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Summary

Histone H3.3 Lysine-to-Methionine substitutions K27M and K36M impair the deposition of
opposing chromatin marks, H3K27me3/me2 and H3K36me3/me2. We show that these mutations
induce hypotrophic and disorganized eyes in Drosophila eye primordia. Restriction of H3K27me3
spread in H3.3K27M and its redistribution in H3.3K36M result in transcriptional deregulation

of PRC2-targeted eye development and of piRNA biogenesis genes including krimp. Notably,
both mutants promote redistribution of H3K36me2 away from repetitive regions into active
genes, which associates with retrotransposon de-repression in eye discs. Aberrant expression

of krimp represses L/NE retrotransposons but does not contribute to the eye phenotype.
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Depletion of H3K36me2 methyltransferase ash1 in H3.3K27M, and of PRC2 component £(z)

in H3.3K36M, restores the expression of eye developmental genes and normal eye growth,
showing that redistribution of antagonistic marks contributes to K-to-M pathogenesis. Our results
implicate a novel function for H3K36me2 while they showcase convergent downstream effects of
oncohistones that target opposing epigenetic marks.
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Introduction

Post-translational modifications (PTMs) of histones, the core components of chromatin

in eukaryotes, regulate virtually all DNA-mediated processes including transcription
(Jenuwein and Allis, 2001). Methylation of two histone H3 tail residues, H3K27 and
H3K36, generates two opposing epigenetic marks that regulate cell fate and memory

during metazoan development (Weinberg et al., 2017). In mammals and flies, Polycomb
Repressive Complex 2 (PRC2) catalyzes di- and tri-methylation of H3K27 (H3K27me2/
me3), two transcriptionally repressive marks that subsequently lead to Polycomb Repressive
Complex 1 (PRC1) recruitment and chromatin compaction (Margueron and Reinberg, 2011).
Conversely, H3K36 methylation is mediated by several enzymes, and this methylation

has been implicated in regulating transcriptional elongation, RNA processing, and DNA
damage sensing (Guo et al., 2014; Kuo et al., 2011; Wen et al., 2014). In mammalian

cells, SETD2 (Set2 in Drosophila) is the only H3K36 tri-methyltransferase, while multiple
enzymes catalyze formation of H3K36me1/2, including NSD1/2/3 (Nsd in Drosophila), and
ASH1L (Ashl in Drosophild) (Wagner and Carpenter, 2012). H3K36 di-and tri-methylation
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(H3K36me2/3) have been previously shown to act as a euchromatin barrier to restrict
H3K27me3 deposition (Streubel et al., 2018). Accordingly, H3K27me3 and H3K36me3
rarely co-exist in nucleosome pools and genomic distributions (Mao et al., 2015; Xiao et al.,
2012; Yuan et al., 2011), and pre-methylated H3K27 histones are refractory to the catalytic
activity of H3K36 methyltransferases (KMTs) (Jani et al., 2019).

Somatic mutations leading to lysine to methionine (K-to-M) substitutions at K27 and K36 in
H3 variants (H3K27M and H3K36M) are recurrent in several cancers (Behjati et al., 2013;
Boileau et al., 2019; Downing et al., 2012; Lu et al., 2016; Papillon-Cavanagh et al., 2017;
Schwartzentruber et al., 2012; Wu et al., 2012). K-to-M mutations on H3.3 are dominant
negative, effectively inhibiting the enzymatic activity of the relevant SET methyltransferases
targeting the lysine on which they occur (Lewis et al., 2013). Consequently, there is a drastic
decrease in the global levels of the methylation marks, despite mutant histones comprising
less than 25% of the total pool of H3 (Lewis et al., 2013; Lu et al., 2016). The effects of
H3K27M, however, do not simply mimic loss-of-function of PRC2. Rather, PRC2 retains

its recruitment to nucleation sites at CpG islands (Harutyunyan et al., 2019; Mohammad et
al., 2017) but is unable to propagate H3K27me3/me2 marks in the presence of H3K27M,
thus possibly preventing differentiation-coupled epigenomic reprogramming (Harutyunyan
etal., 2019). Conversely, in H3K36M the reduction of H3K36me2 in intergenic loci

relieves repression of PRC2, leading to intergenic spread of H3K27me3 and subsequent
recruitment of PRC1 away from its target genes, alleviating transcriptional silencing (Lu

et al., 2016). The restricted deposition of H3K36me2/me3 marks was associated with
impaired differentiation in the context of H3K36M (Lu et al., 2016), indicative that K-to-M
H3 mutations may converge on impaired development through perturbation of K27/K36
methylation.

The Drosophila model has been instrumental in the identification and functional
characterization of Polycomb group (PcG) components. In Drosophila, substitution of K27
by an arginine on H3 induces transcriptional de-repression and homeotic transformations
mirroring loss of PRC2 and underscoring the crucial link between H3K27 methylation and
PRC2 activity (Pengelly et al., 2013). In this study we expressed H3.3K27M and H3.3K36M
in Drosophilatissues to investigate resulting effects on H3 PTMs, gene expression, and
development.

Overexpression of H3.3K27M and H3.3K36M in eye imaginal discs produces deleterious
phenotypes in adult eyes and disrupts ommatidial architecture

To model the effect of K-to-M histone mutants on animal development, we overexpressed
H3.3K27M, H3.3K36M and H3.3 wild-type (WT) control with a variety of tissue-specific
promoters. Expressing either H3.3K27M or H3.3K36M under the control of 17 different
promoters using the Gal4-UAS system produced larval or pupal lethality, and other
deleterious phenotypes, while no detectable effects were observed from overexpression of
control H3.3WT (Fig. S1A).
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Expressing H3.3K27M under control of the eyeless (ey) driver resulted in reduced eye size,
disorganization of the remaining ommatidia and loss of photoreceptor neurons, a finding
also seen, albeit to a variable extent, when overexpressing H3.3K36M (Fig. 1A, Fig. S1B).
Nearly 40% of ey>H3.3K27M flies and ~2% of ey>H3.3K36M flies exhibited disorganized
tissue growth. This indicates that expression of H3.3K27M in this model system produces
overgrowth on its own, an effect worsened in flies with a well-established sensitized retina
tumor model that involves overexpression of Delta, a Notch-activating ligand (Bossuyt et al.,
2009; Dominguez and Casares, 2005). In this genetic background, expression of H3.3K27M
produced a stronger phenotype, with tumorous eyes seen in ~80% of flies and a high rate of
ectopic growth (63%), directly adjacent to the eye area or distal in the head region (Fig. 1B,
Fig. S1C). A smaller number of H3.3K36M-expressing eyes showed overgrowth (6%) and
ectopic growth (13%), or complete loss of eye tissue (~1%) in the UAS-D/background.

We next evaluated the phenotypes of ey>H3.3K27M flies and ¢y>H3.3K36M in third-
instar larval eye-antennal discs. While only modest effects were observed when expressing
H3.3K36M, expression of H3.3K27M in eye imaginal discs severely affected cell polarity
and disc morphology. Immunostaining for the cone cell marker Fasciclin I11 showed severe
disruption of the stereotypic repeated pattern of cone cells within the ey-GAL4 expression
domain (Fig. 1C). The distribution of F-actin, a marker of cell polarity, was also abnormal
in H3.3K27M-expressing eye imaginal discs. As well, ectopic expression of wingless (wg)
was seen in 38% of H3.3K27M-expressing eye imaginal discs indicating transformations
from eye disc to wing disc in dorsal regions neighbouring the ey-GAL4 expression domain
(Fig. S1D). Deregulated expression of classical PcG target genes regulated by H3K27me3
deposition including Hox family members has been previously observed in an engrailed
(en)-GAL4H3.3K27M model (Herz et al., 2014). We thus assessed the expression of several
Hox genes in our model system. Expression of Ultrabithorax (UbX), previously shown to
be derepressed in the wing imaginal disc upon H3.3K27M expression (Herz et al., 2014),
and of Abdominal-B (Abd-B) were not altered in eyes expressing either H3.3 mutant (Fig.
S1E). However, we observed ectopic expression of Antennapedia (Antp), which is normally
expressed in thoracic imaginal discs, in cells anterior to the ey-GAL4 expression domain of
H3.3K27M, but not in H3.3K36M mutants. We also observed homeotic transformations in
the head regions near the eyes of H3.3K27M expressing adult flies, including extra wings,
bristles or leg like structures (Fig. S1F). These non-cell autonomous phenotypes probably
result from trans-determinative effects whereby H3.3K27M expressing cells perturb the
developmental program of the neighbouring tissues. In all, these results indicate that
H3.3K27M and H3.3K36M expression in imaginal eye discs affects eye growth and cell
polarity, in a manner reminiscent of PRC2 and PRC1 mutant eye discs (Loubiere et al.,
2016).

