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Abstract

The CAG repeat expansion in the Huntington'’s disease gene HTT extends a polyglutamine tract in mutant huntingtin that
enhances its ability to facilitate polycomb repressive complex 2 (PRC2). To gain insight into this dominant gain of function, we
mapped histone modifications genome-wide across an isogenic panel of mouse embryonic stem cell (ESC) and neuronal
progenitor cell (NPC) lines, comparing the effects of Htt null and different size Htt CAG mutations. We found that Htt is required
in ESC for the proper deposition of histone H3K27me3 at a subset of ‘bivalent’ loci butin NPCitis needed at ‘bivalent’ loci for both
the proper maintenance and the appropriate removal of this mark. In contrast, Htt CAG size, though changing histone
H3K27me3, is prominently associated with altered histone H3K4me3 at ‘active’ loci. The sets of ESC and NPC genes with altered
histone marks delineated by the lack of huntingtin or the presence of mutant huntingtin, though distinct, are enriched in
similar pathways with apoptosis specifically highlighted for the CAG mutation. Thus, the manner by which huntingtin function
facilitates PRC2 may afford mutant huntingtin with multiple opportunities to impinge upon the broader machinery that
orchestrates developmentally appropriate chromatin status.

Introduction HTT (previously HD) (3). The mutation triggers a truly dominant

Huntington’s disease (HD) is a dominantly inherited neurode-
generative disorder characterized by the prominent loss of
medium size spiny neurons in the caudate and putamen (1,2).
Discovery of the HD mutation revealed an unstable expanded
CAG trinucleotide repeat, of more than ~35 units, in exon 1 of

disease process that leads to the onset of diagnostic motor
signs in a manner that is inversely correlated with the size of
only the expanded HTT CAG repeat (4), although both the mutant
and normal range repeat HTT alleles are expressed from concep-
tion (5-8).
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The key features of the HD mutation (true dominance and
progressivity with CAG size of the expanded repeat) provide gen-
etic criteria with which to delineate the mutational mechanism
and its earliest consequences. Furthermore, the occurrence of
polyglutamine-encoding CAG-expansion mutations in unrelated
genes that cause eight different inherited neurodegenerative dis-
orders strongly implies a disease mechanism whose specificity
entails an effect of the expanded polyglutamine tract on the
existing function of the protein in which it is embedded (9-11).
Therefore, although other scenarios are possible, the most
parsimonious explanation of the genetic findings is that its
expanded polyglutamine tract endows full-length mutant hun-
tingtin with some novel property that is related to the protein’s
normal function as a HEAT/HEAT-like domain a-helical scaffold
molecule (12-14).

To provide a genetic framework for focused biochemical and
molecular studies, we and others have created precisely targeted
mutations in the mouse HD gene homolog Htt (previously Hdh).
Phenotypes associated with inactivating Htt mutations disclose
inherent normal huntingtin functions (15-18), whereas pheno-
types that worsen with the size of expanded Htt CAG alleles,
which precisely replicate the HD mutation, reveal dominant ef-
fects of full-length mutant huntingtin that fulfill the HD genetic
criteria (18-25). Studies with these mutant Htt alleles have re-
vealed that huntingtin function is required for proper embryonic
development and have established that Htt CAG-expansion
alleles can bypass blocks early in embryonic (15-17) and fetal (18)
development imposed by huntingtin deficiency, thereby arguing
against loss of function (simple or dominant-negative) mechan-
isms for the HD mutation. In support of a simple gain of existing
function, extending its polyglutamine tract enhances hun-
tingtin’s function as a facilitator for the chromatin regulator poly-
comb repressive complex 2 (PRC2) (14), comprising Eed (Extra sex
combs—Esc) (26), Suz12 (Suppressor of Zeste 12—Su(z)12), Ezh2
(Enhancer of Zeste E(z) (27) and RbAp48/Caf1/Nurf55. Full-length
wild-type huntingtin protein is able to physically interact with
Ezh2 and Suz12 PRC2 core component in the nucleus of embryoid
bodies (EBs) and in vitro, suggesting its function as a PRC2 facilita-
toris, at least in part, mediated by this interaction (14). EBs devel-
oping from embryonic stem cells (ESCs) that lack huntingtin
exhibit inefficient deposition of the histone H3K27me3 mark,
whereas EBs with Htt CAG-expansion display mildly increased
histone H3K27me3 (14). Moreover, purified full-length human
huntingtin stimulates, progressively with its polyglutamine
tract size, the histone H3K27me3 catalytic activity of reconsti-
tuted PRC2 (14).

