10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477226; this version posted January 24, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

PRC2-mediated repression is essential to maintain identity and function of
differentiated dopaminergic and serotonergic neurons

Konstantinos Toskas?, Behzad Yaghmaeian-Salmani?, Olga Skiteva?, Wojciech Paslawski3, Linda
Gillberg?, Vasiliki Skara?, Irene Antoniou?, Erik Sédersten?, Per Svenningsson?, Karima Chergui?,
Markus Ringnér?, Thomas Perlmann® and Johan Holmberg® >*

IDepartment of Cell and Molecular Biology, Karolinska Institutet, Solnavigen 9, SE-171 65 Stockholm,

Sweden

2Department of Physiology and Pharmacology, Karolinska Institutet, BioClinicum J5:20 Neuro,

Visionsgatan 4, 171 64 Solna, Sweden
3Department of Clinical Neuroscience, Karolinska Institutet, SE-17165, Stockholm, Sweden

“Department of Biology, National Bioinformatics Infrastructure Sweden, Science for Life Laboratory,

Lund University, Solvegatan 35, SE-223 62 Lund, Sweden.

*Department of Molecular Biology, Umed University, SE-901 87, Umead, Sweden

*Corresponding author: Johan Holmberg, (johan.holmberg@ki.se)


https://doi.org/10.1101/2022.01.24.477226
http://creativecommons.org/licenses/by-nc-nd/4.0/

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477226; this version posted January 24, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Abstract

How neurons in the CNS can maintain cellular identity over an entire lifespan remains largely
unknown. Here we show that long-term maintenance of identity in differentiated dopaminergic and
serotonergic neurons is critically reliant on the Polycomb 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 harbouring both H3K27me3 and H3K9me3 modifications. Notably,
H3K9me3 was also lost at these PRC2-targets prior to gene activation. Neuronal survival was not
compromised, instead there was a reduction in subtype specific gene expression as well as a
progressive impairment of dopaminergic or serotonergic neuronal function leading to behavioural
deficits characteristic of Parkinson’s disease (PD) or mood disorders, respectively. Single cell analysis
revealed an unexpected subtype specific vulnerability to loss of PRC2-repression in dopamine neurons
of the substantia nigra, the neurons primarily affected in PD. Taken together, our study reveals that a
PRC2-dependent non-permissive chromatin state is essential to maintain subtype identity and

function of dopaminergic and serotonergic neurons.
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Introduction

The brain contains a large number of different neuronal subtypes that maintain their distinct cellular
identities over several decades despite continuous environmental fluctuation. Apart from the
instructive information provided by transcription factors controlling cell type-specific gene programs,
there is also a need to maintain silencing of transcriptional programs governing other cellular fates (1,
2). The mechanisms governing permanent repression of aberrant transcription in mature neurons are
not well understood. Within this context, it is key to understand mechanisms regulating 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 during segmentation of the
Drosophila melanogaster embryo, which is dependent on polycomb group proteins (3). The Polycomb
repressive complex 2 (PRC2) maintains established cell-type-specific gene repression through the
deposition of the repressive histone modification 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 CNS (7, 8), but whether PRC2 is an essential component for
maintaining differentiated neuronal identity remains unclear. H3K27me3 is also found in domains
which harbour 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 regulation is involved in
neurodegenerative and psychiatric disorders (11). The complex aetiology, often lacking a distinct and
identifiable genetic component, of many of such pathological conditions suggests that alterations of

the epigenome contributes to the disease (11). Changes in PRC2-activity and in H3K27me3 levels and
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77 distribution have been associated with neurodegenerative disease (12-14) and mood disorders (15),
78  however, if or how these processes contribute to disease remains poorly understood.
79
80 To understand fundamental molecular mechanisms underlying the role of gene repression for
81 maintenance of neuronal identity and function, we have focused on the well-defined mDA- and 5HT-
82 neuronal subpopulations as model systems. These monoaminergic neurons are involved in several
83 psychiatric disorders and drug addiction. In addition, degeneration of mDA neurons in the Substantia
84  nigra pars compacta (SNpc) is a hallmark of Parkinson’s disease (PD) and dysregulated serotonergic
85  function is causing depression, anxiety and contributes to L-DOPA dyskinesia in PD-patients (16).
86  Hence, it is also relevant from a clinical perspective to understand basal mechanisms important for
87 maintaining intact mDA and 5HT neuronal identity and function. Notably, in a preclinical model of PD,
88  mDA neurons treated with the neurotoxin 6-OHDA exhibited substantial reduction in H3K27me3 levels
89 (17). Besides the well-known toxic effects of 6-OHDA on mitochondria resulting in increased free
90 radicals, this also couples exposure to PD-associated cellular stressors to the induction of a more
91 relaxed chromatin state and potential de-repression of aberrant non-mDA genes. Furthermore,
92  exposure to L-DOPA in a mouse model of PD leads to loss of Polycomb mediated repression (12). In
93  differentiated medium spiny neurons, it has been shown that loss of PRC2 activity induced expression
94  of cell death promoting genes which resulted in neuronal loss, leading to neurodegeneration (6). In
95  these neurons de-repression primarily affected bivalent “poised” H3K4me3/H3K27me3 genes.
96
97  H3K9me3 is an additional histone modification involved in the establishment and maintenance of
98 heterochromatin (18). Primarily associated with constitutive heterochromatin at centromeres and
99 telomeres, H3K9me3 has also been shown to regulate facultative heterochromatin, provide an
100  obstacle for cell reprogramming, and be required for establishment and maintenance of cellular
101 identity (18, 19). Furthermore, H3K9me3 has been shown to be disrupted along with H3K27me3 upon

102 6-OHDA treatment (17). In a recent study we generated global integrated maps of transcription and
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103 histone modifications (H3K4me3, H3K27me3 and H3K9me3) of transitory as well as stable cellular
104  states in mDA and 5HT neurons as well as their progenitors (20). This study also showed that in a
105 mouse model of PD there was a significant enrichment of H3K27me3 targets among the upregulated
106  genes implying a role for PRC2 in the transcriptional response to PD-associated cellular stressors.

107

108  To address the functional role of polycomb-mediated gene silencing for post-mitotic mDA- and 5HT-
109 neuronal identity we have conditionally deleted the obligate PRC2-member Eed, which is necessary
110  for PRC2 binding to H3K27me3 (21) and subsequent propagation of the modification, in both these
111 neuronal subtypes. Taken together our study reveals a common logic in mDA- and 5HT-neurons
112  wherein PRC2-activity is required for maintenance of subtype specific gene patterns and neuronal
113  function, consequently loss of PRC2-function generates phenotypes which mirror key aspects of PD
114  and mood disorders, without compromising neuronal survival. In addition, our single cell analysis
115 reveals a specific vulnerability in mDA neurons of the SNpc to reduced H3K27me3 levels.

116

117  Results

118  Conditional deletion of Eed in differentiated mDA neurons

119 To address the role of PRC2 mediated repression in differentiated mDA neurons we generated a
120 compound mouse mutant by crossing mice carrying floxed alleles for a ribosomal protein fused to
121  mCherry (RPL10a-mCherry). The Rpl/10a-mCherry™f°* mouse line was crossed with mice carrying a
122 floxed Eed allele (22) and finally with DatCre (23) (Fig. 1A). This enabled deletion of Eed and expression
123 of mCherry in post-mitotic mDA neurons under the control of Dat (Slc6a3) expression, which is first
124  detected in midbrain at around embryonic day 13.5 (E13.5). In this study, the full compound mutants
125  will be denominated DatCreEed™’. Pups from the mutants were born at expected mendelian rations
126 and were indistinguishable from wild type littermates. Immunostaining of sections showed that the
127 MCHERRY reporter colocalized with the rate limiting enzyme for dopamine synthesis, Tyrosine

128 Hydroxylase (TH) in both the VTA and SNpc of both wild-type and mutant mice (Fig. 1B-E).
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129

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

131  To understand if induction of Cre resulted in deletion of EED protein at birth we performed
132 immunostaining of midbrains from newborn pups at day 0 (PO) with an antibody specific for EED. In
133 DatCreEed"”" mice there was clear nuclear EED immunoreactivity in mCHERRY* mDA neurons (Fig.
134  1F) whereas mCHERRY* cells in the DatCreEed”” mutants exhibited lack of nuclear EED (Fig. 1G). To
135 investigate whether the absence of EED protein in the mutants also resulted in loss of H3K27me3 we
136  performed immunostaining with a H3K27me3 specific antibody. Although EED was lost in DatCreEed™”
137 H3K27me3 was retained (Fig. 1H-I), showing that the H3K27me3 modification is remarkably stable in
138  post-mitotic mDA neurons. To further gauge if long term H3K27me3 stability depends on intact PRC2
139  function we stained midbrain sections of juvenile mice, at P30, which revealed a virtually complete
140  lack of H3K27me3 immunoreactivity in DatCreEed”f-mice (Fig. 1J-K). Notably, immunoreactivity levels
141  of TH were retained in both genotypes (Fig. 1L-M).

142

143 Progressive activation of silent non-mDA PRC2 targets and repression of mDA identity genes

144  To investigate the effects on global distribution of H3K27me3 and possible consequences of altered
145 H3K27me3 levels for gene expression, we dissected out and prepared nuclei from dissected midbrains
146  and used fluorescent activated cell sorting (FACS) to isolate mCHERRY* nuclei from DatCreEed"””*t and
147  DatCreEed™f-mice at four and eight months of age. Sorted nuclei were collected in batches of 1000.
148 Batches were used to generate chromatin immunoprecipitation (ChlP) libraries for H3K27me3 (K27)
149 but also for the permissive modification H3K4me3 (K4) and the facultative heterochromatin
150 associated modification H3K9me3 (K9). In addition, one batch per mouse brain was utilized to
151  generate libraries for bulk RNAseq.

152

153 Initially we examined the presence of K27 in the promoter region + 10 kb around transcription start

154  sites (TSS) together with expression levels in wild type cells which revealed an inverse correlation (Fig.
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155 2A). We then determined how distinct chromatin states in the same promoter region correlated with
156  expression levels in wild type cells at four months as described in our previous study (20). The results
157  show that among the eight possible different states, the genes containing K4 exhibit the highest
158 expression levels. Conversely, chromatin states harbouring K27 and/or K9 without K4 exhibit the
159 lowest levels of expression (Supplementary Fig. S1A).

160

161 We then investigated the consequences of Eed deletion for the distribution of K27, K4, and K9 at four
162 and eight months. In four months mutant mDA neurons there was a substantial loss of K27, reducing
163  the number of detected K27* genes by 75.3% (2973 in wild type compared to 735 in mutants) (Fig. 2B,
164  Supplementary table 1). To understand the consequence of such a major loss of K27 for gene
165  expression, we integrated the expression data with the chromatin analysis. Despite the substantial
166  global loss of K27, only 102 genes were significantly upregulated (adj p<0.05) (Fig. 2C, Supplementary
167  table 2) and of those 57 genes were K27 targets (Fig. 2C, Supplementary Table 2), a 4.7-fold
168 enrichment (Fisher’s exact test, p=5e-27) over the expected ratio. Out of the 57 upregulated K27
169 targets, 22 were determined as lacking K27 at +10kb of TSS, in mutant nuclei. The 35 upregulated
170  genes that still were determined as K27*, do retain K27 around the TSS, albeit at reduced levels (e.g.,
171 Foxgl, Phox2b and Hand2). Several quintessential PRC2 targets such as the Hoxd cluster, did not
172 exhibit increased expression in the mutants. Despite a reduction in K27 enrichment in such genes, a
173  significant proportion of the modification remained (Supplementary Fig. S1B), underscoring the
174  resilience of this modification in mDA neurons lacking PRC2 activity. The upregulated genes exhibited
175  strong enrichment of gene ontology (GO) categories associated with regulation of transcription and
176  early developmental processes (GO Biological Process 2021, as calculated by Enrichr (24, 25)) (Fig. 2D).
177  Concomitantly, loss of K27 also resulted in significant (adj p<0.05) downregulation of 28 genes, with
178  one of them (Myo7a) being a K27 target (Fig. 2C).

