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Summary:

Huntington’s disease (HD) is characterized by neuronal dysfunction and degeneration that varies
markedly by brain region and cell type. We previously showed that CAG repeat expansion in exon
1 of themHTT gene correlates with increased expression of the mismatch repair
genes MSH?2 and MSH3 in striatal medium spiny neurons!', and demonstrated that, in the striatum
and cerebral cortex of individuals with HD, hundreds of genes are dysregulated in neuronal cell
types carrying somatically expanded CAG repeat in mHTT"2. Here we employ comprehensive
epigenetic profiling in specific neuronal and glial cell types from the human striatum, cerebral
cortex, hippocampus and cerebellum of control and HD donor samples to identify cell type- and
species-specific  transcriptional ~ control ~ mechanisms in  the mismatch  repair
genes MSH2, MSH3 and FANI that can explain the specificity of somatic CAG expansion in the
first stage of HD. In the second, toxic phase of HD we identify two distinct epigenetic mechanisms
that disrupt regulation of hundreds of genes in the majority of HD MSNs, including several that
cause haploinsufficient neurological disorders. Our data support a mechanistic model of HD
pathogenesis in which regulation of mismatch repair gene transcription determines the selectivity
of somatic expansion, and DNA methylation stabilizes the toxic effect of mutant huntingtin on
HD-modifying proteins MED15 and TCERG1, which regulate enhancer function and transcription
elongation.
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Introduction:

Huntington’s disease (HD) is a fatal late-onset neurodegenerative disease caused by inheritance of
an abnormally long CAG repeat in exon 1 of the Huntingtin gene (H7T) 3. Studies of human tissue
samples have established that somatic expansion of the mutant H77T (mHTT) CAG repeat occurs
in specific brain regions * and cell types >°. Genetic studies in humans and mouse models have
demonstrated that genes involved in DNA mismatch repair modulate the age at onset of HD % and
the capacity for somatic CAG expansion of the mHTT allele in the mouse central nervous system
(CNS) [reviewed in °]. In the human striatum, somatic CAG expansion in MSNs coincides with
high levels of nuclear MutS homologues 2 and 3 (MSH2, MSH3), which together comprise MutSf3
L. In vitro, MutSp inhibits the nucleolytic excision of DNA molecules with CAG slip-outs by
FANCD2 and FANCI Associated Nuclease 1 (FAN1), thus promoting somatic mHTT CAG
expansion !. Although DNA mismatch repair enzyme-dependent somatic CAG expansion is
considered to be a necessary initial step in HD pathogenesis !°, the mechanisms that govern CNS
cell type-specificity of the somatic CAG expansion process have not been determined.

Cell types carrying mHTT allele with somatically expanded CAG repeat have severe HD-
associated transcript level changes 2. These data support a model in which a second step of HD
pathogenesis is caused by disruption of transcriptional regulation, leading to cell loss !!. The
identification of genes encoding transcriptional regulators MEDI15 and TCERGI as HD
progression-modifying genes in humans 7%, and the demonstration that these genes do not alter
somatic expansion in HD mouse models '%!3, support this hypothesis. Studies in HD mouse models
have demonstrated that transcriptional dysregulation is accompanied by a variety of epigenetic
changes, including altered epigenetic aging, measured based on selected methylated cytosines 4,
downregulation of cell identity genes '>!6, changes in post-translational histone modifications
(PTMs) 718 reversal of polycomb-dependent developmental repression !°, and disease locus
specific alterations of higher order chromatin structure 2°. Although these studies suggest that
altered epigenetic control of gene expression may occur in HD, there is no evidence available
identifying cell type specific epigenetic mechanisms and their contributions to transcriptional
disturbances in response to somatic expansion of mHTT in the human brain.

Here we have used high resolution epigenetic analysis of cell types in the striatum, cerebral cortex,
hippocampus, and cerebellum to understand the specificity of somatic expansion in the HD brain,
and to identify mechanisms of toxicity in cell types carrying somatically expanded mHTT CAG
repeats. The finding that MutSb is elevated in human MSNs !, coupled with the data we present
here demonstrating cell type-specific enhancers in MSH2, MSH3, FANI and other genes involved
in somatic CAG expansion, suggests selective somatic expansion of mHTT CAG repeat in specific
cell types is driven by transcriptional mechanisms controlling the balance of expression of these
critical DNA repair genes in each cell type. We demonstrate also that chromatin accessibility
changes in HD brain are cell type specific, and that their magnitude and number differ between
cell types where mHTT CAG repeat is expanding vs stable. In striatal MSNs, we find that
transcriptional enhancers associated with genes that are repressed during HD progression lose
accessibility and gain cytosine methylation (SmC) and hydroxymethylation (ShmC) at CpG
dinucleotides. In contrast, genes that are de-repressed in HD MSNs gain chromatin accessibility
and lose SmCG, SmCH and ShmCH in their gene body. These data support a model of toxicity in
HD that is driven by disruption of transcriptional mechanisms by mutant huntingtin polyQ
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64 domains, and stabilization of the disrupted pattern of transcriptional events by altered DNA
65 methylation and hydroxymethylation. The magnitude, scale and cell-specificity of epigenetic
66  changes in expanding HD neurons, and the observation that genes responsible for haploinsufficient
67  neurological or neurodegenerative diseases are strongly repressed in striatal MSNs, suggest that
68 intrinsic mechanisms drive cell type- and circuit-specific toxicity by affecting the majority of HD
69  MSNs.

70  Results:
71  Epigenetic profiling and cell type-specific transcriptional control in the human brain.

72 We previously established that select neuronal populations undergo somatic CAG expansion
73  within exon 1 of the mutant Huntingtin (mHTT) gene in the human brain 2. In striatal medium
74 spiny neurons (MSNs), somatic expansion of the mHTT CAG repeat correlates with high level of
75  nuclear MSH2 and MSH3 transcripts and their encoded proteins !. To test the hypothesis that cell
76  type-specific transcriptional regulation of genes involved in somatic expansion contributes to its
77  cell type-specificity, we first identified candidate cis-regulatory elements (cCREs) in neuronal and
78  glial populations exhibiting varying degrees of CAG expansion. The cell types studied include: (1)
79  neurons with significant mHTT CAG expansion in Huntington’s disease (HD), namely striatal
80  direct-pathway MSNs (dMSNs), indirect-pathway MSNs (iMSNs), and cortical L5a, L6a, and L6b
81  pyramidal neurons from primary motor cortex (BA4); (2) neurons with minimal or moderate CAG
82  expansion, including hippocampal CAl, CA2/3 neurons, ADARB2-expressing interneurons,
83  dentate granule neurons, and cerebellar granule cells; and (3) glial populations (oligodendrocytes,
84  microglia, and astrocytes) from striatum exhibiting minimal expansion (Fig 1a).

85  Although chromatin accessibility alone can indicate potential cCREs, definitive identification of
86  transcriptional promoters, enhancers, and architectural elements requires comprehensive gene
87  expression data integrated with high-resolution mapping of multiple characteristic epigenetic
88  marks 2. Given the absence of these datasets for human brain cell types, we used fluorescence-
89 activated nuclei sorting sequencing (FANS-seq) to generate genome-wide profiles of chromatin
90 accessibility (ATAC-seq), histone modifications (CUT&RUN-seq), and DNA methylation and
91  hydroxymethylation at single-nucleotide resolution (oxBS-seq) from brain tissue samples of
92  control and HD donors (Fig 1a). Consistent with previous studies of murine brain 22, UMAP
93 dimension reduction of genome-wide consensus peak sets, defined from our cell type-specific
94  ATAC-seq datasets via iterative peak-calling strategy 23, clearly distinguished neurons from glia
95 and segregated specific neuronal and glial subtypes (Fig 1b). Correlation matrix clustering further
96  validated these distinctions, demonstrating high within-cell-type correlations and, as expected,
97  similarities among closely related neuronal populations (Fig S1b).

98  Accurate regulatory network model construction requires cell type-specific peak-to-gene

99 annotation. We therefore employed cell type-specific FANS-seq datasets and iterative ATAC-seq
100 consensus peaks to develop a correlation-based model to systematically link accessible regions to
101  target genes (Fig Sla), enabling functional annotation of over 80,000 accessible regions per cell
102  type as either (+)cCREs (predicted transcriptional enhancers) or (-)cCREs (predicted repressors)
103 (Table S1).
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Fig 1| Cell type-specific enhancer elements in genes modifying CAG repeat expansion

a, Schematic of the experimental workflow. Nuclei from the following cell types were collected for RNA-seq and ATAC-seq profiling: L5a, L6a,
and L6b projection neurons (motor cortex, BA4); direct and indirect medium spiny neurons (dMSNs and iMSNs), oligodendrocytes, microglia,
and astrocytes (caudate and putamen); CA1 and CA2/3 projection neurons, granule neurons, and ADARB2" interneurons (hippocampus); and
granule neurons (cerebellum). In-depth profiling of striatal MSNs and glia included CUT&RUN-seq for histone modifications, as well as OXBS-
seq analysis of CpG and CpH methylation and hydroxymethylation. Created with BioRender.com. b, UMAP dimensional reduction of top 5000
variable accessible regions across all cell types reveals clustering of consensus ATAC-seq datasets by both cell type and brain region. ¢, Cell
type-specific (+)cCREs accessibility in genes modifying of HD onset or progression (MSH3, FAN1) or somatic CAG repeat expansion in mouse
models (MSH2, MSH3, POLE, FAN1). (Left) Normalized ATAC-seq read counts in (+)cCREs were averaged across control donor samples by
cell type and plotted against the average VST-transformed read counts of FANS-seq datasets collected for the respective cell types from control
donors’ samples. (Right) Representative IGV tracks showing selected (+)cCREs (blue bars) linked to MSH3, MSH2, POLE, and FANI.
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115  Genetic modifiers of somatic expansion contain cell type-specific (+)cCREs

