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 2 

 Abstract 34 

Driver histone H3-K27M mutations are frequent in pediatric midline brain tumors. 35 

However, the precise mechanisms by which H3-K27M causes tumor initiation remain 36 

unclear. Here, we use human hindbrain neural stem cells to model the consequences 37 

of H3.3-K27M on the epigenomic landscape in a relevant developmental context. 38 

Genome-wide mapping of epitope-tagged histone H3.3 reveals that both wildtype and 39 

K27M-mutant incorporate abundantly at pre-existing active enhancers and promoters, 40 

and to a lesser extent at PRC2-bound regions. At active enhancers, H3.3-K27M leads 41 

to focal H3K27ac loss, decreased chromatin accessibility, and reduced transcriptional 42 

expression of nearby neurodevelopmental genes. In addition, H3.3-K27M deposition 43 

at a subset of PRC2 target genes leads to increased PRC2 and PRC1 binding and 44 

augmented transcriptional repression that can be partially reversed by PRC2 45 

inhibitors. Our work suggests that rather than imposing de novo transcriptional circuits, 46 

H3.3-K27M drives tumorigenesis by locking initiating cells in their pre-existing, 47 

immature epigenomic state, via disruption of PRC2 and enhancer functions. 48 
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Introduction 67 

Diffuse midline gliomas (DMG) are universally fatal childhood brain tumors with 68 

median survival of less than one year1,2. The majority (~80%) of these tumors harbor 69 

a somatic, heterozygous mutation in H3F3A or HIST1H3B, which encode histone H3 70 

proteins, resulting in a lysine-to-methionine substitution at position 27 (K27M)3,4. The 71 

most common mutations occur in H3F3A, which encodes the histone H3 variant, H3.3. 72 

Unlike the canonical histones H3.1/2, H3.3 incorporates into chromatin in a replication-73 

independent manner at specific loci, including active gene promoters, enhancers and 74 

heterochromatic regions5-7. H3F3A K27M mutations arise early in gliomagenesis and 75 

are frequently accompanied by secondary mutations in TP53 and PDGFRA8-10. 76 

Consistent with this, H3.3-K27M cooperates with TP53 loss and PDGFRA activation 77 

to drive DMG-like tumor development in vivo11,12. H3-K27M mutations are now 78 

considered pathognomonic of a disease entity defined by the World Health 79 

Organization as ‘diffuse midline glioma, H3 K27M-mutant’, which includes tumors 80 

previously referred to as diffuse intrinsic pontine glioma (DIPG), and other diffuse high-81 

grade gliomas arising in the brainstem, thalamus and spinal cord13. 82 

 83 

As the K27M mutation occurs at a critical regulated site in H3, it was presumed to alter 84 

the epigenomic landscape and interfere with gene expression control1,14. Indeed, initial 85 

characterization of H3K27M-mutant patient samples and cell lines revealed global 86 

changes in the abundance of post-translational modifications at H3K2715. This residue 87 

can be mono-, di- and tri-methylated (H3K27me1/2/3) by Polycomb Repressive 88 

Complex 2 (PRC2) or acetylated (H3K27ac) by CBP/p30016,17. Notably, while the 89 

K27M mutant histone typically accounts for <10% of total histone H3 in tumor cells, its 90 

presence leads to a 70-90% reduction in the global levels of H3K27me2 and 91 

H3K27me315,18,19. This is associated with an approximately 2-fold increase in global 92 

H3K27ac levels15. Biochemical studies established that PRC2 has a higher binding 93 

affinity for K27M-mutant nucleosomes and that K27M can inhibit PRC2 enzymatic 94 

activity15,20,21. This led to the proposal of the so-called PRC2 sequestration model, 95 

where the complex would become bound and inactivated at sites of abundant H3K27M 96 

incorporation22. However, recent work demonstrated that deposition of H3-K27M in 97 

chromatin is not required to reduce H3K27me2/3 levels23. This, together with the fact 98 

several studies have shown H3K27me3 is retained focally at PRC2-bound regions in 99 

K27M mutant cells18,19,24,25, indicates the oncohistone does not inactivate PRC2 on 100 
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chromatin. Moreover, how H3K27M influences the deposition of H3K27ac remains 101 

unclear with conflicting reports indicating that K27M directly stimulates H3K27ac at 102 

discrete genomic sites or indirectly across broad genomic windows26,27. As such, there 103 

is a need for clarity on how H3K27M influences the regulatory processes that converge 104 

on H3K27 during the earliest stages of tumor development. 105 

 106 

Here, we examined the direct impact of H3.3-K27M in human fetal hindbrain neural 107 

stem cells (NSCs) – an anatomically and developmentally relevant, isogenic system, 108 

to better model the etiology of H3.3-K27M DMGs. We isolated and engineered primary 109 

hindbrain NSCs expressing epitope-tagged H3.3, enabling the comparative genome-110 

wide mapping of K27M and its wild-type counterpart. We found that the point mutation 111 

does not alter the genome-wide distribution of H3.3. However, H3.3-K27M directly 112 

augments Polycomb-mediated repression of a cohort of PRC1/2-bound 113 

neurodevelopmental genes. Surprisingly, despite broad increases of H3K27ac across 114 

the genome, correlating with reductions in H3K27me2/3, incorporation of H3.3-K27M 115 

at tissue specific enhancers leads to focal reductions in both H3K27ac and chromatin 116 

accessibility with consequential reductions in expression of nearby 117 

neurodevelopmental genes. Finally, by screening a set of small-molecule inhibitors 118 

targeting several chromatin regulators, we found PRC2 inhibition preferentially blocks 119 

the growth of H3.3-K27M mutant cells, reversing aberrant repression of PRC2 target 120 

genes. We propose that H3.3-K27M directly impairs the ability of hindbrain NSCs to 121 

activate transcriptional networks required for differentiation.  122 
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Results 123 

 124 

An isogenic human hindbrain NSC model of K27M mutant disease 125 

Histone H3 mutations show unique temporal and regional specificity, with the majority 126 

of H3.3-K27M tumors arising within hindbrain regions8,28. We therefore reasoned that 127 

human NSCs derived from the fetal hindbrain would represent a developmentally 128 

relevant model to investigate the role of H3.3-K27M. Supporting this, we recently 129 

demonstrated that human fetal hindbrain NSC cultures recapitulate defining 130 

transcriptional features of primary K27M-mutant tumors and, as opposed to forebrain-131 

derived NSCs, are sensitized to H3.3-K27M oncogenic activity29. Therefore, we used 132 

this model to dissect the transcriptional and epigenomic consequences of H3.3-K27M 133 

during early stages of gliomagenesis by stably expressing epitope-tagged H3.3 (wild-134 

type or K27M) in hindbrain NSC cultures from two independent human fetal specimens 135 

(GCGR-NS19 and GCGR-NS13; see Methods) (Fig. 1a and Extended Data Fig. 1a). 136 

Absolute quantifications of wild-type and K27M-mutant transgenes showed the 137 

exogenous histones are expressed at similar levels to endogenous H3F3A (Extended 138 

Data Fig. 1b). Moreover, immunoblots with an anti-H3.3 specific antibody showed the 139 

exogenous V5-tagged H3.3 accounts for ~30-50% of total histone H3.3 levels 140 

(Extended Data Fig. 1c). Immunoblotting with an antibody recognizing total histone H3 141 

demonstrated the exogenous H3.3 proteins represent ~0.5% of total H3 (Extended 142 

Data Fig. 1d). These data confirm the exogenous H3.3 proteins are expressed at an 143 

appropriate physiological level for this cellular context. As expected, expression of 144 

H3.3-K27M led to global reductions in H3K27me2/3 accompanied by increased 145 

H3K27ac (Fig. 1b). Functionally, expression of H3.3-K27M promoted an elevated 146 

growth rate, accompanied by down-regulation of PRC2 target and tumor suppressor 147 

gene, CDKN2A/p16 (Extended Data Fig. 1e-g), whose increased repression is a 148 

downstream consequence of K27M in tumors25,30. 149 

 150 

To further assess the relevance of these hindbrain NSCs as a tumor-initiation model, 151 

we engineered two additional genetic abnormalities, commonly associated with H3.3-152 

K27M8 – i.e. PDGFRA overexpression and TP53 loss-of-function in wild-type H3.3 153 

(PP5W) and K27M-mutant (PP5K) NSC cultures. Compared to PP5W, H3.3-K27M 154 

expressing PP5K cultures exhibited an elevated growth rate and/or increased colony 155 

forming activity, as well as reduced SA-β-galactosidase positivity (Extended Data Fig. 156 
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2a-c). Upon stereotactic injection into immunocompromised mice, PP5K cells induced 157 

tumor formation with a shorter latency than PP5W cells, which is in agreement with 158 

previously reported mouse models12,25,31 (Extended Data Fig. 2d). Grafted cells 159 

displayed a diffuse, infiltrating pattern in mouse tissue akin to histological features 160 

seen in DMG patients (Extended Data Fig. 2e-f). Consistent with the shorter tumor 161 

latency, PP5K tumors had a significantly higher proliferation index than PP5W cells 162 

(Extended Data Fig. 2g), underscoring the disease relevance of this isogenic hindbrain 163 