Overexpression of H3.3K27M and H3.3K36M in eye imaginal discs causes aberrant
distribution of antagonistic methylation marks

Given that K-to-M mutations inhibit H3 lysine methylation, we investigated post-
translational modification of H3K27 and H3K36 in the context of these mutations. As
expected, expression of H3.3K27M in eye imaginal discs markedly reduced H3K27me2
and H3K27me3 levels, while H3.3K36M expression led to decreased H3K36me2 and
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H3K36me3 levels (Fig. 2A-B, Fig. S2A-B). Notably, we observed a strong increase of
H3K36me2 in H3.3K27M expressing eyes, while the level of the much less abundant
H3K36me3 was harder to quantitate. Reciprocal effects were observed in H3.3K36M-
expressing eyes where higher levels of the antagonistic H3K27me2 and H3K27me3 marks
were observed. Taken together, these data suggest that expression of H3.3 K27M and
K36M in the eye disc depletes the cognate lysine methylation modification, and results in
inappropriate accumulation of the respective antagonistic H3K27me3/H3K36me2 marks.

H3.3K27M or H3.3K36M expressing eyes down-regulate eye development genes, and up-
regulate piwi-interacting RNA (piRNA) biogenesis

To investigate molecular mechanism underlying the developmental defects following
expression of K-to-M mutations, we carried out transcriptome profiling on Drosophila
eye-antennal imaginal discs expressing H3.3WT, H3.3K27M, or H3.3K36M, along with
yweontrols (Fig. 3A, Table S1). We observed dysregulation of well-defined, functionally
distinct pathways in both H3.3K27M and H3.3K36M mutants relative to (y») and H3.3WT
controls. Consistent with its more severe phenotype, a larger number of differentially
expressed transcripts were identified for H3.3K27M (882 genes compared to 488 genes

in H3.3K36M) (Fig. 3B). Despite these differences, we observed a convergence of
transcriptional profiles, with an important overlap of significantly dysregulated genes in
both mutants. In particular, mutually downregulated genes were found in pathways involved
or related to eye development and photoreceptor cell differentiation, consistent with the
phenotypes observed (Fig. 3C, Table S2). The significant changes we observed in H3K27M
in higher level pathways such as ‘Generation of neurons’ and ‘Neuron differentiation’, were
also driven by genes related to eye development, as the function of 26 out of 50 genes in
these pathways is directly related to eye development. Examples of genes downregulated in
both mutants include sevenless (sev), a gene expressed in photoreceptors and cone cells and
required for R7 photoreceptor cell specification (Raabe, 2000), bride of sevenless (boss),
the receptor for Sev, and /ozenge (Iz), which encodes a transcription factor involved in
pre-patterning photoreceptor precursors in the developing eye.

Notably, expression of genes encoding proteins involved in biogenesis of piwi-interacting
RNAs (piRNAs), which are normally associated with suppression of transposons in the
germline (Klattenhoff and Theurkauf, 2008) showed striking changes in H3.3K27M, with
krimper (krimp) the most highly up-regulated. The set of genes involved in piRNA
biogenesis was upregulated in both H3.3K27M and H3.3K36M (Fig. 3D, Table S3), which
we further confirmed by quantitative RT-PCR (Fig. S3A). This effect was more pronounced
in H3.3K27M than in H3.3K36M, and we also observed increased expression of other germ
cell developmental genes including fate-specification factor bam (McKearin and Spradling,
1990) and meiosis regulator MarfI (Kawaguchi et al., 2020). Consistent with transcriptomic
data, immunostaining showed increased Krimp expression in H3.3K27M, and to a lesser
extent in H3.3K36M expressing eyes (Fig. 3E). Furthermore, RNA-seq of small RNAs
confirmed expression of piRNA clusters, that are normally expressed in the germline, in
H3.3K27M and H3.3K36M expressing eye imaginal discs (Fig. S3B, Fig. S3C). Within
piRNA clusters, we observed differences in expression patterns of individual transcripts
between the mutants (Table S4). Globally, the trend was towards up-regulation of piRNA
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clusters, with most clusters displaying greater positive change in the mutants compared

to H3.3 WT, and with the upregulated clusters displaying more significant p-values and

a larger size effect. Principal component analysis based on expression of piRNA clusters
segregated both K-to-M mutants, while no correlation with genotype was observed for other
small RNAs (Fig. S3D), suggesting that the effect of the H3.3 mutants on expression is
stronger for piRNAs. Taken together, K27M and K36M disrupt expression of canonical eye
developmental genes and promote aberrant expression of germ cell markers, including those
involved in the piRNA biogenesis pathway.

H3.3 K27M and K36M disrupt H3K27me3 deposition on chromatin

To determine whether the transcriptome dysregulation relates to epigenetic perturbation,

we performed H3K27me3 and H3K36me2 chromatin immunoprecipitation sequencing
(ChlP-seq) on imaginal discs expressing H3.3WT, H3.3K27M, or H3.3K36M. Globally,

we observed decreased deposition of the H3K27me3 mark in H3.3K27M, and global

gain of H3K27me3 in H3.3K36M flies (Fig. S4A), in keeping with immunofluorescence
and western blot data. As expected, H3K36me3 was depleted from gene bodies (Fig.

S4B), while the globally distributed H3K36me2 mark was modestly reduced in H3.3K36M-
expressing flies. Interestingly, H3.3K27M flies showed bimodal H3K36me2 change, with
distinct genomic regions showing gains and losses (Fig. S4A).

On the chromosomal level, H3K27me3 and H3K36me2 occupied distinct regions of the
genome and were mutually exclusive (Fig. 4A, Fig. S4C), as expected from the known
antagonism of the two marks. In H3.3WT control, H3K27me3 formed discrete, punctate
peaks over repressed genes along the chromosomal arm (Fig. S4D). Upon expression of
H3.3K27M, H3K27me3 was retained and heavily enriched at strong peaks also observed in
H3.3WT, but showed decreased deposition in their immediate flanking regions, consistent
with H3.3K27M concentrating H3K27me3 at canonical sites and inhibiting spreading of
this mark beyond PRC2 nucleation sites (Harutyunyan et al., 2019). In contrast, H3.3K36M
showed depletion of H3K27me3 at highly enriched sites in H3.3WT, and gains of this mark
in their flanking regions, suggesting the mutation promotes undue spreading of H3K27me3,
diluting the mark from canonical sites observed in H3.3WT eye discs.

Intersection of ChIP-seq data with differentially expressed genes, revealed that, compared
to H3.3WT, H3K27me3 deposition is significantly increased at eye developmental genes

in H3.3K27M mutants, likely leading to their continued transcriptional repression (Fig.
4B-C). In contrast, germ cell-specific genes including piRNA biogenesis components are
marked with more intermediate levels of H3K27me3 in H3.3WT flies, and are significantly
depleted of H3K27me3 in H3.3K27M mutants, concordant with their increased expression.
In H3.3K36M, a subset of germline genes (e.g. krimp, CG9925) also showed modest

loss of H3K27me3 (Fig. S4E). We further confirmed that a majority of the dysregulated
genes are direct targets of PRC2, by intersecting the H3.3K27M/H3.3K36M transcriptomes
with published transcriptomes of PRC1-or PRC2-deficient Drosophila eyes (Loubiere et
al., 2016) (Fig. S4F). Altogether, the transcriptomic and epigenomic analysis suggest that
H3.3K27M and H3.3K36M perturb PRC2-mediated H3K27me3 deposition resulting in
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down-regulation of eye development genes and aberrant expression of piRNA biogenesis
genes.

H3.3K27M and H3.3K36M re-distribute H3K36me2 away from pericentromeric transposon-

rich regions

H3K36me2 is widely distributed in eye-antennal disc tissue, where it marked close

to ~60% of the genome, at euchromatic gene bodies as previously described (Bell

et al., 2007), with levels of enrichment correlating with transcription activity (Fig.

