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A human CAGIinSTEM platform for decoding HTT
repeats’ somatic instability links CAG interruption to
HD pathology in neurons
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e CAGInSTEM, a CRISPR-engineered stem cell platform to
model HTT repeat instability

® Long-read sequencing enables accurate, sequence-
resolved HTT repeat sizing

® The CAGInSTEM platform recapitulates human HD haplotype
instability in vitro

® Multiple CAA interruptions abolish CAG instability and
rescue neuronal HD pathology
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In brief

Zobel et al. developed a CRISPR-
engineered human stem cell platform to
study Huntington’s disease repeat
instability. Using long-read sequencing,
they demonstrated that CAG repeat
expansion occurs in both proliferating
cells and neurons, mirroring clinical
observation. Introducing multiple CAA
interruptions completely stabilized the
repeat and reversed disease-related
cellular phenotypes in vitro.
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A human CAGInSTEM platform
for decoding HTT repeats’ somatic instability
links CAG interruption to HD pathology in neurons
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SUMMARY

Somatic CAG instability in the mutant Huntingtin (HTT) gene is increasingly recognized as a key hallmark of Hun-
tington’s disease (HD). Using our novel human CAGInSTEM platform, we manipulated cis genetic elements influ-
encing instability in human HD neurons, monitoring repeat length. Quality-controlled CRISPR-engineered stem
cells with increasing CAG lengths and clinical haplotypes were analyzed using third-generation sequencing. Our
findings link interruptions in the CAG repeat, especially the loss or duplication of the penultimate CAA of canon-
ical alleles, to significant instability modulation. Notably, four internal CAA interruptions completely abolish CAG
instability, reversing HD phenotypes such as altered striatal fate acquisition and nuclear disorganization. This
platform highlights the role of cis modifiers, emphasizing the direct influence of HTT DNA repeat composition

on CAG instability and providing a robust framework for modeling HTT repeat instability in vitro.

INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant neurode-
generative disorder caused by the expansion of the CAG trinu-
cleotide repeat tract within the exon 1 of the Huntingtin (HTT)
gene.' This expansion results in the production of a mutant
HTT protein with an elongated N-terminal poly-glutamine (polyQ)
stretch. Ultimately, this leads to cell-type-specific neuronal
dysfunction, primarily affecting striatal medium spiny projection
neurons (MSNs) and cortical neurons, causing their demise.”
Although disease-modifying therapies are not yet available,
gene silencing® and cell replacement approaches*® are
currently under investigation.

L)

Gheck for
Updates

The length of the CAG repeat tract plays a crucial role in deter-
mining the onset and severity of the disease, with longer repeats
associated with earlier onset and more rapid disease progres-
sion.”® However, the CAG size alone accounts for only about
60% of the variability in age of onset (AOO) among patients.’
More recent investigations have demonstrated that not only the
number but also the purity of the CAG repeat influences HD
onset.'*"3

In most human alleles (>95%), the CAG repeat tract carries a
characteristic CAA interruption in the second-to-last repeat
[[CAG)n-CAA-CAG]. The loss of this CAA is linked to earlier
AOO [single loss of interruptions, CAA-loss, producing an
uninterrupted (CAG)n], while the duplication of the terminal
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Figure 1. Generation and characterization of RMCE-parental cell line
(A) Schematic representation of the experimental strategy to generate the CAGInSTEM platform. H9 hESCs are edited to generate an RMCE parental cell line that
is used to then exchange multiple HTT-exon 1 variants. Single clones carrying desired HTT-exon 1 modification are isolated following FACS sorting and subjected
to quality controls to verify monoallelic knockin editing, the absence of plasmids’ random insertions into the whole genome, comparable HTT expression to H9
parental cell lines, and pluripotency retention. The isolated clones are maintained in self-renewal and differentiated into striatal neurons, and the CAG instability of
HTT-exon 1 is analyzed by Oxford Nanopore Technologies (ONT). A bioinformatic pipeline is developed to account for HTT CAG size.

(B) Editing strategy to generate RMCE-H9 cell lines corresponding to clones: 107Q #01, 107Q #04, and 107Q #25 carrying (CAG)105-111-CAACAG. BC, barcode.
LHA and RHA are left and right homology arms, respectively. Segmented lines surrounded by black arrows indicate PCR amplicons.
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CAA-CAG tract [CAACAG-dup, (CAG)n-CAA-CAG-CAA-CAG] is
associated with delayed AOO when adjusted for uninterrupted
CAG count.'®"® However, using MiSeq sequencing, the recent
GeM-HD consortium study revealed a different and more com-
plex scenario, also depending on whether somatic instability is
measured in blood or brain."®

Furthermore, postmortem brain tissues of individuals with HD
exhibit mosaicism in the size of CAG repeats, with a bias toward
expansions, particularly evident in post-mitotic neurons of the
striatum and cerebral cortex.'* This phenomenon has also been
observed in animal models of HD."'® Additionally, a new transgenic
mouse model with 120 uninterrupted CAG repeats shows stria-
tum-specific HD pathology and transcriptional dysregulation,
which are strongly mitigated in the CAA-interrupted bacterial arti-
ficial chromosome (BAC)-HD model with a matched polyQ
stretch, further confirming the crucial role of DNA repeat purity
beyond glutamine content.'®'”

Building on these observations, the current hypothesis on HD
pathogenesis suggests that the germline-inherited CAG repeat
undergoes somatic expansion, also in post-mitotic neurons, per-
sisting throughout an individual’s lifetime until it exceeds a cell
type-specific toxicity threshold. Specifically, recent works re-
ported cell-type-specific somatic mosaicism in brain tissues
postmortem from patients with HD, with MSNs and cholinergic
interneurons showing the highest levels of somatic expansions.
Notably, extreme somatic expansions were identified in a small
fraction of MSNs only, and these events were directly linked to
transcriptional dysregulation.’®'® Such extreme expansions,
above 150 CAG repeats, are thought to be responsible for differ-
ential vulnerability, initiating neuronal dysfunction and ultimately
leading to cell death.’®" However, the exact link between the
CAG nucleotide sequence and its expansion dynamics, as well
as the temporal pattern of CAG repeat changes in neurons and
their role in disease pathology, remains elusive.

To address this knowledge gap, we have developed a novel
CRISPR-engineered human stem cell platform comprising multi-
ple cell lines harboring varying sizes and repeat compositions,
named “CAGInSTEM platform.” Paired with third-generation
long-read sequencing by Oxford Nanopore Technologies (ONT),
this platform enables longitudinal monitoring of CAG repeat insta-
bility at single-molecule resolution in differentiated neurons. Our
approach utilizes recombinase-mediated cassette exchange
(RMCE) to install a modified exon 1 into the endogenous HTT lo-
cus, leveraging the properties of human embryonic stem cells
(hESCs) to study CAG dynamics in disease-relevant post-mitotic
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neurons. This strategy allows for the quantification of the CAG
repeat length changes over time, providing a unique opportunity
to study the dynamics of CAG repeat instability in a controlled
cellular environment. Our findings further support a direct link be-
tween somatic instability and CAG tract purity, with instability
increasing as the tract lengthens. Introducing multiple central
CAA interruptions—never observed in patients—completely
abolishes somatic instability in both proliferating cells and post-
mitotic neurons, while also reversing HD in vitro phenotypes,
including MSN density and nuclear epigenetic organization. This
validates the model’s suitability for studying CAG instability mod-
ifiers and their mechanisms. We conclude that CAG repeat purity
directly affects CAG instability over time, and that inserting multi-
ple CAAs and preventing the formation of a pathological pure CAG
stretch mitigates HD-associated neuronal pathology.

RESULTS

Generation of the human CAGInSTEM platform carrying
increasing HTT CAG lengths

To investigate the impact of CAG length on repeat instability, we
employed CRISPR-assisted gene targeting to generate
CAGInSTEM, a human stem cell-based platform for in vitro
repeat instability modeling. This platform includes a diverse array
of validated hESC lines with an identical genetic background,
differing only by the specific cis modifier under examination
(Figure 1A). Initially, we established a parental cell line carrying
a monoallelic RMCE flanking HTT exon 1 (Figures 1A-1C),
creating an efficient model for introducing any HTT exon 1 vari-
ants. Using this system, we successfully established a
(CAG)405-CAACAG/107Q RMCE parental cell line by integrating
the cassette into a single allele of the endogenous HTT locus
(Figure 1B). The RMCE contains the modified exon 1, followed
by a unique genetic barcode and a neomycin resistance cassette
for downstream isolation of recombinant clones. Our workflow
(Figures 1A and 1B) included editing confirmation by PCR and
removal of the antibiotic-resistance cassette to avoid confound-
ing effects (Figures 1B and S1A).

Due to the intrinsic instability of the CAG tract, upon exon 1 ex-
change, we isolated three clones with repetitions of 105, 107,
and 111 uninterrupted CAGs [(CAG)105-111-CAACAG], referred
to as 107Q clones (Figure 1B; Table 1). The monoallelic knockin
of the expected CAG length in 107Q clones was validated using
two PCR methods (left homology arm [LHA]-PCR, Figures 1B
and 1C; and genotype PCR [geno-PCR], Figures 1B and 1D).

C) LHA-PCR to assess monoallelic knockin. * PCR product of 2,000 bp.

)
D) Geno-PCR to assess monoallelic knockin. * PCR product of 161 bp (H9 with CAG25CAACAG/27Q) and of 137 bp (H9 with CAG17CAACAG/19Q).
E) PCRs to assess the excision of the antibiotic selection cassette. * PCR product at 1,304 bp.

G) PCRs to assess plasmid random insertions (RI) into the genome (RI-LHA 747 bp, RI-RHA 603 bp, RI-AMP 525 bp, and RI-ORI 707 bp).

H) RT-gPCR analysis of HTT. YWHAZ is used as the housekeeping gene.
1) Western blot of HTT. Vinculin is used as the housekeeping gene.

(
(
(
(F) Schematic representation of donor plasmid elements outside the homology arms. Segmented lines surrounded by black arrows indicate PCR amplicons.
(
(
(
(

J) Quantification of HTT total protein expression in relative pixel intensity normalized on the intensity of the vinculin band.
(K-M) RT-gPCR analysis of OCT4 (K), SOX2 (L), and NANOG (M). YWHAZ is used as the housekeeping gene.
For all agarose gels, 1 kb plus ladder is used as the molecular weight marker, and arrows indicate molecular weight. W (water) and CTR+ are the negative and the

positive controls, respectively.

Data are presented as the mean + SEM, dots represent different culturing passages of a clone, unpaired Student’s t test is applied to compare 107Q clones to H9

cells, and statistical analysis is reported in Table S1. ***p < 0.0001.
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Table 1. Allele structure of isolated clones.