179
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180  ChlIPseq and RNAseq analysis in nuclei sorted from 8 months old animals also showed an inverse
181  correlation between K27 and expression level in WT nuclei (Fig. 2E). Furthermore, it revealed a
182  complete loss of genes determined as K27* in the DatCreEed” mutants (Fig. 2F, Supplementary Table
183 1). This loss was accompanied by a minor but noticeable increase in K4 and loss of K9 (Fig. 2F).
184 Inspection of differentially expressed genes showed that 654 genes were significantly upregulated
185 (Fig. 2G), with 55 of them upregulated at 4 months and 242/654 carrying the K27 modification (Fig.
186 2G, Supplementary Table 2), representing a 4.3-fold enrichment over expected (Fisher’s exact test,
187 p=5e-95). Upregulated PRC2-targets included several members of the Hox-family, transcription
188  factorsinvolved in determining other cell fates during development e.g., Pitx1, Gata2 and Foxd3, stem
189  cell factors such as Pax6, genes typically expressed in other neuronal types, e.g., Gad1-2 and cell cycle
190 regulators including Ccnd1-2 and Cdkn2a (Supplementary table 2). In contrast to the four-month
191 mutant mDA neurons, several members of the Hoxd clusters were upregulated at 8 months. This was
192 reflected by acquisition of H3K4me3 combined with loss of K27 as well as K9 (Supplementary Fig. S1C).
193 Moreover, in the 8-month-old mutant mDA neurons there were 756 significantly downregulated
194  genes, with 32 of them carrying the K27 modification (Fig. 2G, Supplementary table 2), representing a
195 two-fold reduction compared to what would be expected by chance (Fisher’s exact test, p=7e-5).
196  Among the downregulated genes several transcription factors critical for mDA neuronal function were
197  present, e.g., En1/2, Nr4a2 (Nurrl), Lmo3, Pitx3 and Pou3f2 (Supplementary table 2). Upregulated
198  genes exhibited strong enrichment of GO-categories associated with regulation of transcription and
199  early developmental processes, whereas downregulated genes were enriched for ventral midbrain
200  categories (GO Biological Process 2021 and Allen Brain Atlas Up, as calculated by Enrichr) (Fig 2H).
201

202  Combined H3K9me3/H3K27me3 is associated with higher probability of de-repression upon loss of
203 PRC2 activity

204 Inspection of the H3K27me3, H3K4me3 and H3K4me9 modifications £10 kb around the TSSs of the

205 genes upregulated in the mutants, revealed a pronounced increase of K4 and loss of K9 (Fig. 21). To


https://doi.org/10.1101/2022.01.24.477226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477226; this version posted January 24, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

206  further understand whether any specific chromatin state in wild type mDA neurons would predispose
207  for de-repression, we inspected the distribution of K4, K27, K4/K27, K9/K27 and K4/K9/K27 in wild
208  type mDA nuclei and correlated them with the differentially expressed genes. Among the upregulated
209 genes there was a significant enrichment in all states containing K27 but not in the K4-only, where
210  there rather was a depletion (Fig. 2J-K). Closer inspection revealed that the most enriched chromatin
211 states of upregulated genes in the mutants were those that contained both HK27me3 and HK9me3
212 (K4/K9/K27 and K9/K27) in wild type cells. Compared to genes with a “poised”, bivalent K4/K27 state
213 in the wild type, which had a 3.1x enrichment, the K9/K27 state exhibited 7.8x and the K4/K9/K27
214  state 8.3x enrichment (Fig. 2K). In addition, when we compared the relative fold-change and statistical
215  significance of the differentially expressed genes (DEGs) in the 8-months mutants, there was a clear
216  difference between K4/K27 and K9/K27 genes, with K9/K27 genes generally exhibiting higher fold-
217  increase and lower adjusted p-values (Fig. 2L). This was also true for the 4-months mutants
218  (Supplementary Fig. S1D). To understand whether this difference was a consequence of K9/K27 genes
219 being derepressed from absolute expression levels close to or equal to zero, we investigated the
220  absolute expression levels of K4/K27 and K9/K27 genes in 8 months old wild type and mutants. This
221 revealed that the wild type expression levels of K9/K27 genes were substantially lower than those of
222 K4/K27 genes (Fig. 2M). However, the difference in absolute increase was significantly larger in the
223 K9/K27 genes (Fig. 2N). Thus, this analysis revealed that presence of the additional heterochromatin
224  modification K9 actually increases both the probability to activate repressed K27 genes as well as the
225 magnitude of increased expression. Notably, GO analysis showed that K9/K27 genes are enriched for
226  categories typically including regulation of transcription and early developmental events such
227  embryonic organ morphogenesis, whereas K4/K27 genes includes GO categories associated with
228  regulation of extracellular matrix, neuronal differentiation and proliferation (Supplementary Fig. S1E).
229  The stronger enrichment of K9/K27 genes over K4/K27 genes prompted us to inspect the chromatin
230 states at 4 months for genes that were upregulated at 8 months but not at 4 months. This analysis

231 revealed that reduction of K9 occurs prior to de-repression of expression (Fig. 20). Hence, the early
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232 loss of K9 is not a mere consequence of activated transcription but rather coupled to the loss of K27
233 at the same TSS. We have previously shown that early developmental regulators already silent and
234 harbouring K27 in neural stem cells, gain K9 in differentiated mDA neurons (20) suggesting that both
235 the acquisition and maintenance of K9 at these TSSs are closely connected and potentially dependent
236 on PRC2 activity.

237

238 Progressive loss of TH, dopamine and dopamine-associated metabolites upon loss of PRC2 activity
239  To understand the phenotypic consequences of the progressive loss of K27 we stained for TH at 4 and
240 8 months, both in the midbrain VTA/SNpc and in the striatal target region. At 4 months there was no
241  apparent difference between wild type and mutant mice, neither in VTA/SNpc nor in striatum (Fig. 3A-
242 B, G-H), suggesting that in the mutants the establishment of this circuitry during development is not
243 perturbed. Reflecting the reduction of Th expression in 8-months mutants (Fig. 2G), there was a slight
244 reduction of TH immunoreactivity in mutant midbrain (Fig. 3D, J). However, in the dorsal striatum of
245  DatCreEed™" mutants TH was completely lost while low levels of TH could still be detected in the
246 nucleus accumbens (Fig. 3C, 1). To investigate whether this loss of TH progressed over time, we
247 performed staining of 16-months old mutants. At this time point also mCHERRY* cells in the SNpc
248 displayed an almost complete loss of TH, whereas cells in the mutant VTA still exhibited substantial
249  THimmunoreactivity (Fig. 3E-F, K-L). The loss of TH immunostaining in mutant mice at 8 months could
250  be the result of a progressive loss of established projections from the SN/VTA to their striatal targets.
251  To investigate this possibility, we performed intracranial injections targeting the SN/VTA with AAV-
252  vectors (pCAG-FLEX-EGFP-WPRE virus (26)) to anterograde trace the projections from midbrain to
253  striatum at 8 months. Three weeks post-injection we sacrificed the animals for analysis. Green
254  fluorescent protein (GFP) was exclusively expressed from the mDA neurons expressing the
255 recombinant protein CRE at the site of injection (Fig. 3N, 3P), as well as extending until their target
256 area in the striatum (Fig. 3M, 30). Despite, an almost total absence of TH immunoreactivity in mutant

257 striatum there was a strong GFP signal in all mutants analysed (Fig. 3M-P). Hence, the projections from

10
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258  midbrain to the striatal target area are largely intact in the DatCreEed”f-mutants. Since it has been
259  reported that Ezh1/2 deletion in medium spiny neurons caused severe neuronal loss through cell
260  death (6), we analysed and counted the mCHERRY" cells in representative areas of 8 months old
261 midbrains but failed to detect any significant difference in the number of cells between DatCreEed"""t
262  control mice and DatCreEed”” mutants (Fig. 3Q-S). We next wanted to understand whether the
263 reduced levels of TH affected levels of dopamine and associated metabolites. To investigate this, we
264  dissected out midbrain and striatum and performed high performance liquid chromatography (HPLC)
265  to measure metabolites of the dopamine synthesis pathway. In DatCreEed” mutants both regions
266  displayed a significant reduction of dopamine, DOPAC and homovanillic acid (HVA), (Fig. 3T). The
267 decrease was most prominent in the striatum, where mutant animals exhibited a more than fivefold
268  reduction of all three metabolites compared with control animals (Fig. 3T).

269

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

271 The reduction in dopamine and associated metabolites combined with the loss of TH
272 immunoreactivity in the striatal target area suggest that, besides loss of identity, a severe perturbation
273  of mDA-neuron function also occurred in DatCreEed”-mutants. To address this, we analysed basal
274 physiological properties through whole cell patch-clamp recordings in slice preparations from the 8-
275 month mutant and wild type SNpc. Several of the measured parameters were significantly perturbed
276 in the mutant midbrains (Fig. 4A-M). Cell capacitance was reduced (Fig. 4A) whereas membrane
277  resistance was slightly increased (Fig. 4B). This implies that mutant mDA neurons exhibit smaller
278  surface area and reduced open channel activity, generating a higher input resistance. Spontaneous
279 pacemaker spiking typical of mDA neurons exhibited no difference in frequency (Fig. 4C), but the
280  pacemaker pattern was disturbed with significant loss of consistency of interspike intervals (Fig. 4D-
281 E). The hyperpolarization-activated current l,, mediated by hyperpolarization-activated cyclic
282 nucleotide gated (HCN) channels, which contributes to mDA-neuronal pacemaker firing integrity, was

283 reduced (Fig. 4F-G). Also, slow afterhyperpolarization current (AHC) generated by small-conductance

11
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284  Ca*-sensitive K* channels, was reduced (Fig. 4)-M). Even though the action potential amplitude was
285 unchanged the threshold was decreased, whereas afterhyperpolarization (AHP) amplitude was
286  decreased (Fig. 4I-L). These anomalies of spontaneous firing in the mDA-neuron population combined
287  with the low levels of dopamine in the striatum indeed suggest severe loss-of mDA-neuronal function.
288

289  Progressive impairment of overall locomotor activity and fine motor movement in Eed mutants
290 To test if reduced levels of TH and dopamine metabolites as well as altered electrophysiological
291 properties would generate any behavioural consequences, we performed several behavioural tests to
292  detect potential motor skillimpairments in the mutant mice (27). Coordination, endurance and muscle
293  strength were not affected in the mutants as shown by the rotarod and grip strength tests
294  respectively. (Supplementary Fig. S2A-C). However, when analysed in the open field test, their overall
295 locomotor activity exhibited progressive reduction with age as recorded from the total moved
296  distance (Fig. 4M-0). In addition, the number of rearings was significantly reduced in the mutants (Fig.
297  4P). When challenged by the pole test, assessing fine locomotor function, mutant mice underscored
298  asignificant delay in initiation of descent as well as frequent failure to climb down the pole by falling
299  sideways (Fig. 4Q). Hence, the mutants exhibited deficits primarily in the initiation of voluntarily
300 movement as seen in the open field test, number of rearings and pole test. Whereas, when exposed
301 to a forced movement paradigm testing coordination and balance, such as the rotarod, the mutant
302 mice performed on par with the wild type mice. Motor function has mainly been coupled to the SNpc,
303  whereas reward and motivation processes to a larger degree involve the VTA (28). Therefore, we
304  challenged the mice by conditioning them to cocaine and examined whether perturbation in the
305 reward system of 8-months old mutant mice occurred. We conducted conditional place preference
306 (CPP) for cocaine, where a weak CPP occurred in the wild type mice (Fig. 4R). The CPP in mutant mice
307  was more distinct (Fig. 4R), however the difference in post-test CPP between wild type and mutant
308  mice was not significant, indicating that response to cocaine conditioning was unaffected by genotype.

309 Toinvestigate whether the motor response to cocaine was affected in the mutants we also performed
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310 an open field test after injection of 10mg/kg cocaine. In both wild type and mutant mice there was a
311  substantial increase of movement compared to non-treated animals (Supplementary fig. S2D).
312 However, there was no significant difference between cocaine-treated animals, with different
313 genotypes (Supplementary fig. S2D). Thus, the capacity to respond to cocaine in the mutant is not
314 impaired, implicating that this aspect of SNpc/VTA function is intact.

315

316  Taken together, the loss of Eed results in progressive loss of H3K27me3, leading to upregulation of
317 Polycomb target genes and reduced expression of mDA neuronal genes. This loss of cellular identity
318  severely disrupts mDA neuronal function at cellular level, ultimately altering the behaviour of
319  DatCreEed”-mutants.

320

321 Loss of PRC2-function in serotonergic neurons results in loss of cellular identity and function

322  An earlier study reported that cell-specific loss of PRC2 function in striatal medium spiny neurons
323 (MSNs) caused substantial cell death (6), As mentioned, a corresponding cell death was not noted in
324  the mDA neurons of DatCreEed”f-mutants. To understand if deletion of Eed can cause loss of neuronal
325 identity without cellular loss also in a different neuronal population we crossed the Rpl10a-
326  mCherry /o /Eed*/fox mice with SertCre-mice(29). In this SertCreEed”-mutant, Eed is selectively
327 deleted in hindbrain serotonergic neurons (5HT-neurons) expressing the serotonin transporter Slc6a4
328 (a.k.a. Sert.) (Fig. 5A). Expression of Slc6a4 first occurs in the hindbrain at around E12.5 of the mouse
329 embryo. As in mDA neurons, there was in PO mCHERRY* 5HT-neurons a substantial reduction in EED
330 immunoreactivity in the SertCreEed”-mutants, whereas levels of H3K27me3 remained as in
331  SertCreEed“”"* mice (Supplementary fig. S3A-D). At P40 the levels of H3K27me3 were not detectable
332 in SertCreEed”’ mutant cells (Fig. 5B-C). To investigate possible consequences of Eed loss in SHT-
333 neurons we stained the hindbrains of wild type and mutants, with an antibody specific for the rate-
334 limiting enzyme in serotonin synthesis, tryptophane hydroxylase 2 (TPH2). At four months of age the

335  number of MCHERRY* cells in the SertCreEed”” mutants was unaltered compared to the wild type mice
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336  with a distinct overlap of TPH2 immunoreactivity and mCHERRY* fluorescence in both wild type and
337 mutant animals (Fig 5D, G). In contrast, at 8- and 16-months, immunostaining revealed a major loss of
338  TPH2 in SertCreEed”” mutants, but no loss of mMCHERRY*-cells (Fig. 5E-1).