116

117  Applying our peak-to-gene linkage model, we discovered cell-type specific (+)cCREs for genes
118 identified in genome-wide association studies (GWAS) as potential modifiers of HD onset or
119  progression %8, for genes encoding components of the mismatch repair complex or linked to
120  somatic expansion of mHTT CAG repeat '2, as well as for HTT itself (Fig 1c; Fig S2a; Table S1).
121 For example, prominent cell type specific (+)cCREs are evident in intron 7 of MSH2 and in MSH3
122 between exons 8§ and 9 in medium spiny neurons (MSNs), between exons 40 and 41 of POLE in
123  deep layer cortical neurons and between exons 7 and 9 of FAN! in astrocytes and oligodendrocytes
124  (Fig lc, S2b, Table S1). Notably, based on our own and previously published chromatin
125  accessibility datasets 22, these (+)cCREs in MSH3 are not found in MSNs in mouse brain and
126  therefore are species-specific regulatory elements (Fig S2b,c). When comparing striatal
127  oligodendrocytes to MSNs, most of the cell type-specific (+)cCREs coincided with cell type-
128  specific presence of H3K27ac (Fig S3a,b) and demethylation of CpGs (Fig S3a,c), features that
129  identify these (+)cCREs as transcriptional enhancers. In contrast, the promoter regions of MSH2,
130 MSH3 and FANI do not exhibit cell type-specific accessibility. Thus, our data suggest that cell
131  type-specific transcriptional enhancers may be critical for establishing the expression levels of
132  genes determining cell type-specific expansion of the mHTT CAG repeat in the human brain.

133

134  Altered enhancer accessibility in neuronal cell types undergoing somatic CAG expansion
135  drives pathogenic HD-associated transcriptional responses

136

137  Studies in mouse model systems and humans 2 have established that severe transcriptional
138  alterations are evident in cell types that undergo somatic CAG expansion. We next investigated
139  whether human cell types exhibit chromatin changes that can explain transcriptional dysregulation.
140  Notably, the severity of chromatin dysregulation positively correlated with the mean somatic
141 length gain of the mHTT CAG tract (Fig 2a; Extended Data Figure 1a,b), consistent with our
142  findings that the number of HD-associated gene expression changes was greater in cell types with
143  more somatic expansion of the mHTT CAG repeat (Extended data Fig 1c) !. Cell types with low
144  and high mHTT CAG instability differed especially strongly in the number of chromatin regions
145  that become less accessible (Fig 2b). It is noteworthy that in each cell type that showed an HD
146  associated chromatin accessibility signature, these changes are largely cell type-specific (Fig
147  S4a,b). For example, even closely related deep layer neurons from the same cortical region and
148  the two classes of striatal MSNs differ by HD-associated accessibility changes at thousands of
149  regions. In line with this finding, for many genes repression in HD MSNs can be attributed to
150 reduced accessibility of linked (+)cCREs (Fig 2c). Notably, this subset of repressed genes includes
151  those known to cause neurological disease when mutated (Fig 2c¢).

15,16

152  The widespread gene repression and reduction of enhancer accessibility in cells with somatically
153  expanded mHTT CAG repeat point to the possibility that mHTT is disrupting the function of the
154  Mediator complex, as components of the latter have been shown to interact with mHTT 24, As
155  Mediator complex has previously been shown to be enriched at broadly accessible and H3K27-
156  acetylated “super-enhancer” regions in embryonic stem cells 2°, we asked whether human MSN
157  genes with these properties are especially prone to repression in the presence of somatically
158  expanded mHTT. Indeed, genes with super-enhancer properties, high gene-body accessibility and
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Fig 2 | Somatic CAG expansion correlates with cell type specific reduced chromatin accessibility in vulnerable neurons in Huntington’s

disease.

a, The number of differentially accessible chromatin regions (p adj < 0.05) and somatic mHTT CAG instability (Mean Somatic Length Gain) in
each cell type analyzed. b, The number of differentially accessible chromatin regions (p adj < 0.05) in the cell types analyzed. Log2FoldChange <
0 and Log2FoldChange > 0 values indicate reduced and increased chromatin accessibility in samples from individuals with HD, respectively. ¢,
Scatter plots of all significant (padj < 0.05) differentially expressed genes in HD dMSNs and astrocytes, marking genes for which repression or
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upregulation correlated with reduced (red) or increased (blue) (+)cCRE accessibility, respectively. Genes that are known to cause
haploinsufficient human disease (excl. CNRI) are labelled for dMSNs and upregulated genes associated with astrogliosis are labelled for
astrocytes. d, Rank ordering of dMSN genes with HD-associated expression change based on the sum of H3K27ac and accessibility signal, from
least to most acetylated and accessible. Dotted lines mark division into bins of equal size (deciles; D1-D10) e, Distribution of HD/Control dMSN
RNAseq log2FoldChange values in deciles of differentially expressed genes, as defined in panel d. Box-plot elements are defined (e.g. center
line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; points, outliers) f, Bar plot indicating the fraction of genes,
in deciles D1-D10, exhibiting correlated decreases in expression level and (+)cCRE accessibility in HD dMSNs.g, Scatter plots display those
human dMSN genes for which the expression of mouse orthologue was also changed significantly in dMSNs of zQ175 mice (compared to Q20
mice), based on TRAP data '®. The extent of overlap of genes downregulated in both human dMSNs and in the zQ175 mouse model is indicated
for deciles D6-D10 (as % in quadrant IIT).
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Extended Data Fig 1 | Somatic expansion of mHTT and transcriptional dysregulation in the cell types analyzed.

a, Relative expression level of marker genes in the transcriptome of nuclei collected for mHTT CAG repeat length analysis. Heatmap depicts loga-
transformed relative expression in each sample (calculated based on DESeq2-normalized counts). b, Length distribution of the mHTT CAG repeat
in different cell types in two 69-year-old male donors that carried a tract of 42 uninterrupted CAG units. Data from striatal glia is derived from
donor 1, the rest of the cell types from donor 2. In cell types analyzed from both donors, there were no notable inter-donor differences (not
shown). Blue bar marks sequencing reads derived from the initial unexpanded CAG tract. y axes denote normalized number of sequencing reads
mapped to reference sequences with different CAG tract lengths (normalized by scaling to 5,000 reads). Reads derived from the normal HTT
allele are not shown. Median somatic length gain (MSLG) is calculated as in Mitlik et al, Nat Genet., 2024 '. ¢, Number of differentially
expressed (DE) genes (Padj < 0.05 by DESeq2, adjusted for multiple comparisons) in the comparison of HD and control donor FANS-seq
datasets from dMSNs and iMSNs (n = 7 and n = 8 HD and control datasets, respectively), neocortical L6a PNs (n =19, n=25), L6b (n=22,n=
19) and L5a PNs (n =17, n = 25), hippocampal CA1 (n=6,n=7), CA2/3 (n=5, n = 6), granule neurons (n = 6, n = 7) and ADARB2+ INs (n =
6, n =4), cerebellar GNs (n =9, n = 9), and striatal oligodendrocytes (n = 7, n = 7), microglia (n = 7, n = 7) and astrocytes (n=7,n=7). d,
Heatmap depicting disease-associated changes in transcript levels of selected genes regulating DNA methylation. Statistically significant
differences are marked with an asterisk (Padj < 0.05 by DESeq2, adjusted for multiple comparisons). H3K27ac levels, were far more likely to be
repressed than upregulated in HD MSNs (Fig 2d,e), and, for a large fraction of these genes, repression correlated with a decrease in (+)cCRE

40


https://doi.org/10.1101/2025.05.21.653721
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.21.653721; this version posted May 26, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

191  accessibility (Fig 2f). Interestingly, while our previous work showed only modest concordance
192  between overall gene expression changes in MSNs in HD mouse models and human MSN

193  FANS-seq datasets !, the repression of the most highly accessible and H3K27-acetylated genes
194  (DI0) is recapitulated in dIMSNs of the zQ175 mouse model of HD (Fig 2g, Supp. Table S4) '6,
195  and several of these have been identified previously as “super-enhancer” regulated genes that are
196  repressed in HD mouse models 7.

197  The epigenetic impact of HD is minimal in most neuronal and glial cell types where the mHTT
198  CAG repeat is relatively stable (oligodendrocytes, microglia and the hippocampal and cerebellar
199  neuron types we have analyzed here) (Fig 2a). However, an obvious exception is astrocytes in the
200  striatum which do not experience significant somatic CAG expansion (Extended data Fig 1b). In
201  this case, the data reveal a strong HD-associated signature of increased chromatin accessibility that
202  correlates with increased expression of known markers of astrogliosis (GFAP, MAOB, ANLN) (Fig
203  2c¢)?® and reflects predominantly increased transcription (Extended data Fig 1¢). It should be noted
204  that while astrocytic responses in HD mouse models are very well characterized %/, it is difficult
205 to compare the human and mouse model system data because a pre-expanded mHTT allele is
206  present in all cell types, including astrocytes, in the mouse models.

207  Taken together, the fact that chromatin accessibility is more dramatically affected, and accessibility
208 loss more prevalent, in cell types that carry longer mHTT CAG repeats, and that the majority of
209 these changes are cell type specific, provides direct evidence that mHTT causes epigenetic changes
210 that result in pervasive transcriptional repression in cell types where the CAG repeat is expanding
211 versus those where extensive expansion does not occur.