No. of No. of Original
Expected CAG length and/or  screened validated 107 Q parental Resulted CAG length and/or
haplotype clones clones cell line haplotype Nomenclature
(CAG)10sCAACAGCCGCCA 48 3 N/A Clone #25 (CAG)111-CAACAG 107Q
(CCG)Nn Clone #01 (CAG)105-CAACAG
Clone #04 (CAG)107-CAACAG
(CAG)19CAACAGCCGCCA 164 3 107Q #1 Clone #06 (CAG)19-CAACAG 21Q
(CCG)Nn 107Q #4 Clone #14 (CAG)1o-CAACAG
107Q #1 Clone #20 (CAG)19-CAACAG
(CAG)43CAACAGCCGCCA 129 3 107Q #25 Clone #12 (CAG)43-CAACAG 45Q
(CCG)n 107Q #25 Clone #51 (CAG)43-CAACAG
107Q #25 Clone #60 (CAG)43-CAACAG
(CAG)7oCAACAGCCGCCA 102 3 107Q #25 Clone #06 (CAG)79-CAACAG 81Q
(CCG)n 107Q #1 Clone #08 (CAG)7s-CAACAG
107Q #4 Clone #47 (CAG)7o-CAACAG
(CAG)107CCGCCA(CCG)n 32 2 107Q #1 Clone #08 (CAG)+0s 107Q CAA-loss
107Q #1 Clone #12 (CAG)13
(CAG)105(CAACAG),CCG 31 3 107Q #1 Clone #12 (CAG)+05-(CAACAG), 107Q CAACAG-
CCA(CCG)n 107Q #1 Clone #14 (CAG)105-(CAACAG), dup
107Q #1 Clone #26 (CAG)105-(CAACAG),
[(CAG)21CAA]4(CAG)1;CAA 31 g 107Q #1 Clone #01 107Q multi-CAAs
CAGCCGCCA(CCG)n 107Q #1 [(CAG)21CAA]4(CAG)17,CAACAG
107Q #1 Clone #14
[(CAG)21CAA]4(CAG)17,CAACAG
Clone #16
[(CAG)21CAA]4(CAG)1;,CAACAG
(CAG)79(CAACAG),CCGCCA 61 3 107Q #25 Clone #05 (CAG)7s-(CAACAG), 83Q CAACAG-dup
(CCG)Nn 107Q #4 Clone #32 (CAG)7s-(CAACAG),
107Q #4 Clone #33 (CAG)79-(CAACAG),
(CAG)4,3CCGCCA(CCG)n 40 2 107Q #4 Clone #04 (CAG)43 43Q CAA-loss
107Q #4 Clone #14 (CAG)43

Since H9 cell lines are heterozygous for CAG repeats (17 and 25
CAQG) in the HTT exon 1 locus, geno-PCR was used to confirm the
targeting of the shorter allele for all the clones (Figures 1B and 1D).
The excision of the antibiotic-resistance cassette was verified by
right homology arm (RHA)-PCR (Figures 1B and 1E), showing the
absence of the expected PCR product compared to the positive
control (CTR+), and random insertions of the targeting plasmids
were ruled out using four distinct PCRs mapping various plasmid
portions (Figure 1F) showing that all the clones appear negative
compared to the positive control. HTT locus transcriptional activ-
ity was tested by quantitative reverse-transcription PCR (RT-
gPCR), showing equivalent transcriptional level of HTT in the
different clones and the H9 cell line (Figure 1H). Total HTT protein
levels, measured by western blot, showed a mild reduction in the
expression in all clones compared to the H9 cell line, consistent
with findings in other isogeneic stem cell allelic series®
(Figures 11 and 1J; Table S1). A normal 46,XX karyotype was
confirmed for all clones by G-banding analysis (Figure S1B). Plu-
ripotency genes were expressed at similar levels across clones,
as shown by RT-gPCR (Figures 1K-1M and S1H; Table S1) and
immunocytochemistry for OCT4 and SOX2 (Figure S1C).

Cre-mediated exchange of the RMCE cassette was used to
integrate HTT exon 1 variants with different CAG lengths into
the parental cell line, generating the first components of the

4 Cell Reports 44, 116685, December 23, 2025

CAGIinSTEM human platform (Figures 1A, 2A, and 2B). We inte-
grated (CAG)9-CAACAG, (CAG)43-CAACAG, and (CAG);s-CAA-
CAG, referred to as 21Q, 45Q, and 81Q, respectively. All 21Q
and 45Q clones showed the expected repeat length, while the
81Q clones included one with 80Q and two with 81Q (Table 1). Af-
ter antibiotic selection, recombined cells underwent nucleofection
with Flp-recombinase to remove the neomycin selection marker.
Clones were isolated by single-cell sorting and verified as previ-
ously described for the 107Q line (Figures 1A and 2C-2G). The iso-
lated clones and their respective CAG length are listed in Table 1
and were rigorously verified for locus integrity (Figures 2C-2E),
absence of plasmids’ random insertions (Figures 2F and 2G),
HTT mRNA expression level (Figure 2H; Table S1), HTT protein
level (Figures 21 and 2J; Table S1), and pluripotency markers
(Figures S1D-S1H; Table S1).

CAG sizing by third-generation sequencing

Precise CAG sizing retaining DNA sequence information is inher-
ently complex.?*?* To address this, we developed a quantitative
method to determine the CAG length within the engineered HTT
exon 1 locus through genomic PCR ampilification and amplicon
long-read sequencing with ONT. Analysis of ONT sequence
data was performed using a novel computational Nextflow pipe-
line, optimized for assessing CAG repeat instability (Figures 3A
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Figure 2. Generation and characterization of CAGIinSTEM platform carrying incrementally longer CAG length in HTT exon 1

(A) Exchange strategy to generate hESC carrying an increasing CAG length. BC, barcode; colors identify the specific barcode for each donor. LHA and RHA are
left and right homology arms, respectively.

(B) Schematic representation of clones isolated and characterized for each genotype.

(legend continued on next page)
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and S2A). This process included base-calling with per-sample
demultiplexing, alignment to the human reference genome,
and CAG repeat size determination using Straglr.?® The insta-
bility for trinucleotide repeat expansions was evaluated to
assess the likelihood or propensity of CAG repeats to undergo
expansion. This index examines the distribution of CAG sizes,
often represented by peaks of different lengths.?® In addition to
the ONT barcode, our reads incorporate a cell line and repeat-
specific barcode. This allows for an additional demultiplexing
step and enables the assignment of each read to the originating
cell line in the case of a mixed culture (21Q, 45Q, 81Q, and 107Q)
with multiple CAG lengths. This feature of the CAGINSTEM plat-
form was demonstrated at different time points during the in vitro
striatal differentiation process (Figure 3B).

To exclude PCR-induced sequence artifacts or bias, we
compared CAG size distributions obtained from direct
sequencing of linearized plasmids containing 19 and 79 pure
CAG repetitions (21 and 81Q) (Figures 3C and 3E) with those
from the same plasmids after PCR amplification or from PCR
on genomic DNA extracted from the corresponding clones
(Figures 3D and 3E). Comparable normalized peak heights of
CAG size distributions, centered around the same main peak,
were observed between direct sequencing and PCR amplifica-
tion of plasmid and genomic DNA, confirming the robustness
of the procedure (Figure 3E; Table S1). Finally, to validate the
equivalence between different PCR designs, such as ONT-
PCR and LHA-PCR (the latter tailored for specific amplification
of the edited allele only), we conducted a comparative analysis
of CAG size distributions in gDNA amplified using both methods,
after selecting reads from the recombinant allele and leveraging
the cell line barcode. No significant differences were found in the
normalized peak heights of CAG size distributions, centered
around the main peak, between the two methods (Figure 3E;
Table S1). This confirms the suitability of a PCR-based third-gen-
eration sequencing approach for accurately quantifying HTT
CAG size, while retaining allele-specific genomic sequences.

CAG length influences repeat instability in mitotically
active stem cells and human striatal neurons

Given the high propensity of the HTT-CAG tract to expand in
both mitotically dividing and post-mitotic cells, a mosaic of cells

Cell Reports

with varying repeat lengths develops over the lifetime of individ-
uals with HD.?’ This is particularly evident in striatal neurons, the
most affected cell type in HD.?®®' Accordingly, we aimed to
study the dynamics of CAG instability as a function of CAG
length in both mitotically dividing cells and in post-mitotic striatal
neurons.

To assess the trend of CAG instability during self-renewal, we
cultured cell lines with increasing CAG lengths for 120 days
in vitro (DIV), passaging them twice a week and collecting cell
pellets every 30 DIV (Figure 3F).

As previously described,*” the repeat instability index is a
static measurement of repeat expansions and/or contractions
observed in a population of cells, tissues, or organisms, regard-
less of the main repeat length frequency of the distribution. To
better capture changes in repeat distribution over time from
the beginning of the experiment (DIVO), we adopted a modified
version by computing the instability index at each time point,
referred to as the DIVO main peak and called “adjusted instability
rate” (AIR; see STAR Methods). This value directly represents the
average number of triplet repeat changes occurring over time
from DIVO (Figure S2D). Using this approach to track the dy-
namics of CAG instability, we first showed that clones of 107Q
and 81Q, despite small differences in uninterrupted CAG length
(see Table 1), exhibit the same AIR trend within their respective
cell lines (Figures S2E and S2F; Table S1). A significant increase
in AIR over time was observed in 81Q and 107Q clones, but not in
the 45Q clones, compared to the 21Q control line (Figure 3G;
Table S1). Of note, we also detected a statistically significant dif-
ference in AIR levels between 107Q and 81Q clones, suggesting
that AIR increases with uninterrupted CAG repeat length within
the expanded range. Similar to a recent mouse study,'® both
81Q and 107Q clones displayed a linear increase in CAG insta-
bility over time, with a modal CAG repeat expansion of 0.00275
and 0.025 repeat units/day, respectively (Figure 3G; Table S1).

Somatic expansion of the HTT CAG tract occurs stochastically
throughout the lifespan of individuals with HD and in HD animal
models. This process leads to a mosaic of cells with varying
repeat lengths,'>?"*® with MSNs being the most affected cell
type.?® " Therefore, we investigated the dynamics of HTT
CAG repeat by subjecting the CAGINSTEM platform cell lines
to striatal neuronal differentiation and repeat sizing.34 Cell pellets

(C) Upper: schematic representation of donor plasmid. Segmented lines surrounded by black arrows indicate PCR amplicons. Lower: LHA-PCR to assess
monoallelic knockin. * PCR product of 1,788 bp for 21Q, 1,847 bp for 45Q and 1,955 bp for 81Q.

