homology arms flanking
HTT exon 1, a piggyBac transposable element containing a Puro-TK
cassette (for both negative and positive selections), and various versions of
HTTexon 1 containing different lengths of the CAG tract (20, 42, 48, 56, 67,
72 CAGs). To construct the homology donors, we first generated a parental
plasmid using Gibson assembly, in which we could easily swap the length of
the CAG tract. All fragments needed for the assembly were amplified using
Q5 high-fidelity polymerase (NEB) or the GC-RICH PCR System (Sigma-
Aldrich) using the primers listed in Table S3.

This resulting ‘base’ homology donor plasmid contained a 20 CAG repeat
tract, which could easily be swapped using the flanking Xmnl and BbsT sites.
To create the homology donor plasmids with expanded CAG lengths, we
PCR amplified the HTT exon 1 region from genomic DNAs obtained from
iPSCs or fibroblasts derived from HD patients, and cloned them into the
‘base’ plasmid using Xmnl and Bbsl. The primers used for the CAG tract
amplification were polyCAG_Fw CCAAGATGGACGGCCGCTC and
polyCAG_Rv AGGACAAGGGAAGACCCAAG. The origin of the
templates used for each CAG length are summarized in Table S4.

For the CRISPR/Cas9-mediated targeting, multiple sgRNAs were
designed to recognize sequences near the CAG tract, but gene targeting
attempts using a single sgRNA were unsuccessful. However, an optimized
strategy that combined two sgRNAs targeting sequences that flanked the
CAG tract proved to be much more efficient in generating the desired
homologous recombination: hHTT_sgRNA25 and hHTT_sgRNA14
(Table S5). These two sgRNAs were cloned into a Cas9 nickase expression
vector (pX335 from the Feng Zhang lab, Addgene plasmid #42335). Both
CRISPR plasmids, together with the appropriate homology donor, were
nucleofected into RUES2 cells using a Nucleofector II instrument and Cell
Line Nucleofector Kit L (Lonza). Puromycin was added to the cultures 5 days
after nucleofection, and kept in for 5 more days to ensure selection of correctly
targeted clones. Puromycin-resistant cells were then nucleofected with an
excision-only piggyBac transposase (Transposagen), and a subsequent
ganciclovir treatment selected clones in which the selection cassette had
been correctly removed, leaving a minimal footprint (one extra nucleotide in
the 5’"UTR). Colonies derived from single cells were picked and expanded for
screening. PCR amplification and Sanger sequencing identified correctly
targeted clones, with no mutations in the CRISPR/Cas9 target sites or the
piggyBac excision site. All positive clones were heterozygously targeted,
which is a common finding in long genetic insertions via CRISPR/Cas9-

mediated homologous recombination, and there appeared to be no preference
as to which allele had been targeted. We selected two to three independent
clones for each CAG length to serve as independent biological replicates.
Normal HTT expression was confirmed by western blot, and all lines were
karyotyped by G-banding and aCGH analyses to assess their genomic
integrity and CNV. We found a variety of CNVs and loss of heterozygosity,
within and outside of normal ranges (Fig. S2C, Table S2), but these did not
correlate with any of the observed phenotypic differences and were not the
result of gene editing per se, as they were also present in genetically
unmodified clones. Whole-genome sequencing was performed at NY
Genome Center (NYGC) using the TruSeq DNA PCR-Free Kit for Library
Preparation and run in an Illumina HiSeqX sequencer. Around 1000 unique
single-nucleotide polymorphisms were identified in each line, probably
caused by a founder effect from a genetically variable parental RUES2 cell
line. The pluripotency status and absence of differentiation of the clones were
validated through immunofluorescence staining of cells seeded and cultured
on micropatterned coverslips (CYTOO).

