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CELLULAR NEUROSCIENCE
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How neurons can maintain cellular identity over an entire life span remains largely unknown. Here, we show that
maintenance of identity in differentiated dopaminergic and serotonergic neurons is critically reliant on the Poly-
comb repressive complex 2 (PRC2). Deletion of the obligate PRC2 component, Eed, in these neurons resulted in
global loss of H3K27me3, followed by a gradual activation of genes harboring both H3K27me3 and H3K9me3
modifications. Notably, H3K9me3 was lost at these PRC2 targets before gene activation. Neuronal survival was
not compromised; instead, there was a reduction in subtype-specific gene expression and a progressive impair-
ment of dopaminergic and serotonergic neuronal function, leading to behavioral deficits characteristic of Parkinson’s
disease and anxiety. Single-cell analysis revealed subtype-specific vulnerability to loss of PRC2 repression in do-
pamine neurons of the substantia nigra. Our study reveals that a PRC2-dependent nonpermissive chromatin state
is essential to maintain the subtype identity and function of dopaminergic and serotonergic neurons.

INTRODUCTION

The brain contains a large number of different neuronal subtypes
that maintain their distinct cellular identities over several decades
despite continuous environmental fluctuation. Instructive informa-
tion, provided by transcription factors controlling cell type-specific
gene programs, is crucial for maintenance of neuronal identity and
function. Many of these factors, denominated terminal selectors, are
also involved in subtype specification during development and con-
tinue to be expressed in the differentiated neurons where they govern
the expression of effector genes encoding factors necessary for neu-
ronal function (e.g., receptors, transporters, ion channels, and neuro-
transmitter-synthesizing enzymes) (1). Autoregulation by terminal
selectors provides further stability, enabling maintenance of identity
despite a fluctuating environment. Aberrant expression of genes govern-
ing alternative identities or of regulators of progenitor features potentially
threatens the transcriptional integrity of terminal selector-dependent
endogenous gene programs. Hence, besides instructive regulation,
which arguably defines neuronal identities, there is also a need to
maintain silencing of transcriptional programs promoting other cel-
lular fates or progenitor properties (I, 2). However, the mechanisms
governing permanent repression of aberrant transcription in mature
neurons are not well understood.

Within this context, it is key to understand the mechanisms reg-
ulating chromatin structure, e.g., dynamic modification of histones
and how this is coupled to changes in gene expression. A prominent
example of how chromatin-associated gene silencing contributes to
maintained cellular identity is the sustained repression of Hox genes
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during segmentation of the Drosophila melanogaster embryo, which
is dependent on Polycomb group proteins (3). The Polycomb re-
pressive complex 2 (PRC2) maintains established cell type-specific
gene repression through the deposition of the repressive histone modi-
fication H3K27me3 in promoter regions of silenced genes, thus
facilitating chromatin compaction (4-6). PRC2 is required for proper
differentiation during the development of the vertebrate central ner-
vous system (CNS) (7, 8), but except for medium spiny neurons (MSNs),
whether PRC2 is an essential component for maintaining differen-
tiated neuronal identity remains unclear. H3K27me3 is also found
in domains that harbor the H3K4me3 modification associated with
active transcription, and these bivalent domains have been proposed
to be silent but “poised” for rapid activation at a later developmental stage
(9, 10). Thus, H3K4me3/H3K27me3 bivalency potentially represents
a more relaxed chromatin state, amenable to rapid activation.

Efforts have been directed to understand how deviant gene reg-
ulation is involved in neurodegenerative and psychiatric disorders
(11). The complex etiology, often lacking a distinct and identifiable
genetic component, of many such pathological conditions suggests
that alterations of the epigenome contribute to the disease (I11).
Changes in PRC2 activity and in H3K27me3 levels and distribution
have been associated with neurodegenerative disease (12-14) and
mood disorders (15); however, whether or how these processes con-
tribute to disease remains poorly understood.

To understand the fundamental molecular mechanisms under-
lying the role of gene repression for maintenance of neuronal iden-
tity and function, we have focused on the well-defined midbrain
dopaminergic (mDA) and serotonergic (5HT) neuronal subpopula-
tions as model systems. These monoaminergic neurons are involved
in several psychiatric disorders and drug addiction. In addition, de-
generation of mDA neurons in the substantia nigra pars compacta
(SNpc) is a hallmark of Parkinson’s disease (PD), and dysregulated
5HT function is causing depression and anxiety and contributes to
L-dopa dyskinesia in patients with PD (16). Hence, it is also relevant
from a clinical perspective to understand the basal mechanisms

10f20


mailto:johan.holmberg02@umu.se

SCIENCE ADVANCES | RESEARCH ARTICLE

important for maintaining intact mDA and 5HT neuronal identity
and function. Notably, in a preclinical model of PD, mDA neurons
treated with the neurotoxin 6-hydroxydopamine (6-OHDA) exhibited
substantial reduction in H3K27me3 levels (17). Besides the well-known
toxic effects of 6-OHDA on mitochondria resulting in increased free
radicals, this also couples exposure to PD-associated cellular stressors
to the induction of a more relaxed chromatin state and potential
derepression of aberrant non-mDA genes. Furthermore, exposure
to L-dopa in a mouse model of PD leads to loss of Polycomb-mediated
repression (12). In differentiated MSN, it has been shown that loss
of PRC2 activity induced expression of cell death-promoting genes,
which resulted in neuronal loss, leading to neurodegeneration (6).
In these neurons, derepression primarily affected bivalent poised
H3K4me3/H3K27me3 genes.

H3K9me3 is a histone modification involved in the establishment
and maintenance of heterochromatin (18). Primarily associated
with constitutive heterochromatin at centromeres and telomeres,
H3K9me3 has also been shown to regulate facultative heterochro-
matin, provide an obstacle for cell reprogramming, and be required
for the establishment and maintenance of cellular identity (18, 19).
Furthermore, H3K9me3 has been shown to be disrupted along with
H3K27me3 upon 6-OHDA treatment (17). In a recent study, we
generated global integrated maps of transcription and histone mod-
ifications (H3K4me3, H3K27me3, and H3K9me3) of transitory and
stable cellular states in mDA and 5HT neurons as well as their pro-
genitors (20). This study also showed that in a mouse model of PD,
there was a substantial enrichment of H3K27me3 targets among the
up-regulated genes, implying a role for PRC2 in the transcriptional
response to PD-associated cellular stressors.

To address the functional role of Polycomb-mediated gene silencing
for postmitotic mDA and 5HT neuronal identity, we have condition-
ally deleted the obligate PRC2 member Embyonic ectoderm develop-
ment (Eed), which is necessary for PRC2 binding to H3K27me3 (21)
and subsequent propagation of the modification, in both these neu-
ronal subtypes. Together, our study reveals a common logic in mDA
and 5HT neurons wherein PRC2 activity is required for the mainte-
nance of subtype-specific gene patterns and neuronal function; conse-
quently, loss of PRC2 function generates phenotypes that mirror key
aspects of PD and mood disorders, without compromising neuronal
survival. In addition, our single-cell analysis reveals a specific vul-
nerability in mDA neurons of the SNpc to reduced H3K27me3 levels.

RESULTS

Conditional deletion of Eed in differentiated mDA neurons
To address the role of PRC2-mediated repression in differentiated
mDA neurons, we generated a compound mouse mutant by crossing
mice carrying floxed alleles for a ribosomal protein fused to mCherry
(RPL10a-mCherry). The Rpl10a-mCherry"™”* mouse line was crossed
with mice carrying a floxed Eed allele (22) and lastly with DatCre
(23) (Fig. 1A). This enabled the deletion of Eed and the expression
of mCherry in postmitotic mDA neurons under the control of Dat
(Slc6a3) expression, which is first detected in the midbrain at around
embryonic day 13.5 (E13.5). In this study, the full compound mutants
will be denominated DatCreEed"”. Pups from the mutants were
born at expected Mendelian ratios and were indistinguishable from
wild-type (WT) littermates. Immunostaining of sections showed
that the mCHERRY reporter colocalized with the rate-limiting en-
zyme for dopamine synthesis, tyrosine hydroxylase (TH), in both
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the ventral tegmental area (VTA) and SNpc of both WT and mutant
mice (Fig. 1, B to E). At E13.5, EED protein is readily detectable in
TH" cells in both WTs and mutants (fig. S1, A and B).

Intact PRC2 function is required for long-term maintenance
of H3K27me3

To understand whether induction of Cre resulted in deletion of
EED protein at birth, we performed immunostaining of midbrains
from newborn pups at postnatal day 0 (P0) with an antibody specific
for EED. In DatCreEed"”"" mice, there was clear nuclear EED immuno-
reactivity in mCHERRY" mDA neurons (Fig. 1F), whereas mCHERRY "
cells in the DatCreEed"" mutants exhibited a lack of nuclear EED
(Fig. 1G). To investigate whether the absence of EED protein in the
mutants also resulted in loss of H3K27me3, we performed immuno-
staining with an H3K27me3-specific antibody. Although EED was
lost in DatCreEed™ H3K27me3 was retained (Fig. 1, H and 1),
showing that the H3K27me3 modification is remarkably stable in
postmitotic mDA neurons. To further gauge whether long-term
H3K27me3 stability depends on intact PRC2 function, we stained
the midbrain sections of juvenile mice, at P30, which revealed a vir-
tually complete lack of H3K27me3 immunoreactivity in DatCreEed™
mice (Fig. 1, ] and K). Notably, immunoreactivity levels of TH were
retained in both genotypes (Fig. 1, L and M). We could not detect
any differences in the nuclear localization of mCHERRY between
WT and mutant mDA neurons (fig. S1C and movies S1 and S2).

Progressive activation of silent non-mDA PRC2 targets

and repression of mDA identity genes

To investigate the effects on global distribution of H3K27me3 and
the possible consequences of altered H3K27me3 levels for gene ex-
pression, we dissected out midbrains from which we dissociated
nuclei and used fluorescence-activated cell sorting (FACS) to isolate
mCHERRY" nuclei from DatCreEed"”"" and DatCreEed"™ mice at
4 and 8 months of age. Sorted nuclei were collected in batches of
1000. Batches were used to generate chromatin immunoprecipita-
tion (ChIP) libraries not only for H3K27me3 (K27) but also for the
permissive modification H3K4me3 (K4) and the facultative heter-
ochromatin-associated modification H3K9me3 (K9). In addition,
one batch per mouse brain was used to generate libraries for bulk
RNA sequencing (RNA-seq).

Initially, we examined the presence of K27 in the promoter re-
gion +10 kb around transcription start sites (TSSs) together with
expression levels in WT cells, which revealed an inverse correlation
(Fig. 2A). We then determined how distinct chromatin states in the
same promoter region correlated with expression levels in WT cells
at 4 months as described in our previous study (20). The results
show that among the eight possible different states, the genes con-
taining K4 exhibit the highest expression levels. Conversely, chro-
matin states harboring K27 and/or K9 without K4 exhibit the lowest
levels of expression (fig. S2A).