(D) Upper: schematic representation of donor plasmid. Segmented lines surrounded by black arrows indicate PCR amplicons. Lower: geno-PCR is used to
assess monoallelic knockin. * PCR product of 161 bp (H9 with CAG25CAACAG/27Q) and of 137 bp (H9 with CAG17CAACAG/19Q).

(E) Upper, schematic representation of donor plasmid. Segmented lines surrounded by black arrows indicate PCR amplicons. Lower panel, RHA-PCR to assess

the excision of the antibiotic selection cassette. * PCR product at 1,304 bp.

(F) Upper: schematic representation of donor plasmid elements outside the homology arms. Segmented lines surrounded by black arrows indicate PCR am-
plicons. Lower, RI-LHA (747 bp) and RI-RHA (603 bp) PCRs to assess plasmid random insertions (RI) into the genome.

(G) Upper: schematic representation of donor plasmid elements outside the homology arms. Segmented lines surrounded by black arrows indicate PCR am-
plicons. Lower panel, RI-AMP (525 bp), RI-ORI (707 bp), and RI-ORI PCRs to assess plasmid random insertions into the genome.

(H) RT-gPCR analysis of HTT in 21Q, 45Q, and 81Q cell lines. YWHAZ is used as the housekeeping gene.

(I) Western blot of HTT. Vinculin is used as the housekeeping gene.

(J) Quantification of HTT total protein expression in relative pixel intensity normalized to the intensity of the vinculin band.
For all agarose gels, 1 kb plus ladder is used as the molecular weight marker, and arrows indicate molecular weight. W (water) and CTR+ are the negative and the

positive controls, respectively, of the PCR reaction.

Data are presented as the mean + SEM. Dots represent different culturing passages of the clone. Kruskal-Wallis test followed by Dunn’s post hoc test (H) or one-
way ANOVA followed by Tukey’s post hoc test (J) are performed, and statistical analysis is reported in Table S1.
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were collected from precursor cells during neuronal specifica-
tion (DIV21 and 30), as well as from terminally differentiated neu-
rons at DIV40, to measure CAG instability (Figure 3H). The pro-
pensity of the different cell lines and clones for neuronal
differentiation was qualitatively assessed through the expression
of BllI-tubulin and MAP2, two markers associated with neuronal
differentiation and maturation (Figure S2G). At the end of differ-
entiation, all clones exhibited approximately 60% post-mitotic
neurons and about 20% of cycling cells (Figures S2H and S2I;
Table S1), both contributing to AIR dynamics. Tracking the dy-
namics of CAG instability during striatal differentiation, we found
that 107Q clones showed a statistically significant increase in
CAG instability over time compared to 21Q control clones. In
contrast, 45Q and 81Q clones exhibited relatively stable CAG re-
peats, with no significant differences observed in current culture
conditions (Figure 3l; Table S1). Furthermore, CAG instability
accumulated linearly in both 81Q and 107Q from DIV21 to
DIV40 (Figure 3l; Table S1). We conclude that a linear increase
in CAG instability can be detected during both neuronal differen-
tiation and self-renewal using the CAGInSTEM platform.

CAG instability is modulated by CAG stretch
composition

We expanded our CAGIinSTEM platform to model the recently
identified variants of the CAG repeat terminal codons CAA-
CAG."%""""3 First, we introduced a duplication of the CAACAG
in the 107Q and 81Q lines (Figure 4A), generating cell lines with
an additional CAACAG interruption (109Q CAACAG-dup; 83Q
CAACAG-dup; Figures 4A, S3A-S3J, and S4A-S4L; Tables 1
and S1). Second, we generated cell lines in which the final
CAACAG was replaced with an uninterrupted CAGCAG (107Q
CAA-loss; 43Q CAA-loss; Figures 4A, S3A-S3J, and S4M-S84X;
Tables 1 and S1). Finally, to investigate the role of CAA interrup-
tions in the HTT repeat, we created additional lines carrying a
synthetic allele containing four CAA interruptions at positions
22, 44, 67, and 89 within the CAG stretch. This allele, denoted
107Q multiple central interruptions (multi-CAAs), follows the
structure (CAG),1CAA]4(CAG);7CAACAG, encoding 107 gluta-
mines (Figures 4A and S4A-S4J; Tables 1 and S1). Notably,
this latter composition lacks any pure CAG stretch of a diagnos-
tically pathological length. All genotypes retain the intervening

Cell Reports

sequence CCGCCA(CCG), found in the corresponding proline-
rich region of the canonical human allele.*®

To assess the impact of these modifications on CAG insta-
bility, we examined the mitotically dividing cells, which exhibit
a higher instability rate than neurons. As shown in Figure 3F,
cell lines were passaged twice a week, and pellets were
collected every 30 DIV (Figure 3F), up to DIV120. By measuring
CAG instability over time, we found that duplicating the terminal
CAA interruption (109Q CAACAG-dup) significantly reduced
the AIR compared to 107Q clones with a typical allele
(Figure 4B; Table S1). Similarly, 83Q CAACAG-dup clones ex-
hibited a significant reduction in CAG instability compared to
81Q clones over the 120-day period (Figure 4C; Table S1).
These results confirm a direct link between non-canonical
CAA interruptions and repeat instability, validating the
CAGInSTEM platform as an in vitro model for studying HTT
CAG instability.

Recent human data indicate that the CAA-loss allele advances
disease onset by 5.0 years on average, whereas the CAA/CCA-
loss leads to 10.0 years earlier onset. Additionally, a reduction in
somatic expansion was observed in blood samples.'® However,
in 107Q CAA-loss clones, we detected no significant change in
instability, compared to canonical 107Q clones with a similar
number of uninterrupted CAG repeats (Figure S3K; Table S1).
To further investigate this, we examined the impact of
CAACAG loss in a (CAG)43 pure repeat, matching the allele
described in the families with HD CAACAG-loss.'”'"'® By
comparing the instability of control canonical 45Q and modified
43Q CAA-loss cell lines, we observed a significant increase in
CAG instability over time in the 43Q CAACAG-loss cells, despite
their identical number of uninterrupted CAG repeats (Figure 4D;
Table S1). Remarkably, introducing multiple CAA interruptions
within the CAG stretch (107Q multi-CAAs lines) completely abol-
ished repeat instability over time compared to the canonical
107Q line (Figure 4E; Table S1). This finding aligns with the ob-
servations from transgenic animal models carrying multiple inter-
ruptions in the repeat stretch.'”

Overall, our findings highlight the significant impact of
CAA terminal interruptions on the stability of the CAG tract,
with multiple interruptions effectively preventing CAG instability
over time.

Figure 3. CAG sizing to evaluate instability in hESC lines carrying HTT-CAG, increasing length in self-renewal and neuronal differentiation
(A) Schematic representation of all the steps needed to go from the enrichment of DNA carrying HTT exon 1 to the instability evaluation.

(B) Exploiting cell line-specific barcode for mixed culture experiments.

(C) Schematic overview of the HTT exon 1 PCR enrichment validation workflow using plasmid DNA. Plasmids were linearized for direct sequencing (green bar),
and HTT exon 1 was enriched via non-allele-specific amplification (ONT-PCR, red arrows) for amplicon sequencing.

(D) Schematic overview of the HTT exon 1 PCR enrichment validation workflow using genomic DNA. Genomic DNA was extracted, and HTT exon 1 was amplified
using both non-allele-specific (ONT-PCR, red arrows) and allele-specific (LHA-PCR, blue arrows) approaches for amplicon sequencing.

(E) Validation of the PCR enrichment protocol. Top: CAG sizing from the plasmid through direct sequencing after linearization (LIN) and sequencing after non-
allele-specific amplification (ONT-PCR). Bottom: CAG sizing from genomic DNA after non-allele-specific (ONT-PCR) and allele-specific (LHA-PCR) amplification.
Two CAG lengths (21Q and 81Q) were considered. Again, only CAG sizes with a relative frequency higher than 20% of the most frequent CAG size are reported.
An exact two-sample Kolmogorov-Smirnov test is applied, and statistical analysis is reported in Table S1.

(F) Schematic representation of self-renewal maintenance of clones.

(G) Graph represents the adjusted CAG instability rate in self-renewal.

(H) Schematic representation of neuronal differentiation protocol.

(I) Graph represents the adjusted CAG instability rate in terminally differentiated neurons. Each dot represents a clone. For 21Q #6, 107Q #1, 107Q #4, and 107Q
#25 clones, each dot represents the average of at least three experimental replicates; two-way ANOVA followed by Tukey’s multiple comparisons test is applied,
and statistical analysis is reported in Table S1. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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Figure 4. CAG instability is modulated by CAG stretch composition

(A) Schematic representation of clones subjected to instability evaluation in self-renewal conditions.

(B-E) Graph represents adjusted CAG instability rate over 120 DIV of 107Q (data as in Figure 3G), 107Q CAACAG-dup, 81Q (data as in Figure 3G), 83Q CAACAG-
dup, 45Q (data as in Figure 3G), 43Q CAA-loss, and 107Q multi-CAA clones in self-renewal. Each dot represents a clone. For 107Q#1, 107Q#4, and 107Q#25
clones, each dot represents the average of at least three experimental replicates; two-way ANOVA followed by Tukey’s multiple comparisons test is applied, and
statistical analysis is reported in Table S1. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

Cell Reports 44, 116685, December 23, 2025 9




¢? CellPress

10

OPEN ACCESS

210 | ol |

107Q
mult-CARs | S |

DIVO
H

HTT CAG sizing
T T
DIV 30

N 1
eener [(YPALA ger

weenp (Y PALLR) s

DIV 21

v

7 <,‘<,‘ =, Enanched somatic
=

-
o

HD Phenotypes

instabilty

Altered neuronal

morphology

adjusted instability rate

Altered neuronal

maturation -0.54

‘ Gene expression RNA sequencing

21Q

107Q 107multi-CAAs [ ]

1.2

EBF1 1.1

ZNF503 1

TAC1 0.9

FOXP1 ||
208

FOXP2

ZFHX3

LGE-signature
—

POU3F1

CDH7

SIX3

MGE-signature

LTI

[

merge MAP2 GABA ©

-
LAMIN B1 EZH2

merge

107Q
107Q multi-CAAs

TSHZ2

SHH

LHX6

LHX8

SOX6
NKX2-1
NKX2-1-AS1
NKX6-1

MAP2

TRACES

M

*21Q
«107Q
107Q multi-CAAs

GABA area/ MAP2 area (pm?)
HOE/MAP2

DIV

107Q

40

107Q
multi-CAAs

0201 $2
SYVO-Hnw 0201

(9]