NSC model. 164 

 165 

Next, we assessed global gene expression changes induced by H3.3-K27M and found 166 

a relatively broad transcriptional response, with 728 up- and 1,140 down-regulated 167 

genes (Extended Data Fig. 3a). Consistent with the K27M mutation being an early 168 

event in gliomagenesis, H3.3-K27M alone was sufficient to initiate a tumor-associated 169 

gene expression signature in hindbrain NSCs (Extended Data Fig. 3b-c). Taken 170 

together, these data demonstrate our fetal hindbrain NSC model recapitulates 171 

important transcriptional, biochemical, and clinical aspects of H3.3-K27M mutant 172 

midline gliomas, underscoring its relevance to study the early stages of DMG 173 

development. 174 

  175 

K27M does not alter the distribution of histone H3.3 176 

To study the initial consequences of the H3.3-K27M oncogene on the chromatin 177 

landscape of hindbrain NSCs, we assessed its impact in the absence of additional 178 

mutations. To determine whether the K27M mutation alters the distribution of H3.3, we 179 

performed extensive characterization of the chromatin landscape in NSCs expressing 180 

wild-type or K27M-mutant H3.3. This demonstrated a close correlation in the genome-181 

wide distribution of wildtype and K27M H3.3 (Fig. 1c and Extended Data Fig. 3d). This 182 

confirmed the K27M mutation does not dramatically alter the localization of H3.3 in 183 

hindbrain NSCs and that H3.3-K27M is not incorporated at de novo chromatin regions. 184 

  185 

Next, we performed genome-wide correlations between ChIP-seq of V5-tagged wild-186 

type and K27M-mutant H3.3, and exogenous reference genome normalized ChIP-seq 187 

(ChIP-Rx) of PRC2 member SUZ12, PRC1 member BMI1, and the H3K27me2, 188 

H3K27me3, H3K27ac, H3K4me1 and H3K4me3 histone post-translational 189 
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modifications. Both wild-type and K27M-mutant H3.3 clustered closest to H3K27ac 190 

(Fig. 1d), consistent with prior observations H3.3 is most abundant at active 191 

euchromatic regions5. To gain a more detailed overview of the localization of wild-type 192 

and K27M-mutant H3.3, we defined three sets of genomic regions based on our ChIP-193 

Rx data; (1) Active promoters, defined by a H3K27ac peak overlapping a promoter 194 

region; (2) Active enhancers, defined by H3K27ac peaks distal to promoters and (3) 195 

PRC2 target promoters, defined by SUZ12 peaks overlapping promoters (Fig. 1e-f). 196 

Both wild-type and K27M-mutant H3.3 were most abundantly incorporated at active 197 

enhancers and slightly less at active promoters (Fig. 1e and Extended Data Fig. 3e-f). 198 

This is consistent with the fact the genome-wide localization of wild-type and K27M-199 

mutant H3.3 correlate more closely with enhancer-associated H3K4me1, compared to 200 

promoter-specific H3K4me3 (Fig. 1d). Both wild-type and K27M H3.3 were enriched 201 

at PRC2 target promoters, albeit at lower levels and not at an additional set of 202 

repressed (non-PRC2 target) loci (Fig. 1f and Extended Data Fig. 3f), consistent with 203 

previous mapping of wild-type H3.3 in mouse embryonic stem cells (ESCs)32. These 204 

data demonstrate that, like wild-type H3.3, the majority of H3.3-K27M is at active 205 

enhancers and promoter regions, and to a lesser extent at PRC2 target regions. 206 

 207 

Aberrant repression of a cohort of PRC2 target loci 208 

Despite the increased binding affinity of PRC2 for K27M-containing nucleosomes, our 209 

data demonstrate H3.3-K27M deposition in chromatin is not sufficient to sequester 210 

PRC2 to active enhancers or promoters (Fig. 1e; see lack of SUZ12 signal on “Active 211 

enhancers” and “Active promoters”). To explore whether H3.3-K27M alters Polycomb 212 

binding at other genomic regions, we divided the genome into approximately 300,000 213 

10-kb bins, quantified SUZ12 and BMI1 ChIP-Rx signal within each bin and then 214 

compared the signal between wild-type and K27M NSCs (Fig. 2a). This revealed that 215 

SUZ12 and BMI1 binding increased at a cohort of pre-existing Polycomb target 216 

regions, which already had high levels of PRC2 and PRC1 in wild-type H3.3 NSCs 217 

(Fig. 2a-b). Consistent with this, although several SUZ12 peaks (867) were identified 218 

only in K27M NSCs, these sites had robust, albeit lower, levels of SUZ12 binding in 219 

H3.3 wild-type NSCs, confirming they are not de novo binding sites (Extended Data 220 

Fig. 4a). This demonstrates that the presence of H3.3-K27M is associated with 221 

increased PRC1/2 binding at a cohort of pre-existing Polycomb target sites (Extended 222 

Data Fig. 4b). Supporting this, quantification of SUZ12 read densities outside existing 223 
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peaks provided no evidence for de novo PRC2 binding in K27M cells (Extended Data 224 

Fig. 4c). 225 

 226 

To determine where PRC2 binding increases occur, we ranked PRC2 target 227 

promoters based on changes in SUZ12 abundance between wild-type and K27M 228 

NSCs (Fig. 2b). This generated three categories of PRC2 target promoters – those 229 

gaining SUZ12 (>1.5-fold; 307), those with unchanged SUZ12 (± 0.1-fold; 277) and 230 

those with reduced SUZ12 (>1.5-fold; 136). Promoters that gained SUZ12 largely 231 

retained H3K27me3 and had increased levels of BMI1 (Fig. 2b-c and Extended Data 232 

Fig. 4b). Consistent with the higher binding affinity of PRC2 for K27M, promoters 233 

gaining SUZ12 had relatively higher levels of H3.3-K27M incorporation (Fig. 2b). 234 

Moreover, the SUZ12 peaks identified only in K27M NSCs also had relatively higher 235 

levels of H3.3-K27M (Extended Data Fig. 4a). Furthermore, the 307 Polycomb target 236 

promoters gaining SUZ12 (>1.5-fold) had higher CpG densities and lower H3K4me3 237 

levels compared to other SUZ12-bound regions (Fig. 2b and Extended Data Fig. 4d-238 

e)19. 239 

 240 

A previous report suggested PRC2 can become sequestered at poised enhancer 241 

elements in H3.3-K27M-expressing mESCs33. Using our ChIP-Rx datasets, we 242 

defined poised enhancer regions (263) in hindbrain NSCs, based on positivity for 243 

H3K27me3 and H3K4me1, and the absence of H3K4me3 and H3K27ac34 (Extended 244 

Data Fig. 4f). This revealed that SUZ12 binding did increase on poised enhancers, 245 

coincident with H3.3-K27M incorporation (Extended Data Fig. 4f). Importantly, these 246 

sites are pre-existing PRC2-bound regions in hindbrain NSCs, rather than de novo 247 

SUZ12 binding sites. Taken together, these data indicate H3.3-K27M incorporation is 248 

not sufficient to induce de novo PRC2 binding but can lead to increased PRC2 and 249 

PRC1 abundance at a subset of previously bound sites, including Polycomb target 250 

genes and poised enhancers. 251 

 252 

Next, we examined the relationship between changes in SUZ12 binding at promoters 253 

and gene expression. This identified a significant negative correlation between 254 

changes in SUZ12 abundance and transcriptional dynamics (Fig. 2d). Remarkably, 255 

functional analysis of the 307 genes with increased SUZ12 revealed a striking 256 

enrichment of gene ontology (GO) terms related to neurodevelopmental biology (Fig. 257 
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2e). In contrast, the remaining Polycomb target genes with unchanged or reduced 258 

SUZ12 were not enriched for neurodevelopmental regulators (Extended Data Fig. 5a). 259 

Furthermore, genes with promoters gaining SUZ12 had significantly reduced mRNA 260 

levels in K27M mutant NSCs, whereas the genes with unchanged or reduced SUZ12 261 

binding did not (Fig. 2f and Extended Data Fig. 5b). These data indicate that PRC2 262 

and PRC1 binding increases at a cohort of neurodevelopmental gene promoters, 263 

coincident with high H3.3-K27M incorporation, leading to their aberrant repression. 264 

 265 

Focal losses of H3K27ac despite widespread global increases 266 

Next, we wanted to quantify the global dynamics of H3K27 modifications in H3.3-K27M 267 

mutant NSCs. Despite the 90% reduction in H3K27me3 (Fig. 1b), comparable peak 268 

numbers exist in wild-type (3,080) and K27M-mutant (3,193) NSCs (Extended Data 269 

Fig. 6a). This is consistent with studies showing H3K27me3 is retained at PRC2-bound 270 

regions in K27M-mutant cells18,19,23-25. To explore this further, we quantified the 271 

proportion of H3K27me3 that exists at and outside PRC2-bound sites. To do this, we 272 

separated the genome into three categories based on H3K27me3 distribution; (1) 273 

Targeted regions, corresponding to SUZ12-bound sites; (2) Background regions, 274 

corresponding to H3K27ac peaks; and (3) Dispersed regions, comprising the rest of 275 

the genome. All three categories of H3K27me3 distribution are exemplified at the 276 

HOXA locus (Fig. 3a). After quantifying ChIP-Rx read densities for SUZ12 and 277 

H3K27me3 at Targeted and Dispersed regions, we found only a minority of H3K27me3 278 

reads (~2%) map within Targeted regions, while the majority are found at Dispersed 279 

genomic sites (Fig. 3b and Extended Data Fig. 6b). Therefore, in wild-type NSCs, the 280 

majority of H3K27me3 is present outside PRC2-bound sites and, like H3K27me2, is 281 

deposited without stable PRC2 binding17,35. Quantitative analysis of H3K27me3 282 

dynamics demonstrated the modification is reduced by ~25% at PRC2-bound regions 283 

and ~75% at Dispersed regions (Fig. 3b). Furthermore, H3K27me2, like H3K27me3, 284 

is primarily lost across broad genomic regions (Fig. 3c and Extended Data Fig. 6c-e).  285 