Using an approach that compares the members of an isogenic
Htt knock-out and Htt CAG knock-in mutant ESC panel (23), it has
been shown recently that full-length mutant huntingtin subtly
alters the developmental fate of lineage committed neuronal
progenitor cells (NPC) in a qualitatively different manner than
does lack of huntingtin. One study demonstrates that neurons
derived from CAG-expanded NPC have an increased propensity
to undergo apoptosis, whereas NPC that lack huntingtin tend to
give rise to glial cells in a slightly, but significantly higher propor-
tion than wild-type Htt NPC (28). Another study finds that CAG
knock-in NPC have unaltered multi-lineage potential, but prema-
ture neuronal differentiation, whereas Htt null NPC exhibit in-
creased cell death and altered lineage potential (29). Based
upon these observations, we hypothesized distinctly altered
molecular states for huntingtin-null and mutant huntingtin
expressing cells at earlier developmental stages. To delineate
these states, while gaining molecular insights into huntingtin”’s
facilitation of PRC2 activity and the effects of extending its
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polyglutamine tract, we have mapped histone modifications
genome-wide across all of the members of the isogenic Htt null
and Htt CAG repeat knock-in ESC series and lineage committed
NPC derived from them.

Results

Lack of huntingtin or presence of mutant huntingtin do
not alter PRC2 expression

Our Htt mutation ESC panel is composed of six pluripotent cell
lines (or their derivative cell types) that were created to be ana-
lyzed together as a series of isogenic samples that enable the
discovery and direct comparison of the effects of targeted inacti-
vation of both copies of Htt (Htt null cells, dKO) with the more
subtle effects of targeted mutations that progressively expand a
CAG stretch in one allele (Htt CAG knock-in cells) (23). The
panel comprises the parental ESC line with wild-type Htt alleles,
expressing only wild-type huntingtin, the Htt null double knock-
out Hdh®*>ex%5 ESC line, which lacks huntingtin, and a set of
four heterozygous Htt CAG repeat knock-in Hdh®%7, HIh®"”7,
Hdh®Y” and Hdh?*Y7 ESC lines, that express both wild-type
huntingtin and mutant huntingtin with expanded polyglutamine
tracts of 20, 50, 91 and 111 residues, respectively (Fig. 2C) (23).

The distinctly altered fates of Htt null and Htt CAG knock-in
neuronal cells do not reflect overt differences at the pluripotent
stem cell or neuronal lineage committed progenitor cell stage.
All six members of the panel exhibit appropriate stage-specific
morphology (Fig. 1A-C) and expression of canonical markers,
such as alkaline phosphatase, Oct-4 and Nanog in ESC (Fig. 1B,
D and F) and Pax6 and Nestin in retinoic acid-induced NPC
(Fig. 1C, E and G). Thus, neither the lack of huntingtin nor the
presence of mutant huntingtin dramatically compromises either
pluripotency or the induced transition to NPC. The specific Htt
genotype also does not obviously alter the expression of Eed,
Ezh2, Suz12 and Rbbp4 or of genes encoding the PRC2-associated
factors (Phfl, Mtf2, Jarid2, Aebp2 and Phf19) and non-canonical
H3K27 methyltransferase (Ezh1). The steady-state mRNA levels
for these genes are not distinguished by Htt genotype at either de-
velopmental stage (Fig. 2A, B, E and F) and immunoblot analysis
disclosed similar levels of Ezh2 and Suz12 in wild-type, Htt-null
and Htt CAG knock-in cells (Fig. 2C and D). Since inactivation of
a core member can destabilize and decrease levels of the complex
(30,31), these results imply that the stability of PRC2 is not greatly
altered by the absence of huntingtin or by the presence of mutant
huntingtin.