339

340 We proceeded to perform RNA-seq analysis of sorted 5HT-nuclei at 4 months which revealed
341 upregulation of 84 transcripts of which 36 were K27*, as previously determined (20). Twenty-six
342 transcripts were downregulated, of which two were K27* (Supplementary Fig. S3E). Similar analysis of
343 sorted 5HT-nuclei at 8 months revealed 124 upregulated genes of which 107 were K27* (Fig. 5J). As in
344  the mutant mDA nuclei the upregulated genes were enriched for several members of the Hox-family,
345  transcription factors involved in determining other cell fates during development e.g., Gata6, Foxgl
346  and DIx1, stem cell factors such as Pax6, genes typically expressed in other neuronal types, e.g., Gadl
347 and cell cycle regulators including Ccnd2 and Cdkn2a (Fig. 5J and Supplementary Table 3).
348 Downregulated genes numbered 72 and included 5HT-specific genes such as Sic6a4, Tph2 and Htrla
349 (Fig. 5) and Supplementary Table 3). Of these 72 genes, 11 were H3K27me3*, which does not
350 constitute an enrichment (Fig. 5J). GO analysis of the differentially expressed genes showed that
351 among upregulated genes, there was a strong enrichment of categories related to transcriptional
352 activation and early developmental processes. For the downregulated genes there was an enrichment
353 of dorsal raphe nucleus associated categories (GO Biological Process 2021 and Allen Brain Atlas Up, as
354 calculated by Enrichr) (Fig. 5K). The substantial reduction of TPH2 in 8-month mutants caused a
355 decrease in levels of serotonin (5-HT) and the serotonin associated metabolite (5-HIAA) both in the
356  hindbrain and in the prefrontal cortex target area as measured by HPLC (Fig. 5L).

357

358 Tounderstand whether loss of serotonergic identity was followed by altered behaviour, as seen in the
359  DatCreEed™" mutants, we investigated whether aspects of behaviour that depend on an intact 5HT-
360 function were perturbed in the 5HT-mutants. To examine if loss of Eed evoked depressive behaviour,

361 we subjected 8-month SertCreEed“"! and SertCreEed”f-mice to the forced swim test. Notably, there
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362  was no significant difference between wild-type and mutant mice for the time they spent swimming
363 (Supplementary Fig. S3F). However, when subjected to the elevated plus maze (EPM) (30) the mutants
364  spent significantly more time in the open arms and visited them more frequently (Fig 5M-P). This
365 change in behaviour could be a consequence of hyperactivity or less anxiety, behavioural phenotypes
366  which has previously been associated with deficient serotonin neurotransmission (31, 32).

367

368  Activated PRC2 targets are enriched for H3K9me3 in 5HT-nuclei

369  The strong enrichment of K27 targets among the upregulated genes is reminiscent of the effects of
370  Eed-deletion in mDA neurons. Since the presence of the heterochromatin modification H3K9me3 was
371  associated with a higher probability of de-repression and activated transcription in mutant mDA nuclei
372  we assigned upregulated genes in the SertCreEed™’ nuclei to the same chromatin states by utilizing
373  the data set we generated for wild type 5HT-neurons in our previous study (20). This analysis showed
374  that also in mutant 5HT nuclei the presence of K9 in a chromatin state was associated with a higher
375 probability to activate transcription than the presence of K4 (Fig. 5Q).

376

377 Common enrichment of upregulated H3K9me3/H3K27me3 targets in mutant mDA- and 5HT-
378 neurons

379 Since we noted that transcriptional response to loss of Eed included similar PRC2 targets in mDA and
380  5HT neurons we compared the overlap of up-regulated genes at 8 months. Indeed, there was a large
381  overlap of upregulated genes with 85 common transcripts out of 124 (5HT nuclei) and 654 (mDA
382 nuclei) (Fig. 5R). This represents a more than 24-fold higher number than expected by chance (p<2.2e-
383 16, Fisher’s exact test). Of these 85 transcripts, 83 were K27* PRC2 targets in 5HT neurons and 77 in
384  mDA neurons, which represents a substantial enrichment in both cell types. In addition, the 85
385 commonly upregulated targets were also strongly enriched for the K9/K27-state when compared to
386  the “poised” K4/K27-state (Fig. 5S).

387
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388  When comparing Erichr (24, 25) analysis between the upregulated genes in mDA and 5HT neurons the
389  similarity is clear. In both neuronal cell-types there was a strong enrichment of early developmental
390 regulators, e.g., Hox-genes (Fig. 2G, 5J). Furthermore, another similarity is that both types of neurons
391 exhibit reduced expression of transcripts specific to their identity, e.g., Th, Slc6a3, Enl, Nr4a2 and
392 Pitx3 in the mDA neurons and Tph2, Htrla, Slc6a4 and Htr5b in 5HT-neurons (Fig. 2G, 5J). Notably, in
393 both mutants substantially increased expression of genes previously described as “death promoting”
394 (e.g., Cdkn2a, Hoxa5, Wt1) was evident (Supplementary Tables 2 & 3) but without inducing any cell
395  death, which clearly distinguishes these neuronal subtypes from medium spiny neurons (6).

396

397  Single nuclei expression analysis reveals SNpc specific vulnerability to loss of PRC2 activity

398 The selective and progressive loss of TH in the SNpc at 8 and 16 months (Fig. 3) indicates that different
399 mDA-neuron subtypes may respond differently to PRC2 deficiency. To explore whether the changes
400 in gene expression upon loss of H3K27me3 is distinct between mDA-neuron subgroups, gene
401 expression was analysed by single nuclei RNA sequencing (snRNAseq) of sorted mCHERRY* nuclei from
402 the midbrain of 8-months old wild type and mutant mice. Following quality control, sequencing data
403 from 1772 nuclei from wild-type brains and 3968 nuclei from mutant brains were obtained. Uniform
404 Manifold Approximation and Projection (UMAP) plots of these nuclei revealed a considerable diversity
405 of wild type and mutant nuclei (Fig. 6A) Expression of a pan-mDA-neuron signature (Th, Slc6a3, Nrd4a2
406 and Enl) was evident in a substantial proportion of the nuclei (Fig. 6B). To further characterize the
407  snRNAseq data, distinct identities were assigned to different UMAP clusters based on the expression
408  of markers previously described in the literature (Fig. 6C, Supplementary Fig. S4A)(33). Nuclei lacking
409  robust expression of the pan-mDA neuronal signature, potentially isolated along with mCHERRY* mDA
410 neuron nuclei when sorting, were defined as astrocytes, oligodendrocytes (ODC) and non-mDA
411 neurons based on typical neural cell markers. Based on the classification reported in reference 33, the
412 six clusters which robustly expressed the mDA-neuronal signature were divided into: VTAl

413  (Calb1*/Otx2*), VTA2 (Calb1*/Otx2’), VTA3 (Gad2*/Otx2), SNpc/VTA (Sox6*/Aldhla’), SNpc-WT
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414  (>98.5% WT) and SNpc-KO (>98.6% KO) both groups Sox6*/Aldhla* (Fig. 6C). Interestingly, one mDA-
415 neuron groups (SNpc-WT) was almost exclusively enriched for wild-type nuclei (>98.5%) while another
416  group (SNpc-KO) was almost exclusively enriched (>98.6%) for nuclei from mutant mice. In contrast,
417  wild-type and knockout nuclei were distributed in roughly equal proportions in all other groups (Fig.
418 6A). SNpc-KO nuclei had diminished mDA neuron marker gene expression but did express Sox6 and
419 Aldhlal, consistent with a relationship to SNpc mDA neurons. The expression of the SNpc markers
420 Sox6, Aldh1al and the VTA marker Calb1 was distributed as shown in Supplementary Fig. S4B-C. Thus,
421 these observations indicate a rather drastic influence on gene expression in SNpc neurons as
422  compared to the other mDA neuron groups as a consequence of disrupted PRC2 function.

423

424  Hierarchical clustering based on the 2000 most variable genes in all nuclei from the mDA neuron
425  groups revealed that the SNpc-WT and SNpc-KO clusters grouped separately from the VTA1-3 and
426  SNpc/VTA groups (Fig. 6D, Supplementary Fig. S4D). To understand whether loss of PRC2-mediated
427 repression had selective effects in different mDA-neuron subgroups, the signature expression of the
428 25 most upregulated genes in mutant nuclei were visualized in violin plots. This analysis revealed that
429  the most profound increase occurred in the SNpc-KO vs. SNpc-WT groups (Fig. 6D, Supplementary Fig.
430 S4E). We then generated a heatmap of all mDA-neuron groups based on the 205 differentially
431  expressed transcripts between all mutant and wild type nuclei, of which 93 exhibited increased
432  expression and 112 decreased expression. This revealed a block of genes that are strongly upregulated
433 in the majority of SNpc-KO nuclei but only in subsets of nuclei in the VTA1-KO, VTA2-KO, VTA3-KO and
434  SNpc/VTA-KO nuclei (Supplementary Fig. S4F). This group of genes was strongly enriched for PRC2
435  targets and for genes also upregulated in the bulk RNA-seq at 8 months.

436

437  To further understand the differential effects resulting from loss of PRC2 function, genes differentially
438 expressed between wild type and mutant nuclei were analysed for each group separately. As

439 expected, major effects on gene expression were only seen in mDA-neuron clusters derived from cells
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440  in which PRC2 had been disrupted by targeted knockout of Eed while marginal effects were seen in
441 non-mDA-neuron groups. Notably, the largest number of DEGs was seen in the SNpc group (Fig. 6E) in
442  which 584 genes were differentially expressed when comparing SNpc-KO vs SNpc-WT. In contrast, only
443 174 genes were differentially expressed when comparing wild type and mutant nuclei in the three VTA
444  groups combined into one VTA group (Fig. 6F). The more substantial response to loss of PRC2 activity
445 in the SNpc group was also reflected in the magnitude of increase or decrease in expression in
446 common up- or downregulated genes between SNpc and VTA (Fig. 6G) and is also clearly illustrated
447 by plotting highly upregulated genes, such as Hoxd11, in the UMAP plot (Fig. 6H). Moreover,
448  expression of the mDA-neuron signature was more significantly reduced in the KO-nuclei of the SNpc
449  group (Fig. 61). Taken together, the greatest impact of Eed deletion occurred in the SNpc population
450  which was also reflected by how TH immunoreactivity was substantially reduced in the SNpc at 8 and
451 16 months but was largely intact in the VTA (Fig. 3C-L).

452

453 Comparison of DEGs between mutant and wild type nuclei in the combined VTA and the SNpc showed
454  equal (Fig. 6J, Supplementary Fig. S4G), stronger (Fig. 6K, Supplementary Fig. S4H) or exclusive (Fig. 6l,
455 Supplementary Fig. 41) upregulation of PRC2-targets in the SNpc. The few genes that were more
456 robustly induced in the VTA are not PRC2 targets. Instead, they are typically expressed at robust levels
457 in wild type cells and harbour the H3K4me3 modification (Fig. 6M, Supplementary Fig. S4J). Expression
458  of pan-neuronal genes was not decreased in any of the groups, Rbfox3 was actually slightly increased
459 in the SNpc-KO nuclei (Fig. 6N). Notably, expression of the SN subtype specific gene Sox6 was not
460  decreased in the SNpc-WT vs SNpc-KO subgroups whereas expression of the VTA specific Calbl gene
461  was reduced in the mutant VTA cells (Fig. 60, P). We also plotted the expression of the four genes that
462  constituted the mDA-neuron signature utilized Fig. 6B and F (Supplementary Fig. S4K).

463

464  To understand whether genes with specific chromatin states were regulated equally between mutant

465 and wild type nuclei in VTA and SNpc, we utilized the chromatin states generated from the bulk ChlIP-
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466  seq. As in the bulk RNA-seq, upregulated genes both in the VTA group and the SNpc group, were
467  strongly enriched for the K9/K27 chromatin state (VTA: 8.3x increase over expected, p<4.2e-12, SNpc:
468  4.3x increase over expected, p<1.4e-13, Fisher’s exact test). In contrast, in the SNpc-group there was
469 no significant enrichment of K4/K27 genes and in the VTA group the enrichment was less (2.9x increase
470 over expected, p<0.0015, Fisher’s exact test) than for the K9/K27 state (Supplementary fig. S4L).