212 Increased SmCpG and ShmCpG at methylation-sensitive enhancers stabilize chromatin
213  accessibility loss

214  We have demonstrated here that in each cell type carrying a somatically expanded CAG repeat
215 allele of HTT, transcriptional repression is accompanied by accessibility decreases in specific
216  chromatin regions predicted to be transcriptional enhancers. In both peripheral cell types 2® and
217  neuronal progenitors 2*°, a subset of enhancers requires active DNA demethylation to remain
218 active. This is because DNA methylation and hydroxymethylation inhibit binding of most TFs to
219 their cognate binding sites 3! thereby reducing the process of enhanceosome assembly 32 that can
220 maintain enhancer function and accessibility. For each region with an HD-associated accessibility
221 change, we computed the combined methylation difference (meth.diff) for significantly altered
222 CpGs (qvalue < 0.05) in MSNs and oligodendrocytes. This reflects the HD-associated change in
223  the modification level of individual cytosines in a CpG context. Broadly, the number and
224 magnitude of HD-associated accessibility changes and cytosine modifications within these regions
225 are larger in MSNs compared to oligodendrocytes, particularly for regions that decrease in
226  accessibility and gain DNA methylation (Fig 3a).

227  In MSNs more than 9,500 CpGs in accessible domains exhibit a positive change in cytosine
228 modification level, compared to less than 1,500 exhibiting a negative change in modification of
229  cytosines (Fig 3a). This equates to ~46x and 14.7x higher likelihood of decreases in accessibility
230 being associated with higher CpG modification levels in enhancers in iMSNs and dMSNs,
231  respectively (Fig 3b). The magnitude of HD-associated loss or gain of accessibility also correlates
232  with the magnitude of accumulation or loss of CpG modifications in HD MSNs (Fig 3a).
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233  Furthermore, the majority (~ 6,000 peaks, ~70%) of regions that decrease in accessibility are
234  H3K27ac positive enhancers whereas there are only ~1,300 that increase in accessibility and are
235  H3K27ac-positive (Fig 3¢, Fig S4c). In contrast to oligodendrocytes, MSNs also display higher
236  average levels of H3K27ac in regions that become less accessible in HD (Fig 3c). Moreover,
237  combined methylation difference values >50% indicate strong regulation of these enhancer
238  elements in most MSNs (Fig 3a). For example, the PDE10A, PDESB and CNR1 genes, which are
239  severely repressed in HD MSNs ! have enhancers that lose accessibility and contain CpG
240  dinucleotides carrying HD-associated modification in >50 % of MSNs, and for some enhancers
241  this number can exceed 80% of MSNs (Fig 3a,d). Although any disruption to enhancer
242  demethylation equilibrium may stabilize de novo methylation and lead to repression, MSN-
243  specific HD-associated downregulation of 7ET and TDG, which encode enzymes that carry out
244  different steps of cytosine demethylation pathway ¥4 could further exacerbate this effect
245  (Extended Data Fig 1d).
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Fig 3 | HD-associated chromatin accessibility loss in MSNs occurs at methylation sensitive enhancer elements

a, HD-associated accessibility change (ATAC-seq log2FoldChange of HD/Control) in dMSNs, iMSNs and oligodendrocytes was plotted against
the combined methylation change A(%5mCpG+%5hmCpG) at individual CpG dinucleotides overlapping with these differentially accessible
regions. The number of significant CpGs in each quadrant are displayed (n=5 HD and n=5 control donors).b, Proportion of significant CpG’s that
have a positive combined change in (hydroxy)methylation or negative combined change in (hydroxy)methylation, in regions that increase or
decrease in accessibility in HD iMSNs, dMSNs and Oligodendrocytes. The odd’s ratio for the probability of (hydroxy)methylation increase over
(hydroxy)methylation decrease is shown for regions with HD-associated accessibility decrease. ¢, Control MSN or Oligodendrocyte H3K27ac
signal over regions with HD-associated accessibility change in dMSNs or Oligodendrocytes, respectively d, Representative IGV tracks showing
decreased accessibility over H3K27ac-positive enhancers in PDE10A4, PDESB, and CNR1, with differential track displaying the
A(%5mCpG+%5hmCpG) at individual CpG dinucleotides. The magnitude of modification change for most highly altered CpGs is shown.
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257  The regulation of gene expression is disturbed in most HD MSNs

258  The epigenetic profiles presented here represent chromatin accessibility and DNA methylation
259  measurements in thousands of individual nuclei from dMSN and iMSNs in each donor. Thus, we
260 can infer the proportion of cells in which transcriptional control is disrupted in HD. For example,
261  in Figure 3, marked declines in enhancer accessibility coupled with > 50 % increases in CpG
262  methylation demonstrate that these regulatory elements are altered in at least half of both MSN
263  subtypes. To illustrate further gene-level correlates of this dysregulation, we examined PDE10A
264 and PCP4 (Fig 4a,b), whose significant HD-associated reductions in transcript abundance and
265  chromatin accessibility indicate repression in the majority of MSNs (Fig 4c,d,e,f). This idea is
266  strongly supported by analysis of DNA methylation, showing that in these genes a large fraction
267  of CpGs that are normally demethylated in MSNs gain methylation in HD (Fig 4a,b), and there are
268  cytosines that become modified on more than 50% of the DNA molecules analyzed (Fig S5). As
269  each nucleus can contribute only two copies of a gene to DNA methylation analysis, the data show
270  that biallelic co-occurring (i.e. on the same molecule) modification of these CpGs takes place in a
271 minimum of 50% of MSNs in HD. Alternatively, mono-allelic stochastic loss of demethylated
272  status at these cytosines could occur in the great majority of HD MSNs.

273  To determine if the documented epigenetic and transcriptional changes take place only in a subset
274  MSNs in HD, we used RNAScope to measure changes in mRNA abundance for PDEI0A and
275  PCP4 in individual MSNss, relative to the abundance of an MSN-specific mRNA whose expression
276  does not change (COCH) . In sections from control donor samples, PDE10A (Fig 4g) and PCP4
277  (Fig 4h) mRNAs were detectable in the majority of COCH-positive MSNs in each control donor
278 analyzed. As expected, although the number of MSN nuclei were substantially reduced in HD
279  donor samples, COCH mRNA was detected at comparable levels, whereas little or no PDE10A
280 and PCP4 mRNA was detected. Quantitative image analysis showed that PDEI0A and PCP4
281  transcript levels were reduced in the vast majority of HD MSNs (Fig. 4i, j): only a small subset of
282  HD MSNs for PCP4, and virtually none for PDE10A, exhibited PCP4/COCH or PDE10A/COCH
283  signal ratios comparable to those in control MSNs. Together, FANS-seq, ATAC-seq, OxBS-seq,
284  and mRNA in situ hybridization demonstrate that most striatal MSNs in HD patients undergo
285  marked transcriptional dysregulation.
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286 Fig 4| Gene expression is disrupted in the majority of MSNs in HD

287 a,b, Distribution of FANS-seq and ATAC-seq reads, and the position of modified cytosines in dMSN datasets from a control (blue) and HD donor
288 (red), showing HD-associated changes in nuclear transcript level, chromatin accessibility, cytosine methylation and hydroxymethylation across
289 PDE10A4 and PCP4. Differential tracks show the position of CpG dinucleotides with statistically significant HD-associated (hydroxy)methylation
290 gain (red) or loss (blue). ¢,d,e,f, PDE10A and PCP4 transcript level (c, e) and bCRE accessibility (d, f) in HD MSNs represented as % of their
291 transcript level and accessibility in control donor MSNs (mean plotted), based on (c, e) FANS-seq reads (n =7 HD, n = 8 CTRL donors) mapped
292 to PDE10A and PCP4, and (d, f) ATAC-seq reads (n = 9 HD, n = 8 CTRL donors) mapped to differentially accessible cCREs linked to PDE10A
293 (average of 29 cCREs) and PCP4 (average of 51 cCREs). P values were calculated with DESeq2 and are adjusted for multiple comparisons. P
294 values for each of the cCREs can be found in Table S3. g,h, Representative sections of putamen stained with RNAScope for the quantification of
295 COCH (yellow) and (d) PDE10A4 or (¢) PCP4 (magenta) transcripts (cell nuclei stained with DAPI, blue). i,j, Ratio of PDE10A+ puncta to

296 COCH + puncta (f) and PCP4+ puncta to COCH+ puncta (g) was calculated for each COCH+ cell (median of the ratio is plotted for cells from
297 each tissue donor analyzed). Vertical dashed line indicates the lowest median PDE10A/COCH ratio and PCP4/COCH ratio out of the four control
298 donors analyzed. The average of median PDE10A/COCH and PCP4/COCH ratios in HD donors was significantly lower than in control donors (P
299 =0.001 and P = 0.0368 for PDE10A and PCP4, respectively, using unpaired two-tailed T-test, average +/- SD is shown).
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301  Modeling MeCP2-Dependent gene derepression predicts up-regulation in HD MSNs

302  Despite cytosine methylation at a subset of enhancers predicting decreased chromatin accessibility
303  and gene repression in HD MSNs, the mechanistic basis for why certain genes are up-regulated in
304  HD remains unresolved. To address this, we first examined how HD-associated loss of DNA
305 methylation modifications within gene bodies correlates with increased expression of specific
306 genes in HD dMSNs. Using gene expression and cytosine methylation data from dMSNs, we
307  constructed a logistic regression model where the predictor was the proportion of significantly
308 differential cytosines in gene bodies that lost methylation in HD (Fig. 5b, left). Individually,
309 decreases in SmCpG, SmCpH, and hmCpH each showed a monotonic increase in the probability
310  of gene up-regulation, while ShmCpG decrease showed only a poor correlation with the probability
311  of upregulation (Fig. 5b, left panel). Since SmCpG, SmCpH, and ShmCpH are known to be high
312  affinity binding sites of transcriptional repressor methyl-CpG binding protein 2 (MeCP2) (Fig 5a),
313  we then combined all three contexts into a single predictor, the fraction of MeCP2 sites lost per
314  gene, to model increased expression for genes with methylation changes biased towards loss of
315  these sites (Figure 5b right panel, dashed line). We then applied the model to methylation data
316  from iMSNs, to see if it could accurately predict de-repression of genes in HD iMSNs based on
317  this independent dataset 3>, For iIMSN genes where the proportion of decreased MeCP2 binding
318  sites exceeded 0.5, the model predicted HD-associated increased expression with >80% accuracy
319  (Fig. 5b, right panel, blue line), confirming that extensive loss of high-affinity MeCP2 binding
320  sites predicts transcriptional de-repression in HD MSNSs. In contrast, a high proportion of increased
321  MeCP2 binding sites (i.e. proportion of decreased MeCP2 binding sites <0.5) was a poor predictor
322  of lower expression in HD iMSNs, consistent with our prior finding that enhancer inactivation,
323  rather than gene-body methylation, drives the repression of gene expression in HD.