Genome-wide ChIP-seq and RNA-seq across the
members of the ESC and NPC series

These findings are consistent with the proposed role for hun-
tingtin as a PRC2-facilitator rather than a core member of the
complex (14,32). Therefore, reasoning that the molecular conse-
quences of the absence of huntingtin and the potentially milder
effects of mutant huntingtin on PRC2 function would become
evident from unbiased genome-wide chromatin mapping, we
performed histone H3K27me3, H3K4me3 and H3K36me3 ChIP-
seq and RNA-seq analyses across the members of the isogenic
Htt ESC and NPC series (Supplementary Material, Table S1). To
gauge the quality of the biological replicates formed by the six
ESC datasets and six NPC datasets, we performed extensive QC
analyses, which demonstrate a high degree of similarity both
across the Htt genotypes for each stage and with previously re-
ported datasets (see Materials and Methods and Supplementary
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Figure 1. Members of the isogenic Htt null and Htt CAG-expansion ESC and NPC panels exhibit similar stage-appropriate morphological and molecular characteristics. (A)
Schematic representation of the protocol by which mouse embryonic stem cells (ESC) develop into neuronal progenitor cells (NPC) through EBs and timed addition of
retinoic acid (RA). (B and C) Phase contrast micrographs of wild-type (WT), Htt null Hdh®**>/**%5 (dKO) and heterozygous Htt CAG knock-in Hdh?®*7, Hdh®*” Hgh®V”
and Hdh @'Y (CAG 18/+, 48/+, 89/+, 109/+) ESC lines showing colonies stained for alkaline phosphatase and the NPC lines derived from them displaying appropriate
morphology with neurite extensions. (D and E) Images of cells, with DAPI stained nuclei to show proper Oct-4 expression in Htt wild-type, Htt null and Htt CAG knock-
in ESC colonies and appropriate expression of Pax6 and Nestin neuroectodermal markers in the NPC for each genotype. (F and G) Bar graphs plot relative normalized mRNA
expression levels of pluripotency marker genes Pou5f1 and Nanog encoding Oct-4 and Nanog and neuroectodermal marker genes Pax6 and Nes encoding Pax6 and Nestin as
determined by RT-qPCR amplification assays. Error bars represent standard deviations from the mean of two biological and two technical replicates.
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Figure 2. PRC2 core and accessory factors are similar in across the Htt allelic series. (A and B) Bar graphs plotting normalized relative mRNA levels of genes encoding PRC2
core subunits (Ezh2, Suz12, Eed and Rbbp4/RbAp48) determined by RT-qPCR amplification assays for wild-type (WT) and Htt null (dKO) ESC and NPC lines and (B) for the
heterozygous Htt CAG knock-in HdhQ20/7, HdhQ50/7, HdhQ91/7, HdhQ111/7 (CAG 18/+, 48/+, 89/+ 109/+) ESC and NPC lines. (C) Immunoblot analyses of wild-type (WT)
and Htt null (dKO) and HdhQ20/7, HdhQ50/7, HdhQ91/7, HdhQ111/7 (CAG 18/+, 48/+, 89/+ 109/+) ESC and NPC lines. The band of normal mouse huntingtin (7 glutamine
tract) is absent in Htt null cells and across the CAG knock-in series the normal mouse huntingtin band and the more slowly migrating mutant huntingtin bands are
progressively separated with increasing size of the latter’s polyglutamine tract (comprising 20, 50, 91 and 111 glutamines, respectively). The bands of Ezh2 and Suz12
and B-actin (Actb) are detected in all of the lines. (D) Quantification of Esh2 and Suz12 immunoreactive bands relative to p-actin using ImageJ software. The mean
values determined in two independent biological replicates are plotted. Error bars represent the standard deviations from the mean. (E and F) Bar graphs plotting
normalized relative mRNA levels of genes encoding PRC2-associated factors (Phfl, Mtf2, Ezh1, Aebp2, Phf19, Jarid2) determined by RT-qPCR amplification assays for
wild-type (WT) and Htt null (dKO) ESC and NPC lines and (F) for the heterozygous Htt CAG knock-in HdhQ20/7, HdhQ50/7, HdhQ91/7, HdhQ111/7 (CAG 18/+, 48/+, 89/+
109/+) ESC and NPC lines. Error bars represent standard deviations from the mean for two biological replicates and two technical replicates.