471

472  Discussion

473 How long-term maintenance of cellular identity is coupled to permanent silencing of alternative
474  lineages is largely unknown. This question is of particular interest for CNS neurons since their
475  functional integrity and identity need to be maintained for several decades in the human brain. Our
476  study reveals that in two well characterized neuronal populations of high clinical relevance, intact
477 PRC2 function is essential for repression of aberrant gene expression as well as for the maintenance
478  of cell type specific gene expression, but not for neuronal survial. Even though PRC2-mediated gene
479 silencing has previously been shown to be required for proper neurogenesis in the neocortex (7, 34),
480 the role of PRC2 in differentiated post-mitotic cells, such as neurons, is not understood. A previous
481 report showed that in MSN and Purkinje cells, PRC2 is required to maintain silencing of death
482 promoting genes (6). Similar “death-promoting” genes were upregulated in mutant mDA and 5HT
483 neurons upon loss of PRC2 activity. However, there was no reduction in cell numbers, neither in mDA
484 nor in 5HT neurons, even across an extended timespan (up to 16 months). Instead, there was a
485 profound reduction in expression of subclass specific genes in both types of neurons. This is in contrast
486  to a study wherein the methyltransferase Ezh2, another member of the PRC2 complex, was deleted
487  in post-mitotic mDA neurons (35). Notably, deletion of Ezh2 resulted in a selective and progressive
488  loss of VTA neurons. Since the levels of K27 were not changed in the mutants, it is possible that this
489 effect was uncoupled from the canonical methyltransferase function of Ezh2. In addition, in
490 differentiated mDA neurons the expression level of Ezh2 is lower than that of Ezh1, which also

491 harbours methyltransferase capacity and thus could act as a redundant factor.
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492

493  Since a majority of downregulated genes are not H3K27me3* in the wild type cells and the main
494  function of PRC2 is to maintain repression, the reduced expression is most likely an indirect effect of
495  Eed-deletion. A similar effect was reported in MSNs and in differentiated B-cells wherein cell type
496  specific genes were downregulated upon loss of PRC2-activity (6, 36). Utilizing the single-nuclei data
497  set, we have tried to identify crucial upregulated factors that repeatedly correspond with a decrease
498 in mDA-neuronal identity genes. However, we could not couple any single upregulated factor with the
499  decrease in mDA identity genes. This would argue for a combined effect of several upregulated factors,
500  which, during development harbour the capacity to induce other cell lineages as well as to silence the
501 mDA or 5HT neuronal lineages.

502

503 Since neurons are post-mitotic, the progressive reduction of K27 in mutant neurons is not the result
504 of failure to establish novel K27 marks during cell division. Previous reports that histone turnover in
505 the rodent brain occurs at an extended time scale (~220 days) (37) have recently been contrasted by
506  studies showing that the histone variant H3.3 exhibit rapid and continuous turnover in differentiated
507  CNS-neurons (38). Thus, the loss of K27 evident in the mDA and 5HT neurons likely is a consequence
508 of combination of histone turnover and demethylase activity by Kdmé6a and Kdméb, both of which are
509  expressed in mDA and 5HTneurons.

510

511 It has previously been proposed that the primary role for PRC2 in differentiated cells is to suppress
512 transcription of bivalent K4/K27 genes (6, 39). Indeed, in both mDA and 5HT neurons there was an
513 enrichment of K4/K27 bivalent genes among upregulated transcripts. However, presence of K9/K27
514  was associated with a higher probability of de-repression as well as a higher increase in both relative
515 and absolute expression levels. This preference for activating K9/K27 genes over K4/K27 genes poses
516  several questions. Is this a cell specific feature? What does it reveal about potential interactions

517 between K9 and K27 associated factors, as well as how these modifications are interpreted by the
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518 transcriptional machinery? GO analysis of K9/K27 genes in 8month DatCreEed“”"* mCHERRY* nuclei
519 clearly shows strong enrichment of categories such as regulation of transcription and early
520 developmental categories, for example anterior/posterior pattern specification. K4/K27 genes on the
521 other hand are more enriched for categories such as extracellular matrix organization, proliferation
522 control and neuronal differentiation (Supplementary Fig. S1E). Notably, the categories enriched for
523 the K4/K27 state reflects transitions from K4 state in neural progenitor cells (NPC) to K4/K27 state in
524 mDA neurons as determined in our previous study (20). Similarly, the categories enriched for the
525 K9/K27 state is reminiscent of silent genes carrying K27 already in NPCs but which gain K9 to become
526 K9/K27 in mDA neurons. Thus, after terminal differentiation K9 appears to be gained as an additional
527  layer of repression, hence the higher probability of de-repression of K9/K27 genes is an unexpected
528  result. Especially, since in differentiated MSNs loss of PRC2 activity led to activation of predominantly
529 poised K4/K27 genes (6). However, in that study, no analysis of K9 was performed, inactivation of PRC2
530  was achieved by targeting other components of the complex and a different Cre-promotor was used.
531 Hence, differences could be due to different cell types, or the system used to delete PRC2 activity,
532 which makes any direct comparison difficult. Interestingly, a recent study questions the whole concept
533 of bivalency implicating that the combined presence of K4 and K27 does not represent a poised state
534 (40). Indeed, our data showing that the K9/K27 state is a better predictor of de-repression than K4/K27
535 would reflect that K4/K27 does not represent a poised state wherein activation of transcription has a
536  high probability to occur after loss of K27. However, further studies are required to solve this question.
537

538 De-repression of K9/K27-genes results in a more substantial absolute increase in expression when
539  compared to K4/K27-genes. Given that the K9/K27-genes have nearly undetectable expression levels
540 and the K4/K27-genes have substantially higher expression levels in the wild type cells the identified
541 K9/K27 likely represent true K9/K27 promoters. The loss of K9 precedes the upregulation of
542 expression, which implies that the loss of K9 is not a mere consequence of increased expression upon

543 loss of K27. Rather, this suggests that presence of K9 at K27* promoters is coupled to intact PRC2-
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544  function, alternatively intact K27 distribution. How loss of PRC2 activity and/or K27 promotes loss of
545 K9 is not clear. It has previously been shown that PRC2 and K27 cooperate with K9 to maintain the K9
546 associated heterochromatin protein la (41). A more direct link between K27 and K9 has been
547 reported for telomeric heterochromatin assembly, wherein PRC2 and K27 are essential for K9 as well
548 (42). In differentiated mouse embryonic stem cells K9 is dependent on intact SUZ12 function (43).
549

550 The selective vulnerability to loss of PRC2 activity in mDA neurons of the SNpc is reminiscent of how
551  the same cells are hypersensitive in the response to cellular stressors such as 6-OHDA. Thus, loss of
552 identity upon deletion of Eed is mirrored by cell death upon increased cellular stress. Both vulnerability
553  to cellular stressors as well as mouse genetic models of PD have been coupled to diverse processes
554 such as mitochondrial dysfunction, inflammation, and protein misfolding, whereas the phenotype we
555 report here is the consequence of dysregulation of transcriptional processes. Notably, the
556 electrophysiological alterations of the DatCreEed”” mutants are reminiscent of age dependent decline
557 of similar parameters in the MitoPark mouse (44), whereas progressive loss of TH in the SNpc and
558  progressive development of motor deficits mirror key aspects of PD. Thus, the more significant impact
559  of loss of PRC2 function in SNpc mDA neurons shows that these cells harbour an additional selective
560  vulnerability in addition to the death promoting effects of cellular stressors, inflammation and a-
561 synuclein overexpression previously described. Whether this dual vulnerability is mechanistically
562 coupled, remains to be addressed.

563

564  Expression of the homeobox gene Engrailed1 (En1), which is a key survival factor for mDA neurons
565 (45), is reduced in both the mutant SNpc and VTA (Supplementary Fig S4K). It has previously been
566 showed that there is a pronounced reduction of K27 in mDA neurons of En** mice (17). Furthermore,
567 in the same study En1*" mutant exhibited heightened sensitivity to 6-OHDA treatment and reduced
568  expression of both Ezh1 and Ezh2. Hence, it appears that there is a link between En1 and levels of K27,

569  wherein Enl facilitates expression of Ezh1 and Ezh2, thus helping to maintain K27 levels. Reciprocally,
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570 inhibition of PRC2 function in turn potentially leads to the upregulation of factors capable of
571 repressing expression of Enl. Given the fundamental role for Enl in the maintenance of mDA neurons
572 it is possible that the loss of mDA neuronal traits is closely coupled to the reduced levels of Enl in the
573 mutants.

574

575  Taken together, our study elucidates how an epigenetic mechanism controls permanent gene
576 silencing and maintenance of serotonergic and dopaminergic identity. It also reveals how loss of such
577 epigenetic control does not compromise neuronal survival but leads to loss of subtype-specific
578 function and to phenotypes that recapitulates symptoms characteristic of PD and mood disorders,
579  providing a deeper understanding of how epigenetic mechanisms could contribute to the aetiology of
580  these multifactorial diseases.
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595 Materials and Methods

596 Ethical considerations

597  All animal experiments were performed according to Swedish guidelines and regulations, the ethical
598 permits N189/15 and 6259-2020 was granted by “Stockholms Norra djurférsoksetiska namnd,

599 Sweden”.

600  Mice

601  The generation of DatCre, SertCre (23, 29), Rpl10a-mCherry(46) and Eed™ (22) mice has been
602 previously described. Mouse lines were crossed and generated the DatCreEed”"Rpl10a-mCherry and
603  the SertCreEed”"Rpl10c-mCherry lines used in our study. Mice were kept in ventilated cages with
604  controlled 12 h light/dark cycles, temperature and humidity with water and food provided ad libitum.
605 Mice were housed at a maximum number of four males or six females per cage. Both genders were

606  represented in similar numbers for different type of experiments.

607  Histological analyses

608  Animals were deeply anesthetized with Avertin intraperitoneal sodium pentobarbital (Apoteksbolaget
609  AB) and perfused with room-temperature phosphate buffer saline through the ascending aorta,
610 followed by ice-cold 4% paraformaldehyde. The brains were subsequently removed, postfixed in the
611  same fixative for 16-18 h and cryoprotected for 24-48 h in 30% sucrose at 4°C, before being cut on a
612 Leica microtome at 30 um thickness. Sections were permeabilized in 5% BSA in PBS-Tx100 (PBS with
613  0.5% Triton-X100), followed by primary antibody incubation at 4°C for 16-18 h using sheep anti-TH
614  (1:1000, cat# P60101-150, Pel-Freeze), anti-TPH2 (1:500, cat# T0678, Sigma), anti-H3K27me3 (1:500,
615 cat# 9733, CST), anti-EED (1:500, cat# 85322, CST). Fluorescent detection was done with an Alexa-
616  tagged secondary antibody from Molecular Probes, donkey anti-sheep (1:500, cat# A21448), goat anti-
617 mouse (1:500, cat# A21151), donkey anti-rabbit (1:500, cat# A21206). Section images were obtained

618  in confocal microscope LSM-700 from Zeiss
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619  Tissue processing for imaging and cell counting

620 Mouse brains were cleared using the CUBIC protocol (47) with minor modifications (48). In brief, mice
621  were perfused with 4% paraformaldehyde and after post fixation, brains were washed in phosphate
622 buffer (PB 0.1M, pH7.6-7.8) at 4°C for 24h. Brains were cut in 1mm slices using a brain matrix. 1 mm
623 slices were incubated in CUBIC reagent 1 (25% wurea, 25% N,N,N’,N'-tetrakis-(2-
624  hydroxypropyl)ethylenediamine and 15% Triton X-100) at 37 °C for 2 days. Slices were transferred to
625 fresh Cubic reagent 1 and incubated for further 24h at 37°C, before washing in PB (0.1 M) for 8 h at
626  room temperature (8 x 1 h shaking). Tissue was incubated in blocking solution (5% BSA) for 24 h at
627 37°C and switched to anti-MCHERRY (1:5000, cat# AB0040-200, SICGEN) for 2 days at 37°C. After
628  washingin PB (0.1 M) for 8 h at room temperature (8x 1h shaking), slices were incubated in Alexa 555,
629  donkey anti-goat (1:500, cat# A21432, Invitrogen) for 24 h at 37°C and washed for 8h (8 x 1 h shaking)
630  with PB (0.1 M) at room temperature. Slices were afterwards incubated in Cubic reagent 2 (50%
631 sucrose, 25% urea, 10% 2,2',2"-nitrilotriethanol, and 0.1% Triton X-100) while shaking for 16-18 h at
632 37°C. Tissue slices were placed in Imm height chambers on a glass slide and imaged in Cubic reagent
633  2in confocal microscope LSM-700 from Zeiss. Acquired images were analyzed with Imaris Cell Imaging

634 software and cell bodies of mCHERRY positive cells were counted.