Generation of isogenic HTT*~ and HTT-'- hESC lines

We used CRISPR/Cas9 technology to generate a set of isogenic hESC lines
with different HTT gene dosages (HTT"*, HTT"~, HTT~'-). RUES2 hESC
(NIH hESC-09-0013) was used as the parental line. To create HTT~'~ and
HTT"~ lines, CRISPR/Cas9 was used to delete the first exon of HTT,
ensuring that no protein fragment would be produced in the targeted (‘null”)
allele. An optimized strategy that combined two sgRNAs that flanked the
first exon proved to be efficient in generating the desired deletion:
hHTT_sgRNA22 and hHTT_sgRNA14 (Table S5). These two sgRNAs
were cloned into an SpCas9 expression vector (pX330 from the Feng Zhang
lab), modified to coexpress a puromycin cassette to facilitate selection of
transfected cells, thus maximizing the percentage of targeted colonies. Both
CRISPR plasmids were nucleofected into RUES2 cells using a Nucleofector
II instrument and Cell Line Nucleofector Kit L (Lonza). Puromycin was
added to the cultures 24 h after nucleofection, and kept in for a further 24 h
to select for transfected cells. Colonies derived from the puromycin-resistant
cells were picked and expanded for screening. PCR amplification and
Sanger sequencing identified correctly targeted clones with the desired exon
1 deletion. Two to three clones per genotype were identified and further
validated as above.

Neural differentiation

Isogenic lines were subjected to a default neural induction protocol adapted
from Shi et al. (2012). In short, cultures were seeded in suspension, or in
confluent adherent culture, at 0.5-1x10° cells/ml and fed every other day
with N2B27 serum-free medium with ROCK inhibitor (20 uM, Abcam) for
the first 2 days, TGF inhibition (10 uM SB-431542, Sigma and 0.2 pM
LDN-193189, StemGent) for the first 10 days, treated with 5 ng/ml FGF8
(R&D Systems) from day 12-22 to maximize the frequency of CTIP2
(BCL11B)-positive cells, dissociated and seeded on adherent substrate
(polyornithine/laminin, Ibidi) at day 14, fixed and analyzed at day 19 or
continued in culture with added BDNF (R&D Systems) and IGF1 (R&D
Systems, 10 ng/ml), cAMP (1 uM, R&D Systems) and ascorbic acid
(200 uM, Sigma), until dissociation and reseeding on substrate at day 40,
and fixation and analysis at day 45.

Immunostaining and imaging

Cultures were fixed with 4% paraformaldehyde (PFA), rinsed twice with
PBS, and then permeabilized and quenched with wash buffer (PBS+0.1%
Triton X-100) containing 100 mM glycine and 0.1% sodium azide, blocked
(wash buffer, 10% normal donkey serum, 0.1% sodium azide) for 30 min,
incubated with primary antibodies overnight at 4°C (for primary antibodies
and dilutions, see Table S6), washed three times in wash buffer for 5 min
each, incubated with secondary antibodies (Alexa 488, 555, 594, 647,
Molecular Probes; 1:500) and DAPI nuclear counterstain for 1 h at room
temperature, and then washed as above.

For mitotic synchronization and microtubule visualization, cultures were
synchronized at G-to-M transition with nocadazole (0.2 uM; Abcam) for
18 h, then rinsed and released for 2 h, fixed for 5 min at room temperature in
culture medium with 2% PFA, then incubated for 30 min at 37°C in
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microtubule stabilization buffer [0.1 M PIPES pH 6.9, 5mM MgCl,,
2.5mM EGTA, 2% formaldehyde, 0.1% Triton X-100, 1 uM paclitaxel
(Sigma), 10 U/ml aprotinin (Sigma) and 50% deuterium oxide (Messinger
and Albertini, 1991)] before quench and blocking as above. Z-stack images
were acquired on a Leica SP8 inverted confocal microscope at 12 bits in
1024 pixels x1024 pixels using an HCX PL APO CS x20/0.75 NA air-
immersion objective, an HC PL APO CS2x40/1.10 NA water-immersion
objective, or an HC PL APO x100/1.4 oil-immersion objective (Leica) at
Nyquist spacings. Images were then deconvolved with a 3D blind algorithm
(ten iterations) using AutoDeblur X software (Autoquant) and rendered in
Imaris (Bitplane). 3D rendering channels were subject to uniform non-linear
adjustment across the entire volume to highlight salient details; adjustments
were identical across genotypes.