 286 

Quantitative ChIP-Rx analyses demonstrate the global increases in H3K27ac occur 287 

across broad genomic windows (Fig. 3c). These increases are coincident with loss of 288 

H3K27me2/3, suggesting reduced methylation leads to increased H3K27ac (Extended 289 

Data Fig. 6f). Supporting this, we observed similar changes in Ezh2 heterozygous 290 

knock-out mESCs, where H3K27ac increases are broadly coincident with loss of 291 
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H3K27me2/me3 (Extended Data Fig. 6g). Intriguingly, despite the widespread gain of 292 

H3K27ac in K27M-mutant NSCs, we detected no evidence of de novo peak formation 293 

and in fact observed fewer H3K27ac peaks in K27M-mutant NSCs (Fig. 3d). 294 

 295 

To gain a broader view of H3K27ac dynamics, we compared ChIP-Rx read densities 296 

across the ~300,000 10-kb bins in wild-type and K27M-mutant NSCs (Fig. 3e and 297 

Extended Data Fig. 6h). Strikingly, this revealed many genomic regions with high 298 

H3K27ac in wild-type NSCs have reduced levels in K27M-mutant cells (Fig. 3e and 299 

Extended Data Fig. 6h; see highlighted regions). In contrast, the same analyses in 300 

Ezh2 heterozygous mESCs showed H3K27ac levels increase across all genomic 301 

regions (Extended Data Fig. 6h). Upon closer inspection, we noticed most genomic 302 

bins have very low levels of H3K27ac and in K27M-mutant NSCs, H3K27ac 303 

predominantly increases within these regions (Fig. 3e and Extended Data Fig. 6h; see 304 

‘Low abundance regions’). We expect that despite the modest increases in H3K27ac 305 

per individual bin, the fact they collectively account for most of the genome likely 306 

explains the 2-fold global increase in H3K27ac global levels observed in K27M-mutant 307 

NSCs (Fig. 1b and Extended Data Fig. 6i). Together, these data indicate that while 308 

loss of dispersed H3K27me2/3 correlate with and are likely causative of broad 309 

increases of H3K27ac, in H3.3-K27M expressing cells, H3K27ac is reduced at regions 310 

where the modification is abundant in wild-type cells. 311 

 312 

H3K27M incorporation at enhancers disrupts regulatory functions 313 

Next, we sought to determine whether direct H3.3-K27M incorporation at active 314 

promoter and enhancer regions leads to reductions in H3K27ac and explore the 315 

downstream consequences on gene expression. We identified approximately 41% 316 

fewer H3K27ac peaks in K27M-mutant compared to wild-type NSCs (Fig. 4a). 317 

Interestingly, we observed a greater reduction in the number of H3K27ac peaks at 318 

enhancers (62% fewer) compared to promoters (22% fewer) (Fig. 4b). Consistent with 319 

this, analysis of enhancer landscapes revealed a marked reduction in the total number 320 

of both typical and super enhancers (Fig. 4c and Extended Data Fig. 7a-b). Moreover, 321 

in addition to there being fewer active enhancers in K27M-mutant NSCs, those that 322 

remained had comparatively lower levels of H3K27ac than in WT cells (Fig. 4c and 323 

Extended Data Fig. 7c). Consistent with the preferential disruption of enhancer 324 

elements, H3K27ac losses were more pronounced at enhancers compared to 325 
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promoters (Fig. 4d and Extended Data Fig. 7c-e). Remarkably, at both promoter and 326 

enhancer regions, higher levels of H3.3-K27M incorporation were linked to greater 327 

losses of H3K27ac (Extended Data Fig. 7f-g). To understand if this feature is unique 328 

to H3.3-K27M, we examined data from a recent study that expressed H3.1-K27M or 329 

H3.3-K27M in ESC-derived derived oligodendrocyte progenitor cells (OPCs)36. This 330 

demonstrated that both oncohistones induced losses of H3K27ac at active regulatory 331 

regions (Fig. 4e-f). Consistent with the idea that the incorporation of K27M at these 332 

sites directly contributes to H3K27ac losses, both H3.1 and H3.3-K27M are enriched 333 

at active promoters and enhancers in primary DMG samples (Extended Data Fig. 7h). 334 

Taken together, these data indicate that deposition of H3-K27M disrupts the 335 

deposition of H3K27ac at promoters and enhancers in our primary hindbrain NSC 336 

disease model and in patient-derived cell lines. 337 

 338 

To examine whether the incorporation of H3.3-K27M alters the function of regulatory 339 

elements, we measured chromatin accessibility using the assay for transposase 340 

accessible chromatin, coupled with sequencing (ATAC-seq)37. This demonstrated 341 

greater accessibility changes at enhancers compared to promoters (Extended Data 342 

Fig. 8a), consistent with the preferential disruption of enhancers in K27M-mutant 343 

NSCs. Remarkably, despite the comparable numbers of enhancers gaining and losing 344 

accessibility, the transcriptional changes were primarily associated with accessibility 345 

losses (Fig. 4g). Indeed, many genes associated with enhancers that lost accessibility 346 

and H3K27ac were downregulated, while those near enhancers with reduced 347 

H3K27ac and increased accessibility had unchanged expression (Fig. 4g). Of note, 348 

GO analyses of genes with nearby enhancers losing both H3K27ac and accessibility 349 

in K27M-mutant NSCs revealed a striking enrichment of terms related to nervous 350 

system development and neural differentiation, while those with unchanged 351 

accessibility lacked such enrichment (Extended Data Fig. 8b-c). These data suggest 352 

that H3.3-K27M causes an impairment of neurodevelopmental enhancer function, 353 

which leads to the decreased expression of nearby genes associated with neural 354 

differentiation (Fig. 4h and Extended Data Fig. 8b). Taken together, these data indicate 355 

H3.3-K27M disrupts the function of active regulatory regions, including gene 356 

enhancers, likely contributing to oncogenesis by hindering NSC differentiation, which 357 

is a general feature of pediatric brain tumors38. 358 

 359 
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EZH2 inhibition reverses changes mediated by H3.3-K27M 360 

Several studies have highlighted the clinical potential of therapeutic molecules 361 

targeting chromatin regulators in K27M-mutant DMGs25,26,39,40. We wanted to evaluate 362 

the specificity of these therapeutic approaches using our isogenic system, which we 363 

reasoned would facilitate the identification of therapeutic vulnerabilities specifically 364 

linked to H3.3-K27M (Fig. 5a). We examined the response of PP5W (wild-type H3.3) 365 

and PP5K (H3.3-K27M) cultures to treatment with molecules targeting transcriptional 366 

activators (BET family members, CDK7 and CBP/p300) and repressors (PRC2 and 367 

HDAC enzymes). Two independent EZH2 inhibitors showed selectivity against PP5K 368 

cells, while other compounds did not elicit differential responses based on K27M status 369 

(Fig. 5b and Extended Data Fig. 9a). These data suggest that K27M cells are 370 

preferentially susceptible to EZH2 inhibitors, while the potency of the other compounds 371 

does not appear to be linked to K27M. 372 

 373 

We next wondered whether PRC2 inhibitor treatment could reverse the aberrant 374 

transcriptional repression of PRC2 targets in H3.3-K27M mutant NSCs (Fig. 2d-f and 375 

Extended Fig. 5b), thereby potentially explaining the specific sensitivity of K27M 376 

mutant NSCs. To explore this, we examined transcriptional changes following PRC2 377 

inhibition using RNA-seq of matched cultures treated with the EZH2 inhibitor 378 

Tazemetostat (also known as EPZ6438) or DMSO for 9 days (Fig. 5c). We observed 379 

a greater number of up-regulated genes in K27M-mutant PP5K, compared to PP5W 380 

cultures following PRC2 inhibition. In contrast, similar numbers of down-regulated 381 

genes were observed in both lines. GO analyses demonstrated that very similar gene 382 

sets were upregulated in response to EZH2 inhibition in both PP5W and PP5K cultures 383 

(Extended Data Fig. 9b). The up-regulated genes were enriched for terms related to 384 

development and differentiation, while downregulated genes were primarily 385 

associated with cell cycle regulation (Extended Data Fig. 9b). Interestingly, genes with 386 

increased SUZ12 binding at their promoters in H3.3-K27M-expressing NSCs (Fig. 2b), 387 

were more upregulated in PP5K than PP5W cultures (Fig. 5d). Gene expression data 388 

from a previously published study demonstrated that mouse homologs of these 389 

SUZ12-gained genes were also preferentially upregulated following Tazemetostat 390 

treatment of a mouse NSC model of K27M-mutant DMG (Extended Data Fig. 9c)25. 391 

Moreover, shRNA-mediated knockdown of SUZ12 in an established K27M-mutant 392 

DMG cell line led to upregulation of SUZ12-gained genes (Extended Data Fig. 9c)26. 393 
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Together, these data indicate that genes gaining SUZ12 at their promoters in K27M-394 

mutant NSCs are actively repressed by PRC2, and sensitive to targeting of the 395 

complex. This highlights PRC2 inhibition can reverse the aberrant transcriptional 396 

repression of these loci in K27M-mutant NSCs (Fig. 2f). Furthermore, a broader set of 397 

PRC2 target genes were found to be more responsive to PRC2 inhibition in K27M-398 

mutant NSCs (Fig. 5d). All three subsets of SUZ12 target genes 399 

(Gained/Unchanged/Reduced) increased significantly in expression in PP5K, 400 

compared to PP5W cells following Tazemetostat treatment (Fig. 5d-e), while 401 

repressed non-PRC2 target genes are unaffected (Extended Data Fig. 9d). A previous 402 

study linked the therapeutic response to PRC2 inhibitor treatment in K27M-mutant 403 