324  To visualize per-gene methylation dynamics in HD MSNs, we plotted the mean and distribution
325  of single-Cp differentials (HD/Control) for each context in four representative de-repressed genes
326 (CADMI, GABRAS5, GDA, ABLIMI; Fig. 5c, d), illustrating how loci with the greatest loss of
327  MeCP2 sites display concomitant increases in transcription and chromatin accessibility. These
328  results demonstrate that loss of high-affinity MeCP2 binding sites within gene bodies is a robust
329  predictor of increased gene expression in HD MSNSs, thus providing a quantitative framework to
330  distinguish derepressed targets from those repressed via enhancer loss.
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Fig 5| Loss of preferred MeCP2 binding sites in gene bodies stabilize increased expression in HD.

a, Graphical model indicating the relationship between cytosine modifications SmCpH, ShmCpH, SmCpG and ShmCpG, their ability to act as
binding sites for the neuronal transcriptional repressor MeCP2, and their impact on gene expression. b(left), Logistic model predicting the
fraction of genes upregulated in HD dMSNs as a consequence of the proportion of gene body cytosines with decreased levels of either SmCpG,
ShmCpG, SmCpH or ShmCpH. b(right), Aggregated logistic model, based on dMSN data, showing the relationship between the reduction of
high-affinity MeCP2 binding sites (gene body SmCpG, SmCpH, ShmCpH combined) and gene up-regulation (dashed line). The model was used
to predict the direction of HD-associated gene expression change based on HD-associated change in the level of SmCpG, SmCpH, ShmCpH
modifications in iMSNs (blue line). Dotted vertical line indicates the threshold of >50% of high affinity MeCP2 sites losing methylation in HD,
and dotted horizontal line marks the threshold of 80% of genes predicted to be upregulated. ¢, Distribution of HD-associated modification change
values for individual gene body cytosines (Cp) in dMSN and iMSN (mean change in methylation indicated with horizontal bar). d, Distribution
of FANS-seq and ATAC-seq reads, and the position of modified cytosines in dMSN datasets from control (blue) and HD donors (red), showing
HD-associated changes in nuclear transcript level, chromatin accessibility, cytosine methylation and hydroxymethylation across gene bodies.
Differential tracks (A) show the position of CpG dinucleotides with statistically significant HD-associated (hydroxy)methylation gain (red) or loss
(blue).
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346  Discussion

347 We present here comprehensive epigenetic profiling, genome-wide DNA methylation and
348  hydroxymethylation mapping of specific neuronal and glial cell types from the striatum, cerebral
349  cortex and cerebellum of control and HD donor samples, as well RNAScope validation studies, to
350  discover mechanisms responsible for the abundant transcriptional disturbances we have previously
351  reported in human brain cell types in Huntington’s disease . In contrast to single nucleus-based
352 analyses of specific cell types, FANS-purified populations of nuclei were analyzed because it
353 enables the generation of genome-wide chromatin accessibility profiles and single nucleotide
354  resolution DNA (hydroxy)methylation profiles to uncover correlated cell type-specific disease-
355  associated epigenetic events at promoters, enhancers, and gene bodies that are known to regulate
356  gene expression. These data establish that the cell types we have analyzed in the human striatum,
357  cerebral cortex and cerebellum have tens of thousands of accessible chromatin regions that are
358  positively correlated with gene expression (Supp. Table 1). As expected 37, UMAP clustering of
359  the ATAC-seq data reveals that developmentally and functionally related cell types have more
360 similar genome-wide chromatin accessibility profiles whereas cell types from different lineages
361  display largely distinctive accessibility and DNA methylation signatures (Fig 1b, Slc,e,f). The
362 depth and quality of these data have allowed us to discover several important epigenetic
363  mechanisms associated with both phases of HD pathophysiology.

364  Transcriptional control of cell type-specific somatic CAG expansion in the human brain.

365  In the first stage of HD pathogenesis ', somatic expansion of the mHTT exon 1 CAG repeat occurs
366 inselect neuronal cell types in the striatum ! and cerebral cortex 2. We show here that the expression
367  of DNA repair and handling genes that modify HD onset or progression in humans, or modulate
368 somatic CAG expansion in model systems 340, correlates with their associated enhancer(s)
369  accessibility in specific human CNS cell types (Fig 1lc; S2a,b). As the balance of different
370 mismatch repair proteins in each cell type must determine their propensity for somatic CAG
371  expansion, our data suggest that enhancer-mediated transcriptional control of MMR proteins may
372  plays amajor role in the cell type-specificity of somatic CAG expansion. For example, the elevated
373  expression and chromatin accessibility of the MSH2 and MSH3 genes in human MSNs (Fig 1c),
374  coupled with the presence of cell type- and species-specific transcriptional enhancers (Fig lc;
375  S2b,c), suggest that enhancer-mediated transcriptional mechanisms contribute to the high levels
376  of MutSP and CAG repeat instability in human MSN nuclei !. Our data indicate also that
377  suppression of expansion in oligodendrocytes and astrocytes may result from high levels of FANI
378  expression, dictated by a cell type-specific enhancer cluster in this important gene (Fig 1c; S2b).
379  Although data from human postmortem studies is not sufficient to test these hypotheses, studies
380  of accelerated evolution of human specific CREs have shown that the functions of many predicted
381  human-specific enhancer elements are expressed accurately when the elements are inserted into
382  the mouse genome *!.

383  Compromised function at DNA demethylation-dependent enhancers drives cell type-specific
384  transcriptional repression in HD.

385  The data we present here demonstrate that HD-associated disruptions in chromatin accessibility
386  depend on both cell autonomous responses to expanded mHTT and regional degeneration. In cell
387  types undergoing somatic CAG expansion, iMSNs, dMSNs, and L5a, L6a, and L6b pyramidal
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388  neurons, chromatin accessibility is predominantly repressed. In contrast, oligodendrocytes,
389 astrocytes and microglia in the striatum exhibit fewer changes and primarily increased
390 accessibility. In hippocampal CA1 and CA2/3 pyramidal cells, interneurons, dentate granule cells,
391  and cerebellar granule neurons, where there is neither somatic CAG expansion (Extended Data Fig
392  1b) nor evidence of local degeneration 2, chromatin accessibility changes are minimal or absent.
393  Consistent with transcript-level alterations, ~70% of regions losing accessibility in MSNs overlap
394  H3K27ac-marked enhancers. Because ATAC-seq provides a single accessibility measurement per
395 chromosome, these cell-type-specific declines in enhancer accessibility demonstrate that
396  dysregulation of enhancer function in response to CAG repeat expansion occurs in a large fraction
397  of iMSNs, dMSNS, and deep-layer pyramidal cells.

398

399  Our finding that HD-associated reduced enhancer accessibility coincides with increased DNA
400  methylation and hydroxymethylation in both iMSNs and dMSNss is consistent with the requirement
401  of DNA demethylation for enhancer activity, as shown for peripheral cell types ?® and neural
402  progenitors 2°2°, Since these cytosine modifications inhibit the binding of most transcription
403 factors 3!, loss of demethylation at these regions is expected to contribute to formation of
404  inaccessible chromatin, enhancer inactivation and repression of transcription. Thus, progressive
405  accumulation of both 5SmC and 5ShmC, substrates of demethylating TET enzymes, at a subset of
406  enhancers in HD MSNs is a manifestation of altered DNA methylation/demethylation equilibrium
407  caused by the convergence of two pathogenic events: the reduced occupancy of enhancers due to
408 compromised Mediator complex formation 24, and a reduction in TETI and TDG expression
409 (Extended Data Fig 1d) leading to impaired DNA demethylation efficiency and stochastic
410  accumulation of SmC and ShmC. In support of this proposed mechanism, the MED15 gene, which
411  encodes an important component of the Mediator complex, has been identified as an HD modifying
412  gene 8. Furthermore, HD-associated increases in methylation and subsequent repression in MSNs
413 s especially prominent in highly accessible and demethylated H3K27ac-positive ‘super-enhancer’
414  regions (Fig 2d-f) which have been shown to be the regions heavily enriched for mediator complex
415  occupancy in embryonic stem cells .

416  Disturbed DNA methylation maintenance in gene bodies is responsible for loss of MeCP2
417  biding sites and de-repression of genes in HD MSNs.