We then investigated the consequences of Eed deletion for the
distribution of K27, K4, and K9 at 4 and 8 months. In 4-month mu-
tant mDA neurons, there was a substantial loss of K27, reducing the
number of detected K27" genes by 75% (2973 in WT compared to
751 in mutants) (Fig. 2B and table S1). To understand the conse-
quence of such a major loss of K27 for gene expression, we integrated
the expression data with the chromatin analysis. Despite the substantial
global loss of K27, only 102 genes were significantly up-regulated
(adjusted P < 0.05) (Fig. 2C and table S2), and of those, 57 genes
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Fig. 1. Deletion of Eed leads to progressive loss of H3K27me3 in differentiated mDA neurons. (A) Schematic representation of the three constructs used to generate
the mutant mice. (B) In situ hybridization for Slc6a3 (Dat) taken from the Allen Brain Atlas (mouse.brain-map.org, image credit: Allen Institute). (C) Immunostaining of the
ventral midbrain in DatCreFed"”™! as indicated by the box in (B), showing overlap between mCHERRY and TH. DAPI, 4'6-diamidino-2-phenylindole. (D and E) Immuno-
staining at x63 magnification showing overlap of TH and mCHERRY in the SNpc of DatCreEed"”" mice (D)and DatCreEed™ mice (E). (F) mDA neurons double positive for
EED and mCHERRY immunostaining at POin DatCreEed""" SNpc. (G) Loss of EED in mCHERRY* cells at POin DatCreEed™" SNpc. (H) mDA neurons double positive for
H3K27me3 and mCHERRY immunostaining at PO in DatCreFed””** SNpc. (I) mDA neurons double positive for H3K27me3 and mCHERRY immunostaining at PO in
DatCreEed™" SNpc. (J) mDA neurons double positive for H3K27me3 and mCHERRY immunostaining at P30in DatCreFed""" SNpc. (K) Loss of H3K27me3 in mCHERRY*
cells at P30 in DatCreEed™" SNpc. (L) Staining with TH and DAPI of the DatCreEed”"™ cells from (J). (M) Staining with TH and DAPI of the DatCreEed™ cells from (K). Scale
bars, 20 um (E, I, and M).

were K27 targets (Fig. 2C and table S2), a 4.7-fold enrichment (Fisher’s  Enrichr (24, 25)] (Fig. 2D). Concomitantly, loss of K27 also resulted
exact test, P =5 x 10 >’) over the expected ratio. Of the 57 up-regulated  in significant (adjusted P < 0.05) down-regulation of 28 genes, with
K27 targets, 22 were determined as lacking K27 at +10 kb of TSSin 1 of them (Myo7a) being a K27 target (Fig. 2C).

mutant nuclei, which represents a 2.4-fold enrichment among the ChIP sequencing (ChIP-seq) and RNA-seq analysis in nuclei
up-regulated genes (Fisher’s exact test, P=9 x 107). The 35 up-regulated ~ sorted from 8-month-old animals also showed an inverse correla-
genes that were still determined as K27" in mutants do retain K27  tion between K27 and expression level in WT nuclei (Fig. 2E). Fur-
around the TSS, albeit at low levels (e.g., Foxgl, Phox2b, and Hand2).  thermore, despite a slightly higher background in the K27 ChIP-seq
Several quintessential PRC2 targets such as the Hoxd cluster did not  than at 4 months (Fig. 2, B and F), it revealed a complete loss of
exhibit increased expression in the mutants. Despite a reduction in ~ genes determined as K27" in the DatCreEed"™ mutants (Fig. 2F and
K27 enrichment in such genes, a significant proportion of the mod-  table S1). Inspection of differentially expressed genes (DEGs) showed
ification remained (fig. S2B), underscoring the resilience of this that 654 genes were significantly up-regulated (Fig. 2G), with 55 of
modification in mDA neurons lacking PRC2 activity. The up-regulated  them up-regulated at 4 months and 243 of 654 carrying the K27
genes exhibited strong enrichment of gene ontology (GO) catego- modification (Fig. 2G and table S2), representing a 4.3-fold enrich-
ries associated with regulation of transcription and early develop-  ment over expected (Fisher’s exact test, P = 5 x 10°°). Up-regulated
mental processes [GO Biological Process 2021, as calculated by = PRC2 targets included several members of the Hox family; transcription
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Fig. 2. Loss of Eed results in progressive up-regulation of PRC2 targets and reduced expression of mDA neuronal genes. (A) Heatmaps showing inverse correlation
between H3K27me3 and expression levels at 4 months in DatCreEed””". (B) Genome-wide abundance of histone modifications at 4 months in DatCrefed"""! (WT) and
DatCreEed™" [knockout (KO)] in 20-kb regions centered on TSS of individual genes ranked by H3K27me3 abundance in WT. (C) Volcano plot showing DEGs at 4 months in
isolated mCHERRY" nuclei from KO ventral midbrain. Numbers of up- and down-regulated genes are indicated above the plot, with the number of H3K27me3* genes in
WT at 4 months within brackets. (D) Enriched categories (GO biological process) for up-regulated genes are characterized by activation of transcription and early devel-
opmental non-neuronal processes. (E) Heatmaps showing inverse correlation between H3K27me3 and expression levels at 8 months in WT. Heatmap for H3K27me3 as in
(A), with promoter chromatin states at 8 months. (F) Genome-wide abundance of histone modifications at 8 months in WT and KO as in (B). (G) Volcano plot showing DEGs
at 8 months in isolated mCHERRY* nuclei from KO ventral midbrain. Numbers of up- and down-regulated genes are indicated above the plot, with the number of
H3K27me3" genes in WT at 8 months within brackets. Examples of up-regulated genes that are PRC2 targets in WT mDA neurons at 8 months are labeled on the right side
of the plot. Examples of down-regulated mDA identity genes are labeled on the left side of the plot. (H) Enriched categories for up-regulated genes (red) (GO biological

process) and down-regulated genes (blue) (Up in Allen Brain Atlas, as calculated by Enrichr).

factors involved in determining other cell fates during develop-
ment, e.g., Pitx1, Gata2, and Foxd3; stem cell factors such as Pax6;
genes typically expressed in other neuronal types, e.g., Gadl and Gad2;
and cell cycle regulators including Ccndl, Ccnd2, and Cdnkn2a
(table S2). In contrast to the 4-month-old mutant mDA neurons,
several members of the Hoxd clusters were up-regulated at 8 months.
This was reflected by the acquisition of H3K4me3 combined with
the loss of K27 and K9 (fig. S2C). Moreover, in the 8-month-old
mutant mDA neurons, there were 756 significantly down-regulated
genes, with 32 of them carrying the K27 modification (Fig. 2G and
table S2), representing a twofold reduction compared to what would
be expected by chance (Fisher’s exact test, P = 7 x 10°). Among the
down-regulated genes, several transcription factors critical for mDA
neuronal function were present, e.g., En1/2, Nr4a2 (Nurrl), Lmo3,
Pitx3, and Pou3f2 (table S2). Up-regulated genes exhibited strong
enrichment of GO categories associated with regulation of transcrip-
tion and early developmental processes, whereas down-regulated
genes were enriched for ventral midbrain categories (GO Biological
Process 2021 and Allen Brain Atlas Up, as calculated by Enrichr)
(Fig. 2H).

Combined H3K9me3/H3K27me3 is associated with higher
probability of derepression upon loss of PRC2 activity
Inspection of the H3K27me3, H3K4me3, and H3K9me3 modifica-
tions £10 kb around the TSSs of the genes up-regulated in the mu-
tants revealed a pronounced increase in K4 and loss of K9 (Fig. 3A).
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To further understand whether any specific chromatin state in WT
mDA neurons would predispose for derepression, we inspected the
distribution of K4, K27, K4/K27, K9/K27, and K4/K9/K27 in WT mDA
nuclei and correlated them with the DEGs. Among the up-regulated
genes, there was a significant enrichment in all states containing
K27 but not in the K4 only, where there rather was a depletion
(Fig. 3, B and C). Closer inspection revealed that the most enriched
chromatin states of up-regulated genes in the mutants were those
that contained both HK27me3 and HK9me3 (K4/K9/K27 and
K9/K27) in WT cells. Compared to genes with a poised, bivalent
K4/K27 state in the WT, which had a 3.1-fold enrichment, the K9/K27
state exhibited 7.8-fold and the K4/K9/K27 state 8.3-fold enrichment
(Fig. 3C). Notably, for down-regulated genes, there was no enrich-
ment but rather a depletion of chromatin states containing K27 (Fig. 3D).
In addition, when we compared the relative fold change and statis-
tical significance of the DEGs in the 8-month mutants, there was a
clear difference between K4/K27 and K9/K27 genes, with K9/K27
genes generally exhibiting higher fold increase and lower adjusted
P values (Fig. 3E). This was also true for the 4-month mutants (fig.
S2D). To understand whether this difference was a consequence of
K9/K27 genes being derepressed from absolute expression levels
close or equal to zero, we investigated the absolute expression levels
of K4/K27 and K9/K27 genes in 8-month-old WT and mutants.
This revealed that the WT expression levels of K9/K27 genes were
substantially lower than those of K4/K27 genes (Fig. 3F). However,
the difference in absolute increase in the mutants was significantly
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Fig. 3. Combined H3K9me3/H3K27me3 is associated with higher probability of derepression upon loss of PRC2 activity. (A) Heatmaps showing abundance of
H3K27me3, H3K4me3, and H3K9me3 at genes up-regulated in 8-month KO in 20-kb regions centered on the TSS of individual genes ranked by H3K27me3 abundance in
WT. (B) Heatmap profiles of average H3K27me3, H3K4me3, and H3K9me3 RPKMs +10 kb around the TSS of genes up-regulated in 8-month KO per defined chromatin
state (denoted as K4, K27, K4/K27, K9/K27, and K4/K9/K27) in 8-month WT and how these states are resolved in 8-month KO. Below each chromatin state, Integrative
Genomics Viewer tracks exemplify how the histone marker abundances compare at representative genes between WT and KO. (C) Enrichment/depletion of chromatin
states for up-regulated genes in KO mDA cells at 8 months. (D) Enrichment/depletion of chromatin states for down-regulated genes in KO mDA cells at 8 months.
(E) Volcano plot as in Fig. 2G showing DEGs belonging to H3K4me3/H3K27me3 (cyan) or H3K9me3/H3K27me3 (red) chromatin states in 8-month WT mDA cells. (F) Violin
plot showing the absolute expression level [log,(FPKM + 1)] of up-regulated genes in KO mDA cells belonging to K4/K27 or K9/K27 chromatin states in 8-month WT mDA
cells. (G) Difference (A) in gene expression between WT and KO of genes belonging to the K4/K27 or K9/K27 states at 8 months. Student's t test. (H) Genes belonging to
the K9/K27 chromatin state in 4-month WT mDA cells and up-regulated in KO mDA cells at 8 months but not at 4 months have reduced H3K9me3 surrounding their TSSs
in KO mDA cells already at 4 months. (I) Genes belonging to the K9/K27 chromatin state in 4-month WT mDA cells and not up-regulated in KO mDA cells at 8 months do

not have reduced K9 surrounding their TSSs at 4 months in 4-month KO mDA cells.

larger in the K9/K27 genes (Fig. 3G). Thus, this analysis revealed
that the presence of the additional heterochromatin modification
K9 actually increases both the probability to activate repressed K27
genes and the magnitude of increased expression. Notably, GO analysis
showed that K9/K27 genes are enriched for categories typically in-
cluding regulation of transcription and early developmental events
such as embryonic organ morphogenesis, whereas K4/K27 genes
include GO categories associated with regulation of extracellular
matrix, neuronal differentiation, and proliferation (fig. S2E). The
stronger enrichment of K9/K27 genes over K4/K27 genes prompted
us to inspect the chromatin states at 4 months for genes that were
up-regulated at 8 months but not at 4 months. This analysis re-
vealed that reduction of K9 occurs before derepression of expres-
sion (Fig. 3H). Hence, the early loss of K9 is not a mere consequence
of activated transcription. Loss of K27 could potentially influence
stability of the K9 modification. However, when inspecting the
4-month mutant chromatin states for WT K9/K27 genes that were
not up-regulated at 8 months, no loss of K9 was detected despite
loss of K27 (Fig. 31). Hence, loss of K27 could be required but is not
sufficient to induce loss of K9 at these loci. GO analysis of the
K9/K27 genes at 4 months that were up-regulated at 8 months showed
a strong enrichment for positive regulation of transcription and early
developmental processes (fig. S2F). Notably, the GO term “negative
regulation of transcription, DNA templated” was one of the top
enriched terms, potentially reflecting the down-regulation of
several mDA neuronal identity genes (Fig. 2, G and H). We have
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previously shown that early developmental regulators already silent
and harboring K27 in neural stem cells gain K9 in differentiated
mDA neurons (20), suggesting that both the acquisition and main-
tenance of K9 at these TSSs are closely connected and potentially
dependent on PRC2 activity.

