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The molecular mechanisms by which mutant huntingtin (mHTT) drives pathogenesis in Huntington’s disease (HD) remain
incompletely defined. Here we show that neurogenesis is disrupted at multiple stages of lineage progression in both rodent and
human neural stem cell (NSC) models of HD. We identify a previously unrecognized phenotype characterized by aberrant expansion
of early multipotent progenitors coupled to a profound defect in astrogliogenesis, whereby HD astrocytes fail to express glial
fibrillary acidic protein (GFAP). Mechanistically, this defect arises from dysregulation of an epigenetic regulatory axis involving EZH2
and LIN28 upregulation together with reduced expression of the mature let-7g microRNA. Epigenetic pharmacological
interventions, targeting this pathway at distinct nodes—through EZH2 modulation, let-7g restoration, or LIN28 inhibition—rescued
astroglial differentiation in human HD cells and improved motor function in a Drosophila HD model. Our findings suggest that
mHTT might trigger a dual-phase astroglial failure: an early developmental impairment followed by a collapse of regenerative
gliogenesis. This bimodal mechanism proposes astrocytic dysfunction as a central driver of HD pathogenesis. Finally, we identify a
panel of clinically relevant epigenetic compounds that, by converging on distinct targets within this axis, hold promise for stage-
spanning therapeutic strategies capable of modifying disease trajectory.
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INTRODUCTION invariably leading to disease onset [11]. The resulting mutant

Huntington’s disease (HD) is a progressive neurodegenerative
disorder affecting motor [1], cognitive [2], and psychiatric [3]
functions. Notably, clinical signs typically emerge years before
neuroimaging and neuropathological abnormalities become
detectable [4-10].

HD is caused by an expanded CAG trinucleotide repeat in the
HTT gene (chromosome 4p16.3), with repeats exceeding 39

protein (mHTT) interacts with over 350 cellular targets [12, 13],
disrupting multiple cellular processes across various tissues, with
the central nervous system (CNS) being the most profoundly
affected. While multiple brain regions are involved, the basal
ganglia, and particularly the medium spiny GABAergic neurons of
the indirect pathway, undergo the most pronounced neurode-
generation [14-16].
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Glial dysfunction is also a hallmark of HD. mHTT activates
neuroinflammatory pathways—including NF-kB [17] and kynurenine
signaling [18] leading to aberrant microglial activation and reactive
astrogliosis [19]. Increasing evidence indicates that astrocytes
contribute actively to HD pathogenesis, not only through reactive
responses to neuronal injury but also through cell-autonomous

alterations that impair metabolic support, synaptic regulation, and
inflammatory signaling [20]. Astrocyte dysfunction contributes to
glutamate-mediated excitotoxicity, as reduced expression of mainly
the glutamate transporters GLAST and GLT-1 impairs glutamate
clearance, resulting in elevated synaptic glutamate and overstimula-
tion of NMDA and AMPA receptors in the striatum [21, 22].
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Fig. 1 zQ175 Mice Exhibit Early Neurogenic Niche Dysfunction and Impaired Neural Stem Cell Properties. a Representative fluorescent
images showing KI-67 (red), GFAP (green), MASH1 (green), DCX (green), and DAPI (blue) staining in the RMS and SVZ of WT and zQ175 mice at
post-natal day 7. Immunohistochemical analyses were performed on three separate litters. Scale bar: 20 pm. b SVZ area (total pixels/number of
slices), ¢ KI-67+ cells, d MASH1+ cells, e % of Doublecortin+ (DCX +) area, f MASH1 + KI-67+ cells, g % of GFAP+ area in zQ175 mice
compared to WT mice. Each dot represents an individual mice (n = 8, except for DCX+ area, where n = 7). h Experimental scheme for mNSC
line derivation from the SVZ of WT and zQ175 mice at post-natal day 25. i Number of viable WT- and zQ175-mNSCs after 7, 14, and 21 days of
culture. j Clonal index of zQ175-mNSCs relative to WT-mNSCs, expressed as the percentage of clonal efficiency. All neurosphere experiments
were performed in triplicate. k Experimental scheme (left) and representative immunofluorescence images (right) of spontaneous in vitro
differentiation of WT- and zQ175-mNSCs into neurons (TUBB3+ cells, red), astrocytes (GFAP+ cells, green), and oligodendrocytes (GALC+
cells, red), 10 and 17 days after epidermal growth factor (EGF) removal. Scale bar: 100 pm. | % of neurons, neurite length (um), % of
oligodendrocytes, and % of astrocytes at 10 and 17 days of differentiation in zQ175-mNSC-derived neural cultures compared to WT cultures.
Differentiation assays were performed in triplicate; for each biological replicate, 10 microscopy images per coverslip were analyzed. The
reported values represent the median of image analyses from three independent experiments. In the image, dots correspond to one
experiment for a line. zQ175 slices, zZQ175-mNSCs, and differentiations are shown in orange, while the WT counterparts are in gray. All data are
expressed as mean + Standard Deviation (SD). Data were analyzed using unpaired Welch’s t-test (b-g, n =_8; j n =4), two-way ANOVA with

Eonferroni’s post hoc correction (i, n = 3), or Mann-Whitney U test (I). Statistical significance: *p <0.05, **p < 0.01, ***p < 0.001.

It is now evident that CNS damage begins decades before
clinical onset [10, 23], with emerging evidence pointing to early
developmental impairments. mHTT has been shown to disrupt
neuronal migration [24, 25] and hinder oligodendrocyte
maturation [26]. Even the earliest stages of neurodevelopment
appear affected, including the activity of neural stem cells
(NSCs) [27-29]. Supporting this, post-mortem analyses revealed
an expansion of the subventricular zone (SVZ) - a region wherein
NSCs reside in HD brains [30, 31]. In this perspective, early
developmental disturbances affecting lineage specification
might represent an underappreciated component in brain
pathogenesis in HDs. In particular, defects arising precociously
at the level of neural progenitors could establish subtle
vulnerabilities in both neuronal and glial lineages that con-
tribute to degeneration and disease progression throughout life.
However, while neuronal developmental alterations have been
investigated to some extent, the impact of mHTT on early
astroglial development and astrogliogenesis remains compara-
tively poorly understood.

In this view and given the essential role of astrocytes in HD
pathology and the limited knowledge on their developmental
alterations in this disease, we sought to understand how mHTT
alters neurogenesis, with particular attention to early neural
precursors and astrogliogenesis.

Using NSCs from the zQ175 knock-in mouse model and from
patient-derived iPSCs with various CAG repeat expansions (43, 64,
85), we observed increased proliferative activity in a subset of
multipotent neural precursors and impaired astrocytic differentia-
tion. Mechanistically, we found that both phenotypes arise from
dysregulation of a central, tri-component molecular circuitry that
underpins key epigenetic pathways. This phenomenon can be
rescued pharmacologically, also in an in vivo Drosophila model of
HD, highlighting a potential therapeutic axis to correct early
developmental defects in HD.

RESULTS

SVZ-derived zQ175 NSCs expressing mHTT exhibit
dysregulated self-renewal, increased proliferation, and
altered differentiation

In postmortem brain specimens from HD patients, neurogenic
regions such as the subgranular and subependymal zones of the
hippocampus (SGZ/SGL) and lateral ventricles (SVZ/SEL) appear
dysplastic and show increased cellular proliferation [30, 32].
Findings in rodent models have been more variable, likely due
to differences in the developmental stages studied [28, 29, 33].
Therefore, data collected at more advanced stages of the disease
may be influenced by neurodegenerative and inflammatory
processes, which could obscure the primary effects of mHTT that
appear earlier in disease progression.

Cell Death & Differentiation

To investigate early neurogenic alterations in HD, we analyzed
the zQ175 knock-in mouse model, which expresses full-length
mHTT with approximately 190 CAG repeats under the control of
the endogenous mouse Htt promoter [34, 35]. Analyses were
performed at postnatal day 7 (P7), a developmental stage in which
no overt neurodegenerative signs are typically observed [36].
Using immunohistochemistry, confocal microscopy, and serial
stack reconstruction, we identified a proliferation defect in the
neural stem cell (NSC) niche of the subventricular zone (SVZ),
consistent with alterations reported in postmortem human HD
brains.

While overall SVZ area did not differ between wild-type (WT)
and zQ175 mice (Fig. 1a, b), zQ175 brains exhibited a significantly
higher number of proliferating (Ki67 +) cells (Fig. 1c). To identify
the most affected SVZ populations, we quantified GFAP+ NSCs
(Type B cells; Fig. 1g), MASH1+ (ASCL1+) progenitors (transit
amplifying Type C progenitors; Fig. 1d), and DCX+ neuroblasts
(Type A cells; Fig. 1e). Of note, we observed a significant increase
in proliferating MASH1+ cells (MASH1 + /Ki67 +; Fig. 1f), while no
significant changes were observed in the total numbers of
MASH1+ cells (Fig. 1d), DCX+ area (Fig. 1e) and density of GFAP
+ NSCs (Fig. 19).

These findings mirror alterations observed in neurogenic zones
of HD patient brains [28], which were not consistently reported in
earlier rodent models. Importantly, they suggest that dysregula-
tion of neurogenesis is already detectable at early postnatal stages
in HD, prior to the onset of neurodegeneration. Our data also
support a model in which mHTT expression leads to early
expansion of the transiently amplifying Type C progenitor pool,
accompanied by an increase in neuroblasts and a modest
reduction in the NSC astroglial population.

Based on our in vivo findings, we analyzed multipotent neural
progenitor/stem cells (NSCs), isolated and cultured from the SVZ
of the same mice (zQ175-mNSCs), and their progeny. Using the
classical neurosphere culture system [37], we compared the
proliferation, self-renewal and differentiation capacity of zQ175-
mNSC, to wild-type, age, strain matched NSCs (WT-mNSG; Fig. 1h).
We found that the overall proliferation of zQ175-mNSCs was
significantly exacerbated (Fig. 1i) while their clonal efficiency
remained unchanged (Fig. 1j). These data suggest that mHTT does
not impact NSCs, instead it affects their immediately downstream
cell lineage, namely the rapidly dividing, transient amplifying Type
C progenitor cells. This aligns with the increase in dividing
MASH1+ cells (Fig. 1f) observed in the zQ175 mouse SVZ.