418  Analysis of gene expression in neocortical and striatal cell types that undergo CAG repeat
419  expansion has also demonstrated that hundreds of genes are de-repressed during HD progression
420  !2. Analysis of chromatin accessibility and DNA methylation demonstrate that these genes display
421  distinct HD-associated epigenetic changes. In contrast to repressed genes that accumulate
422  repressive cytosine methylation, a class of genes whose expression increases in HD MSNs
423  primarily demethylate cytosines within their respective gene body. In this case, the DNA
424  methylation context of these genes is highly informative (Fig 5). These genes exhibit decreased
425  levels of SmCpG, SmCpH and ShmCpH, which are all high affinity binding sites for MECP2, and
426  gain 5ShmCG, which is not a high affinity binding site for MECP2 333¢, The net result of the
427  described HD-associated changes in DNA methylation, therefore, is loss of high affinity binding
428  sites for this critical, neuron-specific transcriptional repressor. Notably, recent computational
429  studies have revealed that DNA methylation is “the strongest epigenomic correlate of local
430 elongation rate” %, pointing to the possibility that genetic variation in TCERG could be modifying
431  HD onset through its effect on de-repression of this specific class of genes (GeM-HD Consortium
432 2015, GeM-HD Consortium 2019, Genetic Modifiers of Huntington's Disease et al 2024).
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433  Transcription-mediated toxicity in Huntington’s disease.

434 Based on human genetic studies, single nucleotide polymorphisms (SNPs) in a variety of
435  individual genes can have significant impacts on age at onset of HD and other disorders 5844,
436  Furthermore, the finding that expression of the PDE10A, PDESB, ANO3, FOXGI, ATP2BI and
437  HIVEP2 genes are all strongly repressed in HD ! and the fact that each can by itself cause human
438  CNS disorders that include striatal degeneration #>#7, dyskinesia #>**4°, dystonia >°, and intellectual
439  disability >'? suggests that repressed expression of these genes together in the majority of human
440  MSNs compromises their function. Moreover, significant reduction in expression of several genes
441  in the cAMP signal transduction pathway (e.g. ADCY1, PPPIRI2A4, PPPIR2, Supp. Table 3) in
442  MSNs suggests that their combined actions would severely compromise cAMP signaling. Given
443  the central role of cAMP in both direct and indirect pathway MSNs >3, and severe deficiencies in
444  dopamine-dependent cAMP signaling in presymptomatic HD mice >4, we believe these and other
445  changes we have documented cause major functional deficiencies in the human basal ganglia
446  circuitry.

447  In mouse models of Rett syndrome, an X-linked disorder in which the transcriptional repressor
448  methyl CpG binding protein 2 (MeCP2) is depleted in only 50% of cells in the brain, widespread
449 transcriptional dysregulation in the absence of cell loss causes severe behavioral phenotypes %%,
450  These phenotypes can be rescued in adult animals by reversing the mutation to restore wild-type
451  transcription. Furthermore, deletion of MECP2 in adult mice has demonstrated that transcriptional
452  and chromatin changes precede overt phenotypic changes, contributing to reduced neuronal
453  function in the absence of developmental effects 378, In SCA1 mouse models, transcriptional
454  dysregulation in several cell types as well as altered electrophysiological and behavioral
455  phenotypes occur well before widespread degeneration of cerebellar Purkinje cells *°. These data
456  further support the general conclusion that disrupted gene expression is sufficient to alter cellular
457  function and behavior in the absence of cell loss.

458 A mechanistic model of HD pathogenesis

459  The epigenetic data we have presented here provides mechanistic insight into the two stages of
460 HD pathogenesis . In the first stage, cell type specific somatic expansion of the mHTT CAG
461  repeat occurs in select cell types in several brain regions. Our data contribute to understanding the
462  selectivity of somatic CAG repeat expansion in striatal and neocortical neurons in the human brain
463  !2 by identifying cell type-specific transcriptional enhancers in genes known to promote somatic
464 CAG expansion (MSH2, MSH3, POLD2, POLD4) '? (Fig 6). In contrast, astrocytes and
465  oligodendrocytes, in which very limited expansion occurs, have strong enhancer signatures for
466  FANI, a strong suppressor of somatic expansion. In response to somatic expansion, a second, toxic
467  phase of HD pathogenesis then ensues as a result of somatic expansion of the mHTT CAG repeat.
468  The epigenetic and transcriptional profiling data we have presented demonstrate clearly that HD-
469  associated disruption in the regulation of genes known to cause haploinsufficient human disease
470  occurs in cell types in the human brain that have undergone somatic CAG expansion. Thus, our
471  data support a mechanistic model of HD pathogenesis in which the toxic effect of mutant
472  huntingtin on MEDI5-mediated enhancer function and TCERGI-dependent transcription
473  elongation is stabilized by altered local DNA-methylation/demethylation dynamics, and neuronal
474  dysfunction arises due to the consequent impact on cellular biochemistry and connectivity (Fig 6).
475  These mechanisms are responsible for disrupting the expression of hundreds of genes in the
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476  majority of striatal MSNs, as demonstrated by the large-magnitude of HD-associated changes we
477  have documented. Since >90% of human MSNs in adult-onset HD carry mHTT alleles with less
478  than 150 CAG repeats °, our data prove that severely dysregulated gene expression occurs in
479  neurons at a wide range mHTT CAG repeat lengths.
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Fig 6 | Model of epigenetic states that govern the two stages of cell type specific pathology in Huntington’s Disease
Stage 1: Cell type-specific accessibility establishes expression of genes affecting the stability of mHTT exon 1 CAG repeat.
Stage 2: Cell that undergo somatic expansion of the mHTT CAG repeat accumulate expanded mHTT protein, leading to two distinct mechanisms
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490  Therapeutic implications of the epigenetic contribution to the two-stages of HD pathogenesis

491  So far, studies of genetic HD-modifiers have focused primarily on how these genes affect CAG
492  repeat stability and as well as their patterns of expression across cell types and tissues !+2%12:60,
493  Despite these critical insights, the ubiquitous and necessary expression of these repair genes makes
494  systemic inhibition a possible barrier to therapeutic implementation ®!. Our data expand on this by
495  showing that the expression patterns of these genes are established via cell type specific
496  enhancer-mediated mechanisms in the human brain. As such, further studies of how enhancers
497  control MMR genes, either by promoting or inhibiting somatic CAG expansion, may reveal
498  strategies to stabilize the mHTT CAG repeat in HD in a highly cell-specific manner, thereby
499  avoiding possible unwanted effects as a consequence of systemic inhibition of DNA repair.

500 In patients with manifest HD, both enhancer-mediated repression and aberrant de-repression of
501 normally modestly expressed genes are observed in the majority of MSNs. Although altered
502  dynamics of DNA methylation and hydroxymethylation are not primary drivers of toxicity, we
503 believe these changes may be critical to the progressive nature of HD pathogenesis and the
504  temporal window of symptomatic onset since the accumulation of these modifications stabilize the
505 initial mHTT-induced defects in mediator engagement and transcription complex occupancy. Thus,
506  our data argue strongly that inhibition of somatic CAG expansion in HD patients that are already
507 symptomatic will be insufficient to reverse the epigenetically stabilized disruptions in gene
508  expression. The data also raise the interesting possibility that TET agonists may restore enhancer
509 activity and re-activate repressed genes, thereby alleviating deleterious impacts of expanded
510  mutant huntingtin and restoring neuronal function.

511  Concluding Remarks

512  The debate raised by this and other recent studies of human HD pathophysiology centers on an
513 important issue: are cells experiencing massive disruption of gene expression functional or
514  dysfunctional in the human brain? The nature and precision of the epigenetic data allow the
515  conclusion that >80% of HD MSNs are experiencing epigenetic changes that alter the functions of
516  biochemical pathways shown to be critical for striatal function, as well as strongly suppressing
517  expression of individual genes that by themselves can cause human neurological and
518  neurodegenerative disease. Our data demonstrate that these gene expression changes in HD MSNs
519  result from the impact of expanded mutant huntingtin on intrinsic epigenetic mechanisms
520 regulating transcription, and provide mechanistic models for the findings that variants in MED15
521  and TCERGI impact HD pathogenesis in humans. When taken together with human genetic studies
522  and results from cell culture and animal models of HD, our findings support a model for HD
523  pathogenesis that includes a protracted stage of cellular dysfunction prior to loss of neurons from
524  the HD brain. They argue against a recent computational model of HD concluding “that in HD, at

525  any one time, most neurons have an innocuous but unstable HTT gene” >.
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540 Methods
541  Human samples

542  Deidentified tissue samples analyzed in this study were determined to be exempt from Institutional
543  Review Board review according to 45 CFR 46.102 (f). For this work, fresh frozen brain samples
544  were obtained from Miami’s Brain Endowment Bank, University of Washington BioRepository
545  and Integrated Neuropathology Laboratory, Columbia University Alzheimer’s Disease Research
546  Center, University of Maryland, Science Care, and Netherlands Brain Bank or through the National
547  Institutes of Health (NIH) NeuroBioBank and sourced from either the Harvard Brain Tissue
548  Resource Center, The University of Michigan Brain Bank or the NIH Brain & Tissue Repository-
549  California, Human Brain & Spinal Fluid Resource Center, VA West LA Medical Center (Los
550  Angeles, CA). Drug addiction and schizophrenia as well as clinical evidence of brain cancers were
551  reasons for sample exclusion, whereas samples from donors with a history of other non-brain
552  cancers and diabetes were accepted. Caudate nucleus, putamen BA4, hippocampus and cerebellar
553  vermis were used for isolation of nuclei. The brain regions used from each donor and their age,
554  race, sex and post-mortem interval are noted in Supplementary Table 1.