Progressive loss of TH, dopamine, and dopamine-associated
metabolites upon loss of PRC2 activity

To understand the phenotypic consequences of the progressive loss
of K27, we stained for TH at 4 and 8 months, both in the midbrain
VTA/SNpc and in the striatal target region. At 4 months, there was
no apparent difference between WT and mutant mice, neither in
the VTA/SNpc nor in the striatum (Fig. 4, A, D, G, and J), suggest-
ing that in the mutants, the establishment of this circuitry during
development is not perturbed. Reflecting the reduction of Th
expression in 8-month mutants (Fig. 2G), there was a slight re-
duction of TH immunoreactivity in mutant midbrain at 8 months
(Fig. 4, E and K). However, in the dorsal striatum of DatCreEed"”
mutants, TH was completely lost, while low levels of TH could still
be detected in the nucleus accumbens (Fig. 4, B and H). To investigate
whether this loss of TH progressed over time, we performed stain-
ing of 16-month-old mutants. At this time point also, nCHERRY"
cells in the SNpc displayed an almost complete loss of TH, whereas
cells in the mutant VTA still exhibited substantial TH immuno-
reactivity (Fig. 4, C, F, I, and L). The loss of TH immunostaining in
mutant mice at 8 months could be the result of a progressive loss

50f 20



SCIENCE ADVANCES | RESEARCH ARTICLE

H

>
5]
w
Y
Q
1
Q

MCHERRY

AAV-eGFP, 14 days

Striatum

MCHERRY

DatCreEed”"

mMCHERRY

VTA

DatCreEed*| S  # of nMCHERRY* cells T
mlo -

Dopamine metabolites

®DatCreEed"
®DatCreEed""
2 10000~ ne. 15 I/TA/*SNpc ‘ Striatum
r ™ ‘.». - L] . *
= | R  5000-
z - -
‘© -
5 DatCreEed™ | O 6000
= L]
§IR 4000 0.5 3
i P T T o2
2000+ ° ie »
i N3 Qvo \2\4\? NS Q‘?‘OQ\AV
O O
L WT KO Q Q

Fig. 4. Reduced levels of TH and dopamine metabolites in the striatum and
midbrain upon inactivation of PRC2. (A to C) TH immunostaining in the striatum
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(L). (M) Expression of eGFP in the striatum of DatCreFed""" mice 21 days after in-
jection of AAV-eGFP in the ventral midbrain. (N) Injection site of AAV-eGFP in
DatCrefed”"" mice 21 days after injection. () eGFP expression in the striatum of
DatCreEed™" mice 21 days after injection of AAV-eGFP in the ventral midbrain.
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(Q) H3K27me3 immunostaining in mCHERRY™ cells in the SN of 8-month
DatCreFed”"" mice. (R) No H3K27me3 immunostaining in MCHERRY™ cells in the SN
of 8-month DatCreFed"”"t mice. (S) Quantification of mMCHERRY" cells in the ven-
tral midbrain of DatCrefed"”" and DatCreEed™" mice at 8 months shows no loss of
mMCHERRY™ cells in mutant midbrains. nyr=3 and nyyr= 3. (T) Reduced levels of
dopamine metabolites in the ventral midbrain and striatum of DatCrefed™" mice.
nwr=3and nyyr=3. In (T), *P < 0.05 and ***P < 0.001, unpaired t test with Welch'’s
correction. Scale bars, 1000 um (O) and 50 um (R). n.s., not significant.

of established projections from the SN/VTA to their striatal targets.
To investigate this possibility, we performed intracranial injec-
tions targeting the SN/VTA with adeno-associated virus (AAV)
vectors [pCAG-FLEX-EGFP-WPRE virus (26)] to anterograde trace
the projections from the midbrain to the striatum at 8 months.
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Three weeks after injection, we euthanized the animals for analysis.
Green fluorescent protein (GFP) was exclusively expressed from the
mDA neurons expressing the recombinant protein CRE at the site
of injection (Fig. 4, N and P), as well as extending until their target
area in the striatum (Fig. 4, M and O). Despite an almost total
absence of TH immunoreactivity in mutant striatum, there was a
strong GFP signal in all mutants analyzed (Fig. 4, M to P). Hence,
the projections from the midbrain to the striatal target area are
largely intact in the DatCreEed" mutants. Because it has been re-
ported that Ezh1/2 deletion in MSNs caused severe neuronal loss
through cell death (6), we analyzed and counted the mCHERRY"
cells in representative areas of 8-month-old midbrains but failed
to detect any significant difference in the number of cells be-
tween DatCreEed"”™" control mice and DatCreEed”" mutants
(Fig. 4, Qto S). To further validate that there was no increase in cell
death at different time points, we inspected mCHERRY" nuclei in
the midbrains of both DatCreEed"”"" control mice and DatCreEed""
mutants for any signs of fragmented nuclei through 4',6-diamidino-
2-phenylindole (DAPI) staining. However, we could not detect any
fragmented nuclei in this population, neither at P0, at 4 months, at
8 months, nor at 16 months (fig. S3, A to P). We next wanted to
understand whether the reduced levels of TH affected levels of do-
pamine and associated metabolites. To investigate this, we dissected
out the midbrain and striatum and performed high-performance
liquid chromatography (HPLC) to measure the metabolites of the
dopamine synthesis pathway. In DatCreEed"” mutants, both regions
displayed a significant reduction of dopamine, 3,4-dihydroxyphenylacetic
acid (DOPAC), and homovanillic acid (HVA) (Fig. 4T). The decrease
was most prominent in the striatum, where mutant animals exhibited
a more than fivefold reduction of all three metabolites compared
with control animals (Fig. 4T).

Basic electrophysiological properties of mDA neurons are
perturbed upon loss of PRC2 activity

The reduction in dopamine and associated metabolites combined
with the loss of TH immunoreactivity in the striatal target area sug-
gest that, besides loss of identity, a severe perturbation of mDA neuron
function also occurred in DatCreEed"" mutants. To address this, we
analyzed basal physiological properties through whole-cell patch-
clamp recordings in slice preparations from the 8-month mutant
and WT SNpc. Several of the measured parameters were significantly
perturbed in the mutant midbrains (Fig. 5, A to M). Cell capacitance
was reduced (Fig. 5A), whereas membrane resistance was slightly
increased (Fig. 5B). This implies that mutant mDA neurons exhibit
smaller surface area and reduced open channel activity, generating
a higher input resistance. Spontaneous pacemaker spiking typical of
mDA neurons exhibited no difference in frequency (Fig. 5C), but
the pacemaker pattern was disturbed with significant loss of consis-
tency of interspike intervals (Fig. 5, D and E). The hyperpolarization-
activated current I, mediated by hyperpolarization-activated cyclic
nucleotide-gated channels, which contributes to mDA neuronal
pacemaker firing integrity, was reduced (Fig. 5, F and G). Also, slow
afterhyperpolarization (AHP) current (AHC) generated by small-
conductance Ca?*-sensitive K* channels was reduced (Fig. 5,Hand I).
Although the action potential amplitude was unchanged, the threshold
was decreased, whereas AHP amplitude was decreased (Fig. 5, ] to M).
These anomalies of spontaneous firing in the mDA neuron popula-
tion combined with the low levels of dopamine in the striatum
indeed suggest severe loss of mDA neuronal function.
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Fig. 5. Altered electrophysiological properties and animal behavior upon inactivation of PRC2. (A) Reduced capacitance in 8-month DatCreEed”" mDA neurons.
(B) Increased membrane resistance in 8-month DatCreEed”" mDA neurons. (C to E) Increased coefficient of variation (CV) of interspike intervals of autonomous pacemaker
currents in 8-month DatCreEed™” mDA neurons. (F and G) Decreased hyperpolarization current (/) in 8-month DatCreEed™" mDA neurons. (H and I) Decreased slow
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nmut = 14) shows a progressive decrease in distance moved by DatCreFed™" mice. (Q) Progressive decrease in the number of rearings for DatCreEed™ mice. nwra=10,
nmuta =12, nwrs =18, nmuts =16, nwrie=15, and nuyr=12. (R) Progressive increase in total time needed for DatCreEed™ mice to complete the pole test. nyr4=8,
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analysis of variance (ANOVA). In (Q) and (R), *P < 0.05 and ***P < 0.001 calculated by one-way ANOVA with Tukey’s multiple comparisons test. In (S), P values were calcu-
lated with paired t test.
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Progressive impairment of overall locomotor activity

and fine motor movement in Eed mutants

To test whether reduced levels of TH and dopamine metabolites as
well as altered electrophysiological properties would generate any
behavioral consequences, we performed several behavioral tests to
detect potential motor skill impairments in the mutant mice (27).
Coordination, endurance, and muscle strength were not affected in
the mutants as shown by the rotarod and grip strength tests, respec-
tively (fig. S4, A to C). However, when analyzed in the open-field
test, their overall locomotor activity exhibited progressive reduction
with age as recorded from the total moved distance (Fig. 5, N to P).
In addition, the number of rearings was significantly reduced in the
mutants (Fig. 5Q). When challenged by the pole test, assessing fine
locomotor function, mutant mice exhibited a significant delay in
initiation of descent and frequent failure to climb down the pole by
falling sideways (Fig. 5R and movies S3 to S5). Hence, the mutants
exhibited deficits primarily in the initiation of voluntary movement
as seen in the open-field test, in the number of rearings, and in the
pole test, whereas, when exposed to a forced movement paradigm
testing coordination and balance, such as the rotarod, the mutant
mice performed on par with the WT mice. Motor function has
mainly been coupled to the SNpc, whereas reward and motivation
processes, to a larger degree, involve the VTA (28). Therefore, we
challenged the mice by conditioning them to cocaine and examined
whether perturbation in the reward system of 8-month-old mutant
mice occurred. We conducted conditional place preference (CPP)
for cocaine, where a weak CPP occurred in the WT mice (Fig. 5S).
The CPP in mutant mice was more distinct (Fig. 5S); however, the
difference in posttest CPP between WT and mutant mice was not
significant, indicating that response to cocaine conditioning was
unaffected by genotype. To investigate whether the motor response
to cocaine was affected in the mutants, we also performed an open-
field test after injection of cocaine (10 mg/kg). In both WT and mu-
tant mice, there was a substantial increase in movement compared
to nontreated animals (fig. S4D). However, there was no significant
difference between cocaine-treated animals with different genotypes
(fig. S4D). Thus, the capacity to respond to cocaine in the mutant is
not impaired, implicating that this aspect of SNpc/VTA function
is intact.

Together, the loss of Eed results in progressive loss of H3K27me3,
leading to up-regulation of Polycomb target genes and reduced ex-
pression of mDA neuronal genes. This loss of cellular identity severely
disrupts mDA neuronal function at the cellular level, ultimately al-
tering the behavior of DatCreEed”" mutants.