S4D). Importantly, we observed striking H3K36me2 domains that are over hundreds of
kilobases long at pericentromeric regions in H3.3WT control eye discs (Fig. 4A). In

the Drosophila genome, these pericentromeric regions are relatively gene-poor and are
densely populated with transposable elements (TEs), with some degenerate TE copies
transcribed as piRNA clusters (Brennecke et al., 2007). In H3.3K27M-expressing eye-
antennal discs, H3K36me2 is drastically depleted at these pericentromeric regions, with
boundaries of loss aligning precisely with TE density (Fig. 4D, Fig. S5A). This mark

is redistributed from these areas and is instead gained along the chromosomal arm of
H3.3K27M flies, mostly at highly expressed gene bodies (Fig. S4D). H3.3K36M-expressing
flies showed a similar H3K36me2 redistribution pattern on most chromosomes, albeit

to a lesser degree compared to H3.3K27M. Chromosome 4, the smallest and most TE
enriched in Drosophila, was the notable exception, showing severe loss of H3K36me2 in
H3.3K36M flies but not in H3.3K27M (Fig. 4D). Regardless, H3.3K27M and H3.3K36M
both showed genome-wide redistribution of H3K36me2 away from TE-rich regions into
highly transcribing gene bodies (Fig. 4E). Indeed, regions concurrently losing H3K27me3
and reciprocally gaining H3K36me2 in H3.3K27M were enriched for genes relative to
randomly sampled bins; similarly, genic enrichment was also observed for regions losing
H3K36me2 and gaining H3K27me3 in H3.3K36M (Fig. S5B). Altogether, these data
suggest H3.3K27M and H3.3K36M collectively perturb H3K27me3/H3K36me2 crosstalk
at gene-dense euchromatin, causing redistribution of H3K36me2 away from transposon-rich
regions into gene bodies.

De-repression of transposable elements in H3.3 K27M and K36M flies

Given that H3K36me?2 is severely depleted at repetitive regions, we then examined whether
TEs become transcriptionally de-repressed in the K-to-M mutants. Using uniquely aligned
RNA-seq reads at annotated repetitive elements, we observed significant induction of
individual Long Terminal Repeat endogenous retroviral elements (LTR-ERVS) in both
H3.3K27M and H3.3K36M flies compared to other classes of repeats (Fig. 5A), and
induction of Long Interspersed Nuclear Elements (LINES) specifically in H3.3K36M
mutants. Significantly up-regulated TEs are mostly embedded in pericentromeric regions
heavily enriched for H3K36me2, and generally do not overlap with the piRNA clusters (Fig.
S5C). Notably, H3.3K36M mutants showed greater induction of transposon expression, and
de-repressed a wider spectrum of repeat families than H3.3K27M (Fig. 5B). Nevertheless,
both K-to-M mutants likely perturbed H3K36me2-mediated repression of transposable
elements in Drosophila, as they both impacted the deposition of this mark on repeat
elements. Specifically, full length copies of gypsy LTR-ERVs are generally enriched for
H3K36me2 in WT eye discs, relative to H3K27me3 or H3K36me3 (Fig. S6A, Table S5).
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In both H3.3K27M and H3.3K36M mutants, gypsy LTRs and internal coding regions were
depleted of H3K36me2 and constituted the majority of up-regulated TEs (Fig. 5C, Fig.
S6A).

We had previously reported increased transcription of ERVs in human H3.3K27M glioma
(Krug et al., 2019). To determine whether K36M similarly disrupts TE repression in
mammals, we analyzed published RNA-seq (Lu et al., 2016) from a panel of K36-mutant
murine mesenchymal stem cell (MSCs) and human K36M chondroblastoma tumors (Fig.
S6B). Consistent with results in Drosophila, we observed de-repression of both LTR

and LINE1 families in K36M/I, but not K36R-expressing murine MSCs (Fig. S6C-D).
Finally, we also confirmed significant induction of individual LINE and LTR transposons,
predominantly from the L1 and L2 families, in human K36M chondroblastoma compared
to H3 WT tumors (Fig. S6B-D). Collectively, our data suggest K36M compromises
retrotransposon silencing across animal species.

krimp modulates TE expression in H3.3K27M/H3.3K36M

In Drosophila germ cells, the piRNA component Krimp recruits Aubergine and AGO3
proteins to perinuclear nuage and coordinates the assembly of ping-pong piRNA-processing
complex (Sato et al., 2015; Webster et al., 2015) to mediate LINE silencing (Lim & Kali,
2007). To investigate whether ectopic piRNA gene expression in the mutants contributes

to TE silencing, we expressed short-hairpin RNA targeting krimp in ey>H3.3K27M and
ey>H3.3K36M flies and performed RNA-seq on larval eye discs. As expected, H3.3K27M
and H3.3-K36M expression led to robust up-regulation of krimp, inducing 24- and 6-fold
higher expression respectively compared to mCherry KD negative control (Fig. 5D). In both
H3.3 mutants, down-regulation of kr/mp had modest effects on the abnormal eye phenotype
(Fig. S6E) and did not alter the levels of eye developmental genes or the expression of
other piRNA biogenesis genes (Fig. S6F). In contrast, decreased Arimp expression led to
specific de-repression of Jockey HeT-A elements in H3.3K27M and H3.3K36M eye discs
(Fig. 5F), in keeping with the known regulation of this LINE family elements by this piRNA
biogenesis member (Lim & Kai, 2007). Thus, high krimp expression likely accounts for

the silencing of LINE family elements in H3.3K27M-expressing eyes (Fig. 5B, 5E), as its
expression is much higher in these mutants compared to K36M (Fig. 5D, Fig. 3E). Taken
together, we demonstrate that loss of H3K27me3 in H3.3K27M and its redistribution in
H3.3K36M lead to aberrant expression of the piRNA biogenesis pathway, which in turn
dampens the extent of TE de-repression especially in H3.3K27M mutant flies.

Reduction of ash1 and E(z) rescues H3.3K27M and H3.3K36M phenotypes respectively

To assess whether redistribution of antagonizing H3K36 and H3K27 methylation marks is
causal to the observed phenotypes in Drosophila, we performed modifier screens selectively
focusing on PRC1 and PRC2 components and H3K36 histone methyltransferases. We

used the UAS-Gal4 system to express short hairpin RNA (shRNA) against 18 selected
genes in ey>H3.3K27M and e¢y>H3.3K36M flies (Table S6). In both H3.3K27M and
H3.3K36M expressing eyes, knock-down of members of the PRC1 complex Suppressor

of zeste-2 (Su(z)2), Sex combs extra (Sce), Polycomb (Pc), or Sex comb on midleg (Scm)
or PRC2 components jing and Chromatin assembly factor 1, p55 subunit (Cafl-55), also
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a component of the ASH1 complex (Huang et al., 2017), worsened the phenotype (Fig.

6A, Table S7-8). Remarkably, expression of sShRNA targeting Enhancer of zeste (E(z)), a
component of PRC2, or discs absent, small, or homeotic-1 (ashl) that encodes a trithorax-
group H3K36 methyltransferase (Dorighi and Tamkun, 2013), restored normal growth and
ommatidial organization in H3.3K36M and H3.3K27M, respectively (Fig. 6B, Fig. STA-C).
Specifically, the expression of two different sShRNAs targeting £(z) in H3.3K36M expressing
eyes, rescued the small-eye phenotype in 70%-86% of flies, while it worsened the phenotype
and caused lethality in H3.3K27M expressing flies (Fig. 6B, Fig. STB-C, Table S7-8).
Conversely, expression of four different ShRNAs targeting as/Z produced striking modifier
effects resulting in the rescue of the H3.3K27M small-eye phenotype in 56%-94% of flies
(Fig. 6B, Fig. STA, Table S9), and dramatically exacerbated the H3.3K36M phenotype (Fig.
6B). This effect was not unique to eye discs, as as#Z knock-down also rescued H3.3K27M-
induced wing and leg defects (Table S7).