Analysis of neural rosette spatial distribution

Rosettes were identified by training a classifier on N-cadherin antibody
stains using Ilastik (Sommer et al., 2011). N-cadherin-positive areas were
thresholded in size (15 um?) to eliminate small N-cadherin spots that were
not fully developed rosettes. The quantification results were not dependent
on the specific value chosen for the threshold. The nearest-neighbor
distributions were obtained using the k-d tree implementation in scikit-learn
(http:/scikit-learn.org) and were compared with the random distribution
using the one-sample Kolmogorov—Smirnov distance between them. The
cumulative nearest-neighbor distribution F for a random set of points in two
dimensions can easily be calculated as

F(d)=1-e*™,

where A is the 2D density of foci, and d is the distance between two
neighbors. We rescaled the data for the individual lines separately according
to their A.

Time-lapse imaging

Neural cultures were dissociated to single cells at day 25, and reseeded at
0.5%10%cm? on polyornithine laminin-coated 35 mm imaging dishes
(Ibidi). One day later, cultures were transduced with GFP and RFP
nucleus-labeling baculoviruses (CellLight BacMam 2.0, ThermoFisher
Scientific) for 24 h. Two days later, when the nuclear signal was clearly
observable, a time-lapse imaging acquisition was carried out for 3 days
using a CellVoyager CV1000 spinning-disk confocal microscope
(Yokogawa).
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Figure S1. Validation of the HD-hESC allelic series. (A) PCR screening of HD-hESC targeted
clones after CRISPR/Cas9-mediated homologous recombination. Primers flanking the 5’ and 3’
arms were used to detect targeted alleles. A primer pair that amplifies the WT was also used to
identify heterozygotically vs homozygotically targeted clones. (B) Sanger sequencing example of
both the targeted and untargeted allele in one of the 50Q) targeted clones. The convenient location
of a heterozygotic SNP allowed for the identification of which of the two alleles was targeted. (C)
PCR screening of targeted clones after CRISPR/Cas9-mediated HT'T exon 1 deletion. Primers
flanking the deleted region were used to detect targeted alleles. (D) Sanger sequencing example of
the deleted alleles in a HT'T” line. (E) Expression of both expanded and wildtype HT'T protein is
detected in RUES2-74Q, while it is absent in HT'T” clones and reduced in HT'T™/" clones. Western
Blot using two independent HTT antibodies: D7F7 and MAB2166. (F) Western Blot using
MAB2166 antibody for multiple genotypes and sub-clones, and the appropriate quantification
below. HT'T expression is variable between genotypes and clones, but consistently decreased at
~60% in the heterozygous clones. (G) Comparison of the HTT subcellular localization in
pluripotency conditions by IF using two independent antibodies: D7F7 and MAB2166. Both

antibodies provide a cytoplasmic signal, which is clearly excluded from the nucleus. Scale bar 25um.
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Figure S2. Karyotyping and pluripotency validation of the HD-hESC allelic series

(A) All hESC isogenic clones were karyotypically normal by G-banding. (B) The pluripotency status

was not affected by the length of the polyQ tract or the HT'T dosage. Immunostaining of
micropatterned hESC cultures for pluripotency markers NANOG, SOX2 and OCT4. Scale bar
100um. (C) Example of aCGH analysis result (amplification of 20q11). aCGH analyses revealed
different CNVs present in different sub-clones.
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Figure S3. Neural rosette differentiation and impairment of inter-rosette self-organization in
expanded polyQ and HTT” lines. (A) Neural induction and positional identity were unaffected
by polyQ length or HT'T dosage. Mean % of all DAPI nuclei positive for SOX1, PAX6, FOXGT1,
+/- SEM, n=2-3 lines/genotype, >2000 cells scored pet line. (B) Full-length HT'T protein localized
to the cytoplasm in neural progenitors at neural rosette stage and its intracellular localization is not
affected by the increasing polyQ lengths. Immunostaining for DNA (DAPI, white), HTT (D7F7,
green), and NCADHERIN (red), 40x confocal z-section, Scale Bar 50um. (C) Immunostaining for
DNA (DAPI, white) and HTT (MAB21606, green) in neural progenitors at neural rosette stage,
confirming the HT'T subcellular localization detected with D7F7 antibody. (D) Representative
immunostainings of NCAD foci for 22Q) and 58Q) lines, and their corresponding locations after
image processing. (E) Cumulative distributions of the nearest neighbor distances of individual lines,
and combined, compared to the one expected from a random arrangement of rosettes (black dashed
line).
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Figure S4. Isogenic HD hESC lines are able to differentiate to post-mitotic neurons, but
display morphological phenotypes. (A-B) At day 45, cultures are composed of post-mitotic
neurons (A) staining for (MAP2", blue) and cortical neuronal marker CTIP2, and SOX2+ (red)
NESTIN" (not shown) progenitor cells , 20x confocal z stack maximum intensity projection with
(B) no significant difference in abundance between genotypes. Mean % of DAPI +/- SEM of n=2-3
independent lines per genotype, >1000 cells scored per line. Scale bar 50um. (C) Quantification of
the frequency of abnormal cells, classified by phenotype as progenitors (Nestin"*"), or post-mitotic
neurons (Nestin"). * p-value <0.05 in an ANOVA test. (D-F) HTT allelic expression analysis along
neuronal differentiation. (D) Western Blot of representative clones for multiple genotypes at either
day 22 or 40 of neuronal differentiation. (E) Example of the method of quantification of the
differential allelic expression. (F) Both the expanded and the wildtype allele were expressed at
approximately the same levels (ratio expanded vs wildtype ~ 1.1).
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Table S1. Analysis of whole genome sequence data from HD allelic lines. No mutations were observed in any
of the lines at any of the predicted off-target loci for any of the SgRNAS used in the generation of the lines.