DMG to activation of the CDKN2A/p16 tumor suppressor25. We find that 404 

CDKN2A/INK4A expression is activated to comparable levels in both PP5W and PP5K 405 

cultures (Extended Data Fig. 9e; see INK4A specific exon), despite the difference in 406 

therapeutic response (Fig. 5b). This indicates that INK4A activation is not the only 407 

contributing factor to the observed phenotypic effects in K27M-mutant NSCs, which 408 

are likely driven by the broad de-repression of PRC2 targets. This highlights a clear 409 

therapeutic vulnerability in H3.3-K27M mutant cells where PRC2 target loci are more 410 

sensitive to PRC2 inhibition (Fig. 5e and Extended Data Fig. 9f). 411 

 412 

Finally, we examined expression of the neurodevelopmental regulatory genes 413 

associated with enhancers losing H3K27ac and chromatin accessibility, which were 414 

downregulated in K27M-mutant NSCs (Extended Data Fig. 8b). These genes were 415 

only modestly upregulated in Tazemetostat-treated PP5K cultures (Extended Data 416 

Fig. 9g), suggesting this may be an indirect effect and other targeted approaches may 417 

be required to fully activate these genes. Importantly, while the acute (24 h) treatment 418 

of K27M-mutant DMG cell lines with JQ1 (BET bromodomains), THZ1 (CDK7) or 419 

Panobinostat (HDACs) elicit very broad transcriptional changes, Tazemetostat has a 420 

more discrete effect on transcription (Fig. 5c and Extended Data Fig. 10). This 421 

indicates that while JQ1, THZ1 and Panobinostat are potent against K27M-mutant 422 

DMG cells, this may be the result of widespread, non-specific effects on transcription, 423 

as opposed to targeting specific underlying disease mechanisms. Therefore, our data 424 

indicate PRC2 inhibition may represent a more specific, mechanistically anchored 425 

therapeutic approach in DMGs with H3.3-K27M.  426 
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Discussion 427 

 428 

To study the initial consequences of H3.3-K27M on the chromatin landscape in a 429 

disease relevant context, we developed an isogenic model of DMG using human fetal 430 

hindbrain NSCs. By quantitatively mapping PRC1 and PRC2, as well as H3K27 and 431 

H3K4 modifications, and integrating these data with ATAC- and RNA-seq analyses, 432 

we demonstrate that the H3.3-K27M oncohistone directly impairs the developmental 433 

potential of hindbrain NSCs by augmenting PRC2 repression of a cohort of 434 

neurodevelopmental genes and disrupting tissue-specific enhancer function (Fig. 6). 435 

 436 

Understanding how H3.3-K27M influences PRC2 function has been an active area of 437 

research for several years. Here, we establish that incorporation of H3.3-K27M is not 438 

sufficient to sequester PRC2. We find no evidence for de novo PRC2 binding at 439 

regions with high levels of H3.3-K27M incorporation in hindbrain NSCs. We show that 440 

active enhancer and promoter regions with the highest levels of H3.3-K27M 441 

incorporation lack PRC2 binding. Therefore, it is unlikely that the higher affinity of 442 

PRC2 for H3.3-K27M mutant nucleosomes is sufficient to drive its relocation. We have, 443 

however, provided evidence that in certain contexts H3.3-K27M incorporation at 444 

existing PRC2-bound regions leads to elevated SUZ12 binding. Intriguingly, this 445 

occurs at a subset of neurodevelopmental gene promoters with high CpG density and 446 

low levels of H3K4me3, as well as some poised enhancers. Together, these findings 447 

indicate that the increased affinity between PRC2 and H3.3-K27M leads to increased 448 

PRC2 retention at certain chromatin regions, but that the oncohistone is not sufficient 449 

to recruit PRC2. Rather, it is likely that other factors such as the Polycomb-like and 450 

JARID2 accessory proteins are the key mediators of PRC2 localization in both wild-451 

type and H3.3-K27M expressing NSCs41-43. 452 

 453 

Several studies have shown that H3K27me3 peaks persist at PRC2-bound sites, 454 

despite the overall reduction of this modification in K27M-mutant cells18,19,24,25. 455 

Consistent with this, our quantitative analyses demonstrated that only a minority of 456 

H3K27me3 losses occur at peak regions. Instead, H3K27me3, like H3K27me2, is 457 

primarily lost across broad chromatin domains outside PRC2-bound regions. This is 458 

consistent with recent evidence that H3.3-K27M primarily inhibits PRC2-mediated 459 
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H3K27me3 in trans23,24. Preferential binding of allosterically activated PRC2 by K27M 460 

appears to impede the global spreading of H3K27me2/3 from PRC2-bound 461 

regions21,23,44. It is unclear if this broadly dispersed H3K27 methylation is functional, 462 

and it will be important to examine this since there are clear implications for 463 

understanding K27M-mutant gliomagenesis and the underlying biology of PRC2. Of 464 

note, we found that losses of broad H3K27me2/3 are concomitant with global 465 

increases in H3K27ac, suggesting this is a consequence of the vastly increased pool 466 

of non-methylated H3K27 in K27M-mutant NSCs, providing additional substrate for 467 

p300/CBP. While it is unclear if these global, non-directed increases in H3K27ac 468 

contribute to tumor development, they may have clinical relevance. Recent evidence 469 

suggests the associated increases of transcription from repetitive DNA elements may, 470 

at least in part, explain sensitivity to DNA demethylating agents and HDAC inhibitors27. 471 

 472 

The ability to map the distribution of K27M and wild-type H3.3, in an isogenic human 473 

model also allowed us to discover that tissue-specific enhancers are directly disrupted 474 

by the oncohistone. Chromatin mapping of H3.3-K27M has proven challenging, with 475 

only a limited number of studies reporting global mapping of H3-K27M 476 

distribution26,33,36. Moreover, no studies to date have mapped H3.3-K27M distribution 477 

in a disease relevant, isogenic model system, which has hampered attempts to 478 

understand its function. Our model, exploiting an epitope tag and robust ChIP 479 

reagents, allowed us to observe abundant deposition of H3.3-K27M at enhancer 480 

regions leading to reduced H3K27ac at these regulatory elements. To explore if the 481 

global increases in H3K27ac are caused by ‘leeching’ of H3K27 acetyltransferase 482 

activity from enhancers and promoters, we developed an independent model system 483 

(mESCs lacking one Ezh2 allele) with similarly reduced H3K27me2/3 and increased 484 

H3K27ac levels. This revealed that despite the broad increases of H3K27ac across 485 

the genome in these cells, the modification is not decreased at enhancers and 486 

promoters. This supports our proposal that the reductions in H3K27ac in H3.3-K27M 487 

expressing cells are due to direct incorporation of H3.3-K27M. Moreover, by 488 

examining published datasets36, we found that H3.1-K27M also reduces H3K27ac at 489 

these regions corresponding to its enriched deposition at these sites. This may be 490 

because K27M-mutant H3 histones cannot serve as a productive substrate for 491 

p300/CBP-mediated H3K27 acetylation. Interestingly, despite losses of H3K27ac at 492 

essentially all enhancers, we did not observe a strong global effect on gene 493 
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expression. Rather, we find a preferential downregulation of neurodevelopmental 494 

genes whose enhancer regions lose both H3K27ac and chromatin accessibility. This 495 

indicates that loss of H3K27ac alone is not sufficient to impair enhancer function, 496 

consistent with findings that ablating H3K27ac at enhancers in mESCs did not disrupt 497 

gene regulation45. It also implies that gene expression changes in this cohort of genes 498 

are not the reason for reduced H3K27ac at their enhancers and promoter regions. 499 

Furthermore, it indicates these important developmental gene regulatory elements are 500 

uniquely susceptible to perturbation by H3.3-K27M. Therefore, it remains important to 501 

explore the functional consequences of H3.3-K27M incorporation at 502 

neurodevelopmental enhancers, and in the context of H3.1-K27M. 503 

 504 

Finally, we used our isogenic model to test the selectivity of molecules targeting 505 

various chromatin regulators. A key unmet need in DMG with H3.3-K27M is the 506 

provision of effective, mechanistically anchored therapeutic approaches. While studies 507 

have demonstrated K27M-mutant glioma cell lines are sensitive to treatment with 508 

molecules targeting chromatin regulatory proteins, including EZH2, HDAC enzymes, 509 

BET bromodomain family members and CDK725,26,39,40; without engineered isogenic 510 

models it is challenging to understand whether their potency is linked to the presence 511 

of K27M. Here, we provide compelling evidence that the potency of PRC2 inhibitors is 512 

linked to the K27M mutation. Other molecules tested did not selectively target K27M-513 

expressing cells and appear to broadly disrupt transcriptional regulation. In contrast, 514 

PRC2 inhibitors elicit a more discreet transcriptional response, while reversing 515 

changes induced in K27M-mutant cells (Fig. 6a). Our data also highlight that 516 

identifying approaches that reverse the impairment of neurodevelopmental gene 517 

enhancer function may provide an additional mechanistically anchored therapeutic 518 

approach (Fig. 6b). Therefore, it remains important to rationally screen using 519 

pharmacological and genomic approaches for additional therapeutic vulnerabilities 520 

specific to H3-K27M mutant cells. We propose that the ability to functionally 521 

characterize specific vulnerabilities in an isogenic system will provide important 522 

insights on approaches that disrupt the direct effects of oncohistones. 523 

  524 

Our work indicates that H3.3-K27M initiates cancer development by focally 525 

augmenting PRC2 repression and impairing enhancer control of discreet sets of 526 