Material, Figs S1A, B and S2A, B). As an example, during the tran- transcriptional start site (TSS) and histone H3K36me3 over the
sition of ESC to NPC the Hoxb cluster is expected to show loss gene body with increasing RNA expression (33). All six Htt geno-
of histone H3K27me3 and increases of histone H3K4me3 at types display comparable, stage-appropriate histone H3K27me3,
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H3K4me3 and H3K36me3 marks and RNA profiles across this
dynamically regulated gene cluster (Fig. 3).

Htt null mutation but not Htt CAG expansion
predominantly affects histone H3K27me3

We then performed comparative quantitative analysis of the
chromatin marks at the TSSs of genes genome-wide to determine
the global consequences of the absence of huntingtin, by

Chr. 11 (mm39)
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1 1

A

comparing wild-type versus Htt null cells, and of lengthening
mutant huntingtin’s polyglutamine tract by examining the four
Htt CAG knock-in cell lines. The number of TSS enriched over
input control for histone H3K4me3 and the number of genes
with histone H3K36me3 over the gene body is not greatly affected
by the Htt null genotype or by the Htt CAG-expansion alleles at
either the ESC or the NPC developmental stages (Supplementary
Material, Fig. S2C and D). However, using the most stringent
threshold (Threshold 4) (see Materials and Methods), and as
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Figure 3. Hoxb cluster illustrating genome-wide ChIP-seq and RNA-seq analyses. A snapshot of the IGV (http:/broadinstitute.org) genome browser view at the location of
the developmentally regulated Hoxb cluster (mouse chromosome 11gD) shows the ChIP-seq library-size normalized reads density (see Materials and Methods) for histone
H3K27me3, histone H3K4me3 and histone H3K36me3 across the Htt wild-type, Htt null and the four Htt CAG knock-in ESC lines and for the NPC derived from them. Also
shown are the RNA-seq reads density with the + strand (P) and - strand (N) indicated. Library-size normalized reads density data range for each histone modification and
RNA-seq datasets are indicated on the right side of the tracks. For all six genotypes, after neural induction, the level of histone H3K27me3 at the gene TSSs is decreased
with increased enrichment of histone H3K4me3 that is concomitant with RNA expression and enrichment of histone H3K36me3 across the gene bodies, thereby indicating
comparable pluripotency and neural differentiation status for the members of the isogenic panel. Additional QC results for the ChIP-seq and RNA-seq datasets are
provided in Supplementary Material, Figures S1, S2A and B.
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confirmed by analysis at more relaxed thresholds (Thresholds
1-3) (data not shown), the numbers of histone H3K27me3
enriched TSS are significantly decreased by one-third (4.47 x 107°,
#° test) in Htt null ESC and, seemingly incongruously, are nearly
doubled (1.23 x 10722, 42 test) in Htt null NPC (Fig. 4A), compared
with their wild-type counterparts. This mark is not consistently
changed across the CAG knock-in ESC or NPC series (Supplementary
Material, Fig. S2C and D), thereby revealing that mutant huntingtin
does not mimic the loss of huntingtin function. Furthermore,
we analyzed metagene profiles plotting the average ChIP-seq
enrichment signals (input normalized ChIP enrichment) for three
different groups of TSS presenting H3K27me3 enrichment in (a)
both wild-type and Htt null ESC, (b) wild-type ESC only and (c) Htt
null ESC only. The striking decrease in TSS histone H3K27me3 en-
richment in Htt null ESC, which is most evident from the metagene
profiles for genes with this mark in wild-type ESC (WT genotype-
specific TSS) but is also noticeable at genes with this mark in both
wild-type and Htt null ESC (TSS common to WT and dKO) (Fig. 4B),
is consistent with huntingtin function assisting PRC2 in the depos-
ition of histone H3K27 trimethyl mark. However, the observation
of a significant excess of histone H3K27me3 enriched genes in Htt
null NPC implies a further, distinct role for huntingtin in the proper
resolution of this mark during neuronal cell differentiation.