We next assessed whether mHTT could also impinge on the
differentiation process as recapitulated by culturing NSCs from
WT- and zQ175-mNSCs, which were triggered to differentiate by
growth factor removal [38]. We assessed the percentage of (1)
neurons (and their neurite length; B-tubulin Il positive cells,
TUBB3 +); (2) astrocytes (glial fibrillary acidic protein positive cells;
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GFAP +); and (3) oligodendrocytes (galactocerebroside-positive
cells) (GALC+) that were generated under these conditions
(Fig. 1k). First, we found that the overall number of neurons that
were generated in zQ175-mNSCs cultures was significantly lower
than in WT-mNSCs, while the neurite length of neuronal cells was
increased in zQ175 cultures (Fig. 11), which was in agreement with
previous studies conducted in HD models [26, 39-41]. We also
observed that the percentage of oligodendrocytes was signifi-
cantly increased (Fig. 11) [26, 42]. However, the most prominent
phenomenon was a significant reduction in the number of the
GFAP+ cells in the zQ175-mNSCs cultures after 10 days of
differentiation (Fig. 11).

Altogether, the findings on the zQ175-mouse strengthen the
notion that mHTT interferes with the proliferation of neural
progenitors at various stages of the hierarchical process of
neurogenesis. In such a context, the disturbance of type C
transit-amplifying progenitor proliferation and failure of astroglial
differentiation emerge as prominent phenomena.

Expanded polyQ Huntingtin affects the morphology and
proliferation of iPSC-derived hiNSCs

We sought to determine whether the phenotypes observed in
zQ175-mNSCs were conserved in human NSCs. To this end, we
employed virus- and feeder-free hiPSC lines reprogrammed from
skin fibroblasts of three HD patients carrying 43 (HD-hiPSCs#1), 64
(HD-hiPSCs#2), and 85 (HD-hiPSCs#3) CAG repeats in the HTT gene
[43-45], and compared them to age- and sex-matched control
hiPSCs (CTR-hiPSCs#1, #2, #3; <35 CAG repeats) (Fig. 2a).

Embryoid bodies (hiEBs; Fig. 2b) were generated from these
lines [46], and stable human neural stem cell lines (hiNSCs; Fig. 2¢)
were derived as previously described [47]. While no overt
differences were detected between CTR and HD lines at the iPSC
or hiEB stage (Fig. 2a, b), morphological analysis at the hiNSC
stage revealed clear differences. Compared to control neuro-
spheres, HD-hiNSCs displayed a heterogeneous population of
normal-sized and enlarged spheres, often containing dense, dark
intracellular inclusions (Fig. 2¢, right panel). Consistently, quanti-
tative morphological assessment showed that all HD-hiNSCs
formed neurospheres with a significantly increased diameter
compared to CTR-hiNSCs, within the same growth time window
(Fig.2d). Accordingly, HD-hiNSC cultures exhibited a significantly
higher number of Ki67+ proliferating cells (Fig. 2e) and expanded
in number more rapidly than CTR-hiNSCs (Fig. 2f). Cell death (data
not shown) and clonogenic index (Fig. 2g), however, remained
unchanged. These findings mirror those observed in zQ175-
mNSCs and indicate that both mouse and human HD-derived
NSCs show enhanced proliferative capacity without an increase in
multipotent precursor frequency. This suggests an intrinsic
dysregulation in the pool of transient amplifying (type C)
progenitors [48].

Upon differentiation, HD-hiNSCs exhibited lineage-specific
defects analogous to those seen in zQ175 progeny. When
analyzed at 10 and 17 days in vitro (DIV) following growth factor
withdrawal (Fig. 3a, b), HD-hiNSCs generated significantly fewer
TUBB3+ neurons than CTR-hiNSCs (Fig. 3c). Moreover, CTR-
derived neurons extended neurites in a uniform and radially
dispersed pattern, whereas HD-hiNSC-derived neurons formed
aberrant three-dimensional clusters with disorganized neurite
outgrowth, evident by 10 DIV and persisting through 17 DIV
(Fig. 3b, c). In parallel, the proportion of oligodendrocytes
(GALC+) was significantly elevated in HD-hiNSC cultures
compared to controls (Fig. 3b, c). Most notably, a marked
reduction in the percentage of GFAP+ astrocytes was observed
in HD-hiNSCs from all three patient lines at both 10 and 17 DIV.
Specifically, at 10 DIV, GFAP+ cells accounted for 50.1% in CTR-
hiNSCs versus 16.7%, 31.9%, and 16.5% in HD-hiNSCs; at 17 DIV,
these values were 54.0% in controls versus 25.1%, 27.9%, and
25.1% in HD-hiNSCs (Fig. 3c).

SPRINGER NATURE

Confocal microscopy confirmed a significantly lower number of
GFAP+ cells in differentiated HD-hiNSC cultures compared to CTR-
hiNSCs (Fig. 3d). This substantial reduction in GFAP expression was
further validated by western blotting (Fig. 3e) and gRT-PCR
(Fig. 3f).

Notably, this decline was accompanied by an increase in
extracellular glutamate levels in HD-hiNSC cultures relative to CTR-
hiNSCs; however, this difference did not reach statistical
significance (Supplementary Fig. 1a). Given this trend, we further
investigated the underlying mechanism using transcriptomic data.
This analysis revealed a significant downregulation of EAAT2
(SLC1A2 gene, Bonferroni p=3.9x 107'°), the major glutamate
transporter involved in extracellular glutamate clearance, in HD-
hiNSCs (Supplementary Table 1). Although not a direct functional
demonstration, this finding is consistent with the trend observed
in the glutamate measurements and supports the hypothesis that
glutamate homeostasis is altered in HD-hiNSCs. To determine
whether the alteration extended beyond GFAP and involved a
broader defect in astrocytic lineage progression, we also
examined additional astrocyte-related markers in the transcrip-
tomic dataset. Both SOX9 and S100B were significantly down-
regulated in HD-hiNSCs (Supplementary Table. 1), further
supporting an impairment in astrocytic lineage progression and/
or maturation. In addition, we assessed vimentin expression,
which is a marker of immature astrocytes. It was not differentially
expressed in the transcriptomic analysis, and qRT-PCR confirmed
comparable expression levels between HD and CTR hiNSCs (Data
not shown). The astroglial differentiation impairment was not
attributable to ex vivo conditions, as it was also observed in vivo
following transplantation into the striatum of adult immunodefi-
cient nude mice. Two weeks after stereotactic injection of 3 x 10°
HD-hiNSCs or CTR-hiNSCs, we evaluated engraftment and astro-
cyte differentiation using an anti-human GFAP antibody (Supple-
mentary Fig. 1b). HD-hiNSCs successfully engrafted but failed to
produce the abundant GFAP+ astrocytes observed in CTR-hiNSC
grafts.

Global transcriptomic profiling of HD-hiNSCs and CTR-hiNSCs
using HTA-Chip arrays confirmed that significant and consistent
molecular alterations underlie the astroglial phenotype in HD.
Principal component analysis (PCA) revealed a clear separation
between HD and CTR transcriptomes (Supplementary Fig. 1c).
Differential expression (DE) analysis identified 871 significantly
dysregulated genes (Bonferroni p < 0.05) out of 17,677 expressed
coding genes—488 upregulated and 383 downregulated in HD-
hiNSCs compared to controls (Supplementary Fig. 1d; Supple-
mentary Table 1).

Gene ontology (GO-BP) and Reactome pathway enrichment
analysis showed that downregulated genes were significantly
associated with neural development (adjusted p <0.001), while
upregulated genes were enriched in pathways related to
catabolism and hydrolysis (adjusted p <0.001) (Supplementary
Fig. 1e, f). Notably, genes involved in astrocyte and oligoden-
drocyte precursor (OPC) development were profoundly down-
regulated in HD-hiNSCs (astrocytes: Bonferroni p=1.56 x 10~%
OPCs: Bonferroni p=5.03 x 10%) (Supplementary Table 2).
Further analysis revealed significant enrichment of downregulated
genes corresponding to AST2, AST5, and AST6 astrocyte popula-
tions, as defined by Su and collaborators [49], which are
implicated in gliogenesis and synaptic regulation (AST5:
Bonferroni-adjusted p=2 x 107'% AST2: p= 16 x 107%
AST6: p=13 x 107" (Supplementary Fig. 1d). These results
confirm a defective astrogliogenic transcriptional program in
HD-hiNSCs.

To test whether expression of mHTT alone could recapitulate
these phenotypes, we transduced CTR-hiNSCs with lentiviral
vectors encoding either wild-type human N-terminal HTT (pCAG
17Q HTT-N548, referred to as 17Q-hiNSC) or mutant N-terminal
HTT with 73 CAG repeats (pCAG 73Q HTT-N548, referred to as
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¢ Morphological appearance of CTR and HD hiNSCs following transition to neurosphere growth medium. After multiple passages, CTR-hiNSCs
formed well-defined, round, and clear neurosphere-like clusters, while HD-hiNSCs developed neurosphere-like clusters from darker, rounder
structures with unclear boundaries. Scale bar: 100 pm. d Measure of CTR and HD hiNSCs diameters. Each dot represents the diameter of a
single neurosphere. For each experiment around 10 neurospheres were analyzed. e gRT-PCR analysis of KI-67 gene transcript levels in HD (HD-
hiNSCs#1, green; HD-hiNSCs#2, blue; HD-hiNSCs#3, red) compared to CTR-hiNSCs (mean of CTR#1, #2, #3, gray). f Viable cell counts of CTR and
HD hiNSCs in neurosphere growth medium, measured after 21 days of culture. g Percentage of clonal efficiency in CTR and HD hiNSC lines.
Each dot represents the percentage of neurospheres (50-100 pm in diameter) formed out of the total number of single-cell plates in a well. All
data are presented as mean * Standard Deviation (SD). Statistical analyses were performed using GraphPad Prism 8. Data were analyzed using
Kruskal-Wallis test with Dunn’s correction (d, n = 3) and one-way ANOVA with Bonferroni’s post hoc correction (e, n=4; f, n=6; g, n=11).
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

73Q-hiNSC), both under the synapsin | promoter [50, 51]. These results indicate that mHTT affects the activity of neuronal
Transduction efficiency was monitored through gRT-PCR and precursors and their progeny as observed in both murine and
western blotting (Supplementary Fig. 1h). Similar to HD-hiNSCs human models of HD.

and zQ175-mNSCs, 73Q-hiNSCs exhibited accelerated proliferation

compared to controls (Supplementary Fig. 1i). Notably, GFAP Upregulation of the epigenetic effector EZH2 in HD NSCs
mMRNA expression and protein content were significantly reduced The polycomb repressive complex 2 (PRC2) subunit EZH2
in 73Q-hiNSCs (Supplementary Fig. 1j, k). regulates neural progenitor proliferation through deposition of
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H3K27me3, a repressive histone mark that silences differentiation
genes and helps maintain progenitor identity. Given that EZH2
enzymatic activity is enhanced by mutant huntingtin (mHTT) [52],
and that EZH2 represses the GFAP promoter via H3K27me3-
mediated silencing [53] - two mechanisms potentially underlying
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the disturbances observed in both mouse and human HD NSCs—
we examined EZH2 expression in these cells to explore a possible
mechanistic link to the observed phenotypes.