 17 

neurodevelopmental regulatory genes. Moreover, we have shown that PRC2 inhibition 527 

reverses at least some of the direct pathogenic effects mediated by H3.3-K27M. Taken 528 

together, our data support the idea that H3.3-K27M is the critical early driver in DMGs, 529 

aberrantly locking self-renewing hindbrain NSCs in their immature epigenomic state 530 

prior to accumulation of mutations that drive cell proliferation and survival.  531 
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Figure Legends for main text figures 682 

 683 

Fig. 1: The K27M mutation does not alter the genome-wide localization of histone 684 

H3.3 685 

a. Schematic overview of the isogenic experimental model. Human fetal neural stem 686 

cells (NSCs) derived from the hindbrain regions of 2 independent embryos (GCGR-NS19 687 

and GCGR-NS13) were used to establish cultures expressing wild-type (WT) or K27M-688 

mutant H3.3. 689 

b. Immunoblot analyses for the indicated H3K27 modifications in cell lysates derived 690 

from biological duplicate NSC lines expressing WT or K27M-mutant H3.3 (left panel). 691 

Quantifications of H3K27 modification abundance in the presented immunoblotting 692 

experiments (right panel), (n = 2 biologically independent samples). 693 

c. Genomic tracks showing H3.3 WT and K27M (V5) ChIP-seq signal in GCGR-NS19 694 

NSCs on the entire chromosome 8 (top tracks) or the region encompassing 695 

chr8:12,720,000-37,000,000 on the p arm of the chromosome, bottom tracks (top panel). 696 

Genome-wide correlations of H3.3 WT and K27M (V5) ChIP-seq read densities in NSCs 697 

derived from embryo GCGR-NS19. The correlation coefficient for the two conditions is 698 

indicated (bottom panel).  699 

d. Heatmaps representing the genome-wide correlations between each of the 700 

identified ChIP samples in H3.3 WT (left panel) and K27M-mutant (right panel) expressing 701 

NSC cultures. 702 

e. Tornado plots showing averaged enrichments for the indicated ChIP-seq/ChIP-Rx 703 

experiments in biological duplicate H3.3-K27M-expressing NSC cultures. Indicated are 704 

regions corresponding to ±10 kb genomic windows around PRC2 target promoters, Active 705 

Enhancers and Active Promoters. 706 

f. Meta-plots of average H3.3-K27M ChIP-seq enrichment in biological duplicate 707 

experiments in genomic windows ±10 kb of Active Promoter, Active Enhancer, PRC2 708 

target promoters and non-PRC2 target Repressed gene promoters. 709 

  710 
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Fig. 2: H3.3-K27M deposition at the promoters of PRC2 target genes leads to 711 

increased PRC1/2 binding and augmented gene repression 712 

a. Schematic representation of the genome-wide quantitative ChIP-Rx approach, 713 

separating the genome into ~300,000 individual 10-kb bins (left), and genome-wide 714 

correlations of SUZ12 ChIP-Rx read densities in genome-wide bins between WT and 715 

K27M-mutant NSC cultures (embryo GCGR-NS19) (right). 716 

b. Heatmap presenting the fold-change in SUZ12 binding at PRC2 target promoters in WT 717 

and K27M-mutant NSC cultures. Also indicated are the 3 categories of PRC2 targets – 718 

those gaining SUZ12 binding (>1.5-fold, 307), those with unchanged SUZ12 (± 0.1-fold, 719 

277) and those with reduced SUZ12 binding (>1.5-fold, 136) (Left). Meta tracks showing 720 

ChIP-Rx (SUZ12, H3K27me3 and BMI1) and ChIP-seq (V5-H3.3) normalized read 721 

densities ± 10 kb of Polycomb target gene promoters at sites gaining, losing and with 722 

unchanged SUZ12 binding in K27M-mutant NSC cultures, as per the left panel. 723 

c. Genomic tracks showing averaged SUZ12, H3K27me3 and BMI1 ChIP-Rx and H3.3-724 

K27M ChIP-seq signals from biological duplicate experiments at the indicated genomic 725 

locus hindbrain NSC cultures (chr4:112,474,873-112,554,822). 726 

d. Correlation plots demonstrating the relationship between changes in SUZ12 binding at 727 

the promoter regions of all PRC2 target genes, and changes in mRNA levels for the same 728 

genes. P value and correlation coefficient were calculated using Pearson correlation. 729 

e. Gene ontology analysis of genes with gained (>1.5-fold) SUZ12 binding in K27M-730 

mutant NSC cultures. 731 

f. Box plots presenting the fold-change in gene expression as measured by RNA-seq for 732 

genes in the three categories highlighted in panel b, n = 4 biologically independent 733 

samples. P values were calculated using an unpaired two-sided t-test. Box plots present 734 

median and interquartile range with whiskers encompassing minimum and maximum data 735 

values. 736 

 737 

 738 

 739 

 740 

 741 

 742 
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Fig. 3: Losses of H3K27me2/3 broadly throughout the genome correlate with global 745 

increases in H3K27ac 746 

a. Genomic tracks showing averaged H3K27me3, SUZ12 and H3K27ac ChIP-Rx signal 747 

at the indicated genomic locus (chr7:26,811,403-27,600,402) in WT and K27M-mutant 748 

NSC cultures. Also indicated are representative example regions of the three categories 749 

of H3K27me3 deposition used in downstream analyses. ‘Targeted’ regions represent 750 

PRC2-bound regions, ‘Background’ regions correspond to H3K27ac peaks and 751 

‘Dispersed’ regions correspond to the remainder of the genome. 752 

b. Bar charts presenting the number of ChIP-Rx normalized read counts for SUZ12 (left) 753 

and H3K27me3 (right) present within ‘Targeted’ and ‘Dispersed’ regions in H3.3 WT NSC 754 

GCGR-NS19 (top panel). Bar charts presenting the dynamic shifts in H3K27me3 ChIP-755 

Rx normalized read counts within ‘Targeted’ and ‘Dispersed’ regions (bottom panel), n = 756 

2 biologically independent samples. 757 

c. Rolling average plots presenting the fold-change of the indicated H3K27 modifications 758 

in quantitative ChIP-Rx comparisons across the entire chromosome 8 in hindbrain NSC 759 

cultures from embryo GCGR-NS19. 760 

d. Venn diagrams presenting the total numbers and overlap of identified H3K27ac peak 761 

sets in WT and K27M-mutant hindbrain NSC cultures (top panel). Meta-tracks presenting 762 

quantitative ChIP-Rx normalized H3K27ac signal at overlapping and distinct peak sets 763 

identified by Venn diagram analysis (bottom panels). 764 

e. Genome-wide correlations of H3K27ac ChIP-Rx read densities in WT and K27M 765 

conditions in embryo GCGR-NS19 (left panel). Correlations of H3K27ac ChIP-Rx read 766 

densities in WT and K27M conditions as per left panel, specifically in low abundance 767 

regions (right panel). 768 

 769 
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Fig. 4: Impaired activity of neurodevelopmental gene enhancers in K27M-mutant 779 

hindbrain NSCs. 780 

a. Bar charts presenting the relative shift in H3K27ac peak numbers between WT and 781 

K27M-mutant hindbrain NSC cultures. The total number of peaks identified in each 782 

condition are indicated on the x-axis. 783 

b. Bar charts presenting the relative shift in H3K27ac peak numbers between WT and 784 

K27M-mutant hindbrain NSC cultures at active promoters (left) and enhancer elements 785 

(right). The total number of peaks identified in each condition are indicated on the x-axes. 786 

c. Ranked Order of Super Enhancer (ROSE) analysis in WT and K27M-mutant NSC 787 

cultures for embryo GCGR-NS19. 788 

d. Genomic tracks of the SOX9 locus (chr17:72,096,279-72,177,233) showing averaged 789 

H3K27ac, H3K4me3 and H3K4me1 ChIP-Rx, H3.3-K27M ChIP-seq and ATAC-seq in WT 790 

and K27M-mutant hindbrain NSC cultures. The chromosome 17 ideogram is displayed 791 

above the gene tracks with the relevant region highlighted. 792 

e. Meta tracks of H3K27ac ChIP-seq signal at active promoter and enhancer regions in 793 

oligodendrocyte progenitor cells (OPCs) before (-Dox) and after (+Dox) induction of H3.3-794 

K27M (left) or H3.1-K27M (right) expression. Data taken from Nagaraja et al. 2019. 795 

f. Genomic tracks of the SOX9 locus (chr17:72,096,279-72,177,233) showing H3K27ac 796 

ChIP-seq signal in OPC culture as per panel e. 797 

g. Box plots presenting changes in gene expression levels for genes adjacent to enhancer 798 

elements losing or gaining chromatin accessibility (ATAC-seq) in H3.3-K27M mutant NSC 799 

cultures, n = 4 biologically independent samples. Box plots present median and 800 

interquartile range with whiskers encompassing minimum and maximum data values. 801 

h. Box plots presenting expression value for the indicated neurodevelopmental genes in 802 

hindbrain NSC cultures with WT or K27M H3.3, n = 4 biologically independent samples. 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 
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Fig. 5: EZH2 inhibitor treatment reverses oncogenic transcriptional repression in 813 