Targeting other H3K36 methyltransferases, namely NSD and Set2, had no effect on the
small eye phenotype or leg defects in Drosophila despite the use of multiple shRNAs and
validation of knock-down (Fig. 6C, Table S7-8). Moreover, we observed no effect on eye
development and organization upon NSD and Set2 knock-down in a H3.3 wild-type genetic
background, while as expected, knock-down of as/ and £(z) alone induced eye hypotrophy
with variable penetrance (Loubiere et al., 2016; Shearn and Garen, 1974) (Fig. 6C, Fig.
S7A-B). Notably, rescue of the eye phenotype was dose-dependent, as it was inversely
proportional to the construct’s ability to induce eye defects in H3 WT flies, and by extension
to residual ashl or £(z)levels following knock-down (Fig. S7TA-B). Our data show that
dosage reduction of the antagonizing lysine methyltransferases restores normal eye, leg,

and wing development, suggesting that aberrant accumulation of H3K36me2 in H3.3K27M,
and of H3K27me3 in H3.3K36M participate in generating the phenotype induced by these
mutations.

ashl1- and E(z)-depletion restores eye developmental gene expression in K27M and K36M

To delineate whether genic or TE dysregulation underlie the developmental eye defect, we
performed RNA-seq on K27M-ash1 and K36M-E£(z) rescued flies and on ash-and E(z)-
alone RNAI lines, as they also exhibited hypotrophic eyes. In K27M, ash1-KD significantly
increased the expression of eye developmental genes, with as/#Z RNAI line 36130 showing
near complete complementation relative to control consistent with its higher rescue
efficiency (Fig. S7A). In contrast, germ cell genes and LTR-ERVS remained derepressed

in the two asfZ-rescued lines with respect to negative control (Fig. S7D). Depletion of as/1-
alone caused significant down-regulation of a subset of eye developmental genes (e.g. /z,
eya, and s0), consistent with the phenotype it induced, but had only modest effects on germ
cell/piRNA biogenesis genes and TE expression (Fig. 6D, Fig. S7D). In E(z)+escued K36M
flies, expression of eye developmental genes was similarly restored to normal levels. In
contrast, germ cell and piRNA biogenesis genes became further up-regulated upon £(z)-KD,
and this increase was concurrent with dampened TE de-repression in rescued K36M-mutant
eyes (Fig. S7D). £(z) KD in the eye of normal flies recapitulated dysregulation of both

eye developmental and germ cell genes, phenocopying in this aspect K27M mutants (Fig.
6E). Collectively, these results suggest that the developmental defects in H3.3K27M and
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H3.3K36M can be reverted by re-expression of canonical eye specification genes, and are
likely independent of aberrant expression of piRNA genes and TEs.

Discussion

We show that expression of H3.3K27M and H3.3K36M in Drosophila eye imaginal discs
leads to hypotrophy of the eye and disorganized ommatidial structures. With respect to these
phenotypes H3.3K27M seems to recapitulate aspects of both PRC2 and PRC1 knock-down
(Herz et al., 2014), with hypotrophy resembling PRC2 mutants (Loubiere et al., 2016;
Pengelly et al., 2013), while the overgrowth and changes in cell identity may reflect what
has been observed in PRC1 mutants (Loubiere et al., 2016). Indeed, PRC2/1-target genes are
transcriptionally dysregulated in both H3.3K27M- and H3.3K36M-expressing eye imaginal
discs, confirming these mutations interfere with their transcriptional silencing.

Our work reinforces the notion that disease phenotypes observed in K-to-M mutants result
not only from direct loss of the cognate lysine methylation, but also from secondary
redistribution of antagonistic chromatin modifications leading to further transcriptional
dysregulation. We show here in Drosophila eye discs that H3.3K27M and H3.3K36M
mutations directly deplete H3K27me3 and H3K36me2, respectively, and inappropriately
re-distribute the reciprocal mark away from canonical sites, compromising silencing of
germline specification genes and transposable elements (Fig. 7). In the normal eye disc,
H3K27me3 repress developmentally regulated genes and germ cell markers (including
piRNA genes), whereas H3K36me2 predominantly mark transposon-rich pericentromeric
regions and transcribing gene bodies. Upon expression of H3.3K27M, H3K27me3 domains
contract, causing this mark to be unduly retained at eye developmental genes and to be lost
at intermediate sites, leading to aberrant expression of germ cell-specific genes including the
piRNA biogenesis machinery. In the absence of H3K27me3 in H3.3K27M, H3K36me2

is titrated away from repetitive regions and accumulates at gene-dense regions. This
redistribution is associated with only modest transposon activation as expression of these
elements is probably further regulated by piRNA-mediated surveillance in the H3.3K27M
eye discs, as suggested by the modulation of specific TES by Ar/mp in our model system. As
the majority of piRNA biogenesis machinery (e.g. ago3, piwi, krimp) is aberrantly expressed
in H3.3K27M flies, this may play a compensatory role in processing and degradation

of TE transcripts. Conversely, H3.3K36M expression causes direct loss of H3K36me2 at
transposon-rich regions, leading to rampant TE induction. Loss of H3K36me2 promotes
redistribution of H3K27me3, left unchecked in the H3.3K36M mutants, which propagates
into flanking regions at the expense of canonical PRC2 targets, relaxing repression at a
smaller subset of germline genes.

The upregulation of TE in H3.3K27M and K36M mutants in Drosgphila is reminiscent
of what we previously observed in human H3.3K27M glioma (Krug et al., 2019). When
we investigated K36M mammalian models, we observed similar effects in mouse K36M/I
MSCs, and in H3.3K6M-mutant human chondroblastoma cell lines, supporting a role

for H3K36me2 in the containment of TE in mammalian cells. In somatic mammalian
cells, DNA cytosine methylation plays a critical role in maintaining retrotransposon
silencing (Walsh et al., 1998), and intergenic DNA methylation is mediated, in part,
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by H3K36me2. Indeed, recent work in mammalian cells shows that H3K36me2 targets
the recruitment of the de novo DNA methyltransferase DNMT3A to intergenic regions
(Weinberg et al., 2019). As H3K36me2 is enriched at repeat elements, and its decrease in
K36M-expressing eyes or its redistribution away from these elements in K27M-expressing
eyes correspond to de-repression, this raises the intriguing possibility that the H3K36me2
mark by itself could mediate transcriptional repression in Drosophila, which lacks DNA
methyltransferases. Whether H3K36me2 confers this repression directly in Drosophila, or
indirectly via crosstalk with other heterochromatin machinery such as egg/ess/SETDB1-
mediated H3K9me3, requires further investigation. This undue de-repression of repetitive
elements by K-to-M mutants may promote antiviral host response such as interferon
response in K27M glioma (Krug et al., 2019) and, as we show here, piRNA-mediated
surveillance in flies.

Importantly, the developmental defects associated with K27M and K36M-expression can
be reverted by knockdown of the antagonistic lysine methyltransferase: in H3K36M

by decreasing £(z), and in K27M by decreasing as/1. Notably, individual K36
methyltransferases in Drosophila - Set2 (SETD2), NSD (NSD1/2) and Ashl (ASH1L) -

are non-redundant in their capacity to revert the K27M phenotype. NSD and Set2 have
highest expression levels during early Drosophila development and are responsible for most
H3K36 methylation in larval brains (Dorafshan et al., 2019). In contrast, within somatic
tissues, ash1 expression is highest in imaginal discs, in keeping with a preponderant role for
this methyltransferase in eye and limb development (Dorafshan et al., 2019). This further
argues for a boundary effect mediated by antagonistic chromatin marks where deposition

of H3K36me2 by Ashl may oppose PRC2 recruitment or spread, preventing H3K27me3
deposition to maintain expression of key developmental transcription factors. This is similar
to the recently uncovered differential role of K36 methyltransferases in Neurospora fungi
(Bicocca et al., 2018), where Ash1-mediated H3K36me functions to maintain repression at
H3K27me3-competent chromatin, whereas Set2 deposits H3K36me at active genes. Better
understanding of ash1/ASHIL would therefore be critical in evaluating its potential as a
suppressor of K27M oncohistone in human cancers.

Our data suggest the developmental defect associated with K27M and K36M in Drosophila
stems from insufficient expression of canonical eye specification genes, and is likely
independent from aberrant expression of germ cell genes and transposons in these mutations.
Indeed, piRNA genes and transposons remain transcriptionally de-repressed in ashZ-rescued
K27M and E(z)rescued K36M animals, and depletion of Arimp did not notably shift the
hypotrophic eye phenotype in K27M and K36M mutants. We also show that these eye
developmental genes are canonical targets of PRC2 and abnormally retain H3K27me3 in
K27M flies. ashi depletion in K27M may therefore allow PRC2 to spread locally to alleviate
this repression, whereas £(z) depletion would presumably relax repression similarly in
K36M flies. Whether protracted PRC2-silencing causes similar developmental stalling in
K27M- and K36M-associated cancers remains to be investigated.