The absence of huntingtin predominantly affects histone
H3K27me3 at ‘bivalent’ loci

To understand the impact of the Htt null genotype, we utilized an
approach pioneered by Mikkelsen et al. (34) to generate ESC and
NPC chromatin maps. The marked TSSs are classified as tran-
scriptionally ‘repressed’ (histone H3K27me3 only) or ‘active’ (his-
tone H3K4me3 only) or are classified as ‘bivalent’ (histone
H3K27me3 and histone H3K4me3) and poised for transcription.
At the ESC stage, the fraction of TSS in each category for wild-
type parental ESC is similar to that reported in the literature
(34) and, as reported, only ~8% of genes in the ‘bivalent’ category
are expressed, as judged by RNA-seq analysis (>2RPKM) and his-
tone H3K36me3 enrichment across the gene body (34) (Supple-
mentary Material, Table S2).

By comparison, the latter ‘bivalent’ chromatin class is pre-
dominantly affected by the absence of huntingtin. In Htt null
ESC, although the proportions of TSS in each category are similar
to wild-type ESC (Fig. 4C), nearly 42% of the TSS classified as ‘bi-
valent’ in wild-type ESC are instead classified as ‘active’ in HTT
null ESC, such that 1229 TSS display the histone H3K4me3
mark but lack histone H3K27me3 (Fig. 4D and Supplementary
Material, Table S2), consistent with inefficient PRC2 deposition
of H3K27me3 in the absence of huntingtin. About 14% of these
abnormally ‘active’ category genes exhibit an increase (>1.5-
fold) in RNA expression in Htt null ESC (Supplementary Material,
Table S2), which is consistent with the previous report showing
the increased expression of only a small fraction of the genes
with decreased histone H3K27me3 in Eed-null ESC (35,36).

In contrast, Htt null NPC exhibit a relative excess of TSS in the
‘bivalent’ category, although the fractions of TSS in the other
chromatin categories resemble those of wild-type NPC (Fig. 4E).
In wild-type NPC, the majority of loci with TSS classified as ‘bi-
valent’ at the ESC stage have lost the histone H3K27me3 mark
and are found in the ‘active’ category (Fig. 4F). However, a small
fraction (7.9%) of TSS that are properly ‘bivalent’ in Htt null ESC
are inappropriately resolved to ‘active’ loci in Htt null NPC
(Fig. 4F and Supplementary Material, Table S2), thereby implying
that lack of huntingtin impairs the efficiency with which histone
H3K27me3 is maintained at 121 poised loci. In addition, a larger
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proportion (17.6%) of the TSS that are appropriately ‘bivalent’ in
Htt null ESC inappropriately retain the histone H3K27me3 mark
and remain aberrantly ‘bivalent’ in Htt null NPC (Fig. 4F and
Supplementary Material, Table S2), as confirmed by ChIP-gPCR
analysis of selected loci (Supplementary Material, Fig. S3).
This reveals impaired removal of the PRC2-deposited mark in
the absence of huntingtin at 223 ‘bivalent’ TSS and highlights
an unexpected role for huntingtin in the process by which
histone H3K27me3 is removed from promoters of genes that are
destined to be expressed during the transition to neuronal
lineage fate.