K27M mutant cells 814 

a. Schematic presentation of compound screening experiments using isogenically 815 

matched PP5W and PP5K hindbrain NSC cultures. 816 

b. Cellular viability dose-response data in PP5W (black) or PP5K (red) cultures 817 

treated with the indicated small-molecule compounds, n = 2 biologically independent 818 

samples. Data are presented as mean values ± SEM 819 

c. RNA-seq volcano plot presenting the gene expression changes observed in PP5W 820 

(left) and PP5K (right) NSC lines treated with 2 mM Tazemetostat for 9-days. Red and 821 

blue denotes genes significantly up and down-regulated, respectively in each culture. 822 

Indicated are the total numbers of up/down regulated genes, and number of up/down 823 

regulated genes among those gaining SUZ12 binding at their promoters. 824 

d. Box plots presenting the log2 fold-change in gene expression for all genes gaining, 825 

with unchanged or reduced SUZ12 binding in Tazemetostat treated PP5W or PP5K 826 

cultures, n = 3 biologically independent samples. Box plots present median and 827 

interquartile range with whiskers encompassing minimum and maximum data values. 828 

e. Box plots presenting log2 expression values for each of the indicated genes in H3.3 829 

WT or K27M mutant NSCs (top panel) or PP5K cells treated with DMSO or Tazemetostat 830 

for 9 days (bottom panel), n = 3 biologically independent samples. Box plots present 831 

median and interquartile range with whiskers encompassing minimum and maximum data 832 

values.  833 
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Fig. 6: Direct effects of H3.3-K27M in human fetal hindbrain neural stem cells. 834 

a. Schematic representation of the direct changes elicited by H3.3-K27M at PRC2 835 

target sites in human hindbrain NSCs. Deposition of H3.3-K27M at a subset of PRC2 836 

target gene promoters which leads to increased PRC2 binding and greater gene 837 

repression. However, these effects can be reversed by treating cells with EZH2 inhibitory 838 

drugs. 839 

b. Abundant deposition of H3.3-K27M at gene enhancers limits the deposition of 840 

H3K27ac at these elements resulting in downregulation of neurodevelopmental gene 841 

expression programs. Currently, it is unclear if these effects can be therapeutically 842 

reversed/manipulated. However, therapeutic approaches targeting regulators of enhancer 843 

biology may provide a means to disrupt the effects of K27M at these sites.844 
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Methods 845 

 846 

Cell Culture 847 

Human GCGR-NS19 and GCGR-NS13 cell lines were provided by the Glioma 848 

Genetics Resource (www.gcgr.org.uk). The cell lines were derived from the brainstem 849 

region of 19- and 13.5-week-old human fetuses, respectively, as previously 850 

described29. Participants provided informed consent after reading an information sheet 851 

about the research (Investigation of key regulatory processes in tissue and stem cell 852 

development) and were not compensated financially. The fetal samples were obtained 853 

after elective termination of pregnancy. These procedures received ethical approval 854 

from the NHS Health Research Authority (South East Scotland Research Ethics 855 

Committee, REC reference 08/S1101/1). The region of interest was dissected from 856 

whole brain tissue, collected in ice-cold PBS and mechanically dissociated by 857 

trituration. Samples were further dissociated with Accutase enzyme mixture at 37°C 858 

for 5 min, filtered using a 70-μm strainer and centrifuged at 400g for 5 min. The 859 

resulting cell pellet was resuspended in culture medium and plated onto a T25 tissue 860 

culture flask. Established lines were propagated in serum-free basal medium 861 

supplemented with N2 and B27 (Life Technologies), Laminin-1 (R&D Systems, 2-4 862 

μg/ml) and growth factors EGF and FGF2 (Peprotech, 10 ng/ml) as previously 863 

described46. Medium was refreshed every 3-4 days and cells were split 1:3 upon 864 

dissociation with Accutase solution (Sigma) once a week. HSJD-DIPG-007 and HSJD-865 

DIPG-021 patient-derived DIPG cell lines were a kind gift from A.M. Carcabosa, while 866 

DIPGXIII were kindly provided by N. Jabado and grown as monolayers in Tumor Stem 867 

Media (TSM) composed of 50% DMEM/F12, 50% Neurobasal-A medium, 868 

supplemented with 1% HEPES 1 M, 1% MEM Non-essential amino acids, 1% 100 869 

mmol/l sodium pyruvate, 1% GlutaMAX, 2% B27 without vitamin A (all from Life 870 

Technologies), 20 ng/ml human EGF, 20 ng/ml human bFGF, 10 ng/ml human PDGF-871 

AA, 10 ng/ml human PDGF-BB (all from Peprotech), 5 IU/ml heparin (Sigma) and 872 

Laminin-1 (R&D Systems, 2-4 μg/ml). 873 

 874 

Plasmids 875 

Human H3F3A expression vectors were generated by engineering a Gateway cloning 876 

destination vector containing the PiggyBac transposase inverted repeats flanking a 877 

http://www.gcgr.org.uk/
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CAG promoter-driven transcriptional unit and a PGK-Hygromycin selection cassette. 878 

The sequences encoding V5-tagged wild-type and K27M mutant H3.3 were generated 879 

by commercial DNA synthesis (Life Technologies). These were flanked by AttL 880 

recombination sites, and directly inserted into the destination vector via Gateway LR 881 

cloning. PDGFRA overexpression plasmid was generated through PCR amplification 882 

of human PDGFRA cDNA followed by Gateway cloning into a PiggyBac compatible 883 

destination vector. Human TP53 CRISPR sgRNA and targeting vectors were 884 

previously described47. 885 

 886 

Cell transfection 887 

Human fetal hindbrain NSCs were engineered at 4-5 passages after establishment. 888 

Transfections were performed using the Amaxa 4D nucleofection system as 889 

previously described47. For ectopic H3.3 expression, 200 ng of piggybac donor vector 890 

(wild-type or K27M-mutant H3.3) were co-transfected with 400 ng of transposase 891 

vector PBase. For combined PDGFRA expression and TP53 knockout, PDGFRA 892 

donor vector (200 ng), TP53 sgRNA (200 ng), TP53-targeting vector (200 ng), Cas9-893 

encoding plasmid (400 ng) were added to the reaction. Following recovery, cells were 894 

selected for stable integration of PiggyBac donor vectors and TP53-targeting vector 895 

using sequential treatment with 50 μg/ml hygromycin (H3.3), 5 μg/ml blastidicin 896 

(PDGFRa) and 100 ng/ml puromycin (TP53 knockout). The resulting resistant cell 897 

population was expanded for 3-4 passages before the functional assays and genome-898 

wide profiling experiments. For transplantation experiments, cells were transfected 899 

with the Luciferase-2A-GFP piggybac vector and labelled cells enriched by FACS. 900 

 901 

SA-βGal staining 902 

Cells were fixed in solution containing 2% formaldehyde and 0.2% glutaraldehyde for 903 

5 min and stained overnight with the Senescence Cells Histochemical Staining kit 904 

(Sigma) according to manufacturer’s instructions. Plates were imaged using phase 905 

contrast microscopy and positive cells manually quantified from a total ∼2,000 cells in 906 

a minimum of ten random fields. 907 

 908 

EdU incorporation and colony formation assays 909 
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For EdU incorporation, cells were plated at 5,000 cells/cm2 in 48-well plates for 72 h, 910 

followed by incubation with 10 μM EdU for 24 h. EdU staining was carried out using 911 

the Click-iT EdU Alexa Fluor 647 assay kit (Life Technologies) according to 912 

manufacturer’s instructions. EdU-positive cells were quantified from a total ∼5,000 913 

cells in a minimum of ten random fields. Total cell number was determined by DAPI 914 

nuclear staining. For colony formation assays, cells were plated at 15 cells/cm2 in 6-915 

well plates, and colony numbers counting manually determined 21 days after plating. 916 

 917 

Cell Growth Analysis 918 

H3.3 wild-type or K27M-mutant NSCs were seeded (75,000 cells/well) in biological 919 

triplicate in 6-well plates and cultured for a subsequent 5 days. Cells were counted in 920 

each well at 5-day intervals and the cumulative cell number calculated before re-921 

seeding 75,000 cells/well. 922 

 923 

Xenotransplantation 924 

Xenotransplantation experiments were performed as previously described48. Briefly, 925 

cells were detached with Accutase, pelleted, and diluted at 100,000 cells per microliter 926 

in sterile PBS. Two microliters of the cell solution were injected stereotactically into 927 

the striatum of 6- to 8-week-old male NSG mice under general anesthesia. Animals 928 

were maintained and used in accordance with protocols approved by The University 929 

of Edinburgh Animal Welfare and Ethical Review Body (AWERB) and the UK 930 

Government Home Office, under a project license issued to S.M.P. (PC0395462) at 931 

the University of Edinburgh. Animals were observed regularly until they became 932 

moribund or showed severe neurological symptoms, at which point they were 933 

sacrificed, and the presence of intracranial tumors confirmed under a fluorescent 934 

stereoscope. 935 

 936 

Immunohistochemistry analysis 937 

Brain tissue was collected and fixed in 4% paraformaldehyde solution overnight. 938 

Coronal sections (50 μm) were processed with the Vibratome instrument (VT1000S, 939 

Leica) and blocked 0.2% Triton X-100 and 10% goat serum solution for 1 h at room 940 

temperature. Sections were incubated overnight at 4°C with primary antibodies, 941 

followed by incubation with fluorophore-conjugated secondary antibodies and DAPI 942 
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for 1 h at room temperature. Slides were mounted using FluorSave reagent and 943 

imaged with a Leica TCS SP8 confocal microscope.  944 

 945 

Immunoblotting 946 

Whole-cell protein samples were prepared in RIPA buffer (25 mM Tris-HCl. pH7.6, 947 