In summary, we show that H3.3K27M and H3.3K36M oncohistones exert dominant negative
effect on lysine methyltransferases inducing profound secondary effects on the epigenetic
landscape, which contribute to the phenotype in Drosophila and likely play similar roles in
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human tumorigenesis. The study of these oncohistones reveals a previously unappreciated
role of the H3K36me2 mark in possibly containing the silent genome, and further highlight
the non-redundancies of the individual H3K36 lysine methyltransferases in their specificity
on chromatin. Importantly, this work further implicates the therapeutic potential of PRC2
inhibition in H3.3 K27M and K36M oncohistone-associated cancers and identifies H3K36
methylation as a potential target for deadly H3.3K27M-associated tumors.

Limitations of the Study

Many questions remain to be addressed regarding the role of opposing chromatin marks in
K-to-M mutagenesis, and the exact function of H3K36me2 in Drosophila and mammalian
systems. H3K36me2 exist as broad domains over transcriptionally silenced region in
mammals (Lu et al., 2016; Shirane et al., 2020), and as we show here, flies; however,

how this intergenic H3K36me2 is deposited and maintained, and its functions are poorly
understood. H3K36me2 is widely redistributed in the context of both K27M and K36M
mutations in the fly model and specifically depleted from TE-rich regions, concurrent
with their de-repression. While this indicates H3K36me2 may have a repressive role

on transcription, our results are correlative and we cannot exclude secondary epigenetic
dysregulation resulting in TE induction. The small amounts of chromatin from larvae eye
discs limited a more comprehensive exploration of additional epigenetic modifications,
and the functional effects of TE de-repression. Future work deciphering the differential
recruitment mechanisms of H3K36 di-methyltransferases, the role of H3K36me2 and the
interplay with other epigenetic marks in the fly and in more elaborate mammalian systems
are warranted to further validate its role as a repressive mark.

STAR*METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Nada Jabado (nada.jabado@mcgill.ca).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—ChlP-seq, RNA-seq, SmMRNA-seq datasets for Drosophila
samples have been deposited in the Gene Expression Omnibus (GEO) under accession
number GSE140979. H3.3 K36M murine and human RNA-seq datasets have been
previously deposited in GEO under dataset accession number GSE69291.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila strains—The following fly strains were used throughout the study: Act5C-
Gal4 (BDSC #3954, Christian Klambt), e)~Gal4 (BDSC #5535), ey-Gald, UAS-DI/CyO
flies (a gift from B. Hassan), robo2-Gal4 (BDSC #48074), en-Gal4 (BDSC #6356), ptc-Gald
(BDSC #52212), C179-Gal4 (BDSC #6450), mef2-Gal4 (BDSC #27390), CG25C-Gal4
(BDSC #7011), elav-Gal4 (BDSC #458), slitGald (BDSC #9580, Christian Klambt), repo-
Gal4 (BDSC #7415, Christian Klambt), gcrm-Gal4 (BDSC #35541), crol-Gal4 (VDRC
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#200123), ama-Gal4 (#205487), appl-Gal4 (a gift from Doris Kretzschmar, Munster) and
tkk-Gal4 (#45606). All RNAI strains used are listed in (Table S6).

Generation of H3.3 WT and mutant transgenic flies—To generate transgenic

flies PCR8/GW/TOPO vectors containing H3.3 WT and H3.3K27M mutant cDNAs with
1xHA tag were subcloned into the pUASg. atfB gateway vector for use in the ¢C31-based
integration system. For H3.3K36M, pUC57 vector containing the appropriately mutated
mouse H3.3 sequence was used as a template for amplification and subsequent cloning into
the pPENTR/SD/D-TOPO vector. The insert from the pENTR vector was then subcloned into
the pUASg-HA.attB vector, which contains 3x HA tags. All vectors were then injected into
embryos of the attP-86Fb acceptor fly line for integration at the same genomic location.
Flies were raised and crossed at 25°C; standard Drosophila husbandry procedures were
followed. Flies were crossed against cell type-specific Gal4 driver lines (Bloomington
Drosophila Stock Center, Bloomington, USA and Vienna Drosophila Resource Center,
Vienna, Austria) to activate expression of UAS constructs.

Genetic modifier screen—Cell-type-specific screening strains were generated by
balancing the second and third chromosomes carrying the GAL4 or UAS construct,
respectively. Tissue specific expression of transgenic H3.3K36M and H3.3K27M was
achieved using eyeless-Gal4 (ey-GALA4) or patched-Gal4 (pfc-GAL4) driver strains.

. ActS5c— GAL4  UAS - H33 - K36M + slit—GAL4 UAS - H33 - K36M
CyO,Tb ’ tubulin — Gal80,TM6,Th + CyO,Tb ’ tubulin — Gal80,TM6,Th
ey—GAL4 UAS - H33 - K2TM + ey—GAL4 UAS - H33-K36M
> CyO,Tb ’ tubulin — Gal80,TM6,Th +’ CyO,Tb ’ tubulin — Gal80,TM6,Th
ptc—GAL4A  UAS - H3.3 - K2TM
CyO,Tb ’ tubulin — Gal80,TM6,Tb

*
+
*
+
*
+

Genetic modifier screens were conducted by crossing screening strains to RNA. lines (GD
or KK stocks obtained from Vienna Drosophila Resource Center (Vienna, Austria) and
Bloomington Drosophila Stock Center (Bloomington, IN) to test for a modification of
phenotypes by mutant H3.3 expression. To control for GAL4 dosage effects, screening
strains were crossed to UAS-mCherry-RNAIJ. Positive and negative shifts were verified in
triplicates. ey~GAL4 modifier screen was evaluated regarding a rescue of the eye phenotype
by scoring the number of small eyes, rough eyes and eyes with overgrowth under control
conditions as well as following RNAI expression in triplicates for each tested gene. pic-
GAL4 modifier screen was evaluated regarding a rescue of wing defects (wing unfolded)
and leg defects (deformed legs).

METHOD DETAILS

Scanning electron microscopy (SEM)—Adult flies were fixed in 2% glutaraldehyde
+ 2% formaldehyde solution in PBS (1X). Flies were then washed and dehydrated in
increasing concentrations of ethanol (30%-100%) as described in#2. Critical point drying
was performed using a CPD machine (K850, Quorum Technology). Adult flies were
mounted on carbon on aluminum stubs and coated with gold or platinum at 15 mA for

60 seconds (20nm). Scanning electron microscopy (SEM) was performed using a Tescan,
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Mira Il LMU, FEG SEM (Field emission gun), and a secondary electron detector was used
for capturing the electron microscopy images.

Semi-thin sections of Drosophila compound eyes—Adult flies were decapitated
and heads were fixed in 2.5% glutaraldehyde in PBS for 96 hours. Drosophila heads were
postfixed in 1% osmium tetroxide, dehydrated in increasing concentrations of alcohol,
passed through propylene oxide and embedded in Araldite. Araldite blocks were cut in 1 pm
sections and stained with Richardson’s stain (1% methylene blue in 1% borax solution and
1% azur 1l solution) for examination by light microscopy.

Immunofluorescence—Eye-antennal imaginal discs of third instar larvae were dissected,
fixed in 3.7% formalin and subsequently stained using primary antibodies [rabbit anti-Tri-
Methyl-Histone H3 (Lys27, 1:500 or 1:100, C36B11, Cell Signaling, Cambridge, UK),
rabbit anti-Di-Methyl-Histone H3 (Lys27 1:200, D18C8, Cell Signaling, Cambridge, UK),
rabbit anti-Tri-Methyl-Histone H3 (Lys36, 1:50, #9763, Cell Signaling), rabbit anti-di-
Methyl-Histone H3 (Lys36, 1:100 or 1:25, C75H12, Cell Signaling, Cambridge, UK), mouse
anti-Antp (1:200, 8C11, DSHB), mouse anti-Abd-B (1:10, 1A2E9, DSHB), mouse anti-Ubx
(1:10, FP3.38, DSHB), mouse anti-Fas 11 (1:20, 7G10, DSHB), mouse anti-wingless (1:30,
4D4, DSHB), rhodamine phalloidin (1:40, Life Technologies), rabbit anti-Hemagglutinin
(1:500, ab9110, Abcam), rat anti-Hemagglutinin (1:100, 3F10, Sigma Aldrich, Munich)

and guinea pig anti-Krimper (1:2000, gift from Toshie Kai, Osaka, Japan). As secondary
antibodies [goat Alexa Fluor ® 488 anti-rabbit, goat Alexa Fluor ® 568 anti-rabbit, goat
Alexa Fluor ® 488 anti-mouse, goat Alexa Fluor ® 647 anti-rat (1:1000, Thermo Fisher
Scientific, Waltham, MA)], goat AlexaFluor ® 488 anti-mouse (1:500, Invitrogen), goat
AlexaFluor ® 594 anti-rabbit (1:500, Abcam), goat AlexaFluor ® 635 anti-rabbit (1:500,
Life Technologies) were used. As a nuclear counterstain DNA stain DAPI (1:5000, 10~3
mg/mL, Molecular Probes) was used. Eye-antennal imaginal discs were mounted in Roti
®_Mount FluorCare (Carl Roth, Karlsruhe, Germany) or gold anti-fade solution (Invitrogen).
The ey~Gal4 screening lines were used to stain for actin, Fas3, Wg and H3K27me3 and
H3K36me2 marks in rescued eye-antennal discs (Fig. 6). All other stains were performed on
eye-Gal4 crossed to control, H3.3 WT or mutant H3.3 lines.