PC2: 15% variance

-40

% of DARPP32/CTIP2/GAD67
positive cells

40

Cell Reports

100 il

§ 3 2 o
- I
1
PC1: 60% variance
21Q «DIVO
* 107Q aDIV21

© 107Qm-CAAs = DIV 40

n°PcG-EZH2/ nuclei

o O
& ==
« o
S
T %
§E" i ~
& =
g o1 ==
g
LR g

P’

3
&

Cell Reports 44, 116685, December 23, 2025

i

A

-

o] &

(e el
» \6\ '\6\??{’
[4
&
*kkk *kkk
%k
T 500 xkkx 200 HREx
S0l © M B
< 400 & %
) HE gs0 &
§3004 ¢ s .o
s - S100d ¢ &
- ©
E 200 3 M =
£
3 100 ‘*— 8 % ? :
8 1 S |
2 0l 0-—
S O o 0
AN A
v '\6\ \6\??" v \6\ \6\??!’
9 9
& &
104 o TEER
2
c
3
o
o
g
4
8 2
0-
= o O O
& e
P
= Q &
104 .
¥ *
8 . | T
@ &1 &
g 4
- 4
= 8,
o= ol
o O O
TS e
Sl
&

(legend on next page)



Cell Reports

Uninterrupted CAG repeat length as the key
determinant of intracellular pathology in HD neurons
The complete recovery of CAG instability over time observed in
the proliferating 107Q multi-CAAs cell line raises the question
of whether central interruptions could also mitigate CAG insta-
bility in post-mitotic striatal neurons—the earliest affected cell
type in HD. To address this, we subjected 107Q multi-CAAs,
107Q, and 21Q control cell lines to striatal differentiation as
described in Figure 3H. At the end of differentiation, although
107Q multi-CAAs exhibited slightly fewer p27-positive cells
compared to 107Q, this did not correspond to differences in
Ki67-positive cells. Additionally, transcript levels for both
markers were comparable across all genotypes, suggesting no
significant differences in cell cycle distribution (Figures S5A-
S5C; Table S1). However, longitudinal CAG sizing confirmed
the complete suppression of repeat instability in 107Q multi-
CAA neurons compared to canonical 107Q cells (Figures 5A
and 5B; Table S1), indicating that an uninterrupted CAG repeat
contributes to some extent to the rate of expansion, even in
post-mitotic cells.

Building on previous findings that multiple repeat interruptions
mitigate striatum-specific transcriptional dysregulation in mice, '’
we next examined transcriptional signatures through genome-
wide RNA sequencing of 21Q, 107Q, and 107Q multi-CAA cell
lines during striatal differentiation (at DIVO, DIV21, and DIV40,
Figure 5A; Table S1). Notably, the 107Q multi-CAA cell lines carry
an extreme CAG length encoding for a pathologically long polyQ
protein, which is expressed at comparable levels to 107Q
(Figure S5D; Table S1). While all genotypes clustered together
at DIVO, genotype-specific transcriptional differences emerged
at DIV21 and DIV40 (Figures 5C and S5E). To explore variability
between HD and control cultures, we analyzed differentially ex-
pressed genes (DEGs) at all time points (Figures S5F-S5G;
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Table S3). Notably, among all DEGs, a subset of 379 genes was
downregulated and 261 upregulated at terminal differentiation
in both 107Q vs. 21Q and 107Q vs. 107Q multi-CAA compari-
sons. This indicates that there are some HD-associated tran-
scriptional alterations that are also found in the same direction
in the 107Q vs. 107Q multi-CAA comparison, suggesting that
for these genes, the 107Q multi-CAA mimics the 21Q line. In other
words, such alterations can be reversed—without altering the
number of glutamines in the HTT protein— by introducing multiple
synonymous CAA interruptions. Notably, this transcriptional
comparison found no differential expression of mismatch repair
genes, providing no evidence that differences in expression
levels of these genes contribute to the observed phenotype.
Neurons obtained from human pluripotent stem cells carrying
the HD mutation have been reported to exhibit characteristic
pathological features, including impaired striatal neuron
differentiation, abnormal neuronal morphology, and altered
HTT1a production, some of which are also observed in HD
mouse models.””*** Consistently, bulk RNA sequencing
showed a reduction in lateral ganglionic eminence (LGE)-specific
transcripts, like EBF1 and SIX3, in canonical 107Q lines relative
to control 21Q lines, accompanied by an increase in medial
ganglionic eminence (MGE)-like signature, such as SHH and
NKX2.1 transcripts, suggesting a shift in fate determination in
the presence of the HD gene, at both DIV21 and terminal differ-
entiation (Figures 5D, S5H, and S5I; Table S1). Notably, the pres-
ence of multiple CAA interruptions in the 107Q multi-CAA clones
restored the differentiation marker profile to a state similar to the
control (Figures 5D, S5H, and S5I; Table S1). This was corrobo-
rated by a significant reduction in the yield of MSNs and
GABAergic neurons in 107Q cells compared to 21Q controls,
which was fully recovered in the 107Q multi-CAA (Figures 5E-
5H; Table S1). Collectively, this analysis confirms that an

Figure 5. Uninterrupted CAG repeat length is the key determinant of intracellular pathology in HD neurons

(A) Schematic representation of the experimental paradigm.

(B) Graph shows the adjusted CAG instability rate during neuronal differentiation of 21Q, 107Q (data as in Figure 3l), and 107Q multi-CAA clones. Each dot
represents a clone. For 21Q#6, 107Q#1, 107Q#4, and 107Q#25 clones, each dot represents the average of at least three experimental replicates; two-way
ANOVA followed by Tukey’s multiple comparisons test is applied, and statistical analysis is reported in Table S1.

(C) Principal-component analysis.

(D) Heatmap of VST-transformed expression values normalized by row for LGE transcriptional signature and MGE transcriptional signature.
(E) Representative immunofluorescence images of 21Q, 107Q, and 107Q Cl cells stained with DARPP32 (green), GAD67 (red), and CTIP2 (gray) to identify MSNs

at DIV40. Hoechst is used to counterstain nuclei. Scale bars, 50 pm.
(F) Quantification of the percentage of triple-labeled positive cells.

(G) Representative immunofluorescence images of 21Q, 107Q, and 107Q multi-CAA cells stained with GABA (green) and MAP2 (red) to identify GABAergic
neurons at DIV40. Hoechst (blue) is used to counterstain nuclei. The scale bar is 50 pm.

(H) Quantification of the area covered by GABA signal over MAP2 area, which is normalized to the number of nuclei.

(I) Representative immunofluorescence images of 21Q, 107Q, and 107Q multi-CAA cells stained with MAP2 (green) and Hoechst (blue) to identify neurons at
DIV40. Representative traces of neuronal morphology of MAP2+ neurons are shown. Scale bars, 50 pm.

(J) Quantification of total dendritic length based on MAP2+ neurons.
K) Quantification of soma area based on MAP2+ neurons.

L) Representative immunofluorescence images of 21Q, 107Q, and 107Q multi-CAA cells stained with EZH2 (green) and lamin B1 (red). Scale bars, 10 pm.

M) Quantification of EZH2 PcG bodies number.

0O) Heatmap of VST-transformed expression values normalized by row for PRC2-regulated genes. The complete list of genes is in Table S3.
P) Graph represents CDKN2A counts at DIV40 of neuronal differentiation within each replicate of 21Q, 107Q, and 107Q multi-CAAs clones.
Q) Graph represents CDKN2A counts at DIV40 of neuronal differentiation within each replicate of 21Q, 107Q, and 107Q multi-CAAs clones.

(
(
(
(N) Quantification of EZH2 PcG bodies area (um?).
(
(
(

Data are presented as mean + SEM. For (F, H, M, and N), dots represent images from at least two clones/genotype from at least three independent biological
replicates. For (J) and (K), each dot represents a single neuron. For (P) and (Q), each dot represents a clone from at least two clones/genotype from at five in-
dependent biological replicates; one-way ANOVA followed by Tukey’s post hoc test (N and P) or Kruskal-Wallis test followed by Dunn’s post hoc test (F, H, J, K,
M, and Q) are performed and statistical analysis is reported in Table S1. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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uninterrupted CAG repeat promotes suboptimal LGE differentia-
tion while favoring an increased proportion of MGE-like neuronal
identities. These findings strongly suggest that the impaired
striatal differentiation observed in 107Q neurons is driven by
CAG purity rather than polyQ tract length. As further support of
this hypothesis, comparison of the fraction of reads mapping
to HTT intron 1 as a proxy for HTT1a transcript levels exhibits a
significantly higher abundance of HTT1a in 107Q lines, but not
in 107Q multi-CAAs, compared to the 21Q line (Figure S5J;
Table S1). Altered dendritic development has been reported in
cortical neurons derived from HD-induced pluripotent stem
cells.*® To examine neuronal morphology, we assessed microtu-
bule-associated protein 2 (MAP2)-positive neuronal outgrowths
at DIV40 of differentiation. Interestingly, 21Q neurons exhibited
greater mean neurite lengths and reduced soma areas
compared to both 107Q and 107Q multi-CAA cells (Figures 5I-
5K), indicating that this phenotype is polyQ-dependent and not
rescued by the multiple CAA interruptions.’”

These findings emphasize that CAG repeat purity, indepen-
dent of polyQ length, governs repeat instability and striatal differ-
entiation abnormalities in HD neurons.