150 mM NaCl, 1% NP-40, 1% Sodium Deoxycholate, 0.1% SDS) containing 1× 948 

protease inhibitor cocktail (Thermo, 78439) and in some cases, supplemented with 1 949 

mM PMSF and 1 mM NaF. Protein lysates were separated on pre-cast Bolt 4–12% 950 

Bis-Tris Plus Gels (Invitrogen, NW04127BOX) or Novex 10-20% Tricine Gels 951 

(Invitrogen, EC6625BOX) and transferred to nitrocellulose membranes. Membranes 952 

were subsequently probed using the relevant primary and secondary antibodies and 953 

relative protein levels were determined using the Odyssey Fc Imager (LI-COR). 954 

 955 

Quantitative PCR 956 

Total RNA was extracted from cells using the RNeasy kit (Qiagen) according to the 957 

manufacturer’s protocol. RNA was used to generate cDNA by reverse transcriptase 958 

PCR using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 959 

Relative mRNA expression levels were determine using SYBR Green I detection 960 

chemistry (Applied Biosystems) on the QuantStudio instrument. To examine human 961 

INK4A mRNA levels we used the following primers (For 5’-962 

GAAGGTCCCTCAGACATCCCC-3’ and Rev 5’-CCCTGTAGGACCTTCGGTGAC-3’. 963 

The housekeeping gene GAPDH (For 5’-GGAGCGAGATCCCTCCAAAAT-3’ and Rev 964 

5’-GGCTGTTGTCATACTTCTCATGG-3’) was used as a control normalization.  965 

 966 

For absolute quantifications, two plasmid DNA samples, containing either the 967 

endogenous H3F3A sequence or codon-optimized exogenous H3.3-encoding 968 

sequence, had their concentrations measured using a Nanodrop ND-1000 969 

spectrophotometer. Primers were designed and confirmed to highly specifically 970 

amplify the endogenous H3F3A sequence (For 5’-TGTGGCGCTCCGTGAAATTAG-971 

3’ and Rev 5’-CTGCAAAGCACCGATAGCTG-3’) or the codon-optimized transgene 972 

sequence (For 5’-CTTGCGGTTCCAGAGTGCC-3’ and Rev 5’-973 

CCTAATGCGCCGAGCCAG-3’). Dilution series of the two plasmid samples were 974 

performed to generate standard curves using SYBR Green I detection chemistry 975 

(NEB) on a QuantStudio 3 Real-Time PCR System (Applied Biosystems). These 976 
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standard curves were used to estimate the copy numbers and relative levels of 977 

endogenous/exogenous H3.3 transcripts from each cell line.  978 

 979 

RNA sequencing 980 

Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen, 74106) in 981 

accordance with the manufacturer’s instructions. The quality of extracted RNA was 982 

confirmed using the TapeStation (Agilent) with the RNA ScreenTape assay reagents 983 

(Agilent, 5067-5576). One μg of total RNA was used/sample as library prep input. 984 

Libraries were generated using the NEBNext Ultra RNA Library Prep kit for Illumina 985 

(NEB, E7530L) in accordance with the manufacturer’s instructions. Library DNA was 986 

quantified using the Qubit, and size distributions were ascertained on a Tapestation 987 

(Agilent) using the D1000 ScreenTape assay reagents (Agilent, 5067–5583). This 988 

information was used to calculate pooling ratios for multiplex library sequencing. 989 

Pooled libraries were diluted and processed for 75 bp single-end sequencing on an 990 

Illumina NextSeq instrument using the NextSeq 500 High Output v2 kit (75 cycle) 991 

(Illumina, FC-404–2005) in accordance with the manufacturer’s instructions. 992 

 993 

Quant-seq 994 

Total RNA was isolated following 24 h of control (DMSO) or Tazemetostat (2 μM) 995 

treatment of DIPGXIII cell cultures. The quality of extracted RNA was confirmed using 996 

the TapeStation (Agilent) with the RNA ScreenTape assay reagents (Agilent, 5067-997 

5576). 500 ng of total RNA was used/sample as library prep input. Libraries were 998 

generated using the QuantSeq 3’ mRNA-seq Library Prep Kit FWD for Illumina 999 

(Lexogen, 015.24) in accordance with the manufacturer’s instructions. Library DNA 1000 

was quantified using the Qubit, and size distributions were ascertained on a 1001 

Tapestation (Agilent) using the D1000 ScreenTape assay reagents (Agilent, 5067–1002 

5583). This information was used to calculate pooling ratios for multiplex library 1003 

sequencing. Pooled libraries were diluted and processed for 75 bp single-end 1004 

sequencing on an Illumina NextSeq instrument using the NextSeq 500 High Output v2 1005 

kit (75 cycle) (Illumina, FC-404–2005) in accordance with the manufacturer’s 1006 

instructions. The Lexogen Bluebee Quantseq DE pipeline (v1.4.0) was utilized to 1007 

quantify gene expression levels and differentially expressed genes using default 1008 

parameters. 1009 

 1010 
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Quantitative Chromatin Immunoprecipitation (ChIP) 1011 

Cells were fixed in culture media containing 1% formaldehyde at room temperature for 1012 

10 min. Formaldehyde was quenched with glycine at 0.125 M, followed by a 5 min 1013 

incubation at room temperature. Fixed cells were washed twice with 4ºC PBS. Nuclei 1014 

were extracted with LB1 buffer (50 mM HEPES, 140 mM NaCl, 1 mM EDTA, 10% 1015 

Glycerol, 0.5% NP40, 0.25% Triton X-100) containing 1× protease inhibitor cocktail 1016 

(Thermo, 78439). Cells were pelleted by and resuspended in LB2 buffer (10 mM Tris 1017 

ph8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA) containing 1× protease inhibitor 1018 

cocktail. Extracted nuclei were lysed using ChIP sonication buffer (50 mM HEPES, 1019 

140 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% Sodium 1020 

Deoxycholate, 0.3% SDS) containing 1× protein inhibitor cocktail. For quantitative 1021 

ChIP analyses (ChIP-Rx) spike-in chromatin was prepared from mESCs and added to 1022 

human NSC samples (1:10 ratio, cell number) at this point in the preparation 1023 

procedure. 1024 

 1025 

Chromatin samples were sheared using a Soniprep 150 for 5 min total sonication time, 1026 

at 50% power and a duty cycle of 1 sec on/4 sec off. The SDS concentration of the 1027 

sheared samples was reduced to 0.1% by diluting with ChIP buffer without SDS. ChIPs 1028 

were performed O/N at 4ºC. For details on antibodies used please see below. 1029 

Following O/N incubation 50 μl of Protein G Dynal beads were added to each sample 1030 

and incubated for 2 h at 4ºC. Beads were washed 2× with ChIP reaction buffer (50 1031 

mM HEPES, 140 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% Sodium 1032 

Deoxycholate, 0.1% SDS), 1× with High Salt Buffer (50 mM HEPES, 500 mM NaCl, 1 1033 

mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS), 1034 

1× with LiCl Detergent Wash Buffer (20 mM Tris-HCl pH8.0, 1 mM EDTA, 250 mM 1035 

LiCl, 0.5% NP40, 0.5% Sodium Deoxycholate), 1× with TE containing 50 mM NaCl. 1036 

Samples were eluted for 60 min at 65ºC using ChIP Elution Buffer (50 mM Tris-HCl 1037 

pH8.0, 10 mM EDTA, 1% SDS). Following an overnight reversal of crosslinks at 65ºC, 1038 

enriched DNA fragments were purified using Qiagen MinElute PCR purification kit 1039 

(Qiagen, 28006).  1040 

 1041 

ChIP library preparation 1042 

ChIP purified DNA was quantified using a Qubit fluorimeter (Invitrogen), and 2–40 ng 1043 

of DNA/ChIP was used to generate ChIP-seq libraries with the ThruPLEX DNA-seq kit 1044 
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(Rubicon Genomics, R400427). Library DNA was quantified using the Qubit, and size 1045 

distributions were ascertained on a Tapestation (Agilent) using the D1000 ScreenTape 1046 

assay reagents (Agilent, 5067–5583). This information was used to calculate pooling 1047 

ratios for multiplex library sequencing. Pooled libraries were diluted and processed for 1048 

either 75 bp single-end or 36 bp paired-end sequencing on an Illumina NextSeq 1049 

instrument using the NextSeq 500 High Output v2 kit (75 cycle) (Illumina, FC-404–1050 

2005) in accordance with the manufacturer’s instructions. 1051 

 1052 

Antibodies 1053 

Anti-SUZ12 (Cell Signaling, 3737S, Lot. 6) monoclonal rabbit antibody used in ChIP 1054 

at a dilution of 1/50. Anti-H3K4me3 (Thermo Scientific, PA5-40086) used antibody 1055 

used in ChIP at 5 μg/ChIP. Anti-H3K4me1 (Cell Signaling, 5326S, Lot. 1) monoclonal 1056 

rabbit antibody used in ChIP at a dilution of 1/50. Anti-H3K27me1 (Active Motif, 61015, 1057 

Lot. 32115011) monoclonal mouse antibody used in immunoblot at 1/2,500. Anti-1058 

H3K27me2 (Cell Signaling, 9728S, Lot. 15) monoclonal rabbit antibody used in ChIP 1059 

at a dilution of 1/62.5 and immunoblot at 1/2,000. Anti-H3K27me3 (Cell Signaling, 1060 