We found that EZH2 transcript levels were significantly
increased in both HD-hiNSCs and zQ175-mNSCs (Fig. 4a and
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Fig. 3 Aberrant Astrocytic Differentiation in Huntington’s Disease hiPSC-Derived Neural Stem Cells. a Schematic diagram outlining the
differentiation process of hiNSCs into specific neural cell types. Neurospheres were mechanically dissociated into single cells, then cultured for
three days in a 24-well microplate without EGF. Subsequently, cells were placed in a medium (+2% FBS) to allow for spontaneous in vitro
differentiation into neurons, astrocytes, and oligodendrocytes. b Representative immunofluorescence images depicting hiNSC-derived
neurons (TUBB3+ cells, red), astrocytes (GFAP+ cells, green), and oligodendrocytes (GALC+ cells, red) from CTR#1, #2, #3 (black) and HD lines
(HD-hiNSCs#1, green; HD-hiNSCs#2, blue; HD-hiNSCs#3, red) at 10 and 17 days post-EGF removal. Scale bar: 100 pm. ¢ Quantification of
neuronal percentage, neurite length (pm), oligodendrocyte, and astrocyte populations at 10 and 17 days of differentiation in neural cultures
derived from CTR and HD-hiNSCs. Differentiation assays were performed in triplicate; for each biological replicate, 7 microscopy images per
coverslip were analyzed. Reported values are medians from three independent experiments. Gray bars represent the mean across three
replicates per CTR line (9 total). Dots indicate individual experiments per line. d Representative confocal images show GFAP* astrocytes (green)
from CTR and HD hiNSCs. Scale bar: 50 pm. Below: GFAP fluorescence intensity in HD lines compared to the CTR mean (gray; CTR#1-3) at days
10 and 17 of differentiation. Analyses were done in triplicate; 3 images per coverslip per replicate. Values represent the median from three
independent experiments. Gray bars show the mean across replicates per CTR line (9 total); dots represent single experiments per line.
e Representative chemiluminescent western blot (left) shows GFAP and GAPDH expression across all lines. Densitometric analysis (right)
compares GFAP/GAPDH levels in CTR vs. HD hiNSCs. Blots were performed in triplicate. All samples were loaded onto the same membrane
and run simultaneously. For optimal signal detection, the membrane was cut and sections exposed separately: 5 s for CTR, 5 min for HD. f gRT-
PCR analysis of GFAP gene transcript levels in all CTR and HD lines, normalized to the mean of CTR-hiNSCs. gRT-PCR analysis was performed in
three biological replicates. Note: CTR values represent the average of the three control lines. All data are presented as mean + Standard
Deviation (SD). Statistical analyses were carried out using GraphPad Prism 8. Data were analyzed using Kruskal-Wallis test followed by Dunn’s
multiple-comparison test (c), one-way ANOVA with Bonferroni’s post-hoc correction (d, n=11; f, n = 3), or unpaired Welch’s t-test (e, n =3).

Statistical significance: *p < 0.05, **p < 0.01, ***p <0.001.
<

Supplementary Fig. 1, respectively). This upregulation was
accompanied by elevated EZH2 protein levels in both mice (4-
fold; Supplementary Fig. 11) and human (2.5-3.5-fold; Fig. 4b) HD
NSCs. Enhanced enzymatic activity was confirmed in the latter
(Fig. 4c). A similar effect was reproduced by exogenous expression
of mHTT in hiNSCs (73Q-hiNSCs), which led to increased EZH2
mRNA (Fig. 4d) and protein (Fig. 4e) levels compared to control
17Q-hiNSCs.

Notably, a ChIP-gPCR analysis of two regions within the GFAP
promoter revealed a significant H3K27me3 enrichment at the
-4.6 kb site in HD-hiNSCs#2 and #3 (Fig. 4f, above), indicating
increased deposition of the repressive histone mark H3K27me3 at
the GFAP promoter in HD-hiNSCs. To directly assess EZH2
occupancy at the GFAP locus, we also performed EZH2 ChIP-gPCR
in our hiNSC model (Fig.4f, below). EZH2 was significantly
enriched at both the proximal promoter and the —4.6kb
regulatory region in HD-hiNSCs compared with controls, indicat-
ing direct recruitment of EZH2 to GFAP regulatory elements in this
disease context. These findings support the notion that increased
EZH2 activity - driven by a gain-of-function interaction with mHTT
[51] -represents a key molecular mechanism underlying both the
aberrant proliferative behavior of multipotent neural progenitors
and the impaired astroglial differentiation observed in both
mouse and human HD NSCs (Fig. 4g).

Inhibition of EZH2 does not affect self-renewal but impacts
proliferation and astroglial differentiation

To test whether EZH2 overactivation plays a causal role in the
phenotypes observed in HD neural cells, we pharmacologically
reduced EZH2 catalytic activity in both HD-hiNSCs and CTR-hiNSCs
using two distinct chemical inhibitors: the FDA-approved Taze-
metostat (TAZ) [54-57] and MS1943 [58]. These compounds
operate through different mechanisms: TAZ inhibits EZH2's
methyltransferase activity, thereby preventing H3K27me3 accu-
mulation by PRC2, while MS1943 is a selective degrader that
effectively reduces EZH2 protein levels, thus inhibiting the residual
enzymatic activity. The Tazemetostat dose was selected based on
previous studies reporting effective concentrations ranging from 1
to 5uM with treatment durations of 7-16 days [54-57]. We
therefore used 1 uM, as this concentration produced comparable
inhibition of H3K27me3 in both CTRL and HD cells (Supplementary
Fig. 2a) while significantly reducing cell proliferation without
inducing detectable cell death (Supplementary Fig. 2d, f). For
MS1943, we selected a low concentration of 100 nM, despite
previous studies commonly using 5 uM [58]. Although the higher
dose efficiently promoted EZH2 degradation (Supplementary
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Fig. 2b), it also induced marked toxicity, as evidenced by the
presence of pyknotic nuclei (Supplementary Fig. 2¢). In contrast,
treatment with 100 nM MS1943 reduced cell proliferation while
preserving cell viability (Supplementary Fig. 2e, g). Importantly,
neither compound altered clonal efficiency (Supplementary
Fig. 2h), indicating that self-renewal was not impacted.

Critically, when EZH2 inhibitors were applied at the onset of
spontaneous differentiation, triggered by growth factor with-
drawal (Fig. 5a), both TAZ and MS1943 led to increased GFAP
expression and rescued the blunted astroglial phenotype
observed in HD-hiNSC cultures (Fig. 5b, c), with confirmation by
western blotting (Fig. 5d).

These findings demonstrate that EZH2 plays a central regulatory
role in the neurogenic-to-gliogenic switch, and that its patholo-
gical upregulation in HD-hiNSCs underlies the aberrant prolifera-
tive expansion and impaired astroglial differentiation.
Pharmacological inhibition of EZH2 is sufficient to rescue both
phenotypes, supporting a causal role for EZH2 hyperactivity in the
developmental defects observed in HD.

LIN28 is upregulated in HD-hiNSCs and impairs Let-7g
maturation, sustaining EZH2 mRNA levels

To elucidate the mechanisms underlying the elevated EZH2
transcript levels in HD-hiNSCs, we investigated the regulation of
EZH2 by the Let-7 microRNA family, known to bind and degrade
EZH2 mRNA [59]. Although pri-let-7g levels were comparable
between HD-hiNSCs and CTR-hiNSCs, qRT-PCR revealed a sig-
nificant reduction in mature Let-7g in HD-hiNSCs (Fig. 6a). In
contrast, mature let-7g levels remained unchanged between
zQ175-mNSCs and WT-mNSCs, despite a significant increase in pri-
let-7g in zQ175-mNSCs (Supplementary Fig. 3a), suggesting a
human-specific or context-dependent alteration.

LIN28, a well-known inhibitor of Let-7 processing, tightly
controls Let-7 maturation. Notably, both Lin28 mRNA and LIN28
protein were significantly upregulated in HD-hiNSCs and zQ175-
mNSCs compared to controls (Fig. 6a, b and Supplementary
Fig. 3b), indicating that excess LIN28 may block Let-7g maturation
in HD neural progenitors.