Loss of PRC2 function in 5HT neurons results in loss

of cellular identity and function

An earlier study reported that cell-specific loss of PRC2 function in
striatal MSN’s caused substantial cell death (6). As mentioned, a cor-
responding cell death was not noted in the mDA neurons of
DatCreEed”" mutants. To understand whether deletion of Eed can
cause loss of neuronal identity without cellular loss also in a different
neuronal population, we crossed the RplI Ozz-mCher?/7 ox/loxFelo/flox
mice with SertCre mice (29). In this SertCreEed™" mutant, Eed is
selectively deleted in hindbrain 5HT neurons expressing the sero-
tonin [serotonin hydrochloride (5-HT)] transporter Slc6a4 (a.k.a.
Sert) (Fig. 6A). Expression of Slc6a4 first occurs in the hindbrain at
around E12.5 of the mouse embryo. At this time point, tryptophan
hydroxylase—positive (TPH") cells in both WT and mutant hindbrain
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expressed EED (fig. S5, A and B). As in mDA neurons, there was, in
PO mCHERRY" 5HT neurons, a substantial reduction in EED
immunoreactivity in the SertCreEed™ mutants, whereas levels of
H3K27me3 remained as in SertCreEed"””"" mice (fig. S5, Cto F). At
P40, the levels of H3K27me3 were not detectable in SertCreEed™
mutant cells (Fig. 6, B and C). To investigate the possible consequences
of Eed loss in 5HT neurons, we stained the hindbrains of WT and
mutants with an antibody specific for the rate-limiting enzyme in
serotonin synthesis, TPH2. At 4 months of age, the number of
mCHERRY" cells in the SertCreEed"" mutants was unaltered com-
pared to the WT mice, with a distinct overlap of TPH2 immuno-
reactivity and mCHERRY" fluorescence in both WT and mutant
animals (Fig. 6, D and G). In contrast, at 8 and 16 months, immuno-
staining revealed a major loss of TPH2 in SertCreEed™" mutants but
no loss of mCHERRY" cells (Fig. 6, E to I).

We proceeded to perform RNA-seq analysis of sorted 5HT nu-
clei at 4 months, which revealed up-regulation of 84 transcripts, of
which 36 were K27, as previously determined (20). Twenty-six
transcripts were down-regulated, of which 2 were K27" (fig. S5G).
Similar analysis of sorted 5SHT nuclei at 8 months revealed 124 up-
regulated genes, of which 107 were K27" (Fig. 7A). As in the mutant
mDA nuclei, the up-regulated genes were enriched for several mem-
bers of the Hox family; transcription factors involved in determining
other cell fates during development, e.g., Gata6, Foxgl, and DIxI;
stem cell factors such as Pax6; genes typically expressed in other
neuronal types, e.g., Gadl; and cell cycle regulators including Ccnd?2
and Cdkn2a (Fig. 7A and table S3). Down-regulated genes numbered
72 and included 5HT-specific genes such as Slc6a4, Tph2, and Htrla
(Fig. 7A and table S3). Of these 72 genes, 11 were H3K27me3",
which does not constitute an enrichment. GO analysis of the DEGs
showed that among up-regulated genes, there was a strong enrich-
ment of categories related to transcriptional activation and early
developmental processes. For the down-regulated genes, there was
an enrichment of dorsal raphe nucleus-associated categories (GO
Biological Process 2021 and Allen Brain Atlas Up, as calculated by
Enrichr) (Fig. 7B). The substantial reduction of TPH2 in 8-month
mutants caused a decrease in the levels of serotonin (5-HT) and the
serotonin-associated metabolite [5-hydroxyindole-3-acetic acid
(5-HIAA)] both in the hindbrain and in the prefrontal cortex target
area as measured by HPLC (Fig. 7C).

To understand whether loss of 5HT identity was followed by al-
tered behavior, as seen in the DatCreEed”” mutants, we investigated
whether aspects of behavior that depend on an intact 5HT function
were perturbed in the 5HT mutants. To examine whether loss of Eed
evoked depressive behavior, we subjected 8-month SertCreEed""™"
and SertCreEed"™" mice to the forced swim test. Notably, there was
no significant difference between WT and mutant mice for the time
they spent swimming (fig. S5H). However, when subjected to the
elevated plus maze (EPM) (30), the mutants spent significantly more
time in the open arms and visited them more frequently (Fig. 7, D to G).
This change in behavior could be a consequence of hyperactivity or
less anxiety, behavioral phenotypes that have previously been asso-
ciated with deficient serotonin neurotransmission (31, 32).

Activated PRC2 targets are enriched for H3K9me3

in 5HT nuclei

The strong enrichment of K27 targets among the up-regulated genes
is reminiscent of the effects of Eed deletion in mDA neurons. Be-
cause the presence of the heterochromatin modification H3K9me3
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was associated with a higher probability of derepression and activated
transcription in mutant mDA nuclei, we assigned up-regulated
genes in the SertCreEed™ nuclei to the same set of chromatin states
by using the dataset we generated for WT 5HT neurons in our pre-
vious study (20). This analysis showed that also in mutant 5SHT nu-
clei, the presence of K9 in a chromatin state was associated with a
higher probability to activate transcription than the presence of K4
(Fig. 7H). In contrast, down-regulated genes exhibited no such en-
richment (fig. S5]).

Common enrichment of up-regulated H3K9me3/H3K27me3
targets in mutant mDA and 5HT neurons
Because we noted that transcriptional response to loss of Eed in-
cluded similar PRC2 targets in mDA and 5HT neurons, we compared
the overlap of up-regulated genes at 8 months. There was a large
overlap of up-regulated genes with 85 common transcripts of 124
(5HT nuclei) and 654 (mDA nuclei) (Fig. 7I). This represents a more
than 23-fold higher number than expected by chance (P =1 x 107'%,
Fisher’s exact test). Of these 85 transcripts, 83 were K27 PRC2 tar-
gets in 5HT neurons and 77 in mDA neurons, which represents a
substantial enrichment in both cell types. In addition, the 85 com-
monly up-regulated targets were also strongly enriched for the K9/
K27 state when compared to the poised K4/K27 state (Fig. 7). The
number of commonly down-regulated genes also exhibited a five-
fold significant enrichment but not to the same extent as for the
up-regulated genes (P = 3 x 107>, Fisher’s exact test) (fig. S5K).
When comparing Enrichr (24, 25) analysis between the up-
regulated genes in mDA and 5HT neurons, the similarity is clear. In
both neuronal cell types, there was a strong enrichment of early
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developmental regulators, e.g., Hox genes (Figs. 2G and 7A). Further-
more, another similarity is that both types of neurons exhibit reduced
expression of transcripts specific to their identity, e.g., Th, Slc6a3,
Enl, Nr4a2, and Pitx3 in the mDA neurons and Tph2, Htrla, Slc6a4,
and Htr5b in 5HT neurons (Figs. 2G and 7A). Notably, in both mu-
tants, substantially increased expression of genes previously de-
scribed as “death promoting” (e.g., Cdkn2a, Hoxa5, and WtI) was
evident (tables S2 and S3) but without inducing any cell death,
which clearly distinguishes these neuronal subtypes from MSNs (6).

Single-nucleus expression analysis reveals SNpc-specific
vulnerability to loss of PRC2 activity

The selective and progressive loss of TH in the SNpc at 8 and
16 months (Fig. 4) indicates that different mDA neuron subtypes
may respond differently to PRC2 deficiency. To explore whether
the changes in gene expression upon loss of H3K27me3 are distinct
between mDA neuron subtypes, we analyzed gene expression with
single-nucleus RNA-seq (snRNA-seq) of sorted mCHERRY " nuclei
from the midbrain of 8-month-old WT and mutant mice. Follow-
ing quality control, sequencing data from 1772 nuclei from WT
brains and 3968 nuclei from mutant brains were obtained. Uniform
manifold approximation and projection (UMAP) plots of these
nuclei revealed a considerable diversity of WT and mutant nuclei
(Fig. 8, A and C). Composite average expression of an mDA neuron
signature (Th, Slc6a3, Nr4a2, and Enl) was evident in a substantial
proportion of the nuclei (Fig. 8B). To further characterize the
snRNA-seq data, we assigned distinct identities to different UMAP
clusters on the basis of expression of markers previously described
in the literature (Fig. 8C, fig. S6A, and table S7) (33). Nuclei lacking
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robust expression of the mDA neuron signature, potentially isolated
along with mCHERRY" mDA neuron nuclei when sorting, were
defined as astrocytes, oligodendrocytes, and non-mDA neurons on
the basis of typical neural cell markers (table S6). On the basis of the
classification reported in (33), the six clusters that robustly expressed
the mDA neuron signature were divided into VTA1 (Calb1"/Otx2"),
VTA2 (Calb1"/Otx27), VTA3 (Gad2"/Otx2"), SNpc/VTA (Sox6'/Aldhla”),
SNpc-WT (>98.5% WT), and SNpc-KO (knockout) (>98.6% KO)
of both groups of Sox6"/Aldhla* (Fig. 8C). One mDA neuron group
(SNpc-WT) was almost exclusively enriched for WT nuclei (>98.5%),
while another group (SNpc-KO) was almost exclusively enriched
(>98.6%) for nuclei from mutant mice. In contrast, WT and mutant
nuclei were distributed in roughly equal proportions in all other
groups (Fig. 8A and table S8). SNpc-KO nuclei had diminished
mDA neuron marker gene expression but did express Sox6 and
Aldhlal, consistent with a relationship to SNpc mDA neurons. The
expression of the SNpc markers Sox6 and Aldhlal and of the VTA
marker Calbl was distributed as shown in fig. S6 (B and C). Thus,
these observations indicate a rather drastic influence on gene ex-
pression in SNpc neurons as compared to the other mDA neuron
groups as a consequence of disrupted PRC2 function.
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Hierarchical clustering based on the 2000 most variable genes in
all nuclei from the mDA neuron groups revealed that the SNpc-WT
and SNpc-KO clusters grouped separately from the VTA1 to VTA3
and SNpc/VTA groups (Fig. 8D and fig. S6D). To understand whether
loss of PRC2-mediated repression had selective effects in different
mDA neuron subgroups, the signature expression of the 25 most
up-regulated genes in mutant nuclei was visualized in violin plots.
This analysis revealed that the most profound increase occurred in
the SNpc-KO versus SNpc-WT groups (Fig. 8D and fig. S6E). We
then generated a heatmap of all mDA neuron groups based on the
205 DEGs between all mutant and WT nuclei, of which 93 exhibited
increased expression and 112 decreased expression. This revealed a
block of genes that are strongly up-regulated in most of the SNpc-KO
nuclei but only in subsets of nuclei in the VTA1-KO, VTA2-KO,
VTA3-KO, and SNpc/VTA-KO nuclei (fig. S6F). This group of genes
was strongly enriched for PRC2 targets and for genes also up-regulated
in the bulk RNA-seq at 8 months.