Mutant huntingtin mainly affects histone H3K4me3 and
gene expression at ‘active’ loci

To uncover the mild effects of the CAG-expansion mutation,
which must satisfy the genetic parameters of the HD mechanism
(dominance and progressivity with CAG size), we performed con-
tinuous analysis across the Htt CAG knock-in ESC ChIP-seq and
NPC ChIP-seq datasets to disclose marks at TSS whose enrich-
ment is progressively increased or decreased with increasing
size of mutant huntingtin’s polyglutamine tract [see Fig. 5A
and B for visual examples of integrative genomics viewer (IGV)
snapshots of H3K27me3, H3K4me3]. Across the ESC lines,
CAG-progressive enrichment is found at 360 of the histone
H3K27me3 marked TSS (6.05%) and 962 of the histone
H3K4me3 TSS (4.21%), as confirmed by ChIP-gPCR analysis of se-
lected loci (Supplementary Material, Fig. S4A-H). At the NPC
stage, CAG-associated enrichment is detected at 110 histone
H3K27me3 marked TSS (3.91%) and 933 histone H3K4me3 deco-
rated TSS (5.09%), as validated by ChIP-qPCR analysis for selected
genes with decreases in histone H3K4me3 (Supplementary
Material, Fig. S4I and J).

From the HD criteria-conforming histone marks that are lo-
cated at the TSS of genes for which RNA is reliably detected (>1
RPKM), we generated ESC and NPC chromatin maps displayed
as HEAT maps in Figure 5C-F (Supplementary Material, Table S3),
which reveal apparently pleiotropic effects of mutant huntingtin.
In pluripotent stem cells, most genes with progressively enriched
histone H3K27me3 (increases and decreases) are in the ‘bivalent’
class (Fig. 5C) (Supplementary Material, Table S3). Notably, re-
gardless of their TSS histone H3K27me3 level, the majority of
all of the conforming ‘bivalent’ genes are not reliably expressed
(<1 RPKM), as found for ‘bivalent’ genes in wild-type ESC, and,
therefore, did not meet the criteria of this analysis. In contrast,
most genes with progressive histone H3K4me3 TSS levels (in-
creases and decreases) are in the ‘active’ category and are ex-
pressed (>1 RPKM) (Supplementary Material, Table S3) (Fig. 5D).
Interestingly, genes with increasing histone H3K4me3 enrich-
ment exhibit concomitantly increasing RNA levels (Pearson’s R >
0.5), indicating an effect of mutant huntingtin on gene regulation
in pluripotent cells.

At the NPC stage, most of the TSS with altered histone
H3K27me3 levels are those that remained ‘bivalent’ in Hdh®%”
NPC but with increasing Htt CAG-size tend to exhibit decreasing
enrichment and, thereby, tend to be classified as ‘active’ in the
NPC lines with longer repeats (Hdh®®Y”, Hdh®'*?) (Fig. 5E and
Supplementary Material, Table S3). However, the predominant
progressive changes are in histone H3K4me3 enrichment where
the bulk of the conforming TSS exhibit decreasing levels of this
mark at ‘active’ chromatin genes, with concomitantly decreased
RNA expression (Pearson’s correlation coefficient R <-0.5) that
discloses an effect of mutant huntingtin on gene regulation in
mutant huntingtin expressing neuronal lineage cells (Fig. 5F).
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Figure 4. Htt null mutation predominantly affects histone H3K27me3 at ‘bivalent’ loci in ESC and NPC. (A) Bar graph of the total number of TSS with histone H3K27me3
enrichment (scaled ChIP read counts over input control using threshold 4 as described in Materials and Methods) in a region of +2 kb around the TSS, for the Htt wild-type
(WT) and Htt null (dKO) ESC and NPC lines. Supplementary Material, Figure S3C and D presents the TSS data for all of the other assessed histone marks for all of the
members of the isogenic Htt allelic ESC and NPC series. (B) Metagene profiles displaying the average of TSS histone H3K27me3 enrichment (scaled ChIP read counts
over input control exceeding threshold 3—see also Materials and Methods) in a region of +2 kb around the TSS in Htt wild-type and Htt null ESC. TSS enriched for
H3K27me3 in both genotypes are depicted in red. TSS enriched only in wild-type are given in blue. TSS enriched only in Htt null ES are depicted in green. Y axis shows
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Chromatin changes due to mutant huntingtin gain of
function define distinct processes