Altogether, these findings support a regulatory cascade in
which LIN28 upregulation in HD-hiNSCs impairs Let-7g matura-
tion, leading to stabilization of EZH2 mRNA and its overexpression.
The resulting elevation in EZH2 would promote the increased
proliferation and impaired astroglial differentiation characteristic
of HD-hiNSCs. To functionally test this hypothesis, we pharmaco-
logically restored Let-7g activity using two compounds that target
different steps of the Let-7-LIN28 axis: (1) IPA3, a terminal uridine
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transferase (TUTase) inhibitor, blocks pre-let-7 uridylation and
degradation by the DIS3L2 exonuclease, thereby enhancing Let-7
maturation [60, 61]; (2) 1632 (N-methyl-N-[3-(3-methyl[1,2,4]
triazolo[4,3-b]pyridazin-6-yl)phenyllacetamide), an inhibitor of
LIN28/pre-let-7 binding, disrupts LIN28-mediated repression of
Let-7 processing [62] (Fig. 6c). We screened three IPA-3
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concentrations (10 nM, 100 nM, 1 uM) and assessed their ability
to increase let-7 expression. The lowest effective dose (10 nM) was
selected to limit potential toxicity (Supplementary Fig. 3c).
Compound 1632 is typically used at =20puM, but in our
experiments, we employed the minimal effective concentration
(0.6 uM) to further reduce toxic effects (Supplementary Fig. 3c).
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Fig. 4 Enhanced EZH2 Activity Links Mutant Huntingtin to GFAP Transcriptional Repression. a qRT-PCR analysis of EZH2 gene transcript
levels in HD-hiNSC lines (HD-hiNSCs#1, green; HD-hiNSCs#2, blue; HD-hiNSCs#3, red), normalized to the CTR-hiNSC lines (mean of CTR#1, #2,
#3, gray). b On the left, a representative chemiluminescent western blot showing the molecular weights and protein levels of EZH2 and
GAPDH across all analyzed lines. For clarity, lanes from the same western blot were rearranged in the figure. The complete uncropped blot is
shown in Supplementary Figure “Uncropped western blots” No image content was added, removed, or digitally altered. On the right,
densitometry analysis of EZH2/GAPDH expression comparing CTR- vs. HD-hiNSCs. ¢ Measurement of Histone Methyltransferase (H3-K27)
activity (ng/h/mg) in HD-hiNSCs vs CTRs. d Following viral infection, gRT-PCR was used to measure EZH2 mRNA expression in CTR-hiNSCs,
with the expression levels in 73Q cells compared to those in 17Q-hiNSCs for normalization. e Western Blot analysis of EZH2 protein expression
in 73Q-hiNSCs vs. 17Q-hiNSCs and its densitometry. f GFAP promoter analysis of H3K27me3 (left) and ChlP results (right) showing H3K27me3
modifications in two regions of the GFAP promoter. g Hypothetical pathogenic mechanism of HD vs. wild-type cells, linking mutant HTT
(mHTT) with EZH2 overexpression and subsequent repression of the GFAP promoter. All experiments were performed in triplicate, except for
panel a, which was performed in quadruplicate. Data are presented as mean + Standard Deviation (SD). Statistical analyses were carried out
using GraphPad Prism 8. Data were analyzed using one-way ANOVA with Bonferroni’s post hoc correction (a-c, n = 3), unpaired t-test (d, e,

n = 3), or two-way ANOVA with Bonferroni’s post hoc correction (f, n=

3). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

Both IPA-3 and 1632 were administered during prolonged
treatment.

At non-toxic and effective doses (IPA3: 10 nM [63]; 1632: 0.6 uM;
Supplementary Fig. 3c-h), both compounds reduced proliferation
in HD-hiNSCs, without affecting cell viability or clonogenic
potential (Supplementary Fig. 3d-h), except in HD-hiNSC#2.
Importantly, both IPA3 and 1632 restored GFAP expression in
the previously nearly GFAP-negative astroglial progeny of HD-
hiNSCs (Fig. 6d-f), confirming functional rescue of astrocytic
differentiation.

These data reinforce the model whereby LIN28-mediated
suppression of Let-7g contributes to EZH2 overexpression, thereby
linking altered post-transcriptional regulation to aberrant lineage
progression in HD neural stem cells.

Epigenetic modulators improve motor function in a
Drosophila model of Huntington’s disease

Drosophila models are powerful tools for investigating in vivo
pharmacological modulation of neurodegenerative diseases,
including Huntington’s disease (HD). In this study, we leveraged
the Drosophila HD model developed by Botas and colleagues [64],
which recapitulates key pathological features of the human
disorder and provides a robust platform to dissect neurodegen-
erative mechanisms and evaluate therapeutic candidates.

This model expresses full-length human huntingtin (Htt) with
either 16 (16QHtt, wild-type) or 128 (128QHtt, mutant) glutamine
repeats under control of the UAS promoter system. Upon crossing
with elav-Gal4 drivers, which induce pan-neuronal expression
from early developmental stages [65], the transgenic progeny
exhibit spatially and temporally regulated mHTT expression. This
model was chosen to take advantage of its proven utility for
studying drug-based modifiers of HD neurodegeneration [66-73].
Consistent with our in vitro findings, HD flies (128QHtt) showed
upregulation of both Ezh2 and Lin28 transcripts (Fig. 7a),
providing a rationale to test the therapeutic impact of pharma-
cological inhibitors targeting these pathways. To assess the
neuroprotective and therapeutic potential of epigenetic drugs
in vivo, we measured the locomotor performance of HD (elav-Gal4
> 128QHtt) and control (elav-Gal4 > 16QHtt) flies fed standard
media supplemented with Tazemetostat (TAZ; 50 uM), MS1943
(20uM), IPA3 (10pM), and 1632 (50 uM), throughout
development.

Climbing ability was evaluated 6-7 days post-eclosion and
compared to HD flies treated with vehicle (DMSO). As expected,
no significant changes were observed in control flies (elav-Gal4 >
16QHtt; 16Q) across treatment groups (Fig. 7b). In contrast, HD
flies (elav-Gal4 > 128QHtt, 128Q) showed a significant improve-
ment in climbing behavior upon treatment with all four
compounds (Fig. 7c). Given that climbing ability in Drosophila is
a validated proxy for neurodegeneration [74], these results
indicate that epigenetic drug administration effectively amelio-
rates mHTT-induced motor deficits in vivo.
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Notably, these inhibitors did not significantly impact the motor
performance of control animals expressing the non-pathological
Htt variant (16QHtt), highlighting their selective efficacy in
targeting HD-related neurodegenerative processes while preser-
ving normal motor function.

In summary, the data support a mechanistic model (illustrated
and extended in Fig. 7d) in which mutant huntingtin (mHTT)
disrupts neurodevelopmental programs by promoting the expan-
sion of early multipotent neural progenitors and impairing their
differentiation into astroglial cells. These effects are mediated, at
least in part, by increased EZH2 activity, which arises from
upregulation of LIN28 and the consequent inhibition of Let-7g
microRNA maturation. Since Let-7g normally represses EZH2
mRNA, its downregulation leads to sustained EZH2 expression,
enhancing H3K27me3-mediated repression of genes critical for
astrocytic differentiation. Pharmacological interventions targeting
this pathway, whether by inhibiting EZH2 enzymatic activity,
destabilizing EZH2 protein, or enhancing Let-7g maturation,
effectively restored proliferative capacity and astroglial differentia-
tion in HD-hiNSCs. Notably, the therapeutic potential of targeting
this epigenetic axis was further corroborated in vivo by improved
motor performance in 128Q flies relative to 16Q controls.
Collectively, these findings identify a novel and druggable
epigenetic mechanism underlying mHTT-mediated neurodevelop-
mental defects in Huntington’s disease.

DISCUSSION
By investigating neurogenesis in both transgenic Huntington’s
disease (HD) mouse models and HD iPSC-derived human induced
neural stem cells (hiNSCs), we demonstrate that mutant hunting-
tin (mHTT) disrupts the functional integrity of multipotent neural
progenitors, leading to excessive proliferation and concomitant
impairment of astrogliogenesis. Consequently, both murine and
human HD-derived astroglia fail to undergo proper maturation,
exhibiting marked deficits in the expression of GFAP even upon
orthotopic implantation. Our data indicate that this aberrant
phenotype correlates with upregulation of EZH2 in HD cells. This,
in turn, is associated with a reduction in let-7g microRNA levels—a
regulatory molecule that under normal conditions promotes EZH2
mRNA degradation. Furthermore, decreased let-7g expression is
linked to elevated levels of the LIN28 protein, which is known to
act dually as a suppressor and target of let-7g [75]. Importantly,
pharmacological modulation of the EZH2-let-7g-LIN28 axis not
only mitigates aberrant neural progenitor proliferation but also
restores GFAP expression in HD astroglia and ameliorates motor
dysfunction in a Drosophila melanogaster transgenic HD model.
In neural cells, mHTT disrupts a broad spectrum of molecular and
cellular processes that are critical for neurodevelopment and
homeostasis [76, 77]. Notably, the impact of mHTT extends to early
neurogenic events, thereby affecting the ontogeny of CNS
macroglia [24, 25]. Aberrant proliferation and delayed maturation

SPRINGER NATURE



JD Rosati et al.

10

a n/{;‘r% Tazemetostat 1uM
Tazemetostat T(’;/EI;MT’ Newrons <2 1& (=] @\(l/
I /~CHy
~ e >~
& O =¥ \ Q.

" —— ——
. nw EGF 29%FBS P 7\ \
[l val o M
M$1943 100nM . Saors inviro differentiation it MS1943 100nM . < 1" o
i b Oligodendrocytes r\/& ““““““
° IR N
- A
b DA, DI

Chronic treatment
DMSO + + + + + + + + +
Tazemetostat - + - - + - - + -
MS1943 - - + - - + - - +

CTR-hiNSCsi#1 CTR-hiNSCs#2 CTR-hiNSCs#3
s
o HD-hiNSCsi#1 HD-hiNSCs#2 HD-hiNSCs#3
| . . . .