CAA interruptions restore nuclear morphology and
chromatin organization in HD neurons

HD neurons have also been associated with nuclear morphology
alterations and increased lamin B1 levels in patient brains and
adult mouse models.***® To investigate this, we immunostained
21Q, 107Q, and 107Q multi-CAA cell lines at DIV40 for lamin B1.
Compared to 21Q controls, canonical 107Q neurons displayed a
significant reduction in nuclear area and increased lamin B1 in-
tensity (Figures S6A, S6B, and S6D; Table S1), both of which
were fully recovered in 107Q multi-CAA cells (Figures SG6A,
S6B, and S6D; Table S1). Nuclear circularity, however, remained
unaffected across all lines (Figures S6A and S6C; Table S1). The
reduced nuclear area observed in 107Q neurons raises the pos-
sibility of increased H3K9me3-marked constitutive heterochro-
matin, which is closely associated with nuclear envelope
morphology.*”**® Consistent with this, we found that H3K9me3
puncta were significantly larger in 107Q neurons compared to
21Q, suggesting more compact heterochromatin in the presence
of mutant HTT (Figures S6E-S6G; Table S1). Importantly, puncta
size was fully recovered in 107Q multi-CAAs cells, suggesting
that CAA interruption influences chromatin organization
(Figures S6E-S6G; Table S1). Given PRC2’s role in regulating
facultative heterochromatin and cell-type-specific silencing of
developmentally regulated genes,**™? we next investigated
both the protein levels of key PRC2 components and the organi-
zation of nuclear bodies in our CAGINnSTEM platform. Specif-
ically, we performed western blot analyses and assessed
EZH2 puncta formation at DIV40. We found no significant differ-
ences in the total protein levels of PRC2 components or in global
H3K27me3 levels across the different genotypes (Figures S6H
and S6l; Table S1), consistent with previous findings in knockin
mouse ESC lines.>® Notably, canonical 107Q neurons displayed
a significant reduction in the number and size of polycomb group
(Pc@) foci per nucleus compared to 21Q controls (Figures 5L—
5N, S6J, and S7K; Table S1), consistent with prior reports of
mutant HTT disrupting PRC2 organization.'°*~>* Notably, all
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phenotypes were partially restored in 107Q multi-CAA cells,
further supporting a role for uninterrupted CAG repeats in HD pa-
thology. Moreover, transcriptional dysregulation in HD striatal
cells has been reported in postmortem human tissues and in
the KI-Q175 HD mouse model,*>*° implicating partial PRC2
loss of function. In addition, PRC2 facilitates neuron specifica-
tion during differentiation and contributes to the repression of
harmful transcriptional programs in adult neurons. We therefore
explored the effect of CAA interruptions on PRC2-related gene
signature derived from neuron-specific Ezh2 conditional
knockout mice® in the CAGINSTEM lines during differentiation.
We detected a significant reduction of PRC2-regulated tran-
scripts in canonical 107Q cells compared to unexpanded 21Q
controls, with partial recovery in multi-CAA clones (Figures 50-
5Q and S6L-S6N; Tables S1 and S3).

Taken together, our findings suggest that uninterrupted CAG
repeat drives HD phenotypes in neurons, leading to transcrip-
tional dysregulation and disrupted cell identity, which may
contribute to long-term neuronal loss. Furthermore, these results
highlight the primary role of HTT DNA repeat composition, rather
than the HTT protein, in governing HTT CAG instability and HD-
related phenotypes, further validating the CAGInSTEM platform
as a robust in vitro model for studying progressive genetic and
phenotypic variations in HD.

DISCUSSION

In this study, we have established a genetically engineered
platform using hESCs that harbor barcoded variants of HTT
exon 1, featuring diverse CAG sizes and nucleotide composi-
tions integrated into the native HTT locus. This innovative
CAGInSTEM platform, distinguished by its ability to monoalleli-
cally modify HTT exon 1, facilitates the generation of quality-
checked cell lines and specialized cell types within a relatively
short time frame. Crucially, we introduced an ONT third-gener-
ation long-read sequencing method for precise CAG sizing,
ensuring an accurate assessment of repeat length and compo-
sition over time. By employing the AIR for tracking CAG expan-
sion over time, we could average out possible biases arising
from the ONT error rate, as potential biases are shared between
samples across all time points. Moreover, by comparing CAG
size distributions between linearized plasmids and amplified
genomic DNA, we showed that our PCR amplification protocol
did not introduce any relevant bias. While providing very high
target enrichment, the PCR amplification came at the cost of
erasing DNA methylation and potential genomic variants
outside of the amplified locus, which may potentially play a
role in somatic instability.

Our findings elucidate the dynamics of CAG instability across
different lengths during both stem cell propagation and differen-
tiation according to a striatal protocol. We observed that clones
harboring longer canonical CAG repeats, specifically 81Q and
107Q, exhibit a linear increase in instability over time, in contrast
to clones with 45Q or fewer repeats, which remain stable under
similar conditions. This correlation between CAG length and
instability rate supports and recapitulates in vitro the model
whereby longer CAG tracts are increasingly prone to somatic
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expansion, progressively leading to transcriptional dysregulation
and pathogenic consequences.

Our study aligns with the two-stage hypothesis of HD patho-
genesis, which proposes that while inherited CAG repeats are
not initially pathogenic, they are susceptible to somatic expan-
sion over time, eventually triggering disease onset.'®'” We
show that the rate of CAG expansion correlates with repeat
length, following a linear relationship between expansion rate
and CAG size. This relationship influences both the timing of
onset and the trajectory of disease progression. Recent studies
on mismatch repair genes in mouse Htt models and human cells
have reported a similar linear correlation between repeat expan-
sion and time."®°°°® Importantly, our platform models clinically
relevant haplotypes, offering valuable insights into how these
variations impact CAG instability and associated cellular
phenotypes.

The two-stage hypothesis also provides an explanation for
why rodent models of HD require the introduction of very large
CAG tracts (>100) to display disease-like features, as their
limited lifespan does not provide enough time for typical human
pathogenic ranges (39-44 CAG) to expand somatically beyond
the critical threshold of toxicity.® Therefore, a fully HTT-human-
ized cell system, such as our CAGIinSTEM platform, provides an
optimal context to study the dynamics and mechanisms of so-
matic instability.

In this study, we demonstrate that the single loss of a CAA
interruption increases instability in 43Q CAA-only lines
compared to the canonical 45Q allele. Conversely, duplication
of the CAACAG motif reduces instability in both 81Q and 107Q
lines. Notably, multi-CAA 107Q lines, engineered to contain mul-
tiple central CAA interruptions, completely abolish the typical
pattern of somatic expansion observed in HD models. In addi-
tion, these interruptions reverse several HD-associated in vitro
phenotypes. These include impaired acquisition of striatal iden-
tity, altered transcriptional profiles in the LGE lineage, increased
HTT1a levels, and disorganized nuclear and chromatin architec-
ture that includes a partial disruption of PRC2-related gene
signature. These findings align with a model where pure CAG re-
peats form stable hairpin structures during DNA replication that
are able to promote slippage events and therefore repeat expan-
sion.®® The introduction of CAA interruptions supposedly dis-
rupts these secondary structures, preventing the DNA polymer-
ase slippage that drives somatic instability. By preventing the
formation of these pure CAG-dependent secondary structures,
CAA interruptions enhance repeat stability during cell division
and aging of post-mitotic neurons, potentially blocking the pri-
mary driver of HD progression.

A growing body of work in both mouse and human systems
implicates reduced polycomb complex activity, particularly
PRC2, in HD-associated toxicity. Transcriptional parallels be-
tween PRC2-deficient mouse models and cells derived from pa-
tients with HD support the hypothesis that partial loss of PRC2
function contributes to aberrant gene expression in a cell-type-
specific manner. This epigenetic misregulation may impair neu-
ral fate specification during development and/or promote the
inappropriate reactivation of developmental genes, ultimately
leading to neuronal vulnerability and degeneration.'®"%>° Qur
CAGInSTEM data support this model and show that PRC2-
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related phenotypes are dependent on CAG instability, as the
introduction of multiple CAA interruptions into the HTT repeat re-
stores several of these transcriptional and chromatin abnormal-
ities to near-normal levels. These results raise the possibility that
introducing CAA interruptions into the repeat could have thera-
peutic value in HD. Although a CRISPR-based approach has
been recently reported in a proof-of-principle study with some
positive outcomes,*®®"%2 the translation of such an approach
remains highly speculative as gene-editing technologies face
significant challenges in the efficiency of delivery and precision
of modification in post-mitotic human neurons in vivo.

Moreover, our findings point to the intriguing possibility that
some individuals may carry pathogenic-range CAG alleles yet
remain asymptomatic due to the naturally occurring central
CAA interruptions, suggesting a natural protective mechanism
at play.

In conclusion, our study contributes to the evolving under-
standing of HD pathogenesis, shifting focus from a purely poly-
glutamine-centric view to one that emphasizes the role of so-
matic CAG expansion. Through the use of a genetically
precise, humanized CAGInSTEM platform, we provide compel-
ling support for the two-stage model. By investigating clinically
relevant haplotypes, we highlight potential therapeutic avenues
for modifying CAG tract purity to mitigate disease phenotypes.
Despite its in vitro nature, our platform offers unique opportu-
nities for high-resolution screening of modifiers of CAG instability
and a deeper understanding of the molecular underpinnings of
HD. Collectively, these insights advance the goal of developing
effective interventions to halt or delay HD progression.

Limitations of the study

Despite the strengths of our system, its in vitro nature imposes
certain limitations. In particular, the absence of detectable
repeat instability in some cell lines (e.g., 45Q) may be influenced
by factors such as culture duration and detection sensitivity.
Thus, apparent mitotic stability does not rule out the emergence
of instability over longer time frames. Moreover, while providing
the advantages of an isogenic system, our hESC-based model
may not fully recapitulate the aspects of age-dependent neuro-
degenerative phenotypes observed in patient neurons and
cannot represent individual cell polymorphisms, as these are
masked by bulk analysis.
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® Raw genomic and transcriptomic sequencing data have been submit-
ted to NCBI SRA (BioProject PRINA1074134; https://www.ncbi.nlm.
nih.gov/sra/?term=PRJNA1074134).

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Rabbit anti-SOX2

Rabbit llII-TUBULIN

Mouse monoclonal anti-MAP2 Clone Ap20
Rabbit polyclonal anti-Ki67
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BD Biosciences
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Cell Signaling
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Abcam

Abcam

Millipore

Cell Signaling
Abcam

Merk

Cell Signaling
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Active Motif
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Abcam
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Life Technologies
Life Technologies
Life Technologies
Bio-Rad

Bio-Rad

Cat#sc-5279; RRID:AB_628051
Cat# AB5603; RRID:AB_2286686
Cat# 802001; AB_2564645

Cat# 556320; RRID:AB_396359
Cat#ab15580; RRID:AB_443209
Cat#3698; RRID:AB_2077832
Cat#A2052; RRID:AB_477652
Cat#ab18465; RRID:AB_2064130
Cat# ab40801; RRID:AB_731843
Cat# MAB5406; RRID:AB_2278725
Cat# 5246;RRID:AB_10694683
Cat# ab8898; RRID:AB_306848
Cat# amab91251; N/A

Cat# 5656;RRID:AB_10827977
Cat# 4905; RRID:AB_2278249
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Cat# V9131; RRID: AB_477629
Cat#A11008; RRID:AB_143165
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B27 Supplement
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brain-derived neurotrophic factor (BNDF)
Cell Culture water

Cultrex
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Dulbecco’s PBS w/o Calcium w/o
Magnesium (PBS)

EDTA 0.5M pH 8.0
ESGRO Complete Accutase
GlutaMAX (100x)

HaltTM Protease and Phosphatase
Inhibitor Cocktail 1 mM

Hoechst 33342

LDN

mTeSRTM1 basal medium
mTeSRTM1 Supplement (5x)
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Life Technologies
Life Technologies
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Sigma Aldrich
Bio-Techne
PeproTech