To further understand the differential effects resulting from loss
of PRC2 function, we analyzed genes differentially expressed between
WT and mutant nuclei for each group separately. As expected, major
effects on gene expression were only seen in mDA neuron clusters
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Fig. 8. mDA neurons of the SNpc exhibit selective increased vulnerability to loss of PRC2 activity. (A) UMAP showing distribution of WT (black) and mutant (red)
nuclei. (B) Composite average expression levels of mDA identity signature genes. (C) Classification of defined subgroups in UMAP space. ODC, oligodendrocyte. (D) Top:
Hierarchical clustering of mDA neuron subgroups with identity classes defined as subgroup genotype. Bottom: Violin plots highlighting subtype-specific differences
between genotypes based on the composite expression of the 25 most up-regulated genes in the mutant nuclei. (E) Number of DEGs in mutant nuclei of different mDA
neuron groups according to (C). (F) Venn diagram showing overlap of up- and down-regulated genes in mutant nuclei from the combined VTA and SNpc. (G) Fold change
of gene expression for the mutant versus WT DEGs, which are common between the VTA and SNpc. To normalize scales, the inverted fold change (—1/FC) is plotted for
down-regulated genes. (H) UMAP visualization of Hoxd11 expression. (I) Composite average expression of mDA neuronal signature in WT (black) and mutant (red) nuclei
for mDA neuron subgroups (VTA =VTA1 + VTA2 + VTA3). (J to M) Violin plots exemplifying genes up-regulated in both mutant SNpc and VTA (J), of genes more up-regulated
in mutant SNpc than in mutant VTA (K), of genes only up-regulated in mutant SNpc and not in the VTA (L), and of genes only up-regulated in mutant VTA and not in SNpc
(M). (N to P) Violin plots of pan-neuronal markers (N), of the SNpc marker Sox6 (O), and of the VTA marker Calb1 in WT (black) and mutant (red) SNpc and VTA nuclei (P).
Wilcoxon rank sum test with Bonferroni corrections for adjusted P values. Adjusted P values are included in (D) and (I) to (P).
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derived from cells in which PRC2 had been disrupted by targeted
KO of Eed, while marginal effects were seen in non-mDA neuron
groups. Notably, the largest number of DEGs was seen in the SNpc
group (Fig. 8E and table S4), in which 584 genes were differentially
expressed when comparing SNpc-KO versus SNpc-WT. In contrast,
only 174 genes were differentially expressed when comparing WT
and mutant nuclei in the three VTA groups combined into one VTA
group (Fig. 8F). The more substantial response to loss of PRC2 ac-
tivity in the SNpc group was also reflected in the magnitude of in-
crease or decrease in expression in common up- or down-regulated
genes between SNpc and VTA (Fig. 8G) and is also clearly illustrated
by plotting highly up-regulated genes, such as Hoxd11, in the
UMAP plot (Fig. 8H). Moreover, composite average expression of
the mDA neuron signature was more significantly reduced in the
mutant nuclei of the SNpc group (Fig. 8I). Together, the greatest
impact of Eed deletion occurred in the SNpc population, which was
also reflected by how TH immunoreactivity was substantially re-
duced in the SNpc at 8 and 16 months but was largely intact in the
VTA (Fig. 4, Cto L).

Comparison of DEGs between mutant and WT nuclei in the
combined VTA and the SNpc showed equal (Fig. 8] and fig. S6G),
stronger (Fig. 8K and fig. S6H), or exclusive (Fig. 8L and fig. S6I)
up-regulation of PRC2 targets in the SNpc. The few genes that were
more robustly induced in the VTA are not PRC2 targets. Instead,
they are typically expressed at robust levels in WT cells and harbor
the H3K4me3 modification (Fig. 8M and fig. S6]). Expression of pan-
neuronal genes was not decreased in any of the groups, and Rbfox3
was actually slightly increased in the SNpc-KO nuclei (Fig. 8N). Notably,
expression of the SNpc subtype-specific gene Sox6 was not decreased
in the SNpc-WT versus SNpc-KO subgroups, whereas expression of
the VTA-specific Calbl gene was reduced in the mutant VTA cells
(Fig. 8, O and P). We also plotted the individual expression of the
four genes that constituted the mDA neuron signature used in
Fig. 8 (B and I) (fig. S6K).

To compare the results of the single-cell nuclei analysis with the
results we previously obtained with the bulk RNA-seq, we examined
common or unique DEGs. This revealed that genes identified as up-
or down-regulated in both the single-nucleus and bulk analysis ex-
hibited significantly larger differences in gene expression than genes
only identified as differentially regulated in the single-nucleus analysis
(fig. S6L). Notably, this trend was most pronounced in the SNpc
group (fig. S6L and table S5). To ensure that non-mDA populations
do not add noise to the bulk RNA-seq and ChIP-seq analysis, we
performed DE analysis between WT non-mDA nuclei and WT mDA
neuronal nuclei. A total of 252 genes were significantly up-regulated
in the non-mDA nuclei group. When compared to genes up-regulated
in mutants in bulk sequencing at 4 months, there was an overlap of 4
genes, which represents ~3x enrichment (Fisher’s exact test, P = 0.04)
and, at 8 months, an overlap of 18 genes (~2x enrichment, Fisher’s
exact test, P = 0.004). Although these overlaps represent a significant
enrichment, the number of genes is low and represents a minute
fraction of the genes up-regulated in each dataset. Furthermore, a
total of 30 genes are uniquely up-regulated in the mutant non-mDA
group; of these, only 2 are up-regulated in the bulk sequencing at 8
months, and none are up-regulated at 4 months. We have now also
investigated the expression of mCherry in the bulk RNA-seq data. It is
expressed both in mDA (baseMean = 44.9) and in 5HT (baseMean =
66.0). It is not differentially expressed between WT and mutant sam-
ples (8-month mDA: log,FoldChange = 0.45, unadjusted P = 0.26;
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8-month 5HT: log;FoldChange = —0.49, unadjusted P = 0.44), which
further supports that contaminant non-mDA/non-5HT cells are
not biasing WT versus mutant comparisons. Hence, potential noise
added by contaminant populations is not likely to affect the analysis
or the conclusions in any fundamental aspect.

To understand whether genes with specific chromatin states
were regulated equally between mutant and WT nuclei in the VTA
and SNpc, we used the chromatin states generated from the bulk
ChIP-seq. As in the bulk RNA-seq, up-regulated genes both in the
VTA group and the SNpc group were strongly enriched for the
K9/K27 chromatin state (VTA: 8.3x increase over expected, P = 4.2 X
107"% SNpc: 4.3x increase over expected, P = 1.4 x 10™"?, Fisher’s
exact test). In contrast, in the SNpc group, there was no significant
enrichment of K4/K27 genes, and in the VTA group, the enrich-
ment was less (2.9x increase over expected, P = 0.0015, Fisher’s ex-
act test) than for the K9/K27 state (fig. S6M).

DISCUSSION

How long-term maintenance of cellular identity is coupled to per-
manent silencing of alternative lineages is largely unknown. This ques-
tion is of particular interest for CNS neurons because their functional
integrity and identity need to be maintained for several decades in
the human brain. Our study reveals that in two well-characterized
neuronal populations of high clinical relevance, intact PRC2 func-
tion is essential for the repression of aberrant gene expression and
for the maintenance of cell type-specific gene expression but not
for neuronal survival. Although PRC2-mediated gene silencing has
previously been shown to be required for proper neurogenesis in
the neocortex (7, 34), the role of PRC2 in differentiated postmitotic
cells, such as neurons, is not understood. A previous report showed
that in MSNs and Purkinje cells, PRC2 is required to maintain
silencing of death-promoting genes (6). Similar “death-promoting”
genes were up-regulated in mutant mDA and 5HT neurons upon
loss of PRC2 activity. However, there was no reduction in cell num-
bers, neither in mDA nor in 5HT neurons, even across an extended
time span (up to 16 months). Instead, there was a profound reduc-
tion in the expression of subclass-specific genes in both types of neurons.
This is in contrast to a study wherein the methyltransferase Ezh2,
another member of the PRC2 complex, was deleted in postmitotic
mDA neurons (35). Notably, deletion of Ezh2 resulted in a selective
and progressive loss of VTA neurons. Because the levels of K27
were not changed in the mutants, it is possible that this effect was
uncoupled from the canonical methyltransferase function of Ezh2.
In addition, in differentiated mDA neurons, the expression level of
Ezh2 is lower than that of Ezh1, which also harbors methyltransfer-
ase capacity and thus could act as a redundant factor.

Because most down-regulated genes are not H3K27me3" in the
WT cells and the main function of PRC2 is to maintain repression,
the reduced expression is most likely an indirect effect of Eed dele-
tion. A similar effect was reported in MSNs and in differentiated B cells
wherein cell type-specific genes were down-regulated upon loss of
PRC2 activity (6, 36). Using the single-nucleus dataset, we have tried
to identify crucial up-regulated factors that repeatedly correspond
with a decrease in mDA neuronal identity genes. However, we could
not couple any single up-regulated factor with the decrease in mDA
identity genes. This would argue for a combined effect of several
up-regulated factors, which, during development, harbor the capacity
to induce other cell lineages and to silence the mDA or 5HT neuronal
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lineages. This protracted process is in stark contrast with the phe-
notype upon combined deletion of the transcriptional coactivators
adenosine 3’,5'-monophosphate response element-binding protein—
binding protein and p300 (i.e., KAT3) in the hippocampus. Upon
deletion of these coactivators, there was a rapid loss of expression of
neuronal genes followed by loss of neuronal identity and function
(37). Not unexpectedly, inactivation of a repressor does not itself
induce expression of its targets. Potential additional repressive
mechanisms might interfere with recruitment of transcriptional ac-
tivators, further extending the time required for target gene activa-
tion. Reduced expression of identity genes is, with high probability,
an indirect consequence of up-regulation of PRC2 targets, further
extending the time between deletion of Eed and effects on gene ex-
pression. Notably, despite other major differences, neither inactivation
of PRC2 nor KATS3 activity induced any detectable cell death.

Because the emergence of phenotypes in both mDA and 5HT
neurons coincides with significantly reduced expression of genes
necessary for neuronal subtype-specific function (e.g., Th, Slc6a3,
and Enl for mDA neurons and Tph2, Slc6a4, and Htrla for SHT
neurons), this down-regulation is the most probable cause of the
observed phenotypes. However, it cannot be ruled out that up-
regulated PRC2 targets themselves directly target aspects of neuro-
nal function and identity, thus contributing to the phenotypes. Notably,
several of the up-regulated PRC2 target genes at 8 months, in both
mDA and 5HT neurons, are transcription factors endowed with auto-
regulatory and gene-activating capacity. Thus, the emergence of
gene regulatory networks capable of disrupting the integrity of en-
dogenous transcriptional programs required for the maintenance of
identity is a probable major contributor to the phenotypes observed.
A similar process was described in a recent study wherein inactiva-
tion of the PRC1 in developing spinal motor neurons resulted in the
derepression and up-regulation of transcription factors harboring
cell fate-determinant capacity, among them the caudal Hox paral-
ogs Hox10 to Hox13. This coincided with the down-regulation of
genes associated with motor neuron subtype identity (38). Further-
more, the authors showed that up-regulation of Hox13 paralogs had
the capacity to directly repress other Hox genes, e.g., Hox4 to Hox8,
necessary for the correct specification of the anterior-posterior
identity of spinal motor neurons. In these cell types at this devel-
opmental window, loss of PRC2 function had no major effect on
subtype-specific identity. However, analysis was not extended beyond
embryogenesis, which limits conclusions concerning any long-term
effects on the maintenance of differentiated motor neurons.

Because neurons are postmitotic, the progressive reduction of
K27 in mutant neurons is not the result of failure to establish novel
K27 marks during cell division. Previous reports that histone turn-
over in the rodent brain occurs at an extended time scale (~220 days)
have recently been contrasted by studies showing that the histone
variant H3.3 exhibits rapid and continuous turnover in differentiated
CNS neurons (39). Thus, the loss of K27 evident in the mDA and
5HT neurons likely is a consequence of a combination of histone
turnover and demethylase activity by Kdm6a and Kdmé6b, both of
which are expressed in mDA and 5HT neurons.