CTR-hiNSCs#1 CTR-hiNSCs#2 CTR-hiNSCs#3
* . . . . .
s
: HD-hiNSCsi#1 HD-hiNSCs#2 HD-hiNSCs#3
| . . %

GFAP/Hoechst
& GFAP Fluorescence intensity d GEAP proteln lsvels
10days of differentiation
10days of differentiation 17days of differentiation

HD-hiNSC #1/HD-hiNSC #2 HD-hiNSC #3

2 2
-ﬁA o DMSO + 4+ F |+ + + + o+ O+
5 3 5 TAZ -+ - -+ - -+ .
2 2
£ 2 £ MS1943 - - #| - - *+ - - +
Lo %o
<g =8
we c
Og 05 Og
O 04 o
2 o3 2
5 02 5 50KDa——==77———--- GFAP
ERCE =
& oo i 3% 0a cAPoH
DMSO DMSO ++ + | +++ | +++ | ++ +
TAZ TAZ -+ | 4| 4| -4 -
MS1943 MS1943 - - + EECEE N R - -+
CTRs-hiNSCs HD-hiNSCs#1 HD-hiNSCs#2 HD-hiNSCs#3 CTRs-hiNSCs HD-hINSCs#1 HD-hiNSCs#2 HD-hiNSCs#3

Fig. 5 Pharmacological Inhibition of EZH2 Restores GFAP Expression in Huntington’s Disease hiNSCs. a The experimental treatment
protocol, on the left and the mechanism of action of the two EZH2 repressors, Tazemetostat (1 yM) and MS1943 (100 nM), on the right.
b Representative confocal images showing CTR#1, #2, #3 (black) and HD-hiNSC lines (HD-hiNSCs#1, green; HD-hiNSCs#2, blue; HD-hiNSCs#3,
red) differentiated into astrocytes (GFAP+ cells, green, Hoechst + nuclei, blue) after 10 and 17 days of treatment with Tazemetostat, MS1943,
or vehicle (DMSO). Scale bar: 50 pm. ¢ Analysis of GFAP Fluorescence Intensity in the three HD lines compared to CTR lines (mean of CTR#1, #2,
#3, gray) after 10 or 17 days of differentiation and treatments. GFAP analyses were performed in triplicate; for each biological replicate, 10
microscopy images per coverslip were analyzed. The reported values represent the median of image analyses from three independent
experiments. Dots are representative of one experiment for line. d Western blot analysis of GFAP and GAPDH protein levels in HD-hiNSCs after
10 days of differentiation, treated with Tazemetostat (1 uM), MS1943 (100 nM), or DMSO. The experiment was performed in duplicate. All data
are presented as mean + Standard Deviation (SD). Statistical analyses were performed using GraphPad Prism 8. Data (c) were analyzed using
the Kruskal-Wallis test followed by Dunn’s multiple-comparison test. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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of oligodendroglial progenitors have been consistently reported in functions [20, 81]. Despite these findings, the effects of mHTT on
HD models [26, 78-80], along with a downregulation of glial lineage early astrogliogenesis, as well as the underlying molecular
transcription factors in bipotent glial precursors and their impaired mechanisms, remain incompletely characterized. Early investiga-
ability to effectively initiate myelination in hypomyelinated murine tions in rodent models of Huntington'’s disease (HD) did not detect
models [39]. Mature astrocytes in HD are similarly impaired, significant alterations in astrocyte density within adult neurogenic
exhibiting profound alterations in gene expression profiles, niches. Similarly, astroglial differentiation from human induced
morphological organization, and key homeostatic and metabolic pluripotent stem cells (iPSCs) derived from HD patients initially
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Fig. 6 Pharmacological Modulation of the LIN28/let-7g Axis Restores GFAP Expression in Huntington’s Disease hiNSCs. a qRT-PCR analysis
of pri-let-7g, mature let-7g, and LIN28 mRNA expression in CTR-hiNSCs (average of CTR#1, #2, and #3, shown in gray) and HD-hiNSCs (HD-
hiNSC#1 in green, HD-hiNSC#2 in blue, HD-hiNSC#3 in red). b Representative chemiluminescent Western blot (left) showing molecular
weights and expression levels of LIN28 and GAPDH proteins across all analyzed lines. On the right, quantification of LIN28 protein normalized
to GAPDH in CTR- vs. HD-hiNSCs. ¢ Schematic representation of the experimental treatment protocol (left) and the proposed mechanisms of
action for IPA3 (10 nM) and compound 1632 (0.6 pM) (right). d Representative confocal images of astrocytes derived from CTR#1, #2, #3
(shown in black) and HD-hiNSCs (HD-hiNSC#1 in green, HD-hiNSC#2 in blue, HD-hiNSC#3 in red) (GFAP-positive cells in green; nuclei
counterstained with Hoechst in blue), after 10 and 17 days of differentiation and treatment with IPA3, 1632, or vehicle (DMSO). Scale bar: 50
pum. e Quantification of GFAP fluorescence intensity in HD-hiNSC lines compared to CTRs at 10 and 17 days of differentiation, following the
indicated treatments. GFAP analyses were performed in triplicate; for each biological replicate, 10 microscopy images per coverslip were
analyzed. Dots are representative of one experiment for line. f Western blot analysis of GFAP and GAPDH protein levels in HD-hiNSCs after
10 days of differentiation with IPA3 (10 nM), 1632 (0.6 pM), or DMSO. All gRT-PCR analyses were carried out in at least three replicates. Western
blot experiments were performed in triplicate. All data are presented as mean + Standard Deviation (SD). Statistical analyses were performed
using GraphPad Prism 8. Data were analyzed using one-way ANOVA with Bonferroni’s post-hoc correction (a, b, n = 3) or Kruskal-Wallis test

followed by Dunn’s multiple-comparison test (e). Statistical significance: *p <0.05, **p < 0.01, ***p < 0.001.

appeared unperturbed, showing no overt signs of dysfunction [82].
However, more recent evidence indicates that astrocytes derived
from bipotent glial progenitors originating from HD embryonic
stem cells exhibit an abnormal maturation trajectory, suggestive of
disrupted developmental programming [39].

In this study, we first demonstrate that cultured multipotent
neural stem and progenitor cells (NSCs) isolated from the
subventricular zone (SVZ) of zQ175 Huntington's disease (HD)
mice and HD patient-derived human induced NSCs (hiNSCs)
exhibit significantly enhanced proliferative activity, along with a
downregulation of genes critical for gliogenic lineage specification
during development [49]. Consequently, these progenitor cells
give rise to astrocytes that fail to express glial fibrillary acidic
protein (GFAP) - a phenotype that was pronounced, persistent,
and not reversible by orthotopic transplantation. Additionally, this
deficit was recapitulated in wild-type hiNSCs after the forced
expression of mHTT, reinforcing the idea that mHTT fundamen-
tally disrupts gliogenic maturation pathways.

Together, these observations lay the groundwork for studying
a mechanistic molecular model linking mHTT expression to
altered neurogenesis - and more broadly, to disrupted neurode-
velopment - which we further explored. Thus, a second key
finding was the identification of the putative molecular targets
dysregulated by mHTT in NSCs, which likely drove both their
aberrant proliferative behavior and disruption of early astro-
gliogenesis. A critical event in this scenario was the marked
upregulation of the transcription factor EZH2 in both mouse and
human HD NSCs [14, 83]. EZH2 played a causal role in promoting
enhanced NSCs proliferation and in suppressing GFAP expression
in astroglial progeny [84]. In fact, by employing the histone lysine
methylation inhibitor tazemetostat (TAZ) or selectively promot-
ing EZH2 degradation with MS1943, we effectively counteracted
both EZH2 activity and overexpression in HD cells, thereby
rescuing the altered phenotype of HD-hiNSCs and mitigating
their excessive proliferation, while also restoring GFAP expres-
sion in their astrocytic offspring.

Moreover, our mechanistic investigation led to a third
significant finding: the overexpression of EZH2 in HD neural
cells was associated with the deregulation of the Let-7/Lin28
regulatory axis. EZH2 degradation is known to be mediated by
members of the Let-7 microRNA family, whose levels were
significantly reduced in all neural cells expressing mHTT in our
study. Restoring this pathway by enhancing Let-7 maturation
with the uridylase inhibitor IPA3 increased let-7g levels and
corrected both the aberrant proliferative behavior and the
impaired astroglial differentiation. Similarly, the 1632 com-
pound, which antagonizes Lin28 binding to pri- and pre-let-7
precursors, also increased let-7g levels, reduced hiNSC prolifera-
tion, and restored GFAP expression in their astrocytic progeny.
Literature data support this scenario and lend support to the
mechanistic model proposed in Fig. 7. According to this model,
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mHTT interferes with the degradation of -catenin, resulting in
toxic B-catenin accumulation [85]. This toxic buildup induces the
upregulation of Lin28 and the downregulation of Let-7, also
leading to the upregulation of EZH2 mRNA. Additionally, mHTT
might directly stabilize the EZH2 protein, further enhancing its
activity. EZH2 thus emerges as a key effector in this cascade,
driving the excessive proliferation of NSCs and the defective
astrogliogenesis in HD described here.

The cellular and molecular alterations, as well as the effects of
the epigenetic treatments observed in this study, were largely
consistent across patient-derived samples. A minor exception was
noted in cells derived from patient 2, which did not exhibit
corrected proliferative behavior in response to epigenetic drug
treatment. However, astrogliogenesis was still successfully rescued
in these cells. This discrepancy may be attributable to the patient’s
clinical background. At the time of biopsy, the patient had
experienced a prolonged disease course of approximately 10 years
and was in an advanced stage of clinical deterioration, passing
away only a few months later. This advanced pathological context
may have limited the capacity for pharmacological rescue of
certain cellular phenotypes.

The findings discussed so far prompt relevant considerations
regarding our understanding of HD pathogenesis and carry
therapeutic implications that extend beyond current drug
development strategies for this disease. As shown here, a hallmark
of defective astrogliogenesis in our HD NSCs - namely, their failure
to generate mature astroglia, as evidenced by persistently low
GFAP expression - was both robust and long-lasting, even in vivo,
upon transplantation. Yet, to our knowledge, no reduction in GFAP
expression has been reported in HD patients or animal models,
either during development or adulthood. This discrepancy raises
important questions about the role and detectability of this
phenomenon in the progression of HD.

Our findings raise the possibility that astroglial dysfunction in
HD may originate during early developmental stages, establishing
a latent vulnerability that precedes and potentially contributes to
the astroglial changes observed in the adult diseased brain. Still, at
first glance, our observations may appear inconsistent with the
established neuropathological literature, where GFAP expression
in HD brains is typically reported to be unchanged or increased at
later disease stages and is widely interpreted as a hallmark of
reactive astrogliosis [86-88].