The polyglutamine expansion mutation is expected to endow
mutant huntingtin with a gain of function that is related to its ex-
isting normal huntingtin function. Therefore, although the dom-
inant Htt CAG mutation is expected to target different genes than
the recessive Htt null inactivating mutation, the gain of function
should be reflected in the uniquely altered chromatin states of
ESC and NPC that express the mutant protein when compared
with the chromatin states conferred by the lack of huntingtin
normal function. Comparison of the Htt CAG-delineated ESC
and NPC gene sets (TSS marks fulfilling the HD genetic criteria
of showing a trend across CAG repeat length) (Supplementary
Material, Table S4) with the Htt null-defined ESC and NPC gene
sets (TSS marks differing from wild-type) (Supplementary Mater-
ial, Table S4) reveals that the overwhelming majority of loci
(~90%) are unique to one genetic paradigm (Fig. 6A), commensur-
ate with the Htt CAG repeat conferring a gain of new function ra-
ther than a loss of huntingtin normal function. Pathways
enrichment analyses were then utilized to determine if the
altered chromatin states delineated by sets of Htt CAG expansion-
and Htt null-targeted loci might highlight cellular processes that
are similar or dissimilar, such that the latter may denote mutant
huntingtin gains of function.

Huntingtin normal function was evaluated by separately ana-
lyzing each of the main subsets of ‘bivalent’ loci for the Htt null
ESC (Categories 1-2 in Fig. 4D) and NPC (Categories 1-4 in
Fig. 4F) as listed in Supplementary Material, Table S4 as well. As
expected, those not changed by the absence of huntingtin (ESC
Category 2; NPC Categories 1 and 4 in Fig. 4D and F) are over-
represented in processes that denote ‘embryonic development’
and ‘neuronal cell morphogenesis’. This finding supports the
concept that genes in the ‘bivalent’ chromatin class anticipate
development in the pluripotent state and are involved in the
commitment to the neuronal cell lineage fate in NPC (34), thereby
confirming the normal developmental potential of Htt null cells.
However, this potential is subtly altered. The subsets of ‘bivalent’
genes that are improperly marked in Htt null pluripotent and
neuronal fated cells (ESC Category 1; NPC Categories 2 and 3 in
Fig. 4D and F) indicate deviations from normalcy in ‘ion trans-
port’, ‘cell adhesion’ and ‘regulation of RNA/transcription’ or in
‘forebrain and inner ear morphogenesis’, respectively.

Mutant huntingtin function was assessed by analyzing
each of the main subsets of Htt CAG-conforming ESC and NPC
loci (Supplementary Material, Table S4), as indicated beside the
heatmaps for each histone mark in Figure 5C-F. At the pluripo-
tent stage, the gene sets highlight processes that imply altered
development (‘regulation of neurogenesis’ and ‘embryonic devel-
opment and metabolism’) or altered cellular homeostasis (‘regu-
lation of transcription’, ‘stress signaling’, ‘cell cycle’, ‘apoptosis’).
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Similarly, at the NPC stage, the conforming gene sets are enriched
in processes that imply altered signaling (‘transcription’,
‘membrane vesicle and junctions’), with processes that indicate
‘DNA metabolism’ and ‘apoptosis’, thereby denoting anticipated
stress and cell death.