635 FACS sorting of cell-type-specific nuclei

636  DatCreEed"-Rpl10a-mCherry and SertCreEed™-Rpl10a-mCherry mice were sacrificed with CO; and
637 brains were rapidly removed and transferred into cold PBS. The midbrain and hindbrain respectively,
638  were dissected under fluorescent stereoscope and snap-frozen in dry ice. Tissue was thawed and
639  dissociated using a 1 ml dounce homogenizer (Wheaton) in ice-cold lysis buffer (0.32M sucrose, 5nM
640 CaCl, 3 mM MgAc, 0.1 mM NazEDTA, 10 mM Tris-HCI, pH 8.0, 1 mM DTT, 1x complete proteinase
641 inhibitor, EDTA-free (Roche). The homogenate was centrifuged for 5min at 500 x g and the pelleted
642 nuclei were resuspended in a nuclear storage buffer (15% sucrose, 10 mM Tris_HCI, pH 7.2, 70 mM
643 KCl, 2 mM MgCl,) supplemented with RNase inhibitor (RNase out, Invitrogen) and Proteinase inhibitor

644 (Complete, Roche). When nuclei were used for 10x Genomics single cell RNA-seq, pelleted nuclei were
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645 instead resuspended in 2% BSA with RNase inhibitor. Re-suspended nuclei were filtered through a
646 30um cup falcon (BD Biosciences, 340625) into a BSA-coated tube for sorting. Nuclei were stained

647  with DAPI for 30 min prior to sorting.

648 FACS was performed using FACSAria Fusion cell sorter and the FACSDiva software (BD Biosciences).
649  The nuclei were identified by forward- and side- scatter gating, a 561 nm laser with a 610/20 filter and
650 a 405 nm laser with a 450/50 filter, quantifying DNA content per event to assure that only singlets
651  were collected. A 100 um nozzle, sheath pressure of 20-25 psi, and an acquisition rate of up to 1000
652  events per second were used. Cell type-specific nuclei were collected in batches of 1000,
653  supplemented with a nuclear pellet buffer (10 mM Tris (pH 8.0), 100 mM NaCl, 2 mM MgCl,, 0.3 M
654 sucrose, and 0.25% IGEPAL CA-630) to a volume of 10ul when used for bulk RNA-seq or ChlP-seq,
655  whereas for 10x Genomics single cell RNA-seq, nuclei were preserved in 2% BSA until downstream

656  procedure.

657 Bulk RNA-sequencing and analysis

658  Sequencing libraries were generated from total RNA of 1000 FACS sorted cell-type-specific nuclei as
659 previously described (49). In brief, total RNA was extracted from nuclei and the Smartseq2 protocol
660  (50) was implemented to generate libraries. Sequencing was performed on an lllumina NovaSeq 6000
661 within the National Genomics Infrastructure in Scilife lab, Stockholm, Sweden. Raw 51 bp paired-end
662 reads were aligned to the mouse genome (mm10 assembly) using STAR v2.7.0a with default settings
663 (51). Gene expression was calculated using RPKM for genes (52). Differential gene expression analysis
664  was performed using DESeqg2 (53) with two separate DESeqDataSets, one for all mDA samples and one
665  for all 5HT samples . A total of 35 mDA samples (9 wt and 10 mutant at 4 months, 8 wt and 8 mutant
666 at 8 months) and a total of 16 5HT samples (4 wt and 4 mutant at both 4 months and 8 months) were
667 used. Each dataset was filtered for genes with a least a total count of 10 summed across all samples.

668  Differentially expressed genes were identified by requiring adj p<0.05 and using design formulas
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669  controlling for sex and contrasting wild type with mutant samples separately for 4 months and 8

670 months. GO-terms were obtained from Enrichr (24, 25).

671  ChIP-sequencing and analysis

672  ChIP and library preparation for sequencing were performed as previously described in the ULI-NChIP
673 protocol (54) with previously described minor modifications (49). Chromatin was IPed for 16-18h at
674  4°C with 0.25ug of anti-H3K27me3 (Cell Signaling,9733), anti-H3K9me3 (Active Motif,39161) or anti-
675 H3K4me3 (Cell Signaling,9751). Libraries were sequenced on an lllumina NovaSeq 6000, 51 bp paired-

676 end read.

677 A total of 64 ChiIP-seq libraries were sequenced (two genotypes: wt and mutants, two time-points: 4
678 months and 8 months, four IPs: input, H3K4me3, H3K27me3 and H3K9me3, and finally four biological
679 replicates for each combination). Reads were mapped to the mm10 mouse genome using bowtie2
680  v2.3.5.1 with default settings (55). Duplicate reads were marked using Picard v2.10.3. Coverage of
681 mapped ChlP-seq libraries was generated using the tool bamCoverage in deepTools v3.1 with
682 parameters ignoreDuplicates, binSize 50 and normalizeUsing RPKM (56). Signal-to-background
683 relationships were investigated using the plotFingerprint tool in deepTools. Based on manual
684  inspection of fingerprint and coverage plots, we decided to use all 64 samples in further analyses. The
685 median fraction of duplicated reads for all samples was 34% (range 17-52). The median fraction of
686 unmapped reads was 18% (range 7-60). The median total number of million mapped unique reads
687  (after removal of duplicates) were 70 for inputs (range 38—78), 31 for H3K4me3 (range 17-40), 24 for

688 H3K27me3 (range 8—63), and 60 for H3K9me3 (range 41-86).

689 For each histone modification and genotype, we identified marked genes by comparing the ChIP
690 experiments to the input experiments using the csaw package version 1.22.1 in R (57) as previously
691 described(49) with the following changes. Reads mapping to regions in the curated blacklist of
692 problematic regions available as the bed-file ENCFF547MET from the ENCODE project were removed.

693  Windows displaying an enrichment of reads above the global background were kept by requiring a
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694  minimal log2 fold-change (Ifc) of two for all experiments except Ifc=3 for K4 at 4 months and Ifc=1.5
695  for K9 at 8 months. In each comparison, 4 biological replicates were used both for the ChIP and the

696  input experiments. Marked genes were mapped to gene expression data based on gene symbols.

697 For visualizations, biological replicates were pooled. ChIP-seq coverage files of pooled samples were
698  generated in deepTools using the bamCoverage function as for individual replicates. From the pooled
699  coverage files, ChIP-seq heatmaps and average profile heatmaps were generated with deepTools
700 using the plotHeatmap function and the plotProfile function, respectively. Coverages were plotted

701 using the Integrative Genomics Viewer (IGV) version 2.8.3.

702 Enrichment for a specific chromatin state in a gene set was investigated by comparing the number of
703 genes with the chromatin state in the gene set to the number of such chromatin states in a background

704  set based on all genes using 2 x 2 contingency tables and Fisher’s exact test.

705

706  Analysis of neurotransmitters by high-performance liquid chromatography (HPLC)

707 HPLC with electrochemical detection (ECD) were based on previously published protocols (58, 59).
708  Briefly, ice-cold 0.1 M perchloric acid (PCA) was added to tissue sample, 50 uL PCA per 10 mg of tissue.
709  Samples were incubated on ice for 10 minutes, vortexed and centrifuged at 16000 x g for 10 minutes
710 at 4°C. Resulting supernatants were filtered through 0.2 um nylon membrane inserts and centrifuged
711 at 4000 x g for 5 minutes. Eluents were immediately stored at -80°C and subjected to HPLC-ECD
712 analysis within 1 week. Standard solutions of: L-norepinephrine hydrochloride (NE), (+/-)-Epinephrine
713 hydrochloride (EPI), 3,4-dihydroxyphenylacetic acid (DOPAC), 3,4-Dihydroxy-L-phenylalanine (DOPA),
714 dopamine hydrochloride (DA), 5-hydroxyindole-3-acetic acid (5-HIAA), homovanillic acid (HVA),
715  serotonin hydrochloride (5-HT), 4-Hydroxy-3-methoxyphenylglycol hemipiperazinium salt (MHPG),
716 DL-4-Hydroxy-3-methoxymandelic acid (VMA) and 3-Methoxytyramine hydrochloride (3-MT) were
717 prepared in 0.1 M PCA to obtain final standard concentrations of 200, 100, 50, 10, 5, 2 and 1 ng/mL.

718  Calibration curves were obtained with the Chromeleon software through linear regression of peak
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719 area versus concentration. The HPLC-ECD system used was a Dionex Ultimate 3000 series (Dionex,
720  ThermoFisher Scientific, USA). Analyte separation was performed on a Dionex C18 reversed-phase
721 MD-150 3.2 mm x 250 mm column (3 um particle size). Column and analytical cell were kept at 30 °C.
722  The mobile phase, which was pumped at a flow rate of 0.4 ml/min, consisted of 75 mM monobasic
723  sodium phosphate, 2.2 mM 1-octanesulfonic acid (OSA) sodium salt, 100 uL/L triethylamine (TEA), 25
724  uM ethylene-diamine-tetra-acetic acid (EDTA) disodium salt and 10 % acetonitrile (v/v), pH 3.0
725  adjusted with 85% phosphoric acid. For detection of neurotransmitters and metabolites, the first and
726 second analytical cells were set to -100 mV and +300 mV, respectively. Processed tissue samples were
727  thawed on ice in the dark for about 1 h before analysis, placed in the autosampler and kept at 5°C
728  before injection. Chromatograms were acquired with Dionex Chromeleon 7 software over an
729  acquisition time of 55 minutes. Analytes concentrations in tissue samples were expressed as ng/mg of

730 tissue.

731 Electrophysiology of mDA neurons

732 Mice were perfused with aCSF containing (in mM): NaCl (126), KCI (2.5), NaH,PO,4 (1.2), MgCl, (1.3),
733 CaCl; (2.4), glucose (10) and NaHCOs (26). Their brains were rapidly removed and coronal brain slices
734  containing SN 200 pum thick, were prepared with a microslicer (VT 1000S, Leica Microsystem,
735 Heppenheim, Germany) in oxygenated (95% O, + 5% CO,) ice cold modified artificial cerebrospinal
736  fluid (aCSF) containing (in mM): NaCl (15.9), KCI (2), NaH,PO4 (1), Sucrose (219.7), MgCl, (5.2), CaCl,
737  (1.1), glucose (10) and NaHCOs (26). Slices were incubated, for 1 h at 32 °C and thereafter at 28 °C, in
738  oxygenated modified aCSF containing (in mM): NaCl (126), KCI (2.5), NaH,PO4(1.2), MgCl, (4.7), CaCl,
739 (1), glucose (9) and NaHCOs (23.4). Slices were transferred to a recording chamber and were

740  continuously perfused with oxygenated aCSF at 32-34 °C.

741 Whole-cell patch-clamp recordings of visually identified DA neurons in the SN were made as described
742 previously (Yao et al., 2018). Borosilicate patch electrodes (3-5 MQ) were filled with a solution

743  containing, in mM: 120 D-gluconic acid potassium salt, 20 KCI, 2 MgCl, 1 CaCl,, 10 HEPES, 10 EGTA, 2
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744  MgATP, 0.3 NasGTP, pH adjusted to 7.3 with KOH. Whole-cell membrane currents and potentials were
745 recorded with a MultiClamp 700B (Axon Instruments, Foster City CA, USA), acquired at 10 kHz and
746  filtered at 2 kHz. Data were acquired and analyzed with the pClamp 11 software (Axon Instruments,

747 Foster City CA, USA).

748  Viral tracing injections

749 Mice were anesthetized with 4mg/ml isoflurane supplemented in the air, while placed in a separate
750 cage and afterwards they were mounted in a stereotaxic frame (David Kopf Instruments, Tujunga, CA)
751 equipped with a mouse adapter. Mice were kept anesthetized throughout the procedure by inhaling
752 isoflurane at 2mg/ml concentration. Anterograde tracing of the midbrain dopaminergic neurons was
753 achieved by injecting a Cre-dependent adeno-associated virus (AAV) expressing EGFP
754  (AAV2/2.pCAG.FLEX.EGFP.WPRE.bGH)(26) in the midbrain of 8 months old mice. Using Bregma as a
755 reference point, 1ul of the AAV virus was injected unilaterally reaching the SN (anteroposterior (AP):
756  -2.9, mediolateral (ML): -1.25, dorsoventral (DV): -4.5) and 1l reaching the VTA (anteroposterior (AP):
757  -3.1, mediolateral (ML): -0.5, dorsoventral (DV): -4.2). All coordinates are millimeters relative to
758 Bregma according to The Mouse Brain in Stereotaxic Coordinates (Academic Press, San Diego, CA,
759  2012). Virus injection was executed at 0.2ul/min dispense rate. Animals were sacrificed 3 weeks after

760 surgery by CO..