A useful conceptual framework to reconcile these observations
is provided by GFAP-deficient models. In these systems, early CNS
development proceeds relatively normally due to compensatory
expression of intermediate filament proteins other than GFAP,
particularly vimentin [89-93]. However, this compensation is
incomplete and, over time, leads to progressive astrocytic
dysfunction, including alterations in cytoskeletal organization,
mechanical resilience, and neural support functions [94, 95]. These
findings indicate that precocious developmental deficits in GFAP
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In Vivo Validation of EZH2/LIN28 Dysregulation and Pharmacological Rescue in a Drosophila Model of Huntington’s Disease.

a gRT-PCR analysis of E(z) and lin28 expression in HD flies. Transcript levels of HD flies (elav-Gal4 > 128QHtt) were normalized to rp49 and
displayed as fold change relative to control flies (elav-Gal4 > 16QHtt). Bar graph represents the mean + SEM from three independent biological
replicates (*p < 0.05, **p < 0.01, one-sample t-test). Black dots indicate individual data points, and the horizontal dotted line indicates the fold
change control value, set to 1. b Climbing assay of control flies treated individually with TAZ, MS1943, IPA3, or 1632 during larval and adult
stages. Black dots indicate individual data points from three independent biological replicates. ¢ Climbing assay of HD flies treated
individually with TAZ, MS1943, IPA3, or 1632 during larval and adult stages. Black dots indicate individual data points from three independent
biological replicates. d Diagram of the mechanism by which trinucleotide repeat accumulation triggers a pathological loop leading to
dysregulation of astrocyte differentiation. Data were analyzed using one-sample t-test (a, n = 3) or Kruskal-Wallis test followed by Dunn’s

multiple-comparison test (b, c). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

production may remain phenotypically silent while predisposing
astrocytes to actual dysfunction later in life.

Within this perspective, the reduced GFAP expression observed
in HD astroglial progenitors may represent an early alteration
masked by compensatory mechanisms in the dynamics of
intermediate filaments and therefore not readily detectable
in vivo. This scenario would be compounded by the fact that,
while disease progresses, HD astrocytes undergo reactive
transformation characterized by hypertrophy and increased
expression of intermediate filament proteins, including GFAP
[86, 87]. The elevated GFAP levels observed at late disease stages
may, therefore, likely reflect a reactive “end-state” rather than a
baseline HD GFAP-deficient phenotype, which may further
obscure this early deficit.

Taken together, our findings point to a model in which early
developmental perturbations in astroglial lineage specification
may establish a latent vulnerability that unfolds progressively
throughout the course of HD, likely contributing to the astrocytic
pathology characteristic of the disease.

Within this framework, the identification of a druggable
molecular circuitry underlying defective astrogliogenesis acquires
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particular relevance. Our data demonstrate that the EZH2-let-
79-LIN28 axis, which is dysregulated in HD neural progenitors, can
be effectively targeted pharmacologically, leading to normal-
ization of neural precursor proliferation and restoration of GFAP
expression in astroglial progeny [14, 83, 84]. Notably, these
interventions also ameliorated motor dysfunction in a Drosophila
melanogaster model of HD, supporting the functional relevance of
this pathway in vivo. Furthermore, we identified four distinct
compounds that, despite functioning as canonical epigenetic
drugs or modulators, operate through at least three different
mechanisms of action. Each molecule targets one of the three key
nodes in this molecular circuit, thereby counteracting the effects
of mHTT and restoring astroglial support.

These findings point to a prospective therapeutic paradigm that
may extend across multiple stages of disease progression. Early
intervention—potentially during fetal or early postnatal development
—could prevent defects in astroglial lineage specification. Yet, the
same molecular targets would remain accessible in the adult brain,
where astrocytes undergo reactive remodeling and faulty GFAP
production in response to ongoing neurodegeneration, thereby
enabling further therapeutic intervention at later disease stages.
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We are now extending these findings to human HD brain
organoids, where these compounds are being evaluated for
efficacy and safety, with the aim of translating this approach into
disease-modifying strategies targeting astrocyte dysfunction
across different pathogenetic stages in HD.

MATERIAL AND METHODS

Knock-in zQ175 animal models

The zQ175 knock-in allele was derived from a spontaneous expansion of
the CAG copy number in CAG-140 knock-in mice obtained from Jackson
Laboratory (B6J.129S1-Htttm1Mfc/190JChdi). A fragment extending from
18 bp upstream of Htt exon 1 to 100 bp into intron 1 was replaced with
human HTT sequence containing 140 repeats of a pure CAG tract [(CAG)
nCAACAG], encoding polyglutamine. A floxed neomycin cassette was
retained 1.3 kbp upstream of exon 1. While backcrossing onto C57BL/6 J,
germline expansions of the CAG tract led to the identification of a mouse
with 175 CAG repeats. This mouse was selectively bred to create a new
subline, named zQ175. This line is identical in construct to CAG 140 knock-
in mice, except for the CAG tract size. In these mutant mice, the CAG
repeat number is subject to germline and somatic instability and may
expand or contract. Homozygous and heterozygous mice are viable and
fertile, with some characteristics resembling HD.

For our experiments, matings were set up with a male WT and a female
positive for Htt zQ175, while zQ175 positive males were prevented from
mating to avoid Htt meiotic instability. Mice were molecularly genotyped
through PCR using DNA extracted from an ear biopsy.

All mice were housed in controlled conditions of temperature, which was
maintained constant at 20-22°C, and 12-h light-dark cycles, in individually
ventilated cages (IVC - Techniplast GreenLine) and pathogen-free (SPF),
according to the FELASA 2014 Guidelines. Animals sacrificed were euthanized
with CO2 infusion and cervical dislocation, according to the D. Lgs. 26, 2014. All
experiments were in accordance with the guidelines of the University of Trento
and the Italian Ministry of Health (nr.781/2016-PR).

Isolation of neural stem cells from the mouse brain SVZ

Two wild-type (WT) control mice and three Q175 mice (male and female)
were sacrificed through cervical dislocation for euthanasia. The heads were
severed just above the cervical spinal cord using large scissors, and the
brains were carefully extracted from the cranial base, placing them in a
sterile 100 mm petri dish with sterile 1X PBS. Under a microscope, the
forebrain SVZ region was dissected using a scalpel, making a coronal cut
starting from the olfactory bulbs. Fine curved micro scissors were used to
cut around the lateral ventricle, isolating it from the surrounding brain
tissue. The dissected SVZ tissue was treated according to Gritti et al. [38].
Briefly, it was placed in a fresh petri dish containing a Papain solution and
incubated in a CO2 incubator for 45 min. After the enzymatic digestion, the
tissue was pelleted by centrifugation at 192 g for 10 min. The supernatant
was removed, and approximately 200 microliters of neural stem cell
medium was added. The tissue was triturated using a P200 micropipette.
Following a second centrifugation at 192 g for 10 min, the supernatant was
discarded, and the cell pellet was resuspended in 200 microliters of neural
stem cell medium. The cells were then seeded in a T25 cell culture flask at
a density of 1074 cells/cm?.

hiNSCs transplantation in nude mice
To evaluate the differentiation abilities of HD-hiNSCs and CTR-hiNSCs,
in vivo, immunodeficient (Hsd: Athymic Nude-Foxn1nu) female mice, >
6 weeks old, provided by Envigo, were transplanted intra-striatum (antero-
posterior: 0 mm; lateral: -2,5 mm; ventral: -2,7 mm), with ~300,000 hiNSCs/
3 pyL/mouse (n =3 animals/cell line), authorization number 751/2019-PR.
Transplanted animals were euthanized by overdose of anesthesia and
perfused with a solution of 4% PFA in PBS-1X at 15 days after transplant.
Brains were removed from the skull and post-fixed in a 4% PFA solution
overnight. All the samples were cryoprotected by using a sucrose gradient
(10, 20, and 30%), embedded in OCT (Optimal Cutting Temperature) matrix
compound (Killik, Bio Optica, #05-9801), and frozen with nitrogen vapors.
Brain sections were incubated with the following primary antibodies: huN,
conjugated Alexa 488 - clone 235-1 (mouse, Millipore, #MAB1281A4,
dilution: 1:200); hGFAP, clone SMI21 (mouse, BioLegend, #837202, dilution
1:600).

For the detection of primary antibodies, Alexa Fluor 488 and/or 594
labelled goat anti-mouse (488: Jackson, #115-545-205; 594: Invitrogen,
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#A21125) and/or goat anti-rabbit (488: Jackson, #111-545-144; 594:
Invitrogen, #A11012) secondary antibodies, all diluted 1:1000, were used.
Nuclei were labelled with DAPI.

Immunohistochemistry, tissue processing, and antibodies for
zQ175 mice characterization

Brains from p7 zQ175-mice and controls (males and females) were
sampled and post-fixed with PFA overnight, then cryoprotected as above.
Immunohistochemical analyses were performed on three different litters
(two originating from two different female mice with the disease, while
one derived from a male HD mouse).

20 pum thick brain cryopreserved coronal sections were cut on a cryostat
and collected in parallel series. Sections were incubated with the following
primary antibodies: Ki-67 (rabbit, Novus Biologicals, #NB600-1252, dilution:
1:500); Ki-67 (mouse, Novus Biologicals, #NBP2-22112, dilution: 1:200);
MASH1 (mouse, BD Pharmingen, #556604, dilution: 1:300); GFAP (mouse,
Millipore, #MAB3402, dilution: 1:300); DCX (rabbit, Cell Signaling, #4604S,
dilution: 1:400). For the detection of primary antibodies, Alexa Fluor 488
and/or 594 labelled goat anti-mouse (488: Jackson, #115-545-205; 594:
Invitrogen, #A21125) and/or goat anti-rabbit (488: Jackson, #111-545-144;
594: Invitrogen, #A11012) secondary antibodies, all diluted 1:1000, were
used. Nuclei were labelled with DAPI.

Immunohistochemical quantifications

The quantification analyses of the SVZ and RMS of Q175 and WT animals
have been performed by measuring 2 to 4 serial coronal sections (20 um
thick, 7-8 animal/group) of the brain region spanning from the conjunction
of the corpus callosum up to the emergence of the 3rd ventricle (circa
600 um total). For each ventricle, adjacent 20X confocal images covering
the RMS and the ventricular wall lining the striatum have been acquired.
The quantification of Ki67+ and MASH1+ cells has been performed by a
blinded observer, and, for each animal, the mean value of 2-4 ventricles
was generated and plotted for statistical evaluation.