It has previously been proposed that the primary role for PRC2 in
differentiated cells is to suppress transcription of bivalent K4/K27
genes (6, 40). In both mDA and 5HT neurons, there was an enrich-
ment of K4/K27 bivalent genes among up-regulated transcripts.
However, the presence of K9/K27 was associated with a higher
probability of derepression and a higher increase in both relative
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and absolute expression levels. This preference for activating K9/K27
genes over K4/K27 genes poses several questions. Is this a cell-
specific feature? What does it reveal about potential interactions
between K9- and K27-associated factors, as well as how these modifi-
cations are interpreted by the transcriptional machinery? GO anal-
ysis of K9/K27 genes in 8-month DatCreEed””" mCHERRY" nuclei
clearly shows strong enrichment of categories such as regulation of
transcription and early developmental categories, for example,
anterior/posterior pattern specification. K4/K27 genes, on the other
hand, are more enriched for categories such as extracellular matrix
organization, proliferation control, and neuronal differentiation
(fig. S2E). Notably, the categories enriched for the K4/K27 state re-
flect transitions from K4 state in neural progenitor cells (NPCs) to
K4/K27 state in mDA neurons as determined in our previous study
(20). Similarly, the categories enriched for the K9/K27 state are
reminiscent of silent genes carrying K27 already in NPCs but that
gain K9 to become K9/K27 in mDA neurons. Thus, after terminal
differentiation, K9 appears to be gained as an additional layer of
repression; hence, the higher probability of derepression of K9/K27
genes is an unexpected result. In particular, in differentiated MSNss,
loss of PRC2 activity led to the activation of predominantly poised
K4/K27 genes (6). However, in that study, no analysis of K9 was
performed, inactivation of PRC2 was achieved by targeting other
components of the complex, and a different Cre promotor was used.
Hence, differences could be due to different cell types or the system
used to delete PRC2 activity, which makes any direct comparison
difficult. A recent study questions the whole concept of bivalency,
implicating that the combined presence of K4 and K27 does not
represent a poised state (41). Our data showing that the K9/K27
state is a better predictor of derepression than K4/K27 would reflect
that K4/K27 does not represent a poised state wherein activation of
transcription has a high probability to occur after loss of K27. How-
ever, further studies are required to solve this question.

Derepression of K9/K27 genes results in a more substantial ab-
solute increase in expression when compared to K4/K27 genes. Given
that the K9/K27 genes have nearly undetectable expression levels
and the K4/K27 genes have substantially higher expression levels in
the WT cells, the identified K9/K27 likely represents true K9/K27
promoters. The loss of K9 precedes the up-regulation of expression,
which implies that the loss of K9 is not a mere consequence of in-
creased expression upon loss of K27. Rather, this suggests that the
presence of K9 at K27" promoters is coupled to intact PRC2 func-
tion, but not simply a function of K27 loss, because several genes lose
K27 without losing K9. How the loss of PRC2 activity and/or K27
promotes loss of K9 is not clear. It has previously been shown that
PRC2 and K27 cooperate with K9 to maintain the K9-associated
heterochromatin protein la (42). A more direct link between K27
and K9 has been reported for telomeric heterochromatin assembly,
wherein PRC2 and K27 are essential for K9 as well (43). In differen-
tiated mouse embryonic stem cells, K9 is dependent on intact SUZ12
function (44).

The selective vulnerability to loss of PRC2 activity in mDA neu-
rons of the SNpc is reminiscent of how the same cells are hyper-
sensitive in the response to cellular stressors such as 6-OHDA. Thus,
loss of identity upon deletion of Eed is mirrored by cell death upon
increased cellular stress. Both vulnerability to cellular stressors and
mouse genetic models of PD have been coupled to diverse processes
such as mitochondrial dysfunction, inflammation, and protein mis-
folding, whereas the phenotype we report here is the consequence
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of dysregulation of transcriptional processes. Notably, the electro-
physiological alterations of the DatCreEed”" mutants are reminis-
cent of the age-dependent decline of similar parameters in the
MitoPark mouse (45), whereas progressive loss of TH in the SNpc
and progressive development of motor deficits mirror key aspects
of PD. Thus, the more significant impact of the loss of PRC2 func-
tion in SNpc mDA neurons shows that these cells harbor an addi-
tional selective vulnerability in addition to the death-promoting effects
of cellular stressors, inflammation, and a-synuclein overexpression
previously described. Whether this dual vulnerability is mechanistically
coupled remains to be addressed. To reveal early divergence in the
transcriptional response to PRC2 inactivation between the SNpc and
VTA subpopulations, single-cell analysis at earlier time points (e.g.,
P30 or 4 months) would be an option. Such analysis could, for example,
identify potential factors uniquely up-regulated in the VTA with the capac-
ity to protect these cells from the detrimental effects of Eed deletion.

Expression of the homeobox gene Engrailed] (Enl), which is a
key survival factor for mDA neurons (46), is reduced in both the
mutant SNpc and VTA (fig. S6K). It has previously been shown that
there is a pronounced reduction of K27 in mDA neurons of En*/~
mice (17). Furthermore, in the same study, Enl */~ mutant exhibited
heightened sensitivity to 6-OHDA treatment and reduced expres-
sion of both Ezhl and Ezh2. Hence, it appears that there is a link
between Enl and levels of K27, wherein Enl facilitates the expres-
sion of Ezhl and Ezh2, thus helping to maintain K27 levels. Recip-
rocally, inhibition of PRC2 function, in turn, potentially leads to the
up-regulation of factors capable of repressing the expression of En1.
Given the fundamental role for Enl in the maintenance of mDA
neurons, it is possible that the loss of mDA neuronal traits is closely
coupled to the reduced levels of Enl in the mutants.

Together, our study elucidates how an epigenetic mechanism
controls permanent gene silencing and maintenance of 5HT and
dopaminergic identity. It also reveals how loss of such epigenetic
control does not compromise neuronal survival but leads to loss of
subtype-specific function and to phenotypes that recapitulate symp-
toms characteristic of PD and mood disorders, providing a deeper
understanding of how epigenetic mechanisms could contribute to
the etiology of these multifactorial diseases.

MATERIALS AND METHODS

Ethical considerations

All animal experiments were performed according to Swedish guide-
lines and regulations, and the ethical permits N189/15 and 6259-2020
were granted by “Stockholms Norra djurforsoksetiska ndamnd, Sweden.”

Mice

The generation of DatCre, SertCre (23, 29), Rpl10a-mCherry, and
Eed"™ (22) mice has been previously described. Mouse lines were crossed
and generated the DatCreEedﬂ/ﬂRpll Oa-mCherry and the SertCreEed""
Rpl10a-mCherry lines used in our study. Mice were kept in ventilated
cages with controlled 12-hour light/dark cycles, temperature, and humid-
ity, with water and food provided ad libitum. Mice were housed at a
maximum number of four males or six females per cage. Both genders
were represented in similar numbers for different type of experiments.

Histological analyses
Animals were deeply anesthetized with Avertin intraperitoneal so-
dium pentobarbital (Apoteksbolaget AB) and perfused with room
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temperature phosphate buffer (PB) saline (PBS) through the ascending
aorta, followed by ice-cold 4% paraformaldehyde. The brains were
subsequently removed, postfixed in the same fixative for 16 to 18 hours,
and cryoprotected for 24 to 48 hours in 30% sucrose at 4°C, before
being cut on a Leica microtome at a thickness of 30 pm. Sections were
permeabilized in 5% bovine serum albumin (BSA) in PBS-Tx100
(PBS with 0.5% Triton X-100), followed by primary antibody incu-
bation at 4°C for 16 to 18 hours using sheep anti-TH (1:1000; catalog
no. P60101-150, Pel-Freeze), anti-TPH2 (1:500; catalog no. T0678,
Sigma-Aldrich), anti-H3K27me3 (1:500; catalog no. 9733, Cell Signal-
ing Technology), and anti-EED (1:500; catalog no. 85322, Cell Signal-
ing Technology). Fluorescent detection was done with an Alexa-tagged
secondary antibody from Molecular Probes, donkey anti-sheep (1:500;
catalog no. A21448), goat anti-mouse (1:500; catalog no. A21151),
and donkey anti-rabbit (1:500; catalog no. A21206). Section images
were obtained in an LSM-700 confocal microscope from Zeiss.

Tissue processing forimaging and cell counting

Mouse brains were cleared using the advanced clear, unobstructed
brain imaging cocktails and computational analysis (CUBIC) protocol
(47) with minor modifications (48). In brief, mice were perfused with
4% paraformaldehyde, and after postfixation, brains were washed in
phosphate buffer [PB; 0.1 M (pH 7.6 to 7.8)] at 4°C for 24 hours. Brains
were cut in 1-mm slices using a brain matrix. Slices (1 mm) were
incubated in CUBIC reagent 1 [25% urea, 25% N,N,N’,N’-tetrakis-
(2-hydroxypropyl)ethylenediamine, and 15% Triton X-100] at 37°C
for 2 days. Slices were transferred to fresh CUBIC reagent 1 and incu-
bated for a further 24 hours at 37°C, before washing in PB (0.1 M)
for 8 hours at room temperature (8 x 1 hour of shaking). Tissue was
incubated in blocking solution (5% BSA) for 24 hours at 37°C and
switched to anti-MCHERRY (1:5000; catalog no. AB0040-200, SICGEN)
for 2 days at 37°C. After washing in PB (0.1 M) for 8 hours at room
temperature (8 x 1 hour of shaking), slices were incubated in Alexa 555
and donkey anti-goat (1:500; catalog no. A21432, Invitrogen) for
24 hours at 37°C and washed for 8 hours (8 x 1 hour of shaking) with
PB (0.1 M) at room temperature. Slices were afterward incubated in
CUBIC reagent 2 (50% sucrose, 25% urea, 10% 2,2',2"-nitrilotrietha-
nol,and 0.1% Triton X-100) while shaking for 16 to 18 hours at 37°C.
Tissue slices were placed in 1-mm-height chambers on a glass slide
and imaged in CUBIC reagent 2 in an LSM-700 confocal microscope
from Zeiss. Acquired images were analyzed with Imaris Cell Imaging
software, and cell bodies of mCHERRY -positive cells were counted.

FACS of cell type-specific nuclei

DatCreEed"" -Rpl10a-mCherry and SertCreEed™ -Rpl10a-mCherry
mice were euthanized with CO,, and brains were rapidly removed
and transferred into cold PBS. The midbrain and hindbrain, respec-
tively, were dissected under a fluorescent stereoscope and snap-
frozen in dry ice. Tissue was thawed and dissociated using a 1-ml
Dounce homogenizer (Wheaton) in ice-cold lysis buffer [0.32 M
sucrose, 5 nM CaCl,, 3 mM MgAc, 0.1 mM Na,EDTA, 10 mM tris-
HCI (pH 8.0), 1 mM dithiothreitol, and 1x complete proteinase in-
hibitor, EDTA-free (Roche)]. The homogenate was centrifuged for
5 min at 500g, and the pelleted nuclei were resuspended in a nuclear
storage buffer [15% sucrose, 10 mM tris-HCl (pH 7.2), 70 mM KCl,
and 2 mM MgCl,] supplemented with a ribonuclease (RNase) inhibitor
(RNaseOUT, Invitrogen) and a proteinase inhibitor (cOmplete,
Roche). When nuclei were used for 10x Genomics single-cell RNA-
seq, pelleted nuclei were instead resuspended in 2% BSA with an

14 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

RNase inhibitor. Resuspended nuclei were filtered through a 30-um cup
(Filcon; BD Biosciences, catalog no. 340625) into a BSA-coated tube
for sorting. Nuclei were stained with DAPI for 30 min before sorting.

FACS was performed using a FACSAria Fusion cell sorter and
the FACSDiva software (BD Biosciences). The nuclei were identified
by forward- and side-scatter gating, a 561-nm laser with a 610/20
filter, and a 405-nm laser with a 450/50 filter, quantifying DNA con-
tent per event to assure that only singlets were collected. A 100-mm
nozzle, a sheath pressure of 138 to 172 kPa, and an acquisition rate
of up to 1000 events per second were used. Cell type-specific nuclei
were collected in batches of 1000, supplemented with a nuclear pel-
let buffer [10 mM tris (pH 8.0), 100 mM NaCl, 2 mM MgCl,, 0.3 M
sucrose, and 0.25% IGEPAL CA-630] to a volume of 10 ul when used
for bulk RNA-seq or ChIP-seq, whereas for 10x Genomics single-cell
RNA-seq, nuclei were preserved in 2% BSA until downstream
procedure.