761

762 Behavioral Experiments

763  Open field
764  For assessment of general ambulatory ability, mice were placed in 45 x 45 x 28 cm plastic, non-
765  transparent boxes and activity was recorded for 60 min using the Ethovision XT 15, Noldus software.

766  Activity is measured as mean of total distance covered in 1 hr with 5 min time bins.

767 Pole test
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768 Motor coordination and movement initiation were assessed by the pole test. To perform this task,
769  mice were placed on the top of a wooden pole (50cm height, 1cm diameter) that is fixed to a wooden
770  stable base. Each animal was placed with all four limbs grasping the pole and facing the tip of it. The

771 total time they spent to turn themselves downwards and climb down the pole was calculated.

772  The day before the experiment, mice were trained to orient themselves and descent the pole for 5-10
773  times. On the test day, each animal was recorded performing the test for 5 times and the average time
774  forevery mouse is presented. In order to avoid exhaustion of the mice, a maximum time for every trial
775 was defined at 120s, time score that was also given to objects that failed the experiment, by either

776  not turning themselves downwards at all or by descended the pole by rolling down.

777  Elevated Plus Maze

778  The Elevated Plus Maze (EPM) test evaluates anxiety-like behavior in mice. The set up consisted of a
779  cross with two open arms and two enclosed ones, elevated ~1 meter from the ground. Mice were
780  placedinthe centre of the cross, facing towards the open compartment. Mobility and preference over

781  the two types of arms were recorded for 5 min using Ethovision XT, Noldus software.

782 Rearing

783 Locomotion activity and exploratory behavior were evaluated by the rearing events. Mice were placed
784  in a plexiglass 15 cm-diameter cylinder and videotaped for 10 minutes. Vertical rearing events
785  supported on the cylinder wall or unsupported were manually counted. Mice were tested individually,

786  without any visual interaction with each other.

787  Forced Swim Test

788  The Forced Swim Test (FST) or Porsolt test (60) was used to evaluate depression-like traits in rodents.
789 More specifically mice were forced to swim in a plexiglass cylinder (15cm-diameter 30cm height)
790 halfway filled with water at 25+C for 6 min. During the session mice were recorded and time of
791 immobility was assessed by a trained observer. The first two minutes were counted as habituation

792  time and the left four minutes served as the actual experiment. During those minutes, as immobility
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793  time was counted the time mice spent floating in the water without any effort to move but only the
794  necessary moves that would let them keep the head above the surface. Video recordings were scored

795  twice from the same observer and the average of those scores were calculated.

796  Rotarod

797 Motor coordination was evaluated by utilising the rotarod test with increasing speed. Mice were
798  familiarized with the apparatus for three trials at a fixed speed of 4rpm. After a resting period of 2
799 hours, mice performed the test with increasing speed over time. The acceleration protocol spans from
800 4 rpm to 38 rpm within 5 min, where the latency to fall was measured. Every mouse participated 3

801 times and the average time was calculated for every individual.

802  Grip Strength

803 Mice were placed horizontally on a metal net-shaped frame with all four limbs and instantly the
804  apparatus was twisted 180°. With that set up, the back of the mice was facing the ground and the
805 time they managed to hold gripped on the frame was calculated. Each individual was monitored for 3

806 trials and the average time was noted.

807  Conditioned Place Preference

808 Experiment was performed in a rectangular apparatus with 3 chambers measuring 15x25 cm each.
809 One compartment was coloured grey, the middle one was white and the last one was coloured with
810 black and white stripes. One the first day mice were allowed to explore the whole apparatus for 20
811 min. On day 2 and 3 mice were confined to one compartment and injected with cocaine (20mg/kg) or
812 saline. After injection they remained in the compartment for 30 min. On day 4 and 5 the same pairings
813 were repeated. Pairing of drug and compartment was counterbalanced across animals. On day 6 mice
814  were placed in the middle compartment and were freely allowed to move between all 3 of them.
815  While there was no injection on that day, mice were recorded and their preference for every

816  compartment was calculated.
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817  The following day all mice were injected with cocaine (20mg/kg) and their motor skills and mobility
818  were examined in the Open Field test, where they were recorded for 60 minutes.
819

820  Single nucleus RNA sequencing and analysis.

821  Tissue from mouse ventral midbrain (3 control and 3 KO) were used to obtain the single nuclei (1883
822  control & 4103 KO). Single nucleus libraries were made using Single Cell 3' v3 on Chromium platform
823 (10X Genomics & ScilifeLab, Stockholm) in accordance with the manufacturer’s protocols. Libraries

824  were sequenced on a NovaSeq 6000 system (NGI, ScilifeLab, Stockholm).

825  Sequenced reads were demultiplexed and aligned to Transcriptome: mm10-3.0.0_premrna using Cell
826 Ranger Pipeline Version 3.1.0 (10X Genomics). Quality control and filtering of data were performed
827 in multiple steps. First, percent_mito% and percent_ribo% were computed based on the percentage
828 of transcripts that map to mitochondrial genes and ribosomal genes respectively. Then,
829 CellCycleScoring (Score cell cycle phases); S.Score, G2M.Score, and Phase columns were calculated
830 based on the expression of G2/M and S phase canonical markers. Next, average relative expression of
831  each gene per cell i.e., the ratio of a gene's UMI counts to the sum of all UMIs per library (nucleus),
832  was calculated. Malatl was on average the most abundant gene per library (nucleus), with a mean
833  fraction of total UMI counts per library of about 2% and being expressed in all nuclei. Malat1 is
834  frequently detected in poly-A captured RNA-seq libraries, independent of the used protocol. However,
835  compared to other methods it is even more abundant in snRNA-seq and therefore used to estimate
836  the nuclear proportion of total mRNA (https://doi.org/10.1371/journal.pone.0209648). Malatl was
837 filtered out for downstream analysis. Genes detected in fewer than 3 libraries were removed. Libraries
838  with less than 500 detected genes, more than 10,000 detected genes (doublets) and with a percent
839 mito> 0.9 were also filtered out. After the filtering steps, 1772 control and 3968 KO nuclei remained.
840 The remaining nuclei have UMI/library over 620, gene/library over 500, with average UMI/library

841 23474 and average gene/library 4965.
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842  Then aSeurat object was made with this filtered data (Seurat version ‘4.0.1’). Data was log-normalized
843 with Seurat NormalizeData function, and a scale.factor of 10e*. Next, the 2000 of most highly variable
844  genes (HVGs) were identified using the FindVariableFeatures function (selection.method = “vst”, with
845 clip.max = (n.Cells)?). The log-normalized data were then scaled and centered using the ScaleData
846  function (model.use = “linear”). Principal Component Analysis (PCA) was done using the 2000 HVGs,
847  which reduced the dimensionality of the data into the calculated components whilst maintaining the

848 most important gene expression differences across libraries.

849  We identified the most significant PCs based on the JackStraw procedure using the JackStraw
850 (num.replicate = 100) and ScorelackStraw functions. After plotting the JackStraw scores, noticeable
851  gapsin p-values were observed at PCs 18, 22 and 32. We also used a heuristic method called ElbowPlot
852 to visualize the standard deviations of the principal components and at PCs 18, 22, and 32 there were
853 noticeable inflection points (“elbows”). We chose to continue with the first 32 PCs, which we think
854  contain most of the variance without losing any true signal that reflects biological heterogeneity. Next
855  we used PCs 1-32 as input to the Seurat FindNeighbors function (k.param = 20, dims = 1:32), as well
856 as in the FindClusters function with the resolution parameter between 0.3 and 2.0 in 0.1 intervals,
857  using the Louvain algorithm. We found the most optimal resolution for res = 0.3 with 18 clusters (a
858 purely heuristic approach based on known markers for cell types, neuroanatomical regions and
859 hierarchical dendrograms). The final 9 subgroups were created by combining related clusters together
860 and based on markers in UMAP and hierarchical dendrograms. The same PCs 1-32 were used in the
861 Seurat function RunUMAP. Subgroup-enriched markers (upregulated & downregulated) were
862 identified using Wilcoxon Rank Sum test (logfc.threshold = 0.25, min.pct = 0.1, min.diff.pct = -Inf,
863  only.pos = FALSE). In this function, p-values were adjusted for multiple comparisons with the

864 Bonferroni correction.

865 DEG was also performed between all control nuclei and all KO nuclei, irrespective of clusters/

866  subgroups, using the FindMarkers function with the same setting and parameters as above.
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867 Hierarchical clustering was done for all mDA subgroups (SNpc, VTA1-3, SNpc/VTA), by genotype (WT,
868 KO), using the 2000 most highly variable genes and the Seurat BuildClusterTree function. This
869  clustering results in a phylogenetic tree based on calculating the 'average' cell from each mDA
870 subgroup_genotype “identity class”. The distance matrix for this tree was calculated in gene

871 expression space.

872 Heatmaps showing the clustering analyses, using either DEGs between control and KO (all nuclei
873 irrespective of cluster) or the 2000 HVGs across the subgroups split by genotype (subgroup_WT,

874  subgroup_KO) were generated using ComplexHeatmap version2.6.2(61).

875 mDA-neuron signature (Th, Sic6a3, En1, Nr4a2)

876 A composite expression score of a mDA neuron gene set (Th, Slc6a3, En1, Nr4a2) was used. The Seurat
877  AddModuleScore function was used to calculate the average expression levels of this gene set
878  (signature) on single nucleilevel. Genes in this gene set are binned based on their averaged expression,

879 and the control features are randomly selected from each bin.

880  The same function was applied to calculate the signature score forthe top 25 most highly upregulated
881 genes in the KO nuclei when compared to the WT nuclei, irrespective of their clusters.
882
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894  Figure 1. Deletion of Eed leads to progressive loss of H3K27me3 in differentiated mDA neurons (A).
895  Schematic representation of the three constructs used to generate the mutant mice. (B). In situ
896 hybridization for Sic6a3 (Dat) taken from the Allen Brain Atlas (mouse.brain-map.org, image credit:
897  Allen Institute). (C). Immunostaining of ventral midbrain in DatCreEed"”*t as indicated by box in B,
898 showing overlap between mCHERRY and TH. (D-E). Immunostaining at 63x magnification showing
899  overlap of TH and mCHERRY in SNpc of DatCreEed””*!-mice (D) and DatCreEed”*-mice (E). (F). mDA
900 neurons double positive for EED and mCHERRY immunostaining at PO in DatCreEed“* SNpc. (G). Loss
901  of EED in mCHERRY*-cells at PO in DatCreEed™” SNpc. (H). mDA neurons double positive for H3K27me3
902  and mCHERRY immunostaining at PO in DatCreEed””*t SNpc. (i). mDA neurons double positive for
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H3K27me3 and mCHERRY immunostaining at PO in DatCreEed” SNpc. (J). mDA neurons double
positive for H3K27me3 and mCHERRY immunostaining at P30 in DatCreEed“”*t SNpc. (K). Loss of
H3K27me3 in mCHERRY*-cells at P30 in DatCreEed”” SNpc. (L). Staining with TH and DAPI of the
DatCreEed"”"-cells from panel J. (M). Staining with TH and DAPI of the DatCreEed””-cells from panel

K. Scale bars in E, L:20um
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Figure 2. Loss of Eed results in progressive upregulation of PRC2 targets and reduced expression of

mDA-neuronal genes. (A). Heatmaps showing inverse correlation between H3K27me3 (black) and

expression levels (red). (B). Heat maps showing genome wide abundance of H3K27me3, H3K4me3 and

H3K9me3 at 4 months in DatCreEed””*t (WT) and DatCreEed”” (KO) at 10kb upstream and

downstream of TSS at individual genes ranked by H3K27me3 abundance in the WT. (C). Volcano plot

showing differentially regulated genes at 4 months in isolated mCHERRY*-nuclei from DatCreEed™”

ventral midbrain. Number of upregulated and downregulated genes are indicated above the plot, with

the number of H3K27me3*-genes within brackets. (D). Enriched categories for upregulated genes (red)