Confocal microscopy and image analysis—For image acquisition of eye-antennal
imaginal discs an Axio Imager M2 with an LSM 700 confocal unit (Carl Zeiss Jena,
Germany) (lenses: 10x Plan Apo, NA =0, 45; 20x Plan Apo, NA = 0,8; 40x Plan

Apo, NA = 1,4), Leica SP8 confocal laser-scanning microscope (McGill University

Life Sciences Complex Advanced Biolmaging Facility (ABIF) or Zeiss LSM 710 laser
scanning confocal microscope (Biological Imaging core facility, American University of
Beirut). Zen 2009 software (Zeiss), ImageJ software (available at http://imagej.nih.gov/ij/),
Fiji(Schindelin etal., 2012) \yere used for image processing. For quantification of pS10-H3-
positive cells the ImageJ plugin Image-based Tool for Counting Nuclei (ITCN) was utilized.

Western blot—Adult eyes were dissected, subsequently transferred in 200 ul cold TEB
buffer (PBS containing 0.5% Triton X 100 (v/v), 2 mM phenylmethylsulfony! fluoride,
0.02% (w/v) NaN3, 1:1000 proteinase-inhibitor) and grounded with pestles. Samples were
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centrifuged for 10 min at 6.500 g and 4°C. The supernatant was discarded, the pellet washed
in 100ul TEB buffer and centrifuged as before. The supernatant was transferred into a fresh
reaction tube and histones were acid extracted over night at 4°C in 0.2 N HCI. Histone
extracts were heated for 5 min at 95°C in sample buffer and run on a 12.5% SDS-PAGE gel.
Separated proteins were blotted using nitrocellulose and incubated with primary antibodies
[rabbit anti Histone H3.3 (1:1000, 09-838, Merck Millipore, Darmstadt, GER), rabbit anti-
Tri-Methyl-Histone H3 (Lys27, 1:1000, C36B11, Cell Signaling, Cambridge, UK), rabbit
anti-Di-Methyl-Histone H3 (Lys27, 1:1000, D18C8, Cell Signaling, Cambridge, UK and
rabbit anti-Di-Methyl-Histone H3 (Lys36, 1:1000, C75H12, Cell Signaling, Cambridge,
UK)]. Secondary antibodies [goat Alexa Fluor ® 488 anti-rabbit (Thermo Fisher Scientific,
Waltham, MA)] were used at dilution of 1:3000. Stained protein bands were visualized using
ChemiDocTM MP imaging system (Bio-rad, Hercules, CA).

Negative geotaxis assay—~Flies were crossed and separated immediately after hatching
into groups of 10 animals and kept on Drosophila standard food 25°C in an incubator.
Climbing assay was conducted weekly at the same time of the day (10.00 am). Before
climbing assay, flies were transferred into a 15 ml falcon tube without using anesthesia.
After one minute of habituation, flies were gently tapped down to the bottom of the tube and
the number of animals attaining a threshold at height of 9 cm was counted. The procedure
was repeated 10 times to obtain mean values for each single group. To exclude an effect of
lighting conditions, the assay was carried out under red light.

Reverse transcriptase quantitative PCR (RT-gPCR)—500ng of RNA was used to
synthesize cDNA using the Maxima H Minus First Strand cDNA Synthesis Kit with random
hexamer primers (ThermoScientific). Gene expression was measured using the DyNAmo
Flash SYBR Green qPCR Kit (ThermoScientific) with the Bio-Rad CFX 96 Real-Time
System and C1000 Thermal Cycler. For all RT-gPCR experiments, the data was normalized
using the housekeeping gene rp49 and to the control (yw). The following primers were used:

. rp49forward: TACAGGCCCAAGATCGTGAAG

. rp49 reverse: GACGCACTCTGTTGTCGATACC

. gin forward: CCTCAGTTCCGCCGACTATC

. ginreverse: ACGGAAGTCCGAACAACGAA

. AGO3forward: TCCAGCTTGTTGTATGTACGCT
. AGO3reverse: TGCTTCAGCCACATCTCGTT

. moon forward: TATCGGCGTAAGCAGCGTAG

. moon reverse: CGCGGAATAGTCCCTCCATC

. krimp forward: TTCGATAGCAACATGCACAAGC
. krimp reverse: CAGCGGAATGAGACTCCTGTA
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QUANTIFICATION AND STATISTICAL ANALYSIS

RNA extraction and RNA-seq—20-30 pairs of eye-antennal imaginal discs were
dissected from wandering third instar larvae in PBS for each biological replicate, and flash
frozen in liquid nitrogen prior to RNA extraction. 3 biological replicates were collected

for each genotype profiled. RNA was extracted using the RNeasy mini kit (Qiagen,

74104) according to instructions from the manufacturers. To ensure elimination of genomic
DNA contamination, RNA was treated with on-column RNAse-free DNase | (Qiagen,
79254). Library preparation was performed with NEBNext directional poly-A mRNA-seq
kit according to manufacturer’s instructions. 100bp paired-end sequencing was performed at
the McGill University and Génome Québec Innovation Centre on Illumina HiSeq 4000 and
NovaSeq 6000.

Bioinformatics — RNA-seq—Raw sequencing reads were trimmed using Trimmomatic
v0.32 (Bolger et al., 2014) to remove low-quality bases at the ends of reads (average quality
phred33 < 30 in sliding windows of 4 nucleotides), clip the first four bases, and remove
Illumina adaptor sequences using palindrome mode. Reads shorter than 30 nucleotides after
trimming were discarded. The resulting high-quality reads were aligned to the Drosophila
melanogaster reference genome (Illumina iGenome UCSC dm6) using STAR v2.30e (Dobin
et al., 2013) with default settings. Mapped reads were quantified with featureCounts v1.4.4
(Liao et al., 2014) using dm6 ensGene Ensembl genes. For repetitive element analysis,
uniquely aligned reads (mapQ > 0) were quantified with SeqMonk v1.47 using dmé
RepeatMasker annotations. Normalization and differential expression analysis for genes and
repeats were performed using DESeq2 v1.14.1 (Love et al., 2014). Differentially expressed
genes were defined as expressed genes (average normalized expression > 100) presenting
large expression changes (absolute log2 fold change > 0.5) and statistically significant
(adjusted p-value < 0.05). To control for changes that may be induced by expression of

the human construct, genes detected as differentially expressed in the comparison between
Control and H3.3 WT samples genotypes were filtered out. This analysis produces a

very conservative list of differentially expressed genes, removing several genes where
expression of H3.3 WT resulted in an intermediate level of expression, that would be
statistically significant in a H3.3 WT vs H3.3K-to-M comparison. To perform gene ontology
analysis, EnrichGO function from clusterProfiler v3.2.14 (Yu et al., 2012) was used to find
enriched pathways from biological process, molecular function and cellular component.
The background gene list was defined as all genes with expression levels greater than

0 in at least one sample in the complete dataset. The Bioconductor org.Dm.eg.db v3.4.0
database was used and a Benjamini and Hochberg adjusted p-value of 0.05 was used as
threshold. Pathway analysis was complemented with Panther (Thomas et al., 2003) and
DAVID (Huang da et al., 2009). Differentially expressed repeats were defined as elements
with large expression changes (absolute log2 fold change > 2) and statistically significant
(adjusted p-value < 0.05).