# of SNP variants in

# of new SNP Variants

# of unique new SNP

# de novo Variants

# de novo Variants

# de novo Variants

Sample whole genome in whole genome Variants in whole genome near predicted near predicted near predicted
(compared to hg19) (compared to RUES2) | (compared to rest of lines) | sgRNA25 off-targets | sgRNA14 off-targets | sgRNA22 off-targets
RUES2 (parental) 4,405,573 N/A N/A N/A
22Q-1 4,401,985 1,364 1,256 0 0 0
50Q-1 4,416,582 1,491 1,203 0 0 0
50Q-2 4,417,218 2,063 1,934 0 0 0
50Q-3 4,416,294 1,737 1,608 0 0 0
58Q-1 4,413,149 1,346 1,047 0 0 0
58Q-2 4,419,108 1,601 1,394 0 0 0
58Q-3 4,417,117 1,311 1,005 0 0 0
HTT+/- 1 4,416,777 1,376 1,215 0 0 0
HTT+/- 2 4,416,560 958 656 0 0 0
HTT+/- 3 4,402,404 733 466 0 0 0
HTT-/- 1 4,417,789 1,185 893 0 0 0
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Table S2. Summary of Arrayed Comparative Genomic Hybridization (aCGH) analysis to assess copy number
variations in the RUES2-HD allelic series. We found a variety of copy number variations and loss-of-
heterozygosity, within and outside of hormal ranges, but these did not correlate with any of the observed

phenotypic differences.