(GO biological process) are characterized by activation of transcription and early developmental non-

neuronal processes. (E). Heatmaps showing inverse correlation between H3K27me3 (black) and
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930  expression levels (red). (F). Heat maps showing genome wide abundance of H3K27me3, H3K4me3 and
931  H3K9me3 at 8 months in DatCreEed””*t (WT) and DatCreEed”’ (KO) at 10kb upstream and
932  downstream of TSS at individual genes ranked by H3K27me3 abundance in the WT. (G). Volcano plot
933 showing differentially regulated genes in isolated mCHERRY*-nuclei from DatCreEed™’ ventral
934 midbrain. Number of upregulated and downregulated genes are indicated above the plot, with the
935 number of H3K27me3*-genes within brackets. Examples of upregulated genes that are PRC2 targets
936 in DatCreEed"”"* mDA neurons are labelled on the right side of the plot. Examples of downregulated
937 mDA-identity genes are labelled on the left side of the plot. (H). Enriched categories for upregulated
938 genes (red) (GO biological process) are characterized by activation of transcription and early
939  developmental non-neuronal processes, whereas downregulated genes (green) show enrichment for
940  ventral midbrain categories (Up in Allen Brain Atlas, as calculated by Enrichr). (I). Heat maps showing
941  abundance of H3K27me3, H3K4me3 and H3K9me3 at genes upregulated in 8 months DatCreEed™”
942 (KO) at 10kb upstream and downstream of TSS at individual genes ranked by H3K27me3 abundance
943 in the WT. (J). Heatmap profiles of average H3K27me3, H3K4me3 and H3K9me3 RPKMs +10kb around
944  TSS of genes per defined chromatin states (denoted as K4, K27, K4/K27, K9/K27 and K4/K9/K27) in 8-
945 month DatCreEed””*t (WT) and how these states are resolved in the DatCreEed”” (KO) mDA-nuclei.
946 Below each chromatin state, IGV-tracks exemplify how the chromatin states compare at
947 representative genes between WT an KO. (K). Enrichment/depletion of chromatin states for
948  upregulated genes in DatCreEed”” mCHERRY*-cells at 8months. (L). Volcano plot as in B showing
949  differentially regulated genes belonging to H3K4me3/H3K27me3 (green) or H3K9me3/H3K27me3
950 (red) chromatin states in WT cells. (M). Violin plot showing absolute expression level (log2(RPKM+1))
951  of upregulated genes in KO mDA-cells belonging to K4/K27 or K9/K27 chromatin states in 8-month WT
952 mDA-cells. (N). Difference (A) in gene expression between WT and KO of genes belonging to K4/K27
953 or K9/K27. Student’s t-test. (0). Genes belonging to the K9/K27 chromatin state and upregulated in
954 KO mDA-cells at 8-months have reduced K9 surrounding TSS already at 4 months despite no increased

955 expression at 4 months.
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Figure 3. Reduced levels of TH and dopamine metabolites in striatum and midbrain upon
inactivation of PRC2 (A). TH immunostaining in the striatum of DatCreEed"”*!-mice at 4 months. (B).
TH immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed"”*-mice at 4
months. (C). TH immunostaining in the striatum of DatCreEed””"!-mice at 8 months. (D). TH
immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed””*!-mice at 8
months. (E). TH immunostaining in the striatum of DatCreEed"”"-mice at 16 months. (F). TH

immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed“Y"-mice at 16
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964 months. (G). TH immunostaining in the striatum of DatCreEed”-mice at 4 months. (H). TH
965  immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed-mice at 4
966  months. (1). Reduced TH immunostaining in the striatum of DatCreEed”f-mice at 8 months. Arrow
967 indicates reduced albeit detectable TH immunostaining in the Nucleus Accumbens. (J). TH
968  immunostaining and MCHERRY-fluorescence in the ventral midbrain of DatCreEed”’-mice at 8
969  months. (K). Reduced TH immunostaining in the striatum of DatCreEed””-mice at 16 months. (L). TH
970 immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed”’-mice at 16
971 months. (M). Expression of eGFP in striatum of DatCreEed””*-mice 21days after injection of AAV-
972  eGFP in ventral midbrain. (N). Site of injection of AAV-eGFP in DatCreEed""*-mice 21 days post-
973  injection. (0). Expression of eGFP in striatum of DatCreEed”f-mice 21days after injection of AAV-eGFP
974  inventral midbrain. (P). Site of injection of AAV-eGFP in DatCreEed”-mice 21 days post-injection. (Q).
975 H3K27me3 immunostaining in mMCHERRY*-cells in SN of 8 months DatCreEed””*!-mice. (R). No
976 H3K27me3 immunostaining in mCHERRY*-cells in SN of 8 months DatCreEed“""!-mice. (S).
977  Quantification of MCHERRY*-cells in ventral midbrain of DatCreEed""*-mice and DatCreEed”"-mice at
978 8 months shows no loss of MCHERRY*-cells in the mutant midbrains. (T). Reduced levels of dopamine
979  metabolites in the ventral midbrain and striatum of DatCreEed”f-mice. In T *p<0.05, *** p<0.001,

980  Unpaired t-test with Welch’s correction. Scale bar in O: 1000um, in R: 50um.
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Figure 4. Altered electrophysiological properties and animal behaviour upon inactivation of PRC2.
(A). Reduced capacitance in 8-month DatCreEed”” mDA neurons. (B). Increased membrane resistance
in 8-month DatCreEed” mDA neurons. (C-E). Increased coefficient of variation of interspike intervals
of autonomous pacemaker currents in in 8-month DatCreEed”” mDA neurons. (F-G). Decreased
hyperpolarization current (I,) in 8-month DatCreEed”” mDA neurons. (H-1). Decreased slow

afterhyperpolarization current in 8-month DatCreEed”” mDA neurons. (J-K). Action potential (AP)
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991 threshold is reduced (J), whereas afterhyperpolarization is decreased (K) in DatCreEed” mDA
992  neurons. (L). AP amplitude was not significantly reduced in DatCreEed”” mDA neurons. (M). Phase
993  plot (dV/dt versus Vi) of action potential in DatCreEed"”* and DatCreEed””-mDA neurons of the
994  SNpc. (N-P). Open field test at 4 months (N), 8 months (O) and 16 months (P) shows progressive
995 decrease in distance moved by DatCreEed”-mice. (Q). Progressive increase in total time needed for
996 DatCreEedf-mice to complete the pole test. (R). Progressive decrease in number of rearings for
997  DatCreEed”-mice. (S). CPP-score pre and post exposure to cocaine in wild type and mutant mice. In
998  A-M, the data sets were checked for normality with Shapiro-Wilk test. For normally distributed data
999  setsunpaired t-test was used (* - p< 0.05, **** - p <0.0005). If the data sets did not pass the normality
1000 test — Mann-Whitney test was applied. In N-P, p-values calculated by Two-way repeated measures
1001 ANOVA. In Q-R, *p<0.05, ***p<0.001 calculated by One-way ANOVA with Tukey’s multiple

1002  comparisons test. In' S p-values calculated with paired- t-test.
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Figure 5. Eed deficiency in 5HT-neurons results in impaired 5HT-specific gene expression and

function. (A). In situ hybridization for Slc6a4 (Sert) taken from the Allen Brain Atlas (mouse.brain-

map.org, image credit: Allen Institute). (B). Immunostaining of H3K27me3 in mCHERRY*-5HT-neurons

in the dorsal raphe of SertCreEed“*!-mice. (C). Lack of H3K27me3 immunostaining in mCHERRY*-5HT-

neurons in the dorsal raphe of SertCreEed”f-mice. (D-F). TPH2 immunostaining localized in mCHERRY*

5HT-neurons in the dorsal raphe of SertCreEed””*!-mice aged 4 months (D), 8 months (E) and 16

months (F). (G-J). Progressive loss of TPH2 in 5HT-neurons in the dorsal raphe of SertCreEed”"-mice

aged 4 months (G), 8months (H) and 16 months (1). (J). Volcano plot showing differentially regulated
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1020  genes in isolated mCHERRY*-nuclei from SertCreEed™" ventral midbrain. Number of upregulated and
1021  downregulated genes are indicated above the plot, with the number of H3K27me3*-genes within
1022 brackets. Examples of upregulated genes that are PRC2 targets in SertCreEed"”** mDA neurons are
1023 labelled on the right side of the plot. Examples of downregulated 5HT-identity genes are labelled on
1024  the left side of the plot. (K). Enriched categories for upregulated genes (red) (GO biological process)
1025 are characterized by activation of transcription and early developmental non-neuronal processes,
1026  whereas downregulated genes (green) show enrichment for raphe categories (Up in Allen Brain Atlas,
1027 as calculated in Enrichr). (L). Reduced levels of serotonin metabolites in the raphe and prefrontal
1028  cortex (PFC) of SertCreEed”f-mice. (M). Heatmap of time spent in indicated areas in the elevated plus
1029 maze (EPM) for SertCreEed"”"!-mice. (N). Heatmap of time spent in indicated areas in the elevated
1030  plus maze (EPM) for SertCreEed™’-mice. (0). Increased time spent in open area for SertCreEed”/-mice
1031 in the EPM. Unpaired t-test with Welch’s correction. (P). Increased number of visits to open area for
1032  SertCreEed”f-mice in the EPM. Unpaired t-test with Welch’s correction. (Q). Enrichment of
1033  upregulated genes in SertCreEed”” mCHERRY* nuclei at the different chromatin states. (R). Overlap of
1034  upregulated genes in DatCreEed” -mice and SertCreEed”f-mice, K27+ genes indicated in blue. (S).
1035  Commonly upregulated genes in DatCreEed”-mice and SertCreEed”-mice are more enriched for the
1036 K9K/K27 chromatin state than the K4/K27 state. In L, O and P *p<0.05, **p<0.01, *** p<0.001,

1037  Unpaired t-test with Welch’s correction. Scale bar in C: 20um, in I: 200um.
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Figure 6. mDA neurons of the SNpc exhibit selective increased vulnerability to loss of PRC2 activity.

(A). UMAP showing distribution of wild type (black) and mutant (red) nuclei. (B). Average expression

levels of mDA-identity signature (Th, Slc6a3, Nr4a2 and En1) in sequenced nuclei. (C). Classification of

defined subgroups in sequenced nuclei, in UMAP space. (D). Hierarchical clustering of the mDA-

neuron subgroups defined in (C) based on expression of 2000 most variable genes and composite

expression score of the 25 most upregulated genes in the KO, plotted for the indicated groups. Black

text denotes WT-nuclei and red text denotes KO-nuclei. (E). Number of differentially expressed genes
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1052  (DEGs) in DatCreEed™” mCHERRY* single nuclei of the different mDA-neuron groups according to Fig.
1053  6C. (F). Venn diagram of upregulated (UP) and downregulated (DOWN) genes in DatCreEed™”
1054  mCHERRY* single nuclei in combined VTA and SNpc. (G). Fold-change of gene expression (FC) for the
1055 DEGs common between VTA and SNpc for mutant vs. wild type. To put up- and downregulated genes
1056  on similar scales, the inverted fold-change (-1/FC) is plotted for downregulated genes. (H). UMAP
1057  visualization of Hoxd11 expression in sequenced nuclei. (I). Average expression of mDA-neuronal
1058  signature in wild type (black) and mutant (red) nuclei in groups defined in (C), with VTA representing
1059  VTA1+VTA2+VTA3. (J-M). Violin plots exemplifying genes upregulated in both mutant SNpc and VTA
1060  (J), of genes more upregulated in mutant SNpc than in mutant VTA (K), of genes only upregulated in
1061 mutant SNpc and not in the VTA (L) of genes only upregulated in mutant VTA and not in SNpc (M). (N-
1062 P). Violin plots of pan-neuronal markers in wild type and mutant SNpc and VTA nuclei (N), of the SNpc-
1063 marker Sox6 in wild type and mutant SNpc and VTA nuclei (0), of the VTA-marker Calb1 in wild type
1064  and mutant SNpc and VTA nuclei (P). Wilcoxon Rank Sum test, with Bonferroni corrections for adjusted

1065 p-values. Adjusted p-values are included in panels D and I-P.