Life Technologies
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Millipore
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Life Technologies
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Invitrogen
CHDI Foundation

STEMCELL Technologies
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W4502-1L
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00396388-0001-006
85851

85851
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Normal Goat Serum (NGS) Vector Laboratories S-1000

N2 Supplement Life Technologies 17502-048
Penicillin/Streptomycin solution (100x) Euroclone ECB3001D
PMSF 1mM Sigma Aldrich P7626
ProLong Diamond ThermoFisher Scientific P36961

Y-27632 (ROCKi)

CHDI Foundation

00197406-0001-007

SB431542 CHDI Foundation 00447536-0000-002
SHH C-25 I R&D System 464-SH-2MG
Trypan Blue Solution Life Technologies 15250-06
TRIzoITM Reagent Life Technologies 15596018
SCR7 TOCRIS 14892-97-8
G418 ThermoFisher 10131027
SPRIselect beads Beckman Coulter B23318
Paraformaldehyde (PFA) Sigma-Aldrich P6148
Critical commercial assays
Clarity Western ECL Substrate Bio-Rad 1705061
DNA-freeTM DNase Treatment and Removal Thermo Fisher Scientific AM1906
iScript cDNA Synthesis Kit Bio-Rad 1708891 Bio-Rad 1708891
NucleoSpin Tissue® kit Machery-Nagel 740952
Human Stem Cell Nucleofector® Kit Lonza VPH-5012
PrimeSTAR® HS DNA Polymerase Takara R0O44A
with GC Buffer
Phusion High-Fidelity DNA Polymerase Thermo Fisher F530S
PrimeStar Max Polymerase Takara RO45A
Q5® High-Fidelity DNA Polymerase NEB M0491
Ligation sequencing kit ONT SQK-LSK110
Native barcoding kit ONT EXP-NBD104
EXP-NBD114
Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225
SsoFast EvaGreen” Supermix Bio-Rad 172-5202

Deposited data

Raw genomic sequencing data

Raw transcriptomic sequencing data

NCBI SRA

NCBI SRA

BioProject PRINA1074134 https://www.
ncbi.nim.nih.gov/sra/?term=PRJNA1074134
BioProject PRUINA1074134 https://www.
ncbi.nim.nih.gov/sra/?term=PRJNA1074134

Experimental models: Cell lines

Human: H9 (WA-09) hESC line

WiCell Research Institute

NIHhESC-10-0062

H9-RMCE parental 107Q/(CAG)105-CAACAG This paper N/A
H9-21Q/(CAG)19-CAACAG This paper N/A
H9-45Q/(CAG)43-CAACAG This paper N/A
H9-81Q/(CAG);s-CAACAG This paper N/A
H9-107Q CAACAG-dup This paper N/A
H9-107Q multi-CAAs This paper N/A
H9-83Q CAACAG-dup This paper N/A
H9-43Q CAA-loss This paper N/A
H9-107Q CAA-loss This paper N/A
Experimental models: Organisms/strains

Primers sequence for PCR and qRT-PCR see Table S2 This paper N/A
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Recombinant DNA

pCAG-Flpe:GFP Addgene 13788
pCAG-Cre:GFP Addgene 13776
pUC57_HDR_RMCE_(CAG)19-CAACAG/21Q_PuroR Genscript custom DNA sinthesis
pUC57_HDR_RMCE_(CAG)43-CAACAG/45Q_PuroR Genscript custom DNA sinthesis
pUC57_HDR_RMCE_(CAG);o-CAACAG/81Q_PuroR Genscript custom DNA sinthesis
pUC57_HDR_RMCE_(CAG)105-CAACAG/107Q_PuroR Genscript custom DNA sinthesis
pUC57_HDR_RMCE_CAG07/107Q_LOI_PuroR Genscript custom DNA sinthesis
pUC57_HDR_RMCE_(CAG)105(CAACAG),/ Genscript custom DNA sinthesis
107Q_DUP_PuroR

pUC57_HDR_RMCE_([(CAG).1CAA]L(CAG)+7 Genscript custom DNA sinthesis
CAACAG)/107Q_multi CAAs_PuroR

pUC57_HDR_RMCE_(CAG),s(CAACAG), Genscript custom DNA sinthesis
CAACAG/81Q_DUP_PuroR

pUC57_HDR_RMCE_(CAG)45/43Q_LOI_PuroR Genscript custom DNA sinthesis

Software and algorithms
nf-core rnaseq v3.14.0-gb89fac3 Nextflow pipeline

Di Tommaso et al.*® https://doi.org/10.5281/zenodo.13986791

Patel et al.®
DESeq?2 package v1.12.3 and Dependencies Love et al.®® t http://www.bioconductor.org/packages/
release/bioc/html/DESeqg2.html.
R 4.3.1 N/A https://cran.r-project.org/bin/windows/

base/old/4.3.1/

GenomicAlignments v1.36.0

Pagés et al.%®

https://doi.org/10.18129/B9.bioc.Biostrings

Guppy v5.0.7 ONT proprietary software N/A

Straglr v1.2.0 Chiu et al.?® https://github.com/bcgsc/straglr
BLASTN v2.12 Zhang et al.®” N/A

FIJI - ImagedJ N/A https://fiji.sc/

CFX Manager Software N/A Bio-Rad

GraphPad Prism N/A https://www.graphpad.com/
NIS-elements Analysis softwere Nikon N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

hES cell culture

Human embryonic stem (hES) H9 female cell line (WiCell) and derived edited clones were cultured on cultrex (80-120 pg/mL, Bio-
Techne)-coated dishes in complete mTeSR1 medium (STEMCELL Technologies) plus 1x Penicillin/Streptomycin solution (Euro-
clone). The medium was changed daily, and cells were dissociated twice a week with PBS (Euroclone) plus 0.5 mM EDTA (Millipore)
for passaging. hES H9 and derived edited cells were checked by Q-banding analyses (BioKryo, Italia) to evaluate the karyotype. The
lines were regularly tested and maintained mycoplasma-free (Eurofins Genomics).

METHOD DETAILS

Plasmid donor library and sgRNA design

The donor plasmids pUC57_HDR_RMCE_(CAG)19-CAACAG/21Q_PuroR, pUC57_HDR_RMCE_(CAG)43-CAACAG/45Q_PuroR,
pUC57_HDR_RMCE_(CAG)79-CAACAG/81Q_PuroR and pUC57_HDR_RMCE_(CAG)105-CAACAG/107Q_PuroR were synthesized
by GenScript. PuroR was substituted by NeoR with cut and paste cloning strategy using Spel/Notl restriction enzyme (NEB). Simi-
larly, the donor plasmids pUC57_HDR_RMCE_CAG107/107Q_LOI_PuroR, pUC57_HDR_RMCE_(CAG)105(CAACAG)2/107Q_DUP_
PuroR, pUC57_HDR_RMCE_([(CAG)21CAA]4(CAG)17CAACAG)/107Q_multiCAAs_PuroR, pUC57_HDR_RMCE_(CAG)78(CAACAG)
2CAACAG/81Q_DUP_PuroR and pUC57_HDR_RMCE_(CAG)45/43Q_LOI_PuroR were synthesized by GenScript. All pUC57 plas-
mids contains the HTT exon1 variant followed by a construct-specific barcode and the antibiotic resistance cassette (neomycin
or puromycin resistance gene under the control of hPGK promotor) enclosed by FRT sites. All the genetic elements are enclosed
between WT LoxP and the LoxP2272 sites placed in the same orientation. Outside LoxP sites, homology arms were designed to drive
Cas9-assisted targeting by homologous directed repair (HDR). gRNA2 (GTGTGAGGCAGAACCTGCGG) and gRNA1i (GGCAC

20  Cell Reports 44, 116685, December 23, 2025


https://doi.org/10.5281/zenodo.13986791
http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://cran.r-project.org/bin/windows/base/old/4.3.1/
https://cran.r-project.org/bin/windows/base/old/4.3.1/
https://doi.org/10.18129/B9.bioc.Biostrings
https://github.com/bcgsc/straglr
https://fiji.sc/
https://www.graphpad.com/

Cell Reports ¢ CellPress

OPEN ACCESS

TTAAAACAGCCT) used for the integration of pUC57_HDR_107Q_PuroR donor plasmid were synthetized by IDT. Alt-R CRISPR-
Cas9 tracrRNA (IDT 1072534) and the two designed Alt-R CRISPR-Cas9 crRNAs were assembled individually in duplex buffer
(IDT #11050112) for 5 min at 95°C followed by slow cool down to RT.

Generation of H9-RMCE parental cell line

H9 cells were detached in AccutaseTM (Millipore) following the manufacturer’s instruction. 2 x 106 cells were nucleofected with 1 pg
of puUC57_HDR_RMCE_107Q_PuroR donor plasmid and 20 pmol of equimolar Alt-R S.p. HiFi Cas9 Nuclease V3 (IDT # 1081060) and
sgRNA RNP complex using Nucleofector kit (Lonza), in Nucleofector Il (Amaxa biosystems) using B-016 program. After nucleofec-
tion, cells were plated in mTeSR media with 10 pM RI (Y-27632, provided by CHDI foundation) and 1 pM of SCR7 (TOCRIS) for 24 h.
Two days after nucleofection, cells were daily treated with 0.1 mg/mL G418 (ThermoFisher) for 5 days to select and isolate recom-
binant cells. The presence of RMCE cassette was validated by LHA-PCR, Geno-PCR and RHA-PCR (see Table S2 and “Genomic
DNA extraction and PCR” paragraph).

To eliminate potential confounding effects of the antibiotic selection cassette, 2 x 106 targeted H9 cells were nucleofected with
6 ng of pCAG-Flpe:GFP (Addgene) by using Nucleofector kit (Lonza) using B-016 program. Two days after nucleofection, cells were
single sorted in five 96-well plates to isolate individual clones using a FACSaria Ill SORP cell sorter (BD Biosciences).

The following quality controls were performed: (i) the integration of the RMCE cassette was assessed by LHA-PCR,; (ii) the allele-
specificity of the targeting was assessed using the genotype-PCR,; (iii) the absence of the antibiotic-resistance cassette was
confirmed by RHA-PCR,; (iv) the absence of plasmid random insertions was assessed by RI-LHA, RI-RHA, RI-AMP, RI-ORI PCRs
mapping on distinct portions of donor and general vector sequences not involved in the recombination process (see Table S2
and “Genomic DNA extraction and PCR” paragraph); (v) the functionality of the HTT locus was tested by gRT-PCR; (vi) maintenance
of cell pluripotency was evaluated by analyzing OCT4, SOX2, NANOG transcript and protein expression by gRT-PCR (see Table S2
and “RNA isolation and gRT-PCR” paragraph) and immunofluorescence staining (see “Immunofluorescence and confocal imaging”
paragraph). Three RMCE-H9 master cell lines were isolated upon targeting with the (CAG)105-CAACAG HTT exon1 modification. The
resulting clones carry an unmodified wild type allele is 17 CAG.