For the quantification of GFAP and DCX immunoreactive area, in each
image, the ROI has been selected by encircling the SVZ and RMS (red area
in the schematic as in Fig. 1a) based on DAPI stain, and default settings for
thresholding have been applied to obtain the % of the immunoreactive
area (%Area). For each animal, the mean % Area value of 2-4 ventricles was
generated and plotted for the statistical evaluation. The % Area for each
ventricle is the result of the following calculation: (sum of thresholded
ROI)/(sum of unthresholded ROI) * 100. Results are shown as means + SD.
Confocal images were taken using the NIKON A1R microscope. For
fluorescence quantification, the images have been acquired with the same
settings across experimental groups. For quantitative image analysis, slides
were coded prior to assessment, and investigators performing the
measurements were blinded to genotype and experimental group
allocation until completion of the analysis.

Human iPSC-derived neural stem cells production (hiNSCs)
Patient-derived iPSCs were generated at Fondazione IRCCS Casa Sollievo
della Sofferenza under Ethics Committee-approved protocols (approval no.
136/CE). Written informed consent was obtained from all donors prior to
sample collection. HD-iPSCs [43-45] were manually detached and plated in
floating conditions. Nutristem-XF medium was gradually switched to KOSR
medium (DMEM F-12, 20% Knock-out serum replacement (Gibco), 0.1 mM
B-mercaptoethanol, 1X NEAA, 50U/ml Penicillin-Streptomycin, 2mM L-
glutamine) where cells were maintained for 52 days. Neural precursor cells
were selected using serum-free neurosphere growth medium, and after
10 days, cells were mechanically dissociated into single cells and replated
at high density in the same medium. In this phase, a single cell produces a
sphere that can be routinely split every 10-15 days: up to 20-30 times [47].
Cell line identity was verified by short tandem repeat (STR) profiling at the
start of the project. Cells were routinely monitored for mycoplasma
contamination.

Proliferation curves and % of cell death of mNSCs and hiNSCs
On day 0, neurospheres were mechanically split into single cells, 300.000
cells were seeded in serum-free neurosphere growth medium at 37 °C, 5%
02, and 5% CO2 for a week. Proliferation curves were determined using
Trypan Blue dye (Sigma-Aldrich) by direct counting of stained and
unstained cells after 7, 14, and 21 days of culture. The mean cell count/flask
was recorded for each cell line, and cell numbers were plotted against
culture time. Growth rates of cells were calculated by dividing the counted
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cells by the seeding value (300.000 cells). % of dead cells was estimated by
dividing the trypan-blue positive by the total number of cells and
multiplying the obtained result by 100 to express it as a percentage. All
experiments were performed at least in triplicate, unless otherwise
indicated.

Quantitative real-time PCR (qRT-PCR)

Total RNAs were extracted using TRIzol reagent (Life Technologies). cDNAs
were synthesized using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). For miRNA analyses, we used the TagMan™
MicroRNA Reverse Transcription Kit (Applied Biosystems), according to
the manufacturer’s instructions. Real-Time PCR analyses were carried out
using a 7900HT Fast Real-Time PCR system (Applied Biosystems). SYBR
green reactions were performed using Power SYBR Green PCR Master Mix
(Applied Biosystem) with the following PCR program: denaturation 95 °C
for 10 min; amplification 95 °C for 10's, 60 °C for 10's, 72 °C for 30, all of
which was repeated for 50 cycles; final elongation 72 °C for 7 min; final
dissociation step 95 °C for 15, 60 °C for 15s and 95 °C for 15s. For each
gene of interest, the protocol was as follows: each cDNA sample was tested
in duplicate in a minimum of two independent biological experiments. The
expression ratio of the target genes was calculated by using the 2724<
method, considering TBP as the reference gene, unless otherwise

indicated.

Sybr Green Primers
used for qPCR

Ki-67 human

gfap human

ezh2 human

lin28 human

Tbp human

gapdh human
mcherry

lin28 mouse

Ezh2 mouse

tbp mouse

Forward 5’-3"

GAA AGA GTG GCA
ACCTGC CTT C

GCG GGA TGG AGA
GGG TACTA

ACT GTA CTC GTT
GTC CAA ACA

CAC AAT GGG TGG
GGG CTA TT

CCG AAA CGC CGA
ATA TAA TCC

GTC TTC ACC ACC
ATG GAG

CCC TCA GTT CAT
GTA CGG CT

CAG GCT TGG TAG
CCA CTG AC

TGT GGG CAT CGA
ACG AGA AA

GCA CAG GAG CCA
AGA GTG A

Tagman Primers used for qPCR

pri-let7 human
let7 human
mir16 human
pri-let7 mouse
let7 mouse

mir16 mouse

Reverse 5’-3’

GCA CCA AGT TTT
ACT ACA TCT GCC

ATG TGG TGT CTT
GTG GCT CA

GTA TCC ACA TCC
TCA GCG GG

CCC AGA ACC TCT
ACT TGC AT

AAA TCA GTG CCG
TGG TTC GT

CCA CCC TGT TGC
TGT AGC

GCC GTC CTC GAA
GTT CAT CA

CAC GGA TGG ATT
CCA GAC CC

AGC AAG CTG GAA
AAA CAA AGC A

CCC ACC ATG TTC
TGG ATC TT

Probe
Hs03303029_pri
TM: 002282
Hs03303046
MmO03306155_pri
MmO03306 155
Mm03306 169

To quantify differences in E(z) and 1in28 gene expression between HD

(elav-Gal4 > 128QHtt) and control (elav-Gal4 > 16QHtt) flies, RNA samples
from adult heads were isolated using QIAzol reagent (Qiagen), according
to the manufacturer’s instructions. 2ug of total RNA was reverse
transcribed using oligo dT and SuperScript Reverse Transcriptase Il
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(Invitrogen) according to the manufacturer’s protocol. The qPCR reactions
were carried out with PowerUp SYBR Green Master Mix for gPCR (Applied
Biosystems) according to the manufacturer’s protocol. Relative abundance
of the different transcripts was determined using the 222" method [91]
with the rp49 transcript as the reference gene. gRT-PCR experiments were
performed in three independent biological replicates, each with three
technical replicates. The qRT-PCR primer sequences are the following:

Sybr Green Primers  Forward 5’-3’ Reverse 5’-3’

used for qPCR

E(Z) AGT GGA AGA GGC TGT GCT CGT CCC
GTG TCA AG AGT TTICTTA T
lin28 ACT TCA TCA GCG TCC CTT GGC CAC

AAT CCG GCA A GTT GAA CC

rp49 GCG CAC CAA GCA
CTIT CAT C

TTG GGC TTG CGC
CATT

Clonal efficiency of mNSCs and hiNSCs
hiNSCs and mNSCs were resuspended in a growth medium for neuro-
spheres. After scalar dilutions, we seeded them in a 24-well dish (Falcon®),
previously pre-treated with Poly-L-lysine 0.01% (Sigma-Aldrich), at two
different concentrations: 1000 cells/cm2 and 500 cells/cm2 per well. On
day 7, we acquired optical microscope images with a 10X magnification,
and we counted the number of neurospheres obtained per well. % of
clonal efficiency was calculated following the formula below:

Each dot represents an independent experiment expressed as the mean
analysis of microscopy images (n =3 for mNSCs, n =20 for CTR-hiNSCs,
and n =11 for HD-hiNSCs).

Differentiation of mNSCs and hiNSCs

The neurospheres were mechanically dissociated into single cells, then
transferred for three days onto cultrex-coated glass coverslips at the
density of 20.000 cells/coverslip without EGF and finally put into a
mitogen-free medium (+2%FBS) to allow a spontaneous in vitro differ-
entiation into neurons, astrocytes, and oligodendrocytes [47]. Differen-
tiated cells were cultured for up to 17 days to obtain a mixture of neural
cells containing astrocytes, neurons, and oligodendrocytes.

Immunofluorescence analyses of differentiated cells
Immunofluorescence analyses were performed at 10 and 17 days after
bFGF/ EGF removal. Cells were fixed in freshly buffered 4% paraformalde-
hyde for 10 min at room temperature and permeabilized with 0.1% Triton
X-100 for 10 min (except for GALC staining). After blocking with 10%
normal goat serum (NGS), the cultures (mouse and human) were incubated
overnight at 4 °C with the following antibodies: anti-TUBB3 (1:400 -
BioLegend, # 801202); GFAP (1:200 - Dako, # Z033401-2); and GALC (1:200 -
Sigma-Aldrich, #MAB342). Cells were incubated with the following
secondary antibodies: anti-rabbit Alexa Fluor 488 and anti-mouse Alexa
Fluor 555 (Invitrogen, # A11008 and # A21422), 1:1000. Nuclei staining was
performed with Hoechst 33342 (Invitrogen). Microphotographs were taken
using a Nikon C2 fluorescence microscope and NIS Elements 1.49 software
and analyzed with ImageJ software. % of labeled cells/total nuclei, neurite
length (m), and GFAP corrected total cell fluorescence (CTCF) are reported
as means + SD. Each dot represents the analysis of a confocal microscopy
image, and all experiments were performed at least in triplicate.

Western blot analyses

Whole cell protein extracts were prepared using an appropriate volume of
RIPA buffer 1X (Sigma-Aldrich) supplemented with Phosphatase Inhibitors
and Protease Inhibitors cocktails (Sigma-Aldrich). Protein quantification
was performed through the BCA Assay (Bio-rad) using Varioskan LUX
(ThermoFisher Scientific). Lysates were loaded into Mini-Protean TGX gels
4-15% (Bio-rad) and transferred to a nitrocellulose membrane using Trans-
blot Turbo (Bio-rad). Membranes were washed for 5min in Tris Buffer
Saline (TBS) supplemented with 1% Tween-20 (Thermo Fisher Scientific)
and then blocked with 5% non-fat milk in 1X TBS-Tween for 1 h at room
temperature. Primary antibodies (anti-GAPDH: 1:1000—Sigma-Aldrich, #
G9545; anti-GFAP 1:1000-Dako, # Z033401-2; anti-EZH2 1:1000-Cell
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Signaling Technology, # 5246; anti-LIN28 1:1000-Abcam, #ab46020; anti-
mCherry 1:1000-Abcam, #ab167453; anti-ACTIN 1:1000-Sigma-Aldrich, #
MAB1501) were diluted in a blocking solution and incubated at 4°C
overnight. Membranes were washed three times with 1X TBS-Tween for
10 min; then secondary antibodies (Anti-mouse 1:3000—Bio-rad, Anti-
rabbit 1:5000—Bio-rad) were incubated for 1 h at room temperature. After
three washing steps, the proteins were revealed with ECL Crescendo
(Merck Millipore) according to the manufacturer’s instructions. Images
were acquired using the iBright (ThermoFisher), and image processing and
densitometric quantification were performed using Image) software.
Original blots are present in the supplementary material.