1066 Figures
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Figure 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 ventral midbrain in DatCreEed“”*t as indicated by box in B,
showing overlap between mCHERRY and TH. (D-E). Immunostaining at 63x magnification showing
overlap of TH and mCHERRY in SNpc of DatCreEed””*!-mice (D) and DatCreEed”*-mice (E). (F). mDA
neurons double positive for EED and mCHERRY immunostaining at PO in DatCreEed“* SNpc. (G). Loss
of EED in mCHERRY*-cells at PO in DatCreEed™/SNpc. (H). mDA neurons double positive for H3K27me3
and mCHERRY immunostaining at PO in DatCreEed"”*t SNpc. (i). mDA neurons double positive for
H3K27me3 and mCHERRY immunostaining at PO in DatCreEed” SNpc. (J). mDA neurons double
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1078  positive for H3K27me3 and mCHERRY immunostaining at P30 in DatCreEed"”*"* SNpc. (K). Loss of
1079  H3K27me3 in mCHERRY*-cells at P30 in DatCreEed” SNpc. (L). Staining with TH and DAPI of the
1080  DatCreEed"”"-cells from panel J. (M). Staining with TH and DAPI of the DatCreEed”f-cells from panel

1081 K. Scale bars in E, L:20pum
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Figure 2. Loss of Eed results in progressive upregulation of PRC2 targets and reduced expression of

mDA-neuronal genes. (A). Heatmaps showing inverse correlation between H3K27me3 (black) and

expression levels (red). (B). Heat maps showing genome wide abundance of H3K27me3, H3K4me3 and

H3K9me3 at 4 months in DatCreEed””*t (WT) and DatCreEed”” (KO) at 10kb upstream and

downstream of TSS at individual genes ranked by H3K27me3 abundance in the WT. (C). Volcano plot

showing differentially regulated genes at 4 months in isolated mCHERRY*-nuclei from DatCreEed™”

ventral midbrain. Number of upregulated and downregulated genes are indicated above the plot, with

the number of H3K27me3*-genes within brackets. (D). Enriched categories for upregulated genes (red)

(GO biological process) are characterized by activation of transcription and early developmental non-

neuronal processes. (E). Heatmaps showing inverse correlation between H3K27me3 (black) and
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1104  expression levels (red). (F). Heat maps showing genome wide abundance of H3K27me3, H3K4me3 and
1105  H3K9me3 at 8 months in DatCreEed"”"* (WT) and DatCreEed”” (KO) at 10kb upstream and
1106  downstream of TSS at individual genes ranked by H3K27me3 abundance in the WT. (G). Volcano plot
1107 showing differentially regulated genes in isolated mCHERRY*-nuclei from DatCreEed™’ ventral
1108 midbrain. Number of upregulated and downregulated genes are indicated above the plot, with the
1109 number of H3K27me3*-genes within brackets. Examples of upregulated genes that are PRC2 targets
1110 in DatCreEed"”"* mDA neurons are labelled on the right side of the plot. Examples of downregulated
1111 mDA-identity genes are labelled on the left side of the plot. (H). Enriched categories for upregulated
1112  genes (red) (GO biological process) are characterized by activation of transcription and early
1113  developmental non-neuronal processes, whereas downregulated genes (green) show enrichment for
1114  ventral midbrain categories (Up in Allen Brain Atlas, as calculated by Enrichr). (I). Heat maps showing
1115  abundance of H3K27me3, H3K4me3 and H3K9me3 at genes upregulated in 8 months DatCreEed™”
1116  (KO) at 10kb upstream and downstream of TSS at individual genes ranked by H3K27me3 abundance
1117 in the WT. (J). Heatmap profiles of average H3K27me3, H3K4me3 and H3K9me3 RPKMs +10kb around
1118  TSS of genes per defined chromatin states (denoted as K4, K27, K4/K27, K9/K27 and K4/K9/K27) in 8-
1119  month DatCreEed"”*t (WT) and how these states are resolved in the DatCreEed”” (KO) mDA-nuclei.
1120 Below each chromatin state, IGV-tracks exemplify how the chromatin states compare at
1121 representative genes between WT an KO. (K). Enrichment/depletion of chromatin states for
1122 upregulated genes in DatCreEed” mCHERRY*-cells at 8months. (L). Volcano plot as in B showing
1123  differentially regulated genes belonging to H3K4me3/H3K27me3 (green) or H3K9me3/H3K27me3
1124 (red) chromatin states in WT cells. (M). Violin plot showing absolute expression level (log2(RPKM+1))
1125  of upregulated genes in KO mDA-cells belonging to K4/K27 or K9/K27 chromatin states in 8-month WT
1126 mDA-cells. (N). Difference (A) in gene expression between WT and KO of genes belonging to K4/K27
1127 or K9/K27. Student’s t-test. (0). Genes belonging to the K9/K27 chromatin state and upregulated in
1128 KO mDA-cells at 8-months have reduced K9 surrounding TSS already at 4 months despite no increased

1129 expression at 4 months.
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Figure 3. Reduced levels of TH and dopamine metabolites in striatum and midbrain upon
inactivation of PRC2 (A). TH immunostaining in the striatum of DatCreEed"”*!-mice at 4 months. (B).
TH immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed"”*-mice at 4
months. (C). TH immunostaining in the striatum of DatCreEed””"!-mice at 8 months. (D). TH
immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed””*!-mice at 8
months. (E). TH immunostaining in the striatum of DatCreEed"”"-mice at 16 months. (F). TH

immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed“Y"-mice at 16
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1138  months. (G). TH immunostaining in the striatum of DatCreEed”-mice at 4 months. (H). TH
1139  immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed”’-mice at 4
1140  months. (I). Reduced TH immunostaining in the striatum of DatCreEed””-mice at 8 months. Arrow
1141 indicates reduced albeit detectable TH immunostaining in the Nucleus Accumbens. (J). TH
1142  immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed”f-mice at 8
1143  months. (K). Reduced TH immunostaining in the striatum of DatCreEed”/-mice at 16 months. (L). TH
1144 immunostaining and mCHERRY-fluorescence in the ventral midbrain of DatCreEed”’-mice at 16
1145 months. (M). Expression of eGFP in striatum of DatCreEed””*-mice 21days after injection of AAV-
1146  eGFP in ventral midbrain. (N). Site of injection of AAV-eGFP in DatCreEed"”"!-mice 21 days post-
1147  injection. (0). Expression of eGFP in striatum of DatCreEed”f-mice 21days after injection of AAV-eGFP
1148  inventral midbrain. (P). Site of injection of AAV-eGFP in DatCreEed™f-mice 21 days post-injection. (Q).
1149 H3K27me3 immunostaining in mMCHERRY*-cells in SN of 8 months DatCreEed””*!-mice. (R). No
1150 H3K27me3 immunostaining in mCHERRY*-cells in SN of 8 months DatCreEed“""!-mice. (S).
1151  Quantification of mCHERRY*-cells in ventral midbrain of DatCreEed"*!-mice and DatCreEed”’-mice at
1152 8 months shows no loss of MCHERRY*-cells in the mutant midbrains. (T). Reduced levels of dopamine
1153  metabolites in the ventral midbrain and striatum of DatCreEed””-mice. In T *p<0.05, *** p<0.001,

1154  Unpaired t-test with Welch’s correction. Scale bar in O: 1000um, in R: 50um.
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Figure 4. Altered electrophysiological properties and animal behaviour upon inactivation of PRC2.
(A). Reduced capacitance in 8-month DatCreEed”” mDA neurons. (B). Increased membrane resistance
in 8-month DatCreEed” mDA neurons. (C-E). Increased coefficient of variation of interspike intervals
of autonomous pacemaker currents in in 8-month DatCreEed”” mDA neurons. (F-G). Decreased
hyperpolarization current (I,) in 8-month DatCreEed”” mDA neurons. (H-1). Decreased slow

afterhyperpolarization current in 8-month DatCreEed”” mDA neurons. (J-K). Action potential (AP)
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1165  threshold is reduced (J), whereas afterhyperpolarization is decreased (K) in DatCreEed”” mDA
1166  neurons. (L). AP amplitude was not significantly reduced in DatCreEed”" mDA neurons. (M). Phase
1167  plot (dV/dt versus Vn) of action potential in DatCreEed“”*t and DatCreEed”"-mDA neurons of the
1168  SNpc. (N-P). Open field test at 4 months (N), 8 months (O) and 16 months (P) shows progressive
1169 decrease in distance moved by DatCreEed”-mice. (Q). Progressive increase in total time needed for
1170 DatCreEedf-mice to complete the pole test. (R). Progressive decrease in number of rearings for
1171  DatCreEed™-mice. (S). CPP-score pre and post exposure to cocaine in wild type and mutant mice. In
1172 A-M, the data sets were checked for normality with Shapiro-Wilk test. For normally distributed data
1173  sets unpaired t-test was used (* - p<0.05, **** - p <0.0005). If the data sets did not pass the normality
1174  test — Mann-Whitney test was applied. In N-P, p-values calculated by Two-way repeated measures
1175 ANOVA. In Q-R, *p<0.05, ***p<0.001 calculated by One-way ANOVA with Tukey’s multiple

1176  comparisons test. In S p-values calculated with paired- t-test.
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Figure 5. Eed deficiency in 5HT-neurons results in impaired 5HT-specific gene expression and

function. (A). In situ hybridization for Slc6a4 (Sert) taken from the Allen Brain Atlas (mouse.brain-

map.org, image credit: Allen Institute). (B). Immunostaining of H3K27me3 in mCHERRY*-5HT-neurons

in the dorsal raphe of SertCreEed“*!-mice. (C). Lack of H3K27me3 immunostaining in mCHERRY*-5HT-

neurons in the dorsal raphe of SertCreEed”f-mice. (D-F). TPH2 immunostaining localized in mCHERRY*

5HT-neurons in the dorsal raphe of SertCreEed””*!-mice aged 4 months (D), 8 months (E) and 16

months (F). (G-J). Progressive loss of TPH2 in 5HT-neurons in the dorsal raphe of SertCreEed”"-mice

aged 4 months (G), 8months (H) and 16 months (1). (J). Volcano plot showing differentially regulated
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1194  genes in isolated mCHERRY*-nuclei from SertCreEed™" ventral midbrain. Number of upregulated and
1195 downregulated genes are indicated above the plot, with the number of H3K27me3*-genes within
1196  brackets. Examples of upregulated genes that are PRC2 targets in SertCreEed"”"* mDA neurons are
1197 labelled on the right side of the plot. Examples of downregulated 5HT-identity genes are labelled on
1198  the left side of the plot. (K). Enriched categories for upregulated genes (red) (GO biological process)
1199 are characterized by activation of transcription and early developmental non-neuronal processes,
1200  whereas downregulated genes (green) show enrichment for raphe categories (Up in Allen Brain Atlas,
1201 as calculated in Enrichr). (L). Reduced levels of serotonin metabolites in the raphe and prefrontal
1202  cortex (PFC) of SertCreEed”f-mice. (M). Heatmap of time spent in indicated areas in the elevated plus
1203 maze (EPM) for SertCreEed"”"!-mice. (N). Heatmap of time spent in indicated areas in the elevated
1204  plus maze (EPM) for SertCreEed™’-mice. (0). Increased time spent in open area for SertCreEed”/-mice
1205 in the EPM. Unpaired t-test with Welch’s correction. (P). Increased number of visits to open area for
1206  SertCreEed”f-mice in the EPM. Unpaired t-test with Welch’s correction. (Q). Enrichment of
1207  upregulated genes in SertCreEed”” mCHERRY* nuclei at the different chromatin states. (R). Overlap of
1208  upregulated genes in DatCreEed -mice and SertCreEed”f-mice, K27+ genes indicated in blue. (S).
1209  Commonly upregulated genes in DatCreEed”-mice and SertCreEed”-mice are more enriched for the
1210 K9K/K27 chromatin state than the K4/K27 state. In L, O and P *p<0.05, **p<0.01, *** p<0.001,

1211  Unpaired t-test with Welch’s correction. Scale bar in C: 20um, in I: 200um.
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Figure 6. mDA neurons of the SNpc exhibit selective increased vulnerability to loss of PRC2 activity.

(A). UMAP showing distribution of wild type (black) and mutant (red) nuclei. (B). Average expression

levels of mDA-identity signature (Th, Slc6a3, Nr4a2 and En1) in sequenced nuclei. (C). Classification of

defined subgroups in sequenced nuclei, in UMAP space. (D). Hierarchical clustering of the mDA-

neuron subgroups defined in (C) based on expression of 2000 most variable genes and composite

expression score of the 25 most upregulated genes in the KO, plotted for the indicated groups. Black

text denotes WT-nuclei and red text denotes KO-nuclei. (E). Number of differentially expressed genes
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1226  (DEGs) in DatCreEed™” mCHERRY* single nuclei of the different mDA-neuron groups according to Fig.
1227  6C. (F). Venn diagram of upregulated (UP) and downregulated (DOWN) genes in DatCreEed™”
1228  mCHERRY* single nuclei in combined VTA and SNpc. (G). Fold-change of gene expression (FC) for the
1229 DEGs common between VTA and SNpc for mutant vs. wild type. To put up- and downregulated genes
1230  on similar scales, the inverted fold-change (-1/FC) is plotted for downregulated genes. (H). UMAP
1231 visualization of Hoxd11 expression in sequenced nuclei. (I). Average expression of mDA-neuronal
1232  signature in wild type (black) and mutant (red) nuclei in groups defined in (C), with VTA representing
1233 VTA1+VTA2+VTA3. (J-M). Violin plots exemplifying genes upregulated in both mutant SNpc and VTA
1234  (J), of genes more upregulated in mutant SNpc than in mutant VTA (K), of genes only upregulated in
1235 mutant SNpc and not in the VTA (L) of genes only upregulated in mutant VTA and not in SNpc (M). (N-
1236  P). Violin plots of pan-neuronal markers in wild type and mutant SNpc and VTA nuclei (N), of the SNpc-
1237  marker Sox6 in wild type and mutant SNpc and VTA nuclei (0), of the VTA-marker Calb1 in wild type
1238  and mutant SNpc and VTA nuclei (P). Wilcoxon Rank Sum test, with Bonferroni corrections for adjusted

1239 p-values. Adjusted p-values are included in panels D and I-P.
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