555  Seorting nuclei of striatal MSNs and glia, cerebellar granule neurons, hippocampal neurons
556  and cortical pyramidal neurons

557  Nuclei were isolated from fresh frozen brain tissue samples as previously described in Basic
558  Protocol 1 %*. Nuclei were labelled and sorted with FANS as previously described in Basic
559  Protocol 2 (neocortical cell types), Basic Protocol 3 (striatal MSNs) ©2, and in !(cerebellar granule
560 neurons and glial cell types of the striatum). The nuclei of hippocampal neuron types were labeled
561  with anti-NeuN (1:500, Millipore Sigma ABN91), anti-SATB2 (1:100, Santa Cruz sc-81376), and
562  anti-ELAVL2 (1:100, Sigma-Aldrich HPA063001) antibodies and with donkey anti-chicken Alexa
563  Fluor™ 647 (1:1000, Thermo Fisher A78952), donkey anti-mouse Alexa Fluor™ 488 (1:1000,
564  Thermo Fisher A21202), and donkey anti-rabbit Alexa Fluor™ 594 (1:1000, Thermo Fisher
565  A21207) secondary antibodies. The nuclei of ADARB2-expressing interneurons (NeuN+"°), CA1
566  pyramidal neurons (NeuN+" SATB2+ ELAVL2-), CA2/3 pyramidal neurons (NeuN-+", SATB2-,
567 ELAVL2+) and granule neurons of the dentate gyrus (NeuN+", SATB2- ELAVL2-) were collected
568  as described in Supplementary Note 1.

569 Isolation of RNA, gDNA and Tn5-Treated DNA

570  RNA and gDNA from sorted nuclei, and gDNA from Tn5-treated nuclei were isolated and turned
571  into sequencing libraries as previously described in Basic Protocol 4, Support Protocol 1 and
572  Support Protocol 2 ©*. FANS-seq and ATAC-seq sequencing reads were processed and quality-
573  controlled according to Basic Protocol 5 2.

574

575  Differential gene expression analysis

576  Differential gene expression analysis was performed using ‘Genebody.Counts’ (FANS-seq reads
577 mapped to full gene bodies) and DESeq2 %4 (version 1.40.2). Differential gene expression
578 analysis results were filtered to exclude genes for which none of their annotated TSS positions in
579  NCBI Refseq hg38 (version 109.20211119) overlapped with ATAC-seq consensus peaks defined
580 for the cell types based on presence in presence in at least half of control samples analyzed. For
581  neocortical neuron types and MSNs, previously published lists of differentially expressed genes
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582  were used 2. Pheatmap R package (version 1.0.12) was used for visualizing gene expression levels
583  on heatmaps.

584  oxBS-seq Library Preparation and Processing

585  OxBS-seq libraries were prepared according to manufacturer’s instructions in the Ultralow
586  Methyl-Seq with TrueMethyl® 0xBS (Tecan Genomics, #0541-32). Briefly, 100-300 ng of gDNA
587  (~50,000-150,000 nuclei) with 1% unmethylated lamda phage DNA spike-in was sonicated and
588  purified for 200bp fragments. Purified gDNA fragments were then split into paired samples such
589  that 30 ng was used for BS-seq (mock-oxidation reaction) and the remaining gDNA was used for
590 oxBS-seq (with oxidation reaction). Libraries were indexed, PCR amplified and sequenced to
591  >300million reads per sample on NovaSeq6000 (2 x 100 bp).

592  The raw OxBS-seq fastq reads were trimmed with the parameters “--paired --fastqc --cores 6 —
593  stringency 3 --clip R1 5 --clip_ R2 10” using trim-galore (v 0.6.6), cutadapt (v3.4) and fastqc
594  (0.11.9) 966 (https://github.com/s-andrews/FastQC). Comprehensive quality control reports were
595  generated using multigc (v1.28) ¢7.

596  The bisulfite reference genome for the human genome hg38 (GRCh38.primary) was prepared
597  using the command “bismark_genome preparation” in Bismark (v0.22.3) . The trimmed reads
598  were then mapped to the bisulfite genome using the parameters “--bowtie2 --parallel 16 --bam
599  ‘SHG38 BISMARK’-1 ‘§[FASTQ R1 TRIMMED] -2 ‘$[FASTQ R2 TRIMMED]’” (bowtie2
600 v2.4.4; samtools v1.12) %70, The bam file was processed with deduplicate bismark with default
601  parameters to remove duplicate reads. The deduplicated bam file was used to calculate methylation
602 level at each cytosine site (CpG and Non-CpG) using Bismark methylation_extractor with the
603  parameters “-p --gzip --comprehensive --multicore 5 --merge non_CpG --bedGraph --counts --
604  buffer size 200G --cytosine report --genome folder ‘$HG38 BISMARK’®  --report”. The
605 resulting genomewide Cytosine Reports were used as inputs for differential methylation analysis
606  with methylKit 7!

607  For visualization of methylation levels in IGV, .meth files were generated from the deduplicated
608  bam files using methcounts and fasta file for HG38 with default parameters (Methpipe package
609  (v5.0.1) %73, These .meth files were used as inputs for the mlml tool (within the methpipe package)
610  with the parameters “-v -u ‘$BS’ -m ‘$OXBS’” to estimate methylation and hydroxymethylation
611  levels at each Cytosine position across the genome (separately for CpG and Non-CpG contexts)
612 74 A custom R script was developed that dynamically split the MLML outputs, specifically, the
613 mC and hmC data for each Cytosine and saved two separate bedGraph files. These bedGraphs
614  were sorted by chromosome positions using bedSort (ucsc-bedsort-469) which were finally
615  converted to bigwigs using bedgraphtobigwig (ucsc-bedgraphtobigwig-472) and visualized with
616 IGV.

617  ATACseq Consensus peak calling and differential analysis

618  Consensus peak generation and filtering

619  NarrowPeak files from each sample were imported as GRanges objects via rtracklayer: :import()
620 (rtracklayer). To focus on summitcentered regions, each peak was resized to a 501 bp window
621  (£250 bp) around its midpoint using GenomicRanges: resize() (GenomicRanges). Within each
622  sample, we then applied an iterative clustering algorithm:

623 1. All peaks were merged into preliminary clusters via GenomicRanges::reduce().
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624 2. Cluster membership was assigned by findOverlaps(), and within each cluster the single
625 peak with the highest CPMnormalized score (computed from the original narrowPeak
626 pvalue field using edgeR::cpm()) was retained.

627 3. Retained peaks were removed from the pool, and steps 1-2 were repeated until no peaks
628 remained.

629  The resulting samplespecific “winner” peaks were concatenated across all samples into a
630 pansample GRangesList, unlisted, and sorted. We then built a peak x sample score matrix by
631 reoverlapping each peak to every sample’s peak set (via findOverlaps()) and extracting CPM
632  scores. Finally, peaks with CPM > 5 in at least two samples (i.e. rowSums(scoreMat > 5) > 2) were
633  selected to produce the final iterative consensus peak file filtered for 2 samples and at least SCPM.
634

635  Read counting and differential analysis

636  The filtered consensus peaks were converted to a SummarizedExperiment object by counting
637 overlaps between the iterative consensus peaks against all BAMs using
638  GenomicAlignments::summarizeOverlaps. A DESeq2 dataset was constructed with
639  DESeqDataSetFromMatrix() and tested for differential accessibility between experimental groups
640  (DESeq2::DESeq(); DESeq2), incorporating sample metadata from the design matrix.
641  Variancestabilized counts were obtained via vst(), and principalcomponent plots were generated
642  with plotPCA(). Differential peaks were called as padj < 0.05.

643  Peak Binarization and Cell type Assisgnment

644  To identify highly reproducible peaks selectively active in each cell type, we began with our final
645 ATACseq SummarizedExperiment and sample metadata grouping samples by the Celltype
646  column. Promoter regions were defined as +£150 bp around transcription start sites using
647  GenomicRanges::promoters() on TxDb.Hsapiens.UCSC.hg38.knownGene Peaks overlapping
648  these promoters were separated from nonpromoter peaks via findOverlaps(). Nonpromoter peaks
649  were converted into a DESeq2 dataset and variance-stabilized counts computed via DESeq2::vst()
650 yielding a matrix (vst nonpromoter) in which rows are peaks and columns are samples. To
651 facilitate comparisons across cell types, we reindexed rows sequentially and ensured row names
652  matched the vst output. For each cell type with at least two replicates, we calculated the perpeak
653 mean and standard deviation of vst counts across samples of that cell type using
654  matrixStats::rowMeans2() and matrixStats::rowSds() The results were stored in matrices
655 meansATAC and sdsATAC, with columns corresponding to cell types in a consistent order. To call
656  binary presence/absence across cell types, we first sorted each peak’s means in ascending order
657 (maintaining the matching cell type labels). For each cell type i (in rank order after the first), a
658  peak was called “present” in i if

659 Mean; > mean;.1 + 2 X sd;.;

660  This threshold guards against calling peaks present in a cell type unless their signal exceeds the
661  previous cell type’s mean by two standard deviations. Peaks called “present” for cell type i were
662 removed from further consideration in subsequent rounds, and their binary membership vectors
663  (indicating which of the remaining cell types they would also “pass” had they not been removed)
664  were recorded. Combining these membership vectors across all iterations produces a perpeak,
665  percelltype logical matrix. A concatenated label string (e.g. “Astrocyte Oligo”) summarizes each
666 peak’s cell type-specificity in a new clusterfull column. We merged this binary membership
667 information back into the rowData of the nonpromoter DESeq2 object, aligning by peak index.
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668  The enriched rowData now includes, for each peak, logical flags for presence in each cell type and
669  the composite clusterfull label.