Murine and human RNA-seq datasets were obtained from Gene Expression Omnibus
accession # GSE69291. Raw reads were processed using GenPipes (Bourgey et al., 2019a)
v.3.1.2 RNA-seq module under default parameters. Briefly, reads were trimmed for Illumina
adapter sequence using Trimmomatic v.0.36 using quality cut-off of phred < 33. PCR
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duplicates were identified and filtered using Picard v.2.9.0. Resulting unique reads were
then aligned to Mus musculus reference genome (mm10) and Homo sapiens reference
genome (hg19) using STAR v.2.5.3a. For repetitive element analysis, uniquely aligned reads
(mapQ > 0) were quantified with SeqMonk v1.47 using mm10 or hgl9 RepeatMasker LTR
and LINE annotations. Normalization and differential expression analysis for repeats were
performed using DESeq2 v1.14.1 (Love et al., 2014). Differentially expressed repeats were
defined as elements with large expression changes (absolute log2 fold change > 2) and
statistically significant (adjusted p-value < 0.05).

Small RNA-seq (smRNA-seq)—20-30 pairs of eye-antennal imaginal discs were
dissected from wandering third instar larvae in PBS for each biological replicate. PBS

was removed and samples kept in QlAzol reagent, RNA was extracted using the miRNeasy
micro kit (Qiagen, 217084) according to manufacturer’s instructions. To ensure elimination
of genomic DNA contamination, RNA was treated with on-column RNAse-free DNase |
(Qiagen, 79254). 3 technical replicates were collected for each genotype profiled. SmRNA-
seq libraries were then prepared using NEBNext Small RNA library kit according to
manufacturer’s instructions. sSmRNA libraries were then sequenced (single-end, 50bp) at
the McGill University and Génome Québec Innovation Centre on Illumina HiSeq 4000.

Bioinformatics — smRNA-seq—Sequencing reads were processed as described for
RNA-seq reads, with the following modifications to the workflow: the first four bases were
not clipped; trimmed reads shorter than 15 bases (as opposed to 30) were discarded. The
resulting clean set of reads were then aligned to the drosophila reference genome (dm6)
using novoalign (v3.02.12) with a score difference of 0 for calling multiple mapping (-R 0),
reporting a maximum of 100 alignments per read (-r All 100), setting miRNA mode (-m
100) and using -1 14 and -t 10,5.5 as alignment scoring parameters.

Gene expression levels were estimated by quantifying uniquely-aligned and multi-mapped
(at primary alignments only) to the Ensembl genes, miRNAs (miRBase), tRNAs
(GtRNAdb), piRNA clusters (Brennecke et al., 2007) and the piRNA database (Sai Lakshmi
and Agrawal, 2008) annotation sets using featureCounts (v1.4.4) (Liao et al., 2014) piRNA
clusters and piRNA database annotations were converted to dm6 genome build using the
UCSC liftOver tool with dm3toDm6 chain. Normalization (mean of ratios) and variance-
stabilized transformation of the data were performed using DESeq2 (v1.14.1) (Love et al.,
2014) using a concatenation of the miRNAs, tRNA and piRNA database genes. Multiple
control metrics were obtained using FASTQC (v0.11.2), samtools (v0.1.19)(Li et al.,
2009) BEDtools (v2.17.0) (Quinlan and Hall, 2010) and custom scripts. For visualization,
normalized Bigwig tracks of all reads (MapQ > 0) and uniquely aligned reads (MapQ >

1) were generated using strand-specific quantification pipeline from SeqMonk. Integrative
Genomic Viewer (Thorvaldsdottir et al., 2013) was used for data visualization.

Chromatin immunoprecipitation sequencing (ChlP-seq)—Native ChlP-seq for
H3K27me3, H3K36me2 and H3K36me3 was performed as described previous(Karimi et
al., 2011) with minor adjustments. Briefly ~80-200 pairs of eye disc tissue were dissected
from H3.3 WT, K27M, K36M, and negative control ywflies and flash frozen. Tissue was
disassociated passing through a syringe (25 5/8 gauge) 20x in douncing buffer (10mM Tris
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Cl pH7.5, 4mM MgCl,, 1mM CaCls, and protease inhibitor cocktail (Roche)). Disassociated
cells were then digested with 30U of micrococcal nuclease (Worthington) at 37°C for 7
mins, yielding predominantly mono- and di-nucleosomes. Cells were then lysed in ice-cold
hypotonic lysis buffer (0.2 mM EDTA, 0.1 mM benzamidine, 0.1 mM PMSF, 1.5 mM DTT,
and protease inhibitor cocktail (Roche)) to yield chromatin. Chromatin was then incubated
with pre-conjugated antibody:bead complex containing H3K27me3 (CST 9733, 3 uL / IP),
H3K36me2 (Active Motif 39255, 3 uL / IP), H3K36me3 (Active Motif 61022, 3 uL / IP)
complexed to Protein A Dynabeads (Invitrogen, 20 uL / IP) or anti-mouse IgG Dynabeads
(Invitrogen, 20 pL / IP) rotating at 4°C overnight. Beads were then washed 2x in ChlIP
Wash Buffer (20 mM Tris-HCI pH 8, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, and protease inhibitor cocktail) and 1x in Final Wash Buffer (20 mM Tris-HCI pH 8,
0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NacCl, and protease inhibitor cocktail).
DNA was then eluted in 100mM NaHCO3 and 1% SDS at 65°C for 2h, and purified using
phenol:chloroform extraction followed by ethanol precipitation.

Library preparation was carried out using KAPA HTP Illumina library preparation reagents,
following manufacturer’s instructions. Briefly, 50 pl of ChIP sample was incubated with

45 pl end repair mix at 20 °C for 30 min followed by Ampure XP bead purification. A
tailing: bead bound sample was incubated with 50 pl buffer enzyme mix at 30 °C for 30 min,
followed by PEG/NaCl purification. Adaptor ligation: bead-bound sample was incubated
with 45 pl buffer enzyme mix and 5 pl of TruSeq DNA adapters (Illumina), for 20 °C 15
min, followed by PEG/NaCl purification (twice). Library enrichment: 14 cycles of PCR
amplification. Size selection was performed after PCR using gel excision to collect 150-450
bp fragments. ChIP libraries were sequenced on Illumina NovaSeq 6000 platforms at 50 bp
paired-reads.

Bioinformatics - ChIP-seq—ChIP-seq datasets were processed using the ChIP-seq
module of GenPipes (Bourgey et al., 2019b). Briefly, raw reads were trimmed using
Trimmomatic (Bolger et al., 2014) v0.32 to remove adaptor and sequencing-primer
associated reads, then aligned to dmé using bwa-mem (Li and Durbin, 2009) (v0.7.12)
with default parameters. PCR duplicate reads as defined by reads with identical mapping
coordinates were then collapsed by Picard v2.0.1 to produce uniquely aligned reads.
Uniquely aligned reads with mapping quality of >5 were then used to quantify
enrichment. Reads per kilobase mapped (RPKM) was calculated using SeqMonk v1.47
at annotated promoters (defined as 5 kilobase centred on transcription start site)

using dm6 ensGene Ensembl gene annotation and at genomic tiled bins. Differential

enrichment between the mutant and WT control were then calculated as Z-scores, with
_ mutant RPKM — WT RPKM
"~ \mutant RPKM + WT RPKM

modification.

|Z-score| above 0.5 is then considered as change in histone

Alignment to Drosophila gypsy LTR (Dfam accession DF0001639) and internal (Dfam
accession DF0001638) consensus sequence was performed using bwa-mem (Li and Durbin,
2009) (v0.7.17) with default parameters. PCR duplicate reads as defined by reads with
identical mapping coordinates were then collapsed by Picard v2.0.1 to produce uniquely
aligned reads. Read count and normalization was performed using SeqMonk v1.47. To

Mol Cell. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaouch et al. Page 19

normalize for sequencing depth, read count at transposon consensus was divided by total
number of mapped reads to adm6to derive Reads Per Million mapped (RPM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overexpression of H3.3K27M and H3.3K36M in eye imaginal discs using ey-Gal4
produces hypotrophic and tumorous eyes.

(A) Expression of H3.3K27M and H3.3K36M induces small eyes (upper panel),
disorganization of ommatidia (rough eye phenotype), in some cases overgrowth, and
decreased photoreceptor neurons (lower panel, black arrowheads) while expression of
H3.3 wild-type (WT), and a Gal4 control have no effect on eye size and architecture;
quantifications for the eye phenotypes are depicted in the right panel. Light grey bars
represent percentage of small eyes, dark grey bars represent percentage of rough eyes,
and pie charts percentage of flies with overgrowth phenotype; (n) represents total number
of flies counted. (B) Sensitized flies overexpressing the Notch ligand Delta (DI) in the
developing eye display increased eye size. Tumorous eyes with metastasis of eye tissue
(black arrowheads) are obtained upon expression of H3.3K27M and to much lower
extent of H3.3K36M. Black bars represent percentage of tumorous eyes, grey bars
represent percentage of flies with complete eye loss, and pie charts metastasis incidence

Mol Cell. Author manuscript; available in PMC 2023 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chaouch et al.