Histone methyltransferase activity/inhibition measurement
Nuclear extracts were prepared using the EpiQuik Nuclear Extraction Kit |
(EpingenTek) and added to the EpiQuik Histone Methyltransferase Activity/
Inhibition Assay Kit (H3-K27, EpingenTek) following the manufacturer’s
instructions. Absorbances were measured using Varioskan LUX reader
(ThermoFisher), and HMT activity was calculated using the formula

OD(sample-blank)
Activity(ng/h/mg) =— x1000

Protein amount(ug)x hour x slope

Glutamate assay

Cells (CTR-hiNSCs and HD-hiNSCs) were plated in 24-well plates (25000
cells/well). The culture medium was collected from CTR-hiNSCs and HD-
hiNSCs and centrifuged at 10,000gx 15’ to remove insoluble debris.
Glutamate concentration was measured by a colorimetric assay, according
to the manufacturer’s instructions (MAK004 Sigma-Aldrich). Protein extract
from RIPA buffer lysis was quantified by BCA assay and used for
normalization.

Viral infection protocol

Vectors pCAG 17Q HTT-N548 and pCAG 73Q HTT-548 were obtained as
described in Migazzi et al. 2021 [51]. On day 0, neurospheres were
mechanically disrupted, and 500.000 cells were seeded in 2 different flasks,
each one infected by transduction at a multiplicity of infection (MOI) of 10
with 17Q and 73Q vectors, respectively. After 24h the medium was
replaced by fresh virus-free neurospheres medium, and 7 days after
infection, cell pellets were collected for subsequent analyses.

Transcriptomic analysis

GeneChip Human Transcriptome Array (HTA) 2.0 (Affymetrix) was used for the
quantification of transcript levels. All procedures were conducted according to
the manufacturer’s protocols (Affymetrix Inc, Santa Clara, CA, USA). Briefly, for
each array, complementary RNA (cRNA) was prepared from 200 ng of total
RNA according to the Affymetrix Whole Transcript (WT) protocol. The cRNA
was used to generate single-stranded DNA, which was fragmented and
biotinylated. The labeled single-stranded DNA was hybridized on Affymetrix
HTA 2.0 microarrays. The microarrays were then washed and stained with a
streptavidin-phycoerythrin conjugate in an Affymetrix Fluidics Station 450. The
microarrays were scanned with a GeneChip Scanner 3000 7 G (Affymetrix). All
GeneChips were visually inspected for irregularities. The global method of
scaling (or normalization) was applied to all GeneChips. The percentage of
present genes and the ratio of endogenous genes indicated a high overall
quality of samples and assays. Oligo (v. 1.62.1) package from Bioconductor was
used to extract quality measurements from the raw CEL files and perform the
RMA normalization [94], and the affycore tools (v. 1.70) package was used for
annotation. 3525 less variable probsets among the samples (~5%) were
removed by using the genefilter (v. 1.80.2) package from Bioconductor
(variance cut off=0.05). Differential gene expression analysis was performed on
protein-coding genes using the limma package (v. 3.54.0) [95]. Differentially
expressed genes were considered significant if their p value after Bonferroni
correction was < 0.05. Gene Ontology Biological Processes (GO-BP) (v.2021)
and Reactome (v.2022) enrichment analyses for down-regulated (n = 383) and
up-regulated (n =488) coding genes in HD-hiNSC relative to CTR-hiNSC were
evaluated using Fisher's Exact test, using the enrichR R package [96]. GO and
Reactome terms were considered significantly enriched if their p value after
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Bonferroni correction was < 0.001. Enrichment analyses between the
established markers identified by Su [49] (10 major cell clusters and 9
astrocyte subpopulations) and up- and down-regulated coding genes in HD-
hiNSC relative to CTR-hiNSC were evaluated using Fisher's Exact test, where the
background set consisted of all expressed coding genes (n=17677). Cell
classes were considered significantly enriched if their p value after Bonferroni
correction was < 0.001.

ChIP-PCR
Chromatin immunoprecipitation (ChIP) was performed as previously described
[97]. Epigenetic Restoration of Fetal-like IGF1 Signaling Inhibits Leukemia Stem
Cell Activity with validated antibodies against H3K27me3 (Cat. C15410069-50,
Diagenode), Ezh2 (Cat.49-1043, Thermofisher), and rabbit IgG (Cat. 2729, Cell
Signaling Technology). Briefly, cells were treated with 1% formaldehyde for
10 min at 37 °C, lysed in 1% SDS, 10 mM EDTA, and 50 mM Tris (pH 8.1), and
sonicated to obtain DNA fragments ranging in length from 200 bp to 600 bp.
Subsequently, the chromatin was immunoprecipitated with antibodies. After
overnight incubation with antisera at 4 °C, we captured immunoprecipitated
chromatin with Protein A agarose beads, which we subsequently washed, and
eluted the bound chromatin. After reversal of crosslinks, we purified DNA using
the QlAquick PCR purification kit (Qiagen). ChIP DNA was quantified using a
Qubit dsDNA HS Assay Kit (Cat. Q32851, ThermoFisher Scientific) and the
quality was assessed by the 4200 TapeStation System using High Sensitivity
D1000 Reagents (Cat. 5067-5585, Agilent Technologies). DNA enrichment was
assessed using the QX200 ddPCR EvaGreen Supermix (Bio-Rad, #1864033) on
the QX200 Droplet Digital PCR system (Bio-Rad). The ddPCR data were
analyzed with QuantaSoft Software. Statistical analyses were performed using
GraphPad Prism (version 10.4.2). A p-value < 0.05 was considered statistically
significant. The primer sequences used for amplification are listed in Table S1.
AmpliconForward primerReverse Primer
GFAP 0.0 5-GTCTCCTCTCCATCCTGCTCT-3" 5-CTATGCCAGGGGGTGTTG-3"
GFAP -4.6 5-GACCAGCAAGTCTGTTCATC-3' 5-TTTCTCCCTGCCTCTAAACT-3’
ZNF333 5'-AGCCTTCAATCAGCCATCATCCCT-3" 5-TCTGGTATGGGTTCGC
AGATGTGT3'
GAPDH 5'-TACTAGCGGTTTTACGGGCG-3' 5-TCGAACAGGAGGAGCAGA-
GAGCGA-3'

ChIP-sequencing analysis

The ChlIP-Seq data were reanalyzed from GEO accession GSM2879087 [98],
aligned against the human genome hg19, and visualized using the
Integrative Genomics Viewer (IGV). Peaks were called with Model-based
Analysis for ChIP-seq (MACS2) using default parameters after normalization
with input as a control. The peaks with p-value < 0.05 were retained.

Pharmacological cell treatments

Cells were treated with EZH2 inhibitors (TAZ 1 uM, MS1943 100 nM) and
Let-7g-restoring compounds (IPA3 10nM, 1632 0.6 uM), selected via
functional and viability assays. Treatments began at the onset of
spontaneous differentiation (growth factor withdrawal) and were refreshed
every three days throughout the experiment.

Fly stocks and treatments
All transgenic fly stocks used in this study were obtained from the
Bloomington Drosophila stock

center http:/flystocks.bio.indiana.edu and are listed below:

UAS-HTT.128Q (w)''"® ; P{w[+mC]=UAS-HTT.128Q.FL}f27b, #33808;

UAS-HTT.16Q (w)'""® ; P{w[+mC]=UAS-HTT.16Q.FL}F24/CyO, #33810;

elav-Gal4 (P{GawBJelav'>*, #458).

A detailed description of all the lines is given at FlyBase http://
flybase.org. Flies were raised at

25 °C on a standard cornmeal-sucrose-yeast-agar medium.

Drosophila larvae or adult flies were grown on standard medium
supplemented with each of the epigenetic inhibitors at the following final
concentrations: Tazemetostat 50 uM, MS1943 20 uM, IPA3 10 uM, 1632
50 uM. Control groups, grown on standard medium containing only the
solvent (DMSO), were included alongside each experimental group. All the
experiments were performed at 29 °C.

Climbing assay

The negative geotaxis assay was performed as previously described [99].
For each treatment, groups of 10 flies, male and female flies 6-7 days old,
were anesthetized with CO2, allowed to recover for 2h, and then
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transferred into empty glass tubes (9.5 cm X 2.5 cm). In each assay, groups
of 10 flies were tapped down and evaluated for their ability to cross an
8 cm line within 10's, with a total of 10 trials per assay. At least 150 flies
were tested for each experimental group. Data are presented as
mean + SEM and analyzed using one-way ANOVA, followed by Dunnett's
post hoc test for comparisons. All statistical analyses were performed using
GraphPad Prism, with a significance threshold set at p < 0.05.

Statistical analyses

All experiments were performed with at least three independent biological
replicates. In the scatter plots, each data point represents one independent
biological replicate (n). Statistical analyses were conducted using GraphPad
Prism 8. For small sample sizes (n < 8), data were assumed to be normally
distributed; for larger samples (8 < n < 20), normality was tested. Data were
analyzed using unpaired two-tailed Welch's t-tests or one-way/two-way
ANOVA followed by Bonferroni’s post hoc correction. Data sets with more
than 20 samples were analyzed using non-parametric tests, specifically the
two-tailed Mann-Whitney or Kruskal-Wallis tests, followed by Dunn’s for
multiple comparisons. Statistical significance was defined as *p <0.05,
**p <0.01, and ***p <0.001. Both transcriptomic and ChIP analyses were
performed as indicated in the relevant sections. For in vitro experiments,
the sample size was determined based on previous studies employing
similar experimental approaches. For animal experiments, sample sizes
were determined by the availability of animals from independent litters.
Whenever possible, animals from multiple litters were included to reduce
litter-specific effects. Randomization was not performed in this study, as
animals were classified into diseased and healthy groups based on their
genetic condition.
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All data supporting the findings of this study are available within the article and its
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