670  software:

671  — rtracklayer v1.58.0; GenomicRanges v1.50.1; GenomicAlignments v1.32.0; edgeR v3.38.4;
672  SummarizedExperiment v1.30.0; DESeq2 v1.38.1; TxDb.Hsapiens.UCSC.hg38.knownGene
673  v3.17.0; writexl v1.5.2; plus tidywrangling via stringr v1.5.0 and dplyr v1.1.2, matrixStats v0.62.0

674  cCRE mapping

675 In order to identify candidate cis-regulatory elements (cCCREs) whose chromatin accessibility is
676  linked to local gene expression, we developed a custom R function utilizing rowCorr, that
677  integrates paired RNAseq and ATACseq data originating from the same tissue donor and brain
678 region. Briefly, both assays are represented as SummarizedExperiment objects (SE_RNA and
679 SE_ATAC), with rows corresponding to genes and peaks, respectively, and columns to paired
680  biological samples. For each gene in SE RNA, we define a genomic search window of =1 Mb
681  (configurable via the max.dist argument) around its transcription start site by resizing the gene
682 ranges, and we pair these to ATAC-seq peaks whose midpoints fall within that window. The
683  resulting overlaps are recorded in a data frame o that includes the gene index, peak index and linear
684  distance between each gene—peak pair.

685

686  Within getCorr, we then compute Pearson correlations of normalized accessibility and expression
687  values for all gene—peak pairs using our C++-backed rowCorCpp routine, yielding a vector of
688  correlation coefficients per pair. Test statistics are converted from correlation to t-statistics
689  accounting for the number of samples, and two-sided P values are derived via the Student’s t-
690 distribution. False-discovery rates (FDR) are controlled by the Benjamini—Hochberg procedure to
691  produce FDR-adjusted P values.

692

693  To assess background correlation levels, the auxiliary function .getNullCorrelations constructs a
694  chromosome-stratified null distribution: for each chromosome, peaks on all other chromosomes
695 are randomly sampled (up to 1,000 per chromosome) and correlated against genes on the focal
696  chromosome to generate a pool of “trans-" correlations. The empirical mean and standard deviation
697  of this null pool are then used to compute empirical P values for the observed cis correlations, with
698  subsequent FDR correction. Finally, gene—peak pairs with both nominal and empirical FDR below
699  predefined thresholds can be labeled as cCREs for downstream analysis.

700

701  Methylation modelling

702  We analyzed two independent datasets, AMSN and iMSN, each comprising per-gene summaries
703  of single-site methylation changes and corresponding RNA-seq differential expression. For each
704  gene i, we extracted counts of significantly decreased mCpG (n}1), mCpH (n]2), and hmCpH (n|3)
705  sites, as well as the counts of increased sites (n11, nf2, n13). Genes lacking any changing sites in a
706  context were assigned a pseudo-count of one to avoid division by zero.

707  Aggregated methylation-loss metric

708 D= nl1 + l’llz + l’ll3
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709 Ni=(nt1+n|1)+ (nf2+n]2) + (nfs +nls)
710 x;=D;/ max(N; 1), 0<x;<1
711 Response variable

712 We defined a binary outcome:

;:Ili vi = 1 (if log2(FoldChange)>0) else 0.
715 Model fitting

716 logit(P(yi=1)) = fo + p1 x;

717 where logit(p) = In[p/(1—p)].
718  Prediction and calibration

719 pi=1/[1+exp(—(fo + pix))]

720  iMSN genes were binned by x; (width=0.10); for each bin we computed observed up-fraction and
721  mean predicted probability, then plotted them against bin centers for calibration.

722  FANS-C&R-seq Nuclear Staining, Library Preparation and Processing

723  Nuclei were isolated from fresh frozen brain tissue samples as previously described in Basic
724  Protocol 1 %2, but with modified fixation conditions to ensure sensitive detection of C&R-seq
725  targets. Once isolated, bulk nuclei were lightly fixed with 0.5% methanol-free formaldehyde for 1
726  minute rotating at RT, quenched with 125mM glycine for 5 minutes rotating, washed, then
727  resuspended in 1ml FANS wash buffer (1X PBS, 0.5% BSA, 1X Roche cOmplete EDTA-free
728  Protease Inhibitor) with 0.01% digitonin to block and permeabilize for 30 minutes rotating at RT.
729  10ul of nuclei were removed for yield quantification via Thermo Fisher Countess II, then sample
730  was partitioned into 5 pools of nuclei for 5 separate histone PTM target conditions — euchromatic
731  marks H3K4me3 (Active Motif 39159) and H3K27ac (Active Motif 39133), and rabbit IgG
732  negative control (Epicypher 13-0042). FANS-C&R antibody buffer (FANS wash buffer, 0.01%
733  digitonin, 0.5mM Spermidine, 2mM EDTA) was then prepared containing appropriate FANS
734  labelling antibody dilutions as described in Basic Protocol 3 (striatal MSNs) 2 and in ! (cerebellar
735  granule neurons and glial cell types of the striatum).

736  Partitioned bulk nuclei conditions were pelleted (4 minutes, 800xg). Due to yield variability
737  between donor aliquots, the following guidelines for bulk nuclei resuspension were established to
738  obtain reproducible target signals, each target condition must contain: 1) 3-4x10"3 nuclei/pl of
739  FANS-C&R-antibody buffer, 2) a minimum of 50ul FANS-C&R-antibody buffer per target
740  condition, 3) 0.01 ug/ul histone PTM target antibody. Once resuspended, each condition was
741  incubated rotating 4C overnight. Samples were then processed for secondary antibody labeling
742  and sorted into neuronal and glial cell types for each histone PTM target condition as described in
743  Basic Protocol 3 © and in 7°. Sorted nuclei counts for each histone PTM condition and cell type
744  sample were kept within the range of 1x10"4 — 3x10”"5, with maximum yield prioritized due to
745  sample scarcity.

28


https://doi.org/10.1101/2025.05.21.653721
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.21.653721; this version posted May 26, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

746  C&R-seq was carried out same-day using a modified protocol from (Meers et al. 2019) and
747  (Epicypher C&R Manual v5.1) with reagents from CUTANA™ ChIC / CUT&RUN kit (Epicypher
748  14-1048). Sorted samples were centrifuged (4 minutes, 800xg), resuspended in C&R-wash buffer
749  (20mM HEPES pH 7.5, 150mM NaCl, 0.5mM Spermidine, 1x Roche cOmplete EDTA-free
750  Protease Inhibitor), centrifuged again, resuspended in 100pl C&R-wash buffer and transferred to
751  labeled 8-strip tubes. 10.5ul of activated ConA beads (see Epicypher C&R Manual 5.1 for
752 activation protocol) were added to each 100ul reaction and incubated for 15 minutes RT on a gentle
753  lateral nutator. Sample 8-strip tubes were placed on a 96 tube magnetic rack (Thermo Fisher
754  AM10050) for 3 minutes, supernatant was removed and replaced with 200ul cold C&R-wash
755  buffer while still on magnet. Samples were washed twice more in cold C&R-DIG buffer (C&R-
756  wash buffer, 0.01% digitonin), then resuspended in 50ul cold C&R-DIG buffer with 1X pA/G-
757  MNase (Epicypher, 15-1016) and incubated 10 minutes RT on a gentle lateral nutator. After
758  returning to magnetic rack on ice and washing three times in cold C&R-DIG buffer, samples were
759  resuspended in 50pul cold C&R-DIG buffer containing 2mM Cacl2 and incubated rotating at 45 °
760 angle for 2 hours at 4C to cleave pA/G-Mnase-bound chromatin targets. 34ul of RT C&R-Stop
761  buffer (340mM NaCl, 20mM EDTA, 4 mM EGTA, 50pg/mL RNase A, 50ug/mL Glycogen)
762  containing 1pg E.Coli K12 spike-in DNA (Epicypher 18-1401) was added to samples, which were
763  then incubated in thermocycler for 10 min at 37C to release cleaved chromatin into supernatant.
764  Nuclei were quick-centrifuged and sample chromatin supernatants were removed after a 3 minute
765  incubation on magnet. 1l 8% SDS and 2ul 10pg/pl Proteinase K (Qiagen, 19131) were added to
766  all extracted sample chromatin supernatants, which were then mixed and incubated overnight at
767  55C via thermocycler.

768  The following day, samples were transferred to low-bind microcentrifuge tubes, brought up to
769  250ul with water, then vortexed with 250ul phenol:chloroform:isoamyl alcohol 25:24:1 pH 8
770  (Sigma-Aldrich P2069) and incubated 10 mins RT. Samples were quick-centrifuged, then
771  transferred to pre-centrifuged phase lock gel heavy tubes (Qiagen, 129056) and centrifuged (5 min,
772 16000xg). 250ul chloroform (Sigma-Aldrich C2432) was mixed with sample aqueous phases, and
773  tubes were centrifuged again. Sample aqueous phases were transferred to new pre-centrifuged
774 phase lock gel heavy tubes, mixed with 400ul chloroform and centrifuged (3 minutes, 12000xg).
775  Sample aqueous phases were transferred to new microcentrifuge tubes and brought up to 250ul
776  with water. Samples were vortexed with 25ul 3M NaAc (Thermo Fisher R1181), 550ul 100%
777  EtOH, and 15pg GlycoBlue™ Coprecipitant (Thermo Fisher AM9515) and placed at -20C for 1-
778 4 days to precipitate cleaved DNA. Samples were then centrifuged down into DNA pellets (1 hour,
779  20000xg 4C), washed twice in 1ml 75% EtOH (5 minutes, 20000xg), air dried for 5-10 minutes,
780  then DNA was resuspended in 25ul 0.1X TE buffer and frozen.

781  Libraries were prepared from purified sample DNA using the CUTANA™ CUT&RUN Library
782  Prep Kit (Epicypher 14-1001, 14-1002) as described by (Epicypher C&R library prep manual v1.5)
783  with the following modifications: 1) Illumina adapter was reduced to 0.75 pmol per sample, 2)
784  index amplification was raised to 16 cycles, 3) sample libraries were brought up to 50pul with 0.1X
785  TE before the second bead cleanup, 4) the final elution volume was raised to 14ul 0.1X TE with
786  13ul sample library extracted. Due to an increased likelihood of adapter-dimer formation caused
787 by low sample input material, fragment size distribution was quantified on the Agilent 4200
788  TapeStation system using 1ul of each sample library. The molar proportion of dimer fragments (0-
789  170bp) to signal fragments (170-1000bp) was used to pool all samples on a weighted basis,
790  producing a pool containing equimolar signal fragments for each sample. Pool underwent 1X SPRI
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791  bead clean up (Beckman Coulter) and was sequenced 50-80million reads per sample on
792  NovaSeq6000 (2 x 100 bp).