Generation of the CAGIinSTEM platform with increasing CAG length and/or modified CAG stretch composition within
HTT exon1

To generate the entire platform, 2 x 106 cells of the RMCE-H9 parental clones (#01, #04, #25) were nucleofected with 1 pg of
pUC57_HDR_RMCE plasmid carrying a specific exon1 variant and 1 pg of pCAG-Cre:GFP (Addgene) by using Nucleofector kit
(Lonza), in Nucleofector Il (Amaxa biosystems) using the B-016 program. Antibiotic selection was used to enrich for successful trans-
formants by daily treating cells with 0.1 mg/mL G418 or 1 pg/mL puromycin for 5 days. To eliminate potential confounding effects of
the antibiotic selection cassettes, 2 x 106 targeted cells were nucleofected with 6 pg of pPCAG-Flpe:GFP (Addgene) by using Nucle-
ofector kit (Lonza) in Nucleofector Il by using B-016 program, for antibiotic cassette removal. Two days after nucleofection, cells were
single sorted into five 96-well plates to isolate individual clones using a FACSaria Ill SORP cell sorter. Surviving cells (on average 60
clones) were amplified and screened based on the same quality controls described for the isolation of the RMCE-master cell lines.
The described workflow was performed for all three previously established H9 -RMCE master cell lines to generate each HTT variant.

gDNA extraction and PCR

gDNA extraction was performed using a NucleoSpin Tissue kit (Machery-Nagel #740952) according to the manufacturer’s instruc-
tions. The quality and concentration of all extracted DNA samples were verified by spectroscopic analysis (NanoDrop 1000—
ThermoScientific).

The LHA-PCR reaction was performed in a total volume of 25 pL with 100 ng of genomic DNA using PrimeSTAR HS DNA Polymer-
ase with GC Buffer (Takara #R044A) following manufacturer instructions. The amplification consisted of 30 cycles of 10s at 98°C, 5 s
at 55°C, and 17 s at 72°C.

The Geno-PCR reaction was performed in a total volume of 20 pL with 50 ng of genomic DNA using Phusion High—Fidelity DNA
Polymerase (Thermo Fisher #F530S) following manufacturer’s instructions with GC buffer. The amplification consisted of 3’ minutes
at 98°C; 30 cycles of 10 s at 98°C, 30 s at 70°C, 5 s at 72°C; 10 min at 72°C.

In the case of pUC57_HDR_RMCE plasmids carrying NeoR, the RHA-PCR was performed with F3polyA_FW and HTT3’_RV2
primers in a total volume of 25 pL with 50 ng of genomic DNA using PrimeStar Max Polymerase (Takara #R045A) following manufac-
turer’s instructions. The amplification consisted of 30 cycles of 10 s at 98°C, 5 s at 55°C, 15 s at 72°C.

In the case of pUC57_HDR_RMCE plasmids carrying PuroR cassette resistance, the RHA PCR was performed with HTT3’_RV2
and PURO_RV2 primers in a total volume of 25 pL with 50 ng of genomic DNA using PrimeStar Max Polymerase (Takara #R045A)
following manufacturer’s instructions. The amplification consisted of 28 cycles of 10 s at 98°C, 5 s at 55°C, 17 s at 72°C.

The ONT-PCR was performed in a total volume of 25 pL with 50 ng of genomic DNA using PrimeStar Max Polymerase
(Takara #R045A) following manufacturer instructions with the addition of 1M Betaine (Sigma #14300). The amplification consisted
of 30 cycles of 10 s at 98°C, 5 s at 55°C, 17 s at 72°C.
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The RI-LHA PCR and the RI-RHA PCR were performed in a total volume of 25 pL with 50 ng of genomic DNA using Q5 High-Fidelity
DNA Polymerase (NEB #M0491) following manufacturer’s instructions. The amplification consisted of 30 s at 98°C; 30 cycles of 10 s
at 98°C, 30 s at 61°C, 15 s at 72°C; 2 min at 72°C.

The RI-AMP PCR and the RI-ORI PCR were performed in a total volume of 15 uL with 50 ng of genomic DNA using Q5 High-Fidelity
DNA Polymerase (NEB #M0491) following manufacturer’s instructions. The amplification consisted of 30s seconds at 98°C; 30 cycles
of 10 s at 98°C, 30 s at 67°C, 30 s at 72°C; 2 min at 72°C.

PCR products quality and length were assessed by gel electrophoresis. PCR products were sequenced using Sanger technology
(Eurofins Genomics) when required. For all the primers sequences used, see Table S2.

PCR clean-up and ONT library preparation

For sequencing using ONT, each PCR amplicon was cleaned-up using a 0.7 x concentration of SPRIselect beads (Beckman Coulter,
#B23318) to size select the amplicons of interest and get rid of amplicons shorter than ~2000bp. Amplicons were then transferred
with a 5x concentration of QIAGEN Buffer PB (QIAGEN, #19066) in a silica membrane column (ZYMO RESEARCH, #C1004) and cen-
trifugated for a minute at 11.000g. After two washes of DNA using Wash solution (ZYMO RESEARCH, #D4003-2), final eluates in
nuclease-free water were obtained. Size selected amplicons were then quantified using the Qubit 4 Fluorometer (Invitrogen,
#Q33238) coupled with the Qubit1X dsDNA high sensitivity assay kit (Invitrogen, #Q33230). 200 fmol of size selected amplicons
were processed for ONT sequencing according to manufacturer’s instructions. Briefly, the amplicons library was prepared using
the Ligation sequencing kit (ONT #SQK-LSK110) combined with the Native barcoding kit (ONT #EXP-NBD104, #EXP-NBD114) to
multiplex up to 12 amplicons. ONT library was loaded on R9.4.1 flow cells following the manufacturer’s instructions, and sequencing
was performed for 72h. For each R9.4.1 flow cell, the availability of sufficient active pores was confirmed on arrival and directly before
the sequencing run.

Striatal differentiation

The striatal differentiation protocol was performed according to Conforti et al. 2022°* with minor modifications. Briefly, 80% confluent
cells were dissociated using Accutase (Millipore #SF006), counted and plated on cultrex-coated dishes at low confluency (10’000
cells/cm?) in complete mTeSR1 medium supplemented with 10pM ROCK inhibitor (Y-27632, provided by CHDI foundation).

After two days of expansion, cells were exposed to Dual-SMAD inhibition for neuronal induction for 12 days (10pM SB431542,
500nM LDN193189 (provided by CHDI foundation), N2 Supplement (Life Technologies # 17502-048), B27 Supplement without
(Life Technologies), 1x Penicillin/Streptomycin solution (Euroclone ECB3001D), 1x GlutaMAX solution (Life Technologies
#35050-38) in DMEM/F12 (Life Technologies # 21331-020). On DIV 7, cells were dissociated with PBS plus 0.5 mM EDTA (Millipore
#324506) and re-plated in a 1:2 dilution on cultrex (120-180 pg/mL)-coated dishes by supplementing the medium with 10pM ROCK
inhibitor. Starting on DIV12 until DIV25 medium was supplemented with 200 ng/mL recombinant human SHH C-25 Il (R&D System #
464-SH-2MG) and 100 ng/mL DKK-1 (PrepoTech # 120-30). On DIV21 cells were detached upon Accutase dissociation and re-plated
at a cell density of 2 x 10* cells/cm? cell density on cultrex 160-240 ug/mL -coated dishes. Cells were maintained, in DMEM/F12 plus
N2 Supplement, B27 Supplement with retinoic acid (Life Technologies # 17504-044), 20 ng/mL BDNF (PrepoTech #450-02), recom-
binant human SHH C-25 Il (R&D System # 464-SH-2MG) and 100 ng/mL DKK-1 (PrepoTech # 120-30) by partially change medium
every three days until day 25. Human SHH C-25 Il and DKK-1 were then removed starting from day 26 until the end of the differen-
tiation protocol.

Immunofluorescence and confocal imaging

For ICC cells were fixed for 15 min in ice-cold 4% paraformaldehyde (PFA) (Sigma-Aldrich, #P6148) in sodium phosphate (PBS)
buffer, pH 7.4 followed by three washes in PBS. Coverslips were then permeabilized with 0.5%Triton X-100 in PBS for 10 min
and incubated in blocking solution (0.25% Triton X-100, 2.5% Normal Goat Serum +0.5mg/mL BSA +2.5%FBS in PBS) for 1 h at
room temperature (RT). Cells were incubated with primary antibodies against OCT4 (Santa cruz #5279, 1:100), SOX2 (Millipore
#ab5603; 1:200), plII-TUBULIN (BioLegend, cat. n. 802001, 1:1,000), MAP2 (Becton Dickinson, cat. n. 556320, 1:500), Ki67 (Abcam
#15580; 1:5000); p27 (Cell signaling #3698; 1:300); GABA (Sigma, cat. n. A2052, 1:500), CTIP2 (Abcam #ab18465, 1:1000), GAD67
(Millipore #MAB5406, 1:1000), DARPP32 (Abcam #ab40801, 1:250), EZH2 (Cell Signaling #5246, 1:500) and H3K9me3 (Abcam
#ab8898, 1:500) overnight at +4°C, or primary antibody against lamininB1 (Merk #amab91251, 1:500) 3 h RT. Then, cells were incu-
bated for 1 h at RT with the appropriate fluorophore-conjugated secondary antibody (Alexa Fluor, Invitrogen, 1:500) and 30 min
with 0.1 pg/mL Hoechst (Invitrogen, cod. 33342) to counterstain nuclei. All the antibodies were diluted in blocking solution. Finally,
coverslips were mounted with ProLong Diamond (ThermoFisher Scientific #P36961) after washing three times for 30 min with PBS.
Pictures of hESCs and differentiated neurons were captured using a Leica TCS SP5 Confocal Laser Scanning Microscope (Leica
Microsystems) equipped with a 40x (NA 1.4) oil immersion. The percentage of cells positive for striatal markers DARPP32,
CTIP2, and GAD67 was computed manually using the cell counter feature of ImageJ.®* The quantification of the PcG foci and LaminB
was performed with an automated pipeline described in.°® After loading the Hoechst- or LaminB- stained nuclei and PcGs immuno-
fluorescence, images were converted into grayscale. The measurement of the PcGs intensity, size, and shape was performed after
nuclei segmentation by the IdentifyPrimaryObject algorithm. Partial nuclei at the image borders were discarded.
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Quantification of Ki67 and p27 positive cells was performed with NIS-element. Confocal images acquired at 40 x magnification with
2x digital zoom were analyzed through the General Analysis tool, using a custom pipeline optimized for parameters such as back-
ground and object size. The same pipeline was applied uniformly across all samples. The number of Ki67 and p27 positive cells was
then normalized over the total number of Hoechst 33342 positive nuclei.