Color Legend
AMP
DEL

LOH

Cell line 2 4 5 6 7 9 10 1 12 13 14 15 16 17 18 19 20 21 22 X
p12-pi1.2 Y
2201 A p16.3 q23.32 q13.2q13.31 g11.21
p12-pii.2
22Q-2 A p163  q21.3-q22.1 q23.32 q32.33 q22.1-q23 q13.2q13.31
p12-pi1.2
220-3 a0 p163  q21.3-q22.1 9362 q23.32 q12-q21.31 q13.2-q13.31 qi1.21
450-1 p12q-1ps11.2 q21.3-q22.1 q23.32 q12-q21.31 q13.2-q13.31
50Q-1 ‘;1123' (;’11 ‘15 p163  q21.3-q22.1 423.32 932.33 q12-q21.31
50Q-2 p12q—1p311.2 q21.3-q22.1 q23.32 432.33 q12-q21.31
50Q-3 "12(]'1"31 2 p163  q21.3-q22.1 q23.32 q123 q13.2-q13.31
58Q-1 912(1'1%”'2 p163  q21.3-q22.1 q23.32 qi1.1-qi12 q22.1-q22.2
pi2-pii12
58Q-2 e p163 q21.3-q22.1 qi21-pi.2 q23.32 432.33 q13.2-q13.31
58Q-3 p12-pit.2 1 21.3-q22.1 23.32 32.33 12-q21.31 13.2-q13.31 22.1-q22.2
- 13 p163  q21.3-q22. 923.3 q32. q12-g21. q13.2-q13. q22.1-q22.
67Q-1 PE=eiflZ 1 21.3-q22.1 1.32 23.32 32.33 13.2-q13.31
- q13 p16.3 g21.3-q22. q31.3: q23.3: q32. q13.2-q13.
pi2-pii1.2
74Q-1 A p163  q21.3-q22.1 q23.32 432.33 q13.2-q1331 qi1.21
pi2-pii1.2
74Q-2 e p163 q213-q221 q22.31 q23.32 432,33 q12-q21.31 q13.2-q13.31 qi1.21
pi2-pii1.2
HTT4+-1 A p163  q21.3-q22.1 q23.32 432.33 q12-q21.31 q13.2-q13.31 qe2.1-q22.2
HTT+-2 p12€i1%11.2 p16.3  q21.3-q22.1 q31.32 q23.32 q32.33 qi2 - q21.31 q13.2-q13.31 q22.1-q22.2
HTT+-3 p12q-1%11.2 p16.3  q21.3-q22.1 q23.32 qi1.21
HTT-/-1 qi3 p16.3 g21.3-¢g22.1 q23.32 q32.33 qlt.21
pi2-pii1.2
HTT-/-2 q13 p16.3 g21.3-¢g22.1 q33.1  g23.32 ql2-g21.31 qlt.21
pi2-pii.2
HTT+3 a0 p163 q21.3-q22.1 q23.32 q32.33 q12-q21.31 qi1.21
RUES2 parental p12-p11.2 B R g
ana B p163 q21.3-q22.1 q23.32 q32.32 q12-q21.31 q13.2-q13.31
FIUEsstig:rzenlal p12q-1%11.2 p163  q21.3-q22.1 q23.32 q32.33 q13.2-q13.31
RUE;";L’:?““' p12q—1%11.2 p163  q21.3-q22.1 q23.32 q12- q21.31 q13.2-q13.31
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Table S3. Primers

Fragment Fw primer sequence Rv primer sequence Template
CTCCAGCTTTTGTTCCCTT CCAATTCGCCCTATAGTGA .

pUC57-Kan bb T GTC pUC57-Kan plasmid
AAAGGGAACAAAAGCTG TCTAGGGTTAAaagcagaacctga gDNA from RUES2

Left homology arm

GAGgggtcacacttggggtcct gcggce (WT)
ePB-PUTK agottctgctt TTAACCCTAGAA GGGCCGCAGGTTAACCCTA  ePB-CAG-PUTK-pA
AGATAGTCTGC GAAAGATAATCATATTG plasmid
Right homology TTTCTAGGGTTAACCTGC .I(%é ggg?ggégﬁ?g Eg g::‘g gDNA from RUES2
arm GGCCCAGAGCCC (WT)
GTGT
Table S4. Templates used for each CAG length.
polyQ length Origin of genomic DNA template Obtained from
44 ND38548 iPSC Coriell Biorepository
50 GENEA20 hESC GENEA
58 QS-001 fibroblasts Tabrizi lab
69 QS-004 fibroblasts Tabrizi lab
75 QS-004 fibroblasts Tabrizi lab

Table S5. sgRNAs

SgRNA

Protospacer + PAM sequence

hHTT_sgRNA25
hHTT_sgRNA22
hHTT_sgRNA14

GGTAAAAGCAGAACCTGAG CGG
CTGCTGCTGGAAGGACTTGA GGG
GCTGCACCGACCGTGAGTTT GGG

Table S6. Antibodies

Name Supplier Catalog number Dilution Factor
PAX6 Covance PRB-278 200
PAX6 BD Biosciences 561462 200
SOX1 R&D AF3369 1000
NES EMD Millipore ABD69 500
FOXG1 Abcam ab18259 200
HTT (D7F7) Cell Signaling 5656S 100
N-cadherin BioLegend 350802 100
Acetylated tubulin Sigma-Aldrich T-6793 200
Pericentrin Abcam ab28144 200
SOX2 R&D AF2018 1000
CTIP2 Abcam ab18465 200
MAP2 Abcam abh5392 5000
Aurora b kinase Abcam ab2254 100
Alpha-tubulin Abcam ab89984 500
CREST Antibodies Incorporated 15-235-0001 100
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Movie 1. Three-dimensional Imaris rendering of deconvolved 100x confocal z-stack of a normal day 45
neuronal culture of RUES2-22Q stained for MAP2 (green), CTIP2 (purple), nestin (red), and DAPI (blue). Note
the thin processes, and the absence of multi-nucleated cells.