793  Sample paired-end FastQs were aligned in R using rsubread::align() with fragment length range
794 of 10bp-600bp, first aligned against human genome GRCh38.p13 and then aligned against E.Coli
795 MGI1655 for downstream spike-in normalization. Peaks were called in python using MACS2
796  callpeak function with flags -f BAMPE -p le-5 --keep-dup=all -g hs -c <appropriate IgG control>.

797 Software: Rsubread 2.16.0, macs2 2.2.9.1
798  In situ hybridization (ISH) and image analysis

799  ISH was performed using RNAscope™ Multiplex Fluorescent Reagent Kit v2 (Advanced Cell
800  Diagnostics, 323100) according to the manufacturer’s instructions for fresh-frozen samples with
801 the following modifications: sections were fixed for 15 minutes in chilled 4% formaldehyde in
802  PBS, then rinsed in PBS, dehydrated, and photobleached in 100% ethanol for 40-45 hours using a
803  photobleaching device 6. The following probes were used: Hs COCH (Advanced Cell
804  Diagnostics, 1104401-C1), Hs PDE10A (Advanced Cell Diagnostics, 466151-C2), Hs PCP4
805 (Advanced Cell Diagnostics, 446111-C2), TSA Vivid™ fluorophore 570 (Advanced Cell
806  Diagnostics, #323272, used for COCH detection) and TSA Vivid™ fluorophore 650 (Advanced
807  Cell Diagnostics, #323273, used to detect PDE10A and PCP4 probes). Sections were
808  counterstained with DAPI and then cover-slipped with ProLong™ Diamond Antifade Mountant
809 (ThermoFisher, P36970). Images were acquired on a Zeiss Confocal Microscope LSM 710
810  confocal microscope using a Plan-Apochromat 20x, 0.8 NA objective lens.

811  Regions of interest (ROIs), each containing an MSN, were defined in ImageJ (1.54f) based solely
812  on the signals from DAPI and the probe for COCH, an MSN marker gene whose expression level
813  does not change in HD based on our previously published data !. For each ROI, the number of
814  COCH+ puncta and PDE10A+ puncta (84-305 ROIs per donor) or PCP+ puncta (38-224 ROIs per
815 donor) was counted from each ROI wusing a previously published Image] script
816  (https://zenodo.org/records/14506480) 77. The ‘PDEIOA puncta’’COCH puncta’ or ‘PCP4
817  puncta’/’COCH puncta’ ratios were calculated and plotted separately for each donor. Each donor’s
818 median value of these ratios was used for statistical analysis of the difference between HD and
819  control donors.
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821 Conceptualization: M.B., K.M., N.H. Formal analysis: M.B., K.M., L.I., M.E.S., H.C., T.S.C,,
822 D.B., C.P, N.D. Investigation: M.B., K.M., L.I., M.E.S., Y.H., E.S., P.D., C.P. Resources: L.K.,
823  N.D. Data Curation: M.B., L.K., N.D. Visualization: M.B., K.M. Writing of original draft: M.B.,
824  K.M.,, N.H. Writing, review and editing: M.E.S., L.I., Supervision: N.H. Funding acquisition:
825 N.H.

826

827  Data availability

828  All sequencing datasets generated as part of this study will be publicly available in NCBI GEO
829  and will be available for the review process upon request. Further information and requests for
830 resources and reagents should be directed to the lead contact, N. Heintz

831  (heintz@rockefeller.edu). TRAP data from zQ175 and R6/2 mice (GEO dataset GSE152058,
832  10.1016/j.neuron.2020.06.021) have been published before. The publicly available resources
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833  used (reference genome sequence and annotation, and computational analysis tools) are

834  described in the Methods section.
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837  Only publicly available tools were used in data analysis. The analysis parameters used have been
838  described in Methods.
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Fig S1

a, The analysis of chromatin accessibility data included (step 1) peak calling, (step 2) identification of robust and reproducible consensus peaks
and, as a subset, cCREs that correlate positively or negatively with transcript levels in matched FANS-seq datasets, (step 3) peak binarization-
based definition of peak sets for each of the cell types, and their use in the analysis of HD-associated differential accessibility and (step 4)
integration with H3K27ac CUT&RUN-seq datasets to identify accessible chromatin regions that are active enhancers. b, Distance clustering
matrix of chromatin accessibility profiles of individual cell type-specific ATAC-seq datasets from control donors, based on normalized counts
over iterative consensus peaks. ¢, Average level of CpG (hydroxy)methylation over cell type—specific accessible regions in striatal MSNs,
Oligodendrocytes, Astrocytes and Microglia. d, Relationship between expression level (baseMean in FANS-seq data) and gene body average
cytosine modification level (shown separately for SmCG, ShmCG, SmCH, ShmCH) in dMSN samples from control donors. Genes have been
ranked along the x-axes according to average cytosine modification level.
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853 e, f, Average level of (f) CpG methylation and (g) hydroxymethylation over gene bodies of cell type-specific marker genes of striatal AMSNs
854 (DRD1), iMSNs (ADORA24), oligodendrocytes (MOG), astrocytes (AQP4) and microglia (TREM?).

855
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856 Fig S2 | Cell type-specific accessible regions in MSH3, FANI and HTT genes.
857 a,b, Representative distribution of sequencing reads over (a) HT7, (b) MSH3 and FANI genes in ATAC-seq datasets generated from nuclei of
858 human brain cell types. The position of cCREs linked to these genes is shown.

859 ¢, Distribution of sequencing reads over Msh3 and Pcp4 genes in ATAC-seq datasets generated from anti-NeuN-positive and -negative nuclei
860 isolated from mouse striatum. Accessibility at neuronal marker genes (like Pcp4) was used to assess purity of isolated populations.
861
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862  TFigs3

863 a, Representative IGV tracks showing selected (+)cCREs linked to MSH3, MSH2, FANI and MSHG6, and their accessibility, H3K27ac signal and
864 level of 5SmCpG and 5ShmCpG in dMSNs and oligodendrocytes. b, Normalized counts of ATAC-seq and CUT&RUN-seq reads from dMSN and
865 oligodendrocyte samples were plotted to compare the levels of accessibility and H3K27ac at individual (+)cCREs linked to MSH2 and MSH3
866 (higher expression in MSNs) or to FANI and MSH6 (higher expression in oligodendrocytes). Dotted lines represent the mean ATAC-seq signal
867 (vertical) or mean H3K27ac signal (horizontal) over all (+)cCREs in the cell type with lower expression of the gene. ¢, Level of CpG

868 hydroxymethylation and methylation over (+)cCREs linked to genes with higher expression in MSNs (MSH2, MSH3) or in oligodendrocytes
869  (FANI, MSH6). The mean, Q1 and Q3 of all (+)cCREs are shown.
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871 Fig S4

872 a,b, Upset Plot indicating the number of HD-associated increased and decreased acessible chromatin regions unique to or shared by the cell types
873 analyzed. Note the minimal overlap between differentially accessible regions in cortical PNs and MSNss, indicating cell type—specific chromatin
874 remodeling in response to somatic CAG expansion.

875 ¢, Overlap of HD-associated differential accessible regions separately for iMSNs and dMSNs with control MSN H3K27ac peak sets, the

g;g percentage of peaks that overlap is displayed (dark grey, pos)
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878 Fig S5
a, HD-associated change in the modification level of individual CpGs in PDE10A and PCP4 gene bodies (n = 5 control and n = 5 HD donors)
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Supplementary Note 1 - Labeling and sorting of the nuclei of hippocampal neuronal types
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Staining procedure: Nuclei were resuspended in 100 pl of
wash buffer and incubated overnight with primary antibodies
anti-NeuN (1:500, Millipore Sigma ABN91), anti-SATB2 (1:100,
Santa Cruz sc-81376), and anti-ELAVL2 (1:100, Sigma-Aldrich
HPA063001). The nuclei were washed three times by pelleting
(3 minutes, 1000xg) and resuspension in wash buffer (1x PBS,
0.2% bovine serum albumin). They were resuspended in 500 pl
wash buffer and incubated for 30 minutes with secondary anti-
bodies donkey anti-chicken Alexa Fluor™ 647 (1:1000, Thermo
Fisher A78952), donkey anti-mouse Alexa Fluor™ 488 (1:1000,
Thermo Fisher A21202), and donkey anti-rabbit Alexa Fluor™
594 (1:1000, Thermo Fisher A21207). After three more washes,
the nuclei were incubated for 10 minutes with DAPI (1:10,000)
before sorting on the same day.

Sorting procedure: Sorting was conducted on Sony MA900.
Intensity of DAPI signal was used to select single nuclei and to
exclude aggregates of nuclei. Nuclei of ADARB2 interneurons
were sorted from the lower end of the NeuN+ population (a,
middle panel). The NeuN+ population was separated into
SATB2+, which contains nuclei of CA1 pyramidal neurons, and
SATB2- which contains nuclei of CA2/3 pyramidal neurons and
granule neurons of the dentate gyrus. The SATB2+ CA1 neurons
were further purified by selecting the ELAVL2- population (a,
right panel). From the SATB2- population, ELAVL2+ CA2/3
neuron nuclei and ELAVL2- granule neuron nuclei were
collected (a, left panel).
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