Quantification of the GABA area, based on GABA/MAP2 staining, was performed with NIS-element. Confocal images taken at 40x
were automatically quantified by a general analysis tool employing a custom pipeline set on parameters such as background and
dimension. The same pipeline was used for all the sub-clones. The area covered by GABA positive cells was then normalized to
the area covered by MAP2 positive cells normalized over the total number of Hoechst 33342 positive nuclei.

Quantification of total dendritic length and soma area, based on MAP2 staining, was performed manually with Fiji in blind for
genotypes.

For the presentation of confocal images, multiple focal planes with z-spacing of 0.2-0.5 pm were flattened by Imaged maximum
projection, and contrast was enhanced by linear methods using ImageJ (NIH, Bethesda, MD, USA).

Western blotting

hES cells were collected and homogenized in RIPA buffer (Tris-HCI pH8 50 mM, NaCl 150 mM, SDS 0.1%, NP40 1%) supplemented
with PMSF 1mM (Sigma-Aldrich) and Halt Protease & Phosphatase Inhibitor Cocktail 1mM (Thermo Fisher Scientific). Homogenized
cells were incubated for 10 min at +4°C and then centrifuged at 13,500 g for 20 min at +4°C. Total amount of protein extracts was
quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 50 pg of proteins were loaded per track onto a 5% poly-
acrylamide gel for Huntingtin. 30 pg of proteins were loaded for PRC2 subunits and H3K27Me3 onto a 7.5% and 12% polyacrylamide
gel respectively. Proteins were transferred onto a nitrocellulose membrane using the Trans-Blot TurboSystem (Bio-Rad) and blocked
in 5% BSA (Merck Life Science A3059; dissolved in TBS-0.1% Tween-10). Nitrocellulose membranes were immunoprobed with pri-
mary antibody against: Huntingtin (Cell Signaling #5656; 1:5000), EZH2 (Cell Signaling #4905; 1:1000), SUZ12 (Active Motif 39357;
1:1000), EED (Abcam ab240650; 1:1000), H3K27Me3 (Millipore #07-449; 1:1000), H3 (Abcam ab1791; 1:5000) overnight at 4°C.
Appropriate HRP-conjugated secondary antibody was detected using Clarity Western ECL Substrate (Bio-Rad). Vinculin (Sigma
#V9131; 1: 5000) was used as housekeeping gene. Protein bands were detected by the Chemidoc MP imaging system (Bio-Rad)
and densitometric analysis were performed using ‘Analyze gels’ plugin of ImageJ analysis software (NIH, Bethesda, MD, USA).

RNA isolation and qRT-PCR

Total RNA from hES cells and terminal differentiated neurons was isolated with TRIzol reagent (Life Technologies #15596018) accord-
ing to the manufacturer’s instructions. The integrity of the purified RNA and the absence of genomic DNA contamination were as-
sessed by non-denaturing agarose gel electrophoresis. In the presence of genomic DNA contamination, RNA extracts were treated
with the DNA-free DNase Treatment and Removal kit (Invitrogen AM1906). 500ng of total RNA was reverse transcribed with iScript
cDNA Synthesis Kit (Bio-Rad #1708891) following the manufacturer’s instructions to produce cDNA. Quantitative real time (QRT)-
PCR was performed using a CFX96TM Real-Time System (Bio-Rad) and analyzed with the CFX Manager Software (Bio-Rad). All re-
actions were performed in 15 pL containing 50 ng cDNA and SsoFastTM EvaGreen Supermix (Bio-Rad 1725204). Primer pairs used
for HTT, OCT4, SOX2 and NANOG amplification are reported in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs and statistical analysis were performed by GraphPad Prism and R v4.3.1 software. First, outlier identification was performed
and outlier values were excluded when present. Then, the Shapiro-Wilk normality test was performed to assess the normal distribu-
tion of data. When normally distributed, the data were analyzed using an unpaired Student’s t test or one-way ANOVA followed by
Tukey’s post hoc t test as appropriate. If the data violated the normality test, unpaired Mann-Whitney’s t test or Kruskal-Wallis test,
followed by Dunn’s post hoc test, was performed as appropriate. For the CAG instability index, two-way ANOVA followed by Tukey’s
post hoc test and linear regression were performed. p values < 0.05 were considered statistically significant and are detailed in
Table S1.

ONT sequence data analysis

We developed a pipeline that combines existing software with custom scripts. As a preprocessing step, we base-called sequencing
reads with Guppy v5.0.7 in “sup” mode, applying a Q-score cutoff of 10 to filter out lower quality reads. While base-calling, Guppy
also trims ONT barcodes and compresses fastq files, optimizing storage space. Preprocessed reads are then analyzed using our
novel T-Rex Nextflow®® pipeline. The Nextflow framework exploits containerized technology (Docker, Singularity) for increased
reproducibility and increased portability across platforms. Starting from a set of fastq files and a sample sheet reporting metadata
for each sample (e.g., clone ID, replicate ID, DIV, and location of the fastq and barcode files), the pipeline performs genome align-
ment, barcode filtering, CAG sizing and adjusted instability evaluation. In particular, alignment to the GRCh38 reference genome
is performed by Guppy, which incorporates Minimap2,69 generating BAM files. For efficient downstream CAG sizing, we combine
groups of 100 BAM files into merged BAM files, using Samtools v1.187° for merging and indexing. These merged files are then
analyzed with Straglr v1.2.0°° using a custom BED file (chr4 3074868 3074948 CAG) as —loci parameter, to accurately account for
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flanking regions. In parallel, our pipeline scans sequencing reads, looking for the expected barcode within the RMCE cassette. The
process begins with converting fastq files to fasta using awk, followed by barcode detection using BLASTN v2.12,%” with the argu-
ments “-task blastn-short” and “-outfmt 6” for short sequence tasks and customized output formatting.

Next, we evaluate the adjusted instability rate with a custom R script; this analysis requires three main inputs: a tsv file reporting
CAG sizing information by Straglr, a tsv file reporting read-to-genome alignment information by Guppy, and a tsv file reporting read-
to-barcode alignment information by BLASTN. The R script first filters sequencing reads based on alignment coverage, genomic co-
ordinate, and BLAST score. To mitigate the effects of reads unbalancing, a resampling method is applied. Specifically, reads across
cell clones for each time point are downsampled to the number of the smallest sample at the specific time point, ensuring an even mix
of reads generated by the sequencing of forward and reverse strands, to account for context-specific sequencing errors of the Nano-
pore platform. This normalization process is repeated 100 times, and the adjusted instability rate is then reported as the median of
these iterations (Figure S2A). We also tested a different subsampling strategy, by considering the smallest number of reads
across samples from all time points, and a variable number of iterations — ranging from 10 to 500. This analysis confirmed that
the downsampling strategy and the number of iterations had little effect on AIR values, as shown by the lack of statistically significant
differences in a two-way ANOVA analysis, that compared the time course of AIR across variable number of iterations (Figures S2B
and S2C). The script evaluates the CAG size distribution for each DIV, clone and replicate, and identifies the most frequent CAG size
as the main peak for each condition. The adjusted instability rate is then calculated according to the formula by Lee et al., 2010,%° with
modifications to peak steps as per Nakamori et al., 2020% (Figure S2A), using 20% of the highest peak as the minimum frequency
threshold and using DIVO (Self-renewal) or DIV21 (Differentiation) for adjusting the instability index.

The complete codebase, including the Nextflow workflow configurations and the R script, is available at the following GitHub
repository: https://github.com/GianlucaDamaggio/T-Rex.

Bulk RNA-seq

RNA was isolated and quality checked as described above. 150 ng of total RNA for each sample was dissolved in RNAse-, DNAse-
water. RNA sequencing was carried out by Eurofins Genomics on an lllumina NovaSeq 6000 platforms in two batches, to generate
150 bp paired-end reads. Sequencing reads were preprocessed with nf-core rnaseq v3.14.0-gb89fac3 Nextflow pipeline.®*5* Spe-
cifically, sequencing reads were trimmed and quality filtered with fastp v0.23.4”" and their sequencing quality was checked with
FastQC v0.12.1.”? Reads generated from residual ribosomal RNA were then identified and removed with SortMeRNA v4.3.4.”°
Filtered reads were aligned to GRCh38 human reference genome with STAR v2.7.10a’* and the resulting alignments were com-
pressed and saved in sorted BAM files with Samtools v1.17.”° RSEM v1.3.17® was then used to estimate gene expression levels
from BAM files, using annotations from Ensembl v.110 GTF file for GRCh38 reference genome.

Gene counts were imported in R environment with tximport function’” and a DESeq object was created with DESeqDataSetFromT-
ximport function from DESeq2 package v1.12.3.°° Genes with less than 5 counts in at least four samples were discarded. A differ-
ential expression analysis was then performed using DESeq function, using GT and Batch as covariates. Genes were considered as
differentially expressed (DEGs) in case padj <0.05 and |log2FC| > 0.25.

The number of DEGs in each comparison (107Q vs. 21Q, 107Q vs. 107Q-multiCAAs, 107Q-multiCAAs vs. 21Q) was plotted as a
barplot with ggplot2 v3.5.07° and their intersection was plotted using upset function from UpSetR v1.4.0 package.”®

Read counts for DEGs were normalized and transformed with vst function from DESeq2 package and corrected for batch effect
using removeBatchEffect function from Limma v3.56.2 package.®® Transformed and batch-corrected counts were scaled by the
mean expression value of the gene across samples and saturated between 0.9 and 1.1. Such expression values were then plotted
as a heatmap with pheatmap function from pheatmap v1.0.12 package.®’

BAM files for reads mapping to HTT gene were imported in R using readGAlignmentPairs function from GenomicAlignments
v1.36.0,°° and the number of reads mapping to intron 1 of HTT transcript was calculated with findOverlaps function from
GenomicAlignments package. The number of HTT intron 1 reads, expressed as Transcripts Per Million (TPM), was evaluated for
each sample and considered as a proxy for HTT1a levels.

The list of the PRC2 regulated genes was derived from Von Schimmelmann et al.,>” Nature Neuroscience Table S3 reporting genes
found altered upon PCR2-delition in WT mice.
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