C36B1, custom lot) monoclonal rabbit antibody used in ChIP at 5 μg/ChIP and 1061 

immunoblot at 1/1,000. Anti-H3K27ac (Abcam, ab4729, Lot. GR150367-2) polyclonal 1062 

rabbit antibody used in ChIP at 5 μg/ChIP and immunoblot at 1/2,000. Anti-V5 (Thermo 1063 

Scientific, R96025, Lot. 1923773) mouse monoclonal antibody used in ChIP at 5 1064 

μg/ChIP and immunoblot at 1/2000. Anti-BMI1 (Cell Signaling, 6964S, Lot. 1) 1065 

monoclonal rabbit antibody used in ChIP at a dilution of 1/50. Anti-Histone H3.3 1066 

(Millipore, 09-838, Lot. 3310680) polyclonal rabbit antibody used in immunoblot at a 1067 

dilution of 1/1,000. Anti-Actin (Proteintech, 60008-1-Ig) monoclonal mouse antibody 1068 

used in immunoblot at a dilution of 1/5,000. Anti-Histone H3 (Active Motif, 39763, Lot. 1069 

28313014) monoclonal mouse antibody used in immunoblot at a dilution of 1/5,000. 1070 

Anti-p16 (Santa Cruz, sc-56330, Lot. E2313) monoclonal mouse antibody used in 1071 

immunoblot at a dilution of 1/200. Anti-H3K27M (Abcam, ab190631, Lot. GR239194-1072 

15) monoclonal rabbit antibody used in immunoblot at a dilution of 1/1,000. Mouse 1073 

anti-V5-tag (eBioscience #14679682) and rabbit anti-Ki67 antibodies were used for 1074 

the histological analysis at a 1:1,000 dilution. Secondary antibodies for 1075 

immunoblotting: Goat Anti-Mouse IgG (LI-COR, 925-32210, Lot. C80816-10) used at 1076 

a dilution of 1/5,000; Goat Anti-Rabbit IgG (LI-COR, 925-68071, Lot. C71214-01) used 1077 
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at a dilution of 1/5,000 and Goat Anti-Rabbit IgG (LI-COR, 927-32211, Lot. D00804-1078 

07) used at a dilution of 1/4,000. 1079 

 1080 

ChIP-Rx data analysis 1081 

Chromosome names for the mouse genome were modified with the prefix ‘mm10_’ 1082 

and a meta-genome was created by concatenating the human and mouse reference 1083 

genomes (hg38 and mm10 respectively) prior to indexing with bowtie2 (v1.2.2)49 as 1084 

described50. Reads were aligned to the metagenome using Bowtie2 using default 1085 

parameters with the exception of --no-unal. Non-unique read alignments were filtered 1086 

out using Samtools (v1.7)51 to exclude those with an alignment quality of less than 2 1087 

and the ‘’mm10_” prefix appended to chromosome names was used to separate reads 1088 

as aligned to the reference human or spike-in mouse genomes. Samtools was used 1089 

to convert SAM files to BAM files and to remove duplicate aligned reads. Spike-in 1090 

normalization factors were calculated for each ChIP using the formula for normalized 1091 

reference-adjusted RPM (RRPM) as described50 (1/million spike-in reads). Bigwig files 1092 

were generated using the bamCoverage tool from the deepTools suite (v3.3.0)52 with 1093 

a bin size of 10 and scaled using the RRPM normalization factor derived for each 1094 

sample. Bam files were converted to BED format using the bamToBed function in 1095 

BEDTools (v2.26.0)53 and used for peak calling with HOMER (v4.10)54, using BED 1096 

files from input ChIP-Rx as a control. Sets of peaks for each of the 2 embryo samples 1097 

were intersected and only those identified in both were retained for further analyses 1098 

including generation of average plots using the computeMatrix and plotProfile 1099 

functions in deepTools and tornado plots in EaSeq55. 1100 

 1101 

The hg38 reference genome was split into 1-kb and 10-kb windows using the 1102 

makewindows function in BEDTools and regions in a custom blacklist file (based on 1103 

the DAC ENCODE blacklist) removed using bedtools intersect with the -v and -wa 1104 

flags. BEDTools coverage was used to summarize overlapping read alignments in 1105 

BAM files within these bins and scaled using RRPM normalization. Resulting counts 1106 

were used for the generation of chromosome wide coverage line graphs and XY 1107 

density scatter plots. BEDTools complement was used to retrieve regions of the 1108 

genome which did not contain an annotated SUZ12 peak and 1-kb bins from these 1109 

regions were used for calculating the degree of loss/gain of SUZ12 and H3K27me3 1110 

within and outside SUZ12 peak regions after subtracting background levels of SUZ12 1111 
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and H3K27me3 calculated by levels of these marks in H3K27ac peak regions per 1 1112 

kb. 1113 

 1114 

Promoter regions were identified by taking -1,000 bases upstream and +100 bases 1115 

downstream of annotated transcription start sites in the Ensembl 98 hg38 genome 1116 

annotation. Active promoters were defined by overlapping H3K27ac peak sets with 1117 

gene promoter regions defined within the hg38 build of the human genome. Only 1118 

promoters overlapping H3K27ac-enriched regions in both biological replicate NSC 1119 

lines were retained for further analysis. Active enhancers were identified with H3K27ac 1120 

ChIP-Rx datasets analyzed using ROSE56,57. Only enhancer regions that were 1121 

identified in both biological replicates were retained for further analysis. PRC2 target 1122 

promoters were defined by overlapping SUZ12 peak sets with gene promoter regions 1123 

defined within the hg38 build of the human genome. Only promoters overlapping 1124 

SUZ12-bound regions in both biological replicate NSC lines were retained for further 1125 

analysis. H3K27ac was quantified at these promoter and enhancer peak region sets 1126 

using BEDTools coverage and counts normalized for RRPM and peak size. 1127 

Enhancers were assigned to their nearest protein coding gene using BEDTools 1128 

closest for integration with RNA-seq data. 1129 

  1130 

RNA sequencing data analysis 1131 

RNA-seq reads were aligned to the human reference genome (hg38) using the hisat2 1132 

algorithm (v2.1.0)58 and SAM files converted to sorted BAM using Samtools (v1.7)32,58. 1133 

Read alignments were assigned to gene identifier features annotated in the Ensembl 1134 

98 hg38 genome annotation using featureCounts (v1.6.4)59. The DESeq2 R package 1135 

(v1.24.0)60 was utilized to identify genes differentially expressed genes at a >1.5 fold 1136 

change with a >20 baseMean expression and a < 0.05 Benjamini-Hochberg adjusted 1137 

P value. 1138 

 1139 

Omni-ATAC-seq 1140 

Omni-ATAC-seq was conducted as previously described37. Briefly, wild-type or K27M-1141 

mutant H3.3 NSC cultures were treated with DNase at 200U/ml for 30 min at 37ºC 1142 

prior to harvesting. Cells were then harvested, and 50,000 viable cells resuspended 1143 

in 50 μl ATAC-Resuspension Buffer (RSB) (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 1144 
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mM MgCl2) containing 0.1% Tween-20, 0.1% NP40 and 0.01% Digitonin. Following 1145 

a 3 min incubation at 4ºC, cells were washed with 1 ml of ATAC-RSB with 0.1% 1146 

Tween. Samples were then centrifuged to collect extracted nuclei and 1147 

resuspended in a 50 μl transposition mixture (25 μl 2× TD buffer, 2.5 μl transposase 1148 

(100 nM final), 16.5 μl PBS, 0.5 μl 1% digitonin, 0.5 μl 10% Tween-20, 5 μl H2O). 1149 

Transposition reactions were incubated for 30 min at 37ºC. 1150 

 1151 

Transposed DNA fragments were purified using Qiagen MinElute columns and 1152 

eluted samples used directly for PCR amplification to append Illumina adapters and 1153 

index sequences. PCR amplified library material was purified using AMPure beads, 1154 

quantified using the Qubit and size distributions ascertained on a Tapestation (Agilent) 1155 

using the D1000 ScreenTape assay reagents (Agilent, 5067–5583). Pooled libraries 1156 

were diluted and processed for 36 bp paired-end sequencing on an Illumina NextSeq 1157 

instrument using the NextSeq 500 High Output v2 kit (75 cycle) (Illumina, FC-404–1158 

2005) in accordance with the manufacturer’s instructions. 1159 

 1160 

ATAC-seq data analysis 1161 

ATAC-seq reads were processed using Trim galore to remove standard Illumina 1162 

adapters prior to alignment with Bowtie2 in --paired --very-sensitive mode and with a 1163 

maximum insert size of -X 1000. SAM files were processed into sorted, indexed BAM 1164 

files using Samtools and quality statistics produced using FastQC and MultiQC61. A 1165 

version of previously described ATAC-seq pipeline62, was modified to handle 4 1166 

replicates and used to remove mitochondrial reads, correct read pairs, down sample 1167 

to an even sequencing complexity, mark duplicates with Picard, call peaks with macs2, 1168 

filter blacklisted sites, and identify differentially accessible chromatin in macs2 peak 1169 

only mode using csaw63 with loess-normalization. 1170 

 1171 

Gene ontology analysis 1172 

Gene ontology analysis was carried out on differentially expressed and non-1173 

differentially expressed genes as well as on promoter regions associate with genes 1174 

differentially bound by SUZ12 using ShinyGo (v0.60)64 with genes annotated with GO 1175 

terms present in Ensembl BioMart V96. GO terms enriched with an adjusted P value 1176 

below 0.05 were considered significant. 1177 

 1178 
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Data Availability 1179 

All sequencing datasets generated during this work have been deposited in the 1180 

Gene Expression Omnibus under accession number GSE154267. 1181 
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Extended Data Figure 3
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Extended Data Figure 10
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