Cell type-specific nuclear RNA-seq and analysis

Sequencing libraries were generated from total RNA of 1000 FACS-
sorted cell type-specific nuclei as previously described (20). In brief,
total RNA was extracted from nuclei, and the Smartseq2 protocol
(49) was implemented to generate libraries. Sequencing was performed
on an [llumina NovaSeq 6000 within the National Genomics Infra-
structure in SciLifeLab, Stockholm, Sweden. Raw 51-base pair (bp)
paired-end reads were aligned to the mouse genome (mm10 assembly)
using STAR v2.7.0a with default settings (50). Gene expression was
quantified as both counts and fragments per kilobase transcript per
million mapped reads (FPKM) using rpkmforgenes (51). Differential
gene expression analysis was performed on counts data for genes
using DESeq2 (52) with two separate DESeqDataSets, one for all mDA
samples and one for all 5HT samples. A total of 35 mDA samples
(9 WTs and 10 mutants at 4 months and 8 WTs and 8 mutants at
8 months) and a total of 16 5HT samples (4 WTs and 4 mutants at
both 4 and 8 months) were used. Each dataset was filtered for genes
with at least a total count of 10 summed across all samples. DEGs
were identified by requiring adjusted P < 0.05 and using design for-
mulas controlling for sex and contrasting WT with mutant samples
separately for 4 and 8 months. GO terms were obtained from
Enrichr (24, 25).

ChiP-seq: ChIP, sequencing, and mapping

ChIP and library preparation for sequencing were performed as previ-
ously described in the ULI-NChIP protocol with previously described
minor modifications (20). Chromatin from one batch of 1000 nuclei
per animal and antibody was immunoprecipitated for 16 to 18 hours
at 4°C with 0.25 mg of anti-H3K27me3 (Cell Signaling Technology,
9733), anti-H3K9me3 (Active Motif, 39161), or anti-H3K4me3 (Cell
Signaling Technology, 9751). Libraries were sequenced on an Illumina
NovaSeq 6000 with 51-bp paired-end reads within the National
Genomics Infrastructure in SciLifeLab, Stockholm, Sweden.

A total of 64 ChIP-seq libraries were sequenced (two genotypes:
WT and mutants; two time points: 4 and 8 months; four IPs: input,
H3K4me3, H3K27me3, and H3K9me3; and lastly, four biological
replicates for each combination). Nuclei (1000) were used for each
library, and biological replicates correspond to different animals.
Reads were mapped to the mm10 mouse genome using bowtie2
v2.3.5.1 with default settings (53). Duplicate reads were marked using
Picard v2.10.3. Coverage of mapped ChIP-seq libraries was generated
using the tool bamCoverage in deepTools v3.1 with parameters
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ignoreDuplicates, binSize 50, and normalizeUsing RPKM (54).
Signal-to-background relationships were investigated using the
plotFingerprint tool in deepTools. On the basis of manual inspec-
tion of fingerprint and coverage plots, we decided to use all 64 samples
in further analyses.

The median fraction of duplicated reads for all samples was 34%
(range, 17 to 52). The median fraction of unmapped reads was 18%
(range, 7 to 60). The median total number of million mapped unique
reads (after removal of duplicates) was 70 for inputs (range, 38 to
78), 31 for H3K4me3 (range, 17 to 40), 24 for H3K27me3 (range,
8 to 63), and 60 for H3K9me3 (range, 41 to 86). It is important to
note that these numbers are per library. In our analyses, we used
four biological replicates (four libraries) for each experiment. This
means that for H3K27me3, the median number of reads used in
total to identify marked regions was approximately 96 million
(48 million read pairs). The median number of reads was similar for
WT and mutant libraries for input, H3K4me3, and H3K9me3 but
not for H3K27me3. For WT libraries, the median number of reads
for H3K27me3 was 40 million, and therefore, approximately 160 million
reads (80 million read pairs) were used to identify H3K27me3 in
WT experiments. For mutants, the number of reads for each bio-
logical replicate dropped for H3K27me3 but not for the other markers,
as expected. For mutant libraries, the median number of reads for
H3K27me3 was 16 million, and therefore, approximately 64 million
reads (32 million read pairs) were used to identify H3K27me3 in
mutant experiments. On the basis of our previous analysis of data
obtained with this ChIP-seq protocol starting with only 1000 nuclei
per ChIP (20), we conclude that we have obtained data at a sequenc-
ing depth that is more than enough for our analysis strategy.

ChIP-seq: Identifying marked genes and TSS chromatin states
For each histone modification, genotype, and time point, we identified
marked genes by comparing the ChIP experiments to the input ex-
periments using the csaw package version 1.22.1 in R as previously
described (20). Reads were counted into sliding windows along the
genome and duplicate reads, reads with a mapping quality smaller
than five, and reads mapping to regions in the curated blacklist of
problematic regions available as the bed-file ENCFF547MET from
the ENCODE project were removed. Window widths were set to
reflect a broad or more narrow distribution of the investigated histone
modifications: A width of 1000 bp and a spacing interval of 100 bp
were used for H3K27me3 and H3K9me3, whereas a width of 150 bp
and a spacing of 50 bp were used for H3K4me3. Read counting was
restricted to chromosomes 1 to 19, X and Y. Low-abundance windows
were filtered out in two steps: first, by only keeping windows with at
least 20 reads across all the eight experiments (i.e., all input and ChIP
experiments). Second, only windows displaying an enrichment of
reads above the global background were kept by requiring a minimal
log, fold change (lfc) of two for all experiments except lfc = 3 for
H3K4me3 at 4 months and Ifc = 1.5 for H3K9me3 at 8 months.
Composition biases across libraries were normalized using the
trimmed mean of M-values method on binned counts.

Counts for windows that passed filtering were tested for differ-
ential binding between the four replicated ChIP experiments and
the four replicated input experiments as previously described (20).
We defined TSS regions as all regions of a size of 20,000 bp centered
on a TSS in the org.Mm.eg.db package. We calculated a combined
P value for differential binding in each TSS region based on all
windows in the region and corrected for multiple testing to obtain a
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false discovery rate (FDR) using the Benjamini-Hochberg method.
We defined a gene as marked by a histone modification in a cell type
if it had a TSS region that was differentially bound by the marker
compared to the inputs with FDR < 0.05. Last, we assigned each gene
a promoter chromatin state in a cell type by combining this binary
binding status of H3K27me3, H3K9me3, and H3K4me3 into the
eight possible states. In each comparison, four biological replicates
were used both for the ChIP and the input experiments.

ChlIP-seq: Visualizations

For visualizations, biological replicates were pooled. ChIP-seq
coverage files of pooled samples were generated in deepTools using
the bamCoverage function as for individual replicates. From the
pooled coverage files, ChIP-seq heatmaps and average profile heat-
maps were generated with deepTools using the plotHeatmap func-
tion and the plotProfile function, respectively. Coverages were plotted
using the Integrative Genomics Viewer version 2.8.3.

Enrichment analyses

Genes were mapped between ChIP-seq and gene expression data based
on gene symbols. Associations between two gene sets were investi-
gated using 2 x 2 contingency tables and Fisher’s exact tests as in the
following example. For mDA, more than 21,000 genes were mapped
between the ChIP-seq and cell type-specific nuclear RNA-seq datasets,
and each of these genes can be placed uniquely in the 2 x 2 contin-
gency table defined as marked by H3K27me27 in mDA WT at 8 months
or not versus up-regulated in WT compared to mutated mDA at
8 months or not. To test whether there was a significant association
(enrichment or depletion) between H3K27me3 and up-regulation,
two-sided Fisher’s exact test was calculated for this 2 x 2 contingency
table. Enrichment of H3K27me3 for the up-regulated genes was
calculated as the ratio between the frequency of H3K27me3 marked
genes among the up-regulated genes and the frequency of H3K27me3
among all genes in the 2 x 2 contingency table.

Analysis of neurotransmitters by HPLC

HPLC with electrochemical detection (ECD) was based on previ-
ously published protocols (55, 56). Briefly, ice-cold 0.1 M perchloric
acid was added to the tissue sample, with 50 ul of perchloric acid per
10 mg of tissue. Samples were incubated on ice for 10 min, vortexed,
and centrifuged at 16,000¢ for 10 min at 4°C. Resulting supernatants
were filtered through 0.2-um nylon membrane inserts and centri-
fuged at 4000g for 5 min. Eluents were immediately stored at —80°C
and subjected to HPLC-ECD analysis within 1 week. Standard
solutions of L-norepinephrine hydrochloride, (+/-)-epinephrine
hydrochloride, DOPAC, 3,4-dihydroxy-L-phenylalanine (dopa),
dopamine hydrochloride (DA), 5-HIAA, HVA, 5-HT, 4-hydroxy-
3-methoxyphenylglycol hemipiperazinium salt, pL-4-hydroxy-3-
methoxymandelic acid, and 3-methoxytyramine hydrochloride were
prepared in 0.1 M perchloric acid to obtain final standard concen-
trations of 200, 100, 50, 10, 5, 2, and 1 ng/ml. Calibration curves were
obtained with the Chromeleon software through linear regression of
peak area versus concentration. The HPLC-ECD system used was a
Dionex Ultimate 3000 series (Dionex, Thermo Fisher Scientific, USA).
Analyte separation was performed on a Dionex C18 reversed-phase
MD-150 3.2 mm by 250 mm column (3 pum, particle size). Column
and analytical cell were kept at 30°C. The mobile phase, which was
pumped at a flow rate of 0.4 ml/min, consisted of 75 mM monobasic
sodium phosphate, 2.2 mM 1-octanesulfonic acid sodium salt,
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triethylamine (100 pl/liter), 25 uM EDTA disodium salt, and 10%
acetonitrile (v/v) (pH 3.0) adjusted with 85% phosphoric acid. For
detection of neurotransmitters and metabolites, the first and second
analytical cells were set to —100 and +300 mV, respectively. Processed
tissue samples were thawed on ice in the dark for about 1 hour before
analysis, placed in the autosampler, and kept at 5°C before injection.
Chromatograms were acquired with Dionex Chromeleon 7 software
over an acquisition time of 55 min. Analyte concentrations in tissue
samples were expressed as nanograms per milligram of tissue.

Electrophysiology of mDA neurons
Mice were perfused with artificial cerebrospinal fluid (aCSF) con-
taining NaCl (126 mM), KCl (2.5 mM), sodium phosphate buffer
(1.2 mM), MgCl, (1.3 mM), CaCl, (2.4 mM), glucose (10 mM), and
NaHCOj; (26 mM). Their brains were rapidly removed, and coronal
brain slices containing the SN, 200 um thick, were prepared with a
microslicer (VT 10008, Leica Microsystem, Heppenheim, Germany)
in oxygenated (95% O, + 5% CO,) ice-cold modified aCSF containing
NacCl (15.9 mM), KCI (2 mM), sodium phosphate buffer (1 mM),
sucrose (219.7 mM), MgCl, (5.2 mM), CaCl, (1.1 mM), glucose (10 mM),
and NaHCOj3 (26 mM). Slices were incubated, for 1 hour at 32°C
and thereafter at 28°C, in oxygenated modified aCSF containing
NacCl (126 mM), KCI (2.5 mM), sodium phosphate buffer (1.2 mM),
MgCl, (4.7 mM), CaCl, (1 mM), glucose (9 mM), and NaHCO;
(23.4 mM). Slices were transferred to a recording chamber and were
continuously perfused with oxygenated aCSF at 32° to 34°C.
Whole-cell patch-clamp recordings of visually identified DA neu-
rons in the SN were made as described previously by Yao and co-
workers (57). Borosilicate patch electrodes (3 to 5 megohms) were
filled with a solution containing 120 mM p-gluconic acid potassium
salt, 20 mM KCl, 2 mM MgCl,, 1 mM CaCl,, 10 mM Hepes, 10 mM
EGTA, 2 mM MgATP, and 0.3 mM Na;GTP, pH adjusted to 7.3
with KOH. Whole-cell membrane currents and potentials were re-
corded with a MultiClamp 700B (Axon Instruments, Foster City, CA,
USA), acquired at 10 kHz, and filtered at 2 kHz. Data were acquired
and analyzed with the pClamp 11 software (Axon Instruments, Foster
City, CA, USA).