These observations strongly imply that mutant huntingtin or
the lack of huntingtin may differentially alter the status of pluri-
potent and neuronal progenitor cells. However, the cell states
highlighted by selected subsets of genes may be misleading be-
cause unselected TSS changes do not contribute to the pathways
analysis and genes from each genetic paradigm may be differen-
tially enriched in multiple processes within the same general cat-
egory. Therefore, we broadened the pathways analyses to
compare the cell states forecast by all ESC and NPC loci whose
TSS histone marks conformed to the HD genetic criteria (Supple-
mentary Material, Table S4) and for all ESC and NPC loci whose
TSS chromatin states are altered in the absence of huntingtin
(Supplementary Material, Table S4). Then, we grouped the result-
ing significant cellular processes, molecular functions, cellular
components and KEGG pathways (Supplementary Material,
Table S4) into general categories, such that the relative propor-
tions of the processes in each category reveal the evident similar-
ities and differences between the genetic paradigms (Fig. 6B).
Overall, at both the pluripotent and lineage restricted develop-
mental stages, the presence of mutant huntingtin and the lack
of huntingtin produce cell states that are to a similar extent en-
riched for many different processes that are under the general
categories that denote embryonic and neuronal development
(‘adhesion’, ‘membrane’, ‘ion channel’, ‘signal transduction’).
However, the chromatin states of mutant huntingtin pluripotent
stem cells and neuronal progenitor cells uniquely highlight cat-
egories with processes that denote cell stress and cell death
(‘chromosome’, ‘cell cycle’, ‘apoptosis’). Therefore, mutant hun-
tingtin does not replicate the loss of huntingtin function but in-
stead forecasts uniquely altered developmental potential of
progenitor cells that predicts reduced fitness and an enhanced
readiness for cell death.

Discussion

The key genetic parameters of the mechanism by which the
expanded HTT CAG repeat triggers the HD disease process (true
dominance, progressivity with CAG size) and a unique specificity
that is provided by the gene product itself, point to a gain of
mutant huntingtin function. Employing a comparative strategy
that utilizes these HD genetic criteria, we evaluated an initial
hypothesis suggested by previous studies: that expanding mu-
tant huntingtin’s polyglutamine tract may simply enhance its
ability to stimulate PRC2, thereby altering the chromatin land-
scapes of pluripotent and lineage restricted progenitor cells in a

mean of smoothed maximum likelihood enrichment estimates (MLE) for the groups of genes in each category (red, blue and green). (C) Bar plot depicting the fraction (as
percentage) of the total TSS (N =30489) analyzed that are classified as ‘repressed’ (histone H3K27me3 only), ‘active’ (histone H3K4me3 only) or ‘bivalent’ (histone
H3K27me3 and histone H3K4me3) for Htt wild-type (WT) and Htt null (dKO) ESC lines. (D) Composite heatmap plotting (in rows) the 2949 loci with TSS classified in Htt
wild-type (WT) ESC as ‘bivalent’ to illustrate their chromatin status in Htt null (dKO) ESC. The adjacent columns show the corresponding histone H3K36me3
enrichment calculated over the gene body and the RNA-seq expression levels as Log2(RPKM+1) values. The major GO terms highlighted by pathways analyses for the
subsets of loci with Htt null sensitive TSS enrichment (Category 1) and Htt null insensitive TSS enrichment (Category 2) are given (further details on the categories are
provided in the Results). (E) Bar plot depicting the fraction (as percentage) of the total TSS (N =30 489) analyzed that are classified as ‘repressed’ (histone H3K27me3 only),
‘active’ (histone H3K4me3 only) or ‘bivalent’ (histone H3K27me3 and histone H3K4me3) for Htt wild-type (WT) and Htt null (dKO) NPClines. (F) Composite heatmap plotting
(in rows) the 1525 TSS that are classified as ‘bivalent’ in both Htt wild-type (WT) ESC and Htt null (dKO) ESC with the adjacent column indicating their chromatin status in
their cognate NPC line. The corresponding paired ESC and NPC histone H3K36me3 enrichment and RNA expression levels, as Log2(RPKM+1) values, are in the adjacent
columns. The major GO terms highlighted by pathways analyses for the subsets of loci with Htt null insensitiv