& 10_htt5 d45 56CAG 100x f02_C1

Movie 2. Three-dimensional rendering of 100x confocal z-stack of an abnormal progenitor cell in RUES2-58Q
cultures after 45 days of neuronal differentiation, stained for MAP2 (green), CTIP2 (purple), nestin (red), and
DAPI (blue). Note the abnormal progenitor cell in the center with an enlarged soma, displaying multiple
separated nuclei, thicker processes, enlarged vacuoles and a co-expression of nestin and MAP2 markers.

C
o
)
©
£
=
qg
£
o)
-
©
i)
cC
()
£
Q
o
o
=)
(7p]
]
)
C
()
£
Q
9o
()
>
()
(@]



http://movie.biologists.com/video/10.1242/dev.156844/video-1
http://movie.biologists.com/video/10.1242/dev.156844/video-2
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Movie 3. Three-dimensional rendering of 100x confocal z-stack of abnormal post-mitotic neurons in RUES2-
50Q cultures after 45 days of neuronal differentiation, stained for MAP2 (green), CTIP2 (purple), nestin (red),
and DAPI (blue). Several multinucleated cells can be observed in the region, but of upmost interest is the cell in
the top-right, which displays the typical phenotype of abnormal post-mitotic neurons: multiple nuclei linked
together by strands of DNA, forming a ‘nuclear bouquet’.

@ ® @ B Supplementary_Video_4_-_Polycentrosomal_multinu... ™

Movie 4. Three-dimensional rendering of 100x confocal z-stack of an abnormal post-mitotic neuron, showing
typical nuclear bouquets containing multiple concentric centrosomes located close to the center of the nuclear
bouquet, suggestive of strong polarity defects. Adjusted signal for all channels, acetylated tubulin (red),
pericentrin (green) and DAPI (white) are shown, followed by surfaces-modeled by thresholding on intensity for
DAPI and pericentrin.
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http://movie.biologists.com/video/10.1242/dev.156844/video-3
http://movie.biologists.com/video/10.1242/dev.156844/video-4
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@ ® ® [BSupplementary Video 5 - 20CAG_-_Normal_cytoki ,‘i

Movie 5. Time-lapse imaging of mixed RFP- and GFP-labeled RUES2-22Q cultures between days 28-31 of
neuronal differentiation. Note two GFP-labeled daughter cells separate and move independently shortly after
cell division.

s e e B supplementary_Video_6_-_56CAG_-_Impaired_cytok ‘-’_

Movie 6. Time-lapse imaging of mixed RFP- and GFP-labeled RUES2-58Q cultures between days 28-31 of
neuronal differentiation. Note two GFP-labeled daughter cells are unable to separate after cell division, and they
come back together generating a multinucleated cell.
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http://movie.biologists.com/video/10.1242/dev.156844/video-5
http://movie.biologists.com/video/10.1242/dev.156844/video-6
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% ® ® B supplementary_Video_7_-_56CAG_—_Impaired_cytok... ,*

Movie 7. Time-lapse imaging of mixed RFP- and GFP-labeled RUES2-22Q cultures between days 28-31 of
neuronal differentiation. Impaired cell divisions were observed in multiple consecutive rounds of karyokinesis,
suggesting that once a multinucleated cell is generated, it cannot be resolved in successive cell divisions.

@ ® ® B sSupplementary_Video_8_—_progenitor_CIN_phenotyp...

Huntington's disease neural
progenitor CIN phenotype

CENTROMERES
DNA
<« Pp »

Movie 8. Three-dimensional rendering of an 100x confocal z-stack of a dividing cell with normal centromere
counts (92) displaying lagging chromosomes in RUES2-58Q. DAPI, white; alpha-tubulin, red; CREST
(centromere protein reactive serum), green. Scale bar, 5 um.
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