Page 24

within the tumorous eye phenotypes; (n) represents total number of flies counted. (C)
Immunofluorescence staining for Fasciclin I11, HA and the polarity marker F-actin in Gal4
control, H3.3 WT, H3.3K27M and H3.3K36M overexpressing eye imaginal discs. Transgene
expression is visualized by HA staining. Areas in squares are shown at higher magnification.
Scale bar 10um. See also Fig. S1.
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Fig. 2. Overexpression of H3.3K27M and H3.3K36M in eye imaginal discs using ey-Gal4
produces aberrant methylation of antagonistic methylation marks.

(A) Immunofluorescence staining for H3K27me2/3 (left) and H3K36me2/3 (right) in
H3.3K36M, H3.3K27M and H3.3 WT overexpressing eye discs. (B) Quantification of
H3K36 di-/ trimethylation, H3K27 di-/ trimethylation and H3 levels in histone extracts from
adult eyes by western blot. Histone H3 was used as a control and p-Actin was used as a
loading control. Band intensity of western blot was quantitated in graph to the right. See also
Fig. S2.
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Fig. 3. H3.3K27M or H3.3K36M expression results in downregulation of genes involved in eye
development and upregulation of the piwi-interacting RNA (piRNA) pathway.

(A) Differential gene expression analysis of H3.3K27M (left) or H3.3K36M (right)
compared to ywbaseline control. Grey: all genes. Black: significantly deregulated genes
(adjusted p-value < 0.05, absolute log2 fold change > 0.5, mean expression > 100) not
affected when overexpressing H3.3 WT. Orange: piRNA pathway genes. Green: genes
involved in eye development. (B) Overlap of statistically significant genes associated with
expression of each H3.3 mutant. (C) Gene ontology analysis of top enriched biological
processes in differentially expressed genes, as in (A). Numbers in parentheses indicate
number of differentially expressed genes observed under each category in H3.3K27M and
H3.3K36M mutant respectively. (D) piRNA biogenesis genes show significant increase

in expression upon H3.3K27M expression. (E) Right: immunofluorescent staining (red in
merged) for Krimp in e¢y>H3.3 WT, ¢)>H3.3K27M, and e)>H3.3K36M eye discs. The
DNA stain DAPI (blue in merged) is used as an exposure control. White dashed square
indicates field sampled for inset. Left: inset images showing cytoplasmic distribution of
Krimp. See also Fig. S3, Table S1-S4.
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Fig. 4. K27M and K36M redistribute H3K36me2 away from repetitive sequences to actively

transcribed genes.

(A) Genome browser snapshot depicting H3K27me3 and H3K36me2 changes in H3.3K27M

and H3.3K36M flies on chr2R, relative to H3.3 WT flies. Gain is represented as bars

above zero, whereas loss is represented bars below zero. (B) Significantly differentially
expressed eye developmental and germline-specific genes identified in H3.3K27M and their
expression in H3.3K36M. Below, RPKM enrichment of H3K27me3 and H3K36me2 for

each gene is depicted for H3.3 WT, H3.3K27M, and H3.3K36M flies. (C) H3K27me3

levels

at eye developmental genes and germline specific genes, as in (B). * denote significant
change in H3K27me3 (p < 0.001, two-tailed paired t-test). (D) Smoothed line plot depicting
H3.3K27M- or H3.3K36M-mediated H3K36me2 change in relation to transposable element
(TE) copy numbers over chr3L (left) and chr4 (right). (E) Bar plot depicting H3K36me2
change at LTR repeats and genic regions in H3.3K27M (red) or H3.3K36M (blue) mutants
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relative to H3-WT. Genes were stratified into 4 quartile bins based on expression in WT,
with Q1 being silenced to Q4 being the highest expressed genes. See also Fig. S4-5.
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Fig. 5. H3.3K27M and K36M de-repress transposable elements in flies.
(A) Volcano plot depicting K27M- (left) and K36M-mediated transcrional dysregulation in

repetitive sequences. Each dot represents an individual copy of repeat, red dots represent
individual LTR elements while blue dots depict LINES, grey dots represent all other
repetitive classes. Note that K36M de-represses LTR repeats to a greater extent than K27M.
(B) Pie chart representing the number of significantly up-regulated (log2FC > 2, FDR

< 0.05) elements in each repeat class in H3.3K27M and H3.3K36M eye discs. Outer
ring depicts copy number of each repeat class in Drosophila melanogaster genome dmé.
(C) Stacked heatmap depicting H3K36me2 enrichment at all gypsyLTR (n = 1,276) in
H3.3 WT, H3.3K27M, and H3.3K36M flies. (D) RNA-seq normalized count for krimp
knockdown validation in H3.3K27M and H3.3K36M flies. Negative sign (-) indicate
mCherry RNAI. (E) Number of transposon elements significantly up-regulated (log2FC
>0, FDR < 0.05) in Arimp KD K27M and K36M, compared to mCherry RNAI negative
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control. Below, copy number of each repeat class in dmé. (F) Volcano plot depicting repeat
sequence dysregulation upon Arimp KD, compared to mCherry KD control, in H3.3K27M
and H3.3K36M flies. Each dot represents an individual copy of repeat, red dots represent
individual LTR elements, blue dots depict LINEs (light blue circle: Jockey HeT-A family),
grey dots represent all other repetitive classes. See also Fig. S6, Table S5.
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Fig. 6. shRNA-mediated knockdown of E(z) and ash1l restores normal eyes development in
respectively H3.3K36M and H3.3K27M mutant flies.

(A) Eye disc-specific H3.3K27M and H3.3K36M expressing flies were crossed with 18
selected strains expressing specific short hairpin (sh)RNAs targeting PRC2/PRC1 members
as well as lysine-methyltransferases or demethylases. Green crosses indicate suppression
of phenotype, red dashes indicate worsening of phenotype, while zeroes indicate no

effect. Asterisk indicates that the effect was only observed in females, not in males. (B)
Micrographs of adult eyes illustrating modifier effects of £(z) (BDSC: 27933) and as/1
(VDRC:108832) knockdown on ey>H3.3 WT, ey>H3.3K27M, and ey>H3.3K36M flies.
(C) Micrographs of adult eyes illustrating the lack of a modifier effect from Set2or NSD
knockdown on ey>H3.3 WT, ey>H3.3K27M, and ¢y>H3.3K36M flies. (D) Left: heatmap
depicting relative expression of eye developmental genes (upper panel) and germ cell genes
(lower panel) in ash1-KD rescued H3.3K27M, relative to ashZ-KD alone and mCherry KD
controls. Right: violin plot representing expression quantification of gene sets depicted in
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the heatmap. (E) Left: heatmap depicting relative expression of eye developmental genes
(upper panel) and germ cell genes (lower panel) in £(z)-KD rescued H3.3K36M, relative
to £(z)-KD alone and mCherry KD controls. Right: violin plot representing expression
quantification of gene sets depicted in the heatmap. See also Fig. S7, Table S6-9.
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Figure 7. Model depicting K27M and K36M-mediated perturbation of H3K27me3 and
H3K36me2 at genes and transposons.

In WT eye discs, H3K27me3 and H3K36me2 mark and transcriptionally repress distinct
regions of the genome, with H3K27me3 repressing developmentally-regulated genes and
H3K36me2 repressing transposons. In the presence of K27M, the repressive H3K27me3
chromatin contracts and causes rampant activation of germ cell-specific genes including
piRNA biogenesis components. In the absence of H3K27me3, H3K36me?2 is redistributed
into genic regions and lost from transposon-rich pericentromeric heterochromatin resulting
in transposon de-repression. The aberrantly expressed piRNA components is then be utilized
as a surveillance mechanism to degrade these TE transcripts primarily in K27M. In
K36M-expressing eye discs, H3K36mez2 is lost from pericentromeric regions and directly
causes de-repression of transposable elements. In the absence of H3K36me2, H3K27me3
aberrantly spreads into flanking sites and is diluted from its canonical targets, resulting in
mild up-regulation of germ cell and a subset of piRNA biogenesis genes.
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