Viral tracing injections

Mice were anesthetized with isoflurane (4 mg/ml) supplemented in
the air, while placed in a separate cage, and afterward, they were
mounted in a stereotaxic frame (David Kopf Instruments, Tujunga,
CA) equipped with a mouse adapter. Mice were kept anesthetized
throughout the procedure by inhaling isoflurane at a concentration
of 2 mg/ml. Anterograde tracing of the mDA neurons was achieved
by injecting a Cre-dependent AAV expressing EGFP (AAV2/2.
pCAG.FLEX.EGFP.WPRE.bGH) (26) in the midbrain of 8-month-
old mice. Using bregma as a reference point, 1 ul of the AAV virus
was injected unilaterally reaching the SN [anteroposterior (AP): -2.9,
mediolateral (ML): —1.25, and dorsoventral (DV): —4.5] and 1 pl
reaching the VTA (AP: -3.1, ML: 0.5, and DV: —4.2). All coordi-
nates are in millimeters relative to bregma according to The Mouse
Brain in Stereotaxic Coordinates (Academic Press, San Diego, CA,
2012). Virus injection was executed at a dispense rate of 0.2 ul/min.
Animals were euthanized 3 weeks after surgery by CO».

Open-field test
For assessment of general ambulatory ability, mice were placed in
45 cm by 45 cm by 28 cm plastic, nontransparent boxes, and activity
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was recorded for 60 min using the Ethovision XT 15 Noldus soft-
ware. Activity is measured as the mean of total distance covered in
1 hour with 5-min time bins.

Pole test
Motor coordination and movement initiation were assessed by the
pole test. To perform this task, mice were placed on the top of a
wooden pole (50 cm in height and 1 cm in diameter) that is fixed to
a wooden stable base. Each animal was placed with all four limbs grasp-
ing the pole and facing the tip of it. The total time they spent to turn
themselves downward and climb down the pole was calculated.
The day before the experiment, mice were trained to orient them-
selves and descent the pole 5 to 10 times. On the test day, each animal
was recorded performing the test five times, and the average time
for every mouse is presented. To avoid exhaustion of the mice, a maxi-
mum time for every trial was defined at 120 s, a time score that was also
given to objects that failed the experiment, by either not turning them-
selves downward at all or by descending the pole by rolling down.

Elevated plus maze

The EPM test evaluates anxiety-like behavior in mice. The setup con-
sisted of a cross with two open arms and two enclosed ones, elevated ~1 m
from the ground. Mice were placed in the center of the cross, facing toward
the open compartment. Mobility and preference over the two types of
arms were recorded for 5 min using Ethovision XT Noldus software.

Rearing

Locomotion activity and exploratory behavior were evaluated by
the rearing events. Mice were placed in a plexiglass 15-cm-diameter
cylinder and videotaped for 10 min. Vertical rearing events supported
on the cylinder wall or unsupported were manually counted. Mice
were tested individually, without any visual interaction with each other.

Forced swim test

The forced swim test or Porsolt test was used to evaluate depression-
like traits in rodents. More specifically, mice were forced to swim in
a plexiglass cylinder (15 cm in diameter and 30 cm in height) half-
way filled with water at +25°C for 6 min. During the session, mice
were recorded, and the time of immobility was assessed by a trained
observer. The first 2 min were counted as habituation time, and the
remaining 4 min served as the actual experiment. During those
minutes, immobility time was counted as the time mice spent float-
ing in the water without any effort to move but only the necessary
moves that would let them keep the head above the surface. Video
recordings were scored twice from the same observer, and the aver-
age of those scores was calculated.

Rotarod

Motor coordination was evaluated by using the rotarod test with
increasing speed. Mice were familiarized with the apparatus for three
trials at a fixed speed of 4 rpm. After a resting period of 2 hours,
mice performed the test with increasing speed over time. The accel-
eration protocol spans from 4 to 38 rpm within 5 min, where the
latency to fall was measured. Every mouse participated three times,
and the average time was calculated for every individual.

Grip strength
Mice were placed horizontally on a metal net-shaped frame with all
four limbs, and instantly, the apparatus was twisted 180°. With that
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setup, the back of the mice was facing the ground, and the time
they managed to hold gripped on the frame was calculated. Each
individual was monitored for three trials, and the average time
was noted.

Conditioned place preference

Experiment was performed in a rectangular apparatus with three
chambers measuring 15 cm by 25 cm each. One compartment was
colored gray, the middle one was white, and the last one was colored
with black and white stripes. One the first day, mice were allowed to
explore the whole apparatus for 20 min. On days 2 and 3, mice were
confined to one compartment and injected with cocaine (20 mg/kg)
or saline. After injection, they remained in the compartment for
30 min. On days 4 and 5, the same pairings were repeated. Pairing
of drug and compartment was counterbalanced across animals. On
day 6, mice were placed in the middle compartment and were freely
allowed to move between all three of them. While there was no in-
jection on that day, mice were recorded, and their preference for
every compartment was calculated. The following day, all mice were
injected with cocaine (20 mg/kg), and their motor skills and mobil-
ity were examined in the open-field test, where they were recorded
for 60 min.

snRNA-seq: Sequencing, mapping, and expression levels
Tissues from mouse ventral midbrain (3 controls and 3 KOs) were
used to obtain single nuclei (1883 controls and 4103 KOs). Single-
nucleus libraries were made using Single Cell 3’ v3 on Chromium
platform (10x Genomics and SciLifeLab, Stockholm) in accordance
with the manufacturer’s protocols. Libraries were sequenced on a
NovaSeq 6000 system (NGI, SciLifeLab, Stockholm). Sequenced reads
were demultiplexed and aligned to transcriptome: mm10-820 3.0.0_
premrna using CellRanger Pipeline version 3.1.0 (10x Genomics).
Quality control and filtering of data were performed in multiple
steps. First, percent_mito% and percent_ribo% were computed on
the basis of the percentage of transcripts that map to mitochondrial
genes and ribosomal genes, respectively. Then, CellCycleScoring
(score cell cycle phases), S.Score, G2M.Score, and phase columns
were calculated on the basis of the expression of G,-M and S phase
canonical markers. Next, the average relative expression of each
gene per cell, i.e., the ratio of a gene's unique molecular identifier
(UMI) counts to the sum of all UMISs per library (nucleus), was cal-
culated. Malatl was, on average, the most abundant gene per library
(nucleus), with a mean fraction of total UMI counts per library
of about 2% and being expressed in all nuclei. Malat1 is fre-
quently detected in polyadenylate captured RNA-seq libraries,
independent of the used protocol. However, compared to other
methods, it is even more abundant in snRNA-seq and therefore
used to estimate the nuclear proportion of total mRNA (57). Malatl
was filtered out for downstream analysis. Genes detected in fewer
than three libraries were removed. Libraries with less than 500 de-
tected genes, with more than 10,000 detected genes (doublets), and
with percent mito > 0.9 were also filtered out. After the filtering
steps, 1772 control and 3968 KO nuclei remained. The remaining
nuclei have UMIs per library of more than 620, genes per library of
more than 500, with average UMIs per library of 23,474, and aver-
age genes per library of 4965. Then, a Seurat object was made with
these filtered data (Seurat version “4.0.1”) (58). Data were log-
normalized with Seurat NormalizeData function and a scale.factor
of 10 x 10%.
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snRNA-seq: UMAP clustering and identification

of marker genes

The 2000 most highly variable genes (HVGs) were identified using
the FindVariableFeatures function [selection.method = “vst,” with
clip.max = (n.Cells)2]. The log-normalized data were then scaled
and centered using the ScaleData function (model.use = “linear”).
Principal components analysis was done using the 2000 HVGs,
which reduced the dimensionality of the data into the calculated
components while maintaining the most important gene expression
differences across libraries. We identified the most significant prin-
cipal components (PCs) based on the JackStraw procedure using
the JackStraw (num.replicate = 100) and ScoreJackStraw functions.
After plotting the JackStraw scores, noticeable gaps in P values were
observed at PCs 18, 22, and 32. We also used a heuristic method
called ElbowPlot to visualize the SDs of the PCs, and at PCs 18, 22,
and 32, there were noticeable inflection points (“elbows”). We chose
to continue with the first 32 PCs, which we think contain most of
the variance without losing any true signal that reflects biological
heterogeneity. Next, we used PCs 1 to 32 as input to the Seurat
FindNeighbors function (k.param = 20, dims = 1:32), as well as in
the FindClusters function with the resolution parameter between
0.3 and 2.0 in 0.1 intervals, using the Louvain algorithm. We found
the most optimal resolution for res = 0.3 with 18 clusters (a purely
heuristic approach based on known markers for cell types, neuro-
anatomical regions, and hierarchical dendrograms). The final nine
subgroups were created by combining related clusters together, based
on cluster-specific markers in UMAP visualization and hierarchical
dendrograms. The same PCs 1 to 32 were used in the Seurat func-
tion RunUMAP. Subgroup-enriched markers (up- and down-regulated)
were identified using Seurat FindAllMarkers function with Wilcoxon
rank sum test (logfc.threshold = 0.25, min.pct = 0.1, min.diff.
pct = -Inf, and only.pos = FALSE). In this function, P values were
adjusted for multiple comparisons with the Bonferroni correction.
Differential gene expression analysis was also performed between
all WT nuclei and all KO nuclei, irrespective of clusters/subgroups,
as well as per each subgroup between KO and WT, using Seurat
FindMarkers function with the same setting and parameters as above.

snRNA-seq: Hierarchical clustering and heatmaps
Hierarchical clustering was done for all nuclei with subgroups de-
fined in UMAP visualization as the identity classes (fig. S6A). Hier-
archical clustering was done for mDA neuron nuclei with identity
classes defined as subgroup_genotype, subgroups (SNpc, VTALI to
VTA3, and SNpc/VTA), and by genotype (WT and KO), using either
the 2000 most HVGs (Fig. 8D and fig. S6D) or the 205 DEGs be-
tween KO and WT nuclei (fig. S6F). Seurat BuildClusterTree func-
tion was used to make the dendrograms (Fig. 8D and fig. S6A). This
clustering results in a phylogenetic tree based on calculating the “average”
cell from each “identity class.” The distance matrix for this tree was
calculated using normalized gene expression. Heatmaps with clus-
tering dendrograms were made for the subgroup genotype identity
classes in mDA neurons, using either the 2000 HVGs (fig. S6D) or
the 205 DEGs between KO and WT nuclei (fig. S6F). Heatmaps
were generated using ComplexHeatmap version2.6.261.

snRNA-seq: Composite average expression of gene sets

The Seurat AddModuleScore function was used to calculate the av-
erage expression levels of gene sets (modules) on a single-nucleus level.
An mDA neuron composite average expression (mDA module) was
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calculated using the (Th, Slc6a3, Enl, Nr4a2) gene set. Another
composite average expression (module) was calculated on the basis
of the top 25 most highly up-regulated genes in the KO nuclei when
compared to the WT nuclei, irrespective of their clusters.

snRNA-seq: DESeq2 analysis

To enable a more thorough comparison between KO and WT DEGs
from bulk RNA-seq (8 months old) and snRNA-seq data, DESeq2
(DESeq2_1.34.0) package was used to perform KO versus WT DEG
analysis in snRNA-seq data. Next, the overlap of DEGs from both
datasets was compared. Comparison of means of lfc values of the
DEGs that are either common between bulk and snRNA-seq datasets
or unique in snRNA-seq dataset was done for all cells, in the SNpc
and VTA subgroups, using Wilcoxon rank sum test with continuity
correction and 95% confidence interval.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1543

View/request a protocol for this paper from Bio-protocol.
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