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DEVELOPMENTAL BIOLOGY

Distinct roles for canonical and variant histone H3

lysine-36 in Polycomb silencing

Harmony R. Salzler', Vasudha Vandadi', Benjamin D. McMichael'?, John C. Brown',
Sally A. Boerma®, Mary P. Leatham-Jensen’, Kirsten M. Adams?, Michael P. Meers'*,
Jeremy M. Simon>®, Robert J. Duronio™***¢, Daniel J. McKay"**%, A. Gregory Matera'->*>5#

Polycomb complexes regulate cell type—specific gene expression programs through heritable silencing of target
genes. Trimethylation of histone H3 lysine 27 (H3K27me3) is essential for this process. Perturbation of H3K36 is
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thought to interfere with H3K27me3. We show that mutants of Drosophila replication-dependent (H3.2**F) or
replication-independent (H3.3%*°F) histone H3 genes generally maintain Polycomb silencing and reach later
stages of development. In contrast, combined (H3.3"*¢"H3.2"3¢") mutants display widespread Hox gene misex-

pression and fail to develop past the first larval stage. Chromatin profiling revealed that the H3.

2/36R mutation

disrupts H3K27me3 levels broadly throughout silenced domains, whereas these regions are mostly unaffected
in H3.3"%F animals. Analysis of H3.3 distributions showed that this histone is enriched at presumptive Polycomb
response elements located outside of silenced domains but relatively depleted from those inside. We conclude
that H3.2 and H3.3 K36 residues collaborate to repress Hox genes using different mechanisms.

INTRODUCTION

A fundamental question in developmental biology is to understand
how diverse cell types are generated from undifferentiated precursor
cells. Once established, cellular identities must be maintained over
time. The failure to do so can result in a wide spectrum of human
diseases (I1—4). Covalent posttranslational modifications (PTMs) of
the histone proteins that package eukaryotic genomes are thought to
encode epigenetic information that is passed from one cell genera-
tion to the next (5-7), but the mechanisms by which this process
occurs remain incompletely understood.

In animal cells, histone PTM functions have largely been in-
ferred from genetic analyses of histone modifying factors (readers,
writers, and erasers) rather than from studying the histone residues
themselves. To help decipher the metazoan “histone code” (8), we
developed an experimental system in Drosophila that allows for so-
phisticated phenotypic analysis following loss of a specific site of
histone modification (9, 10). We found that histone missense
mutants often exhibit a subset of the phenotypes caused by muta-
tions in their cognate chromatin-modifying enzymes (9, 11-14).
Here, we take advantage of this system to focus on the role of
histone H3 lysine-36 (H3K36) in antagonizing the developmentally
regulated gene silencing activity of the Polycomb Repressive
Complex 2 (PRC2).

A large body of evidence demonstrates that trimethylation of H3
lysine 27 (H3K27me3) is deposited by PRC2 and is critical for for-
mation of silent chromatin (15, 16). Recent work has conclusively
shown that the H3K27 residue is essential for maintaining repres-
sion of homeobox (Hox) genes that control cell fate decisions in
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Drosophila and mice (9, 17, 18). Furthermore, allosteric interactions
within the PRC2 enzyme complex serve to facilitate the spreading of
H3K27me3 into neighboring chromatin domains (19-21). Thus,
the H3K27me3 writer is also a reader—a finding that has profound
consequences for understanding the regulation of heterochromatin
(22, 23). The H3K27me3 mark is also read by PRCI1, containing the
Polycomb (Pc) protein, which further condenses and represses
H3K27me3-marked genomic regions (24).

To counteract the spreading activity of PRC2, other chromatin
marks including H3K4me3, H3K36me2, and H3K36me3 are
thought to antagonize Pc silencing (25, 26). Elegant work from
Miiller and colleagues (27) recently elucidated the structural basis
whereby modification of H3K36 inhibits the activity of EZH2, the
catalytic subunit of mammalian PRC2. Cryo—electron microscopy
(cryo-EM) analysis of in vitro—reconstituted nucleosomes showed
that the N-terminal tail of histone H3 is threaded into the active
site of EZH2 by a network of interactions that is disrupted by cova-
lent modification of H3K36 (27). However, despite the compelling
cryo-EM data, histone gene replacement studies in vivo in Drosophi-
la showed that replication-dependent histone H3.25*** mutants
exhibit reduced H3K27me3 levels but comparatively modest Pc der-
epression phenotypes (12, 27, 28). In contrast, H3.2**”% mutants
exhibit more widespread derepression (27). Given the exquisite
ability of cells to sense changes in the levels of H3K27-modifiable
nucleosomes (9, 17), the relatively mild Pc phenotypes observed
in H3.2°*® larval tissues are puzzling. If the presence of an unmod-
ified H3K36 residue really is necessary for efficient trimethylation of
H3K27 in vivo, then perhaps there is some redundant histone func-
tion that serves to mask the K36R mutant phenotype.

One clear candidate for such a role is the replication-indepen-
dent histone, H3.3, which differs from H3.2 by only four amino
acids. The H3.3 and H3.2 N-terminal tails differ by only a single
amino acid, at position 31, and thus, both can be similarly modified
at their respective H3K36 and H3K27 residues (29, 30). According-
ly, functional redundancies between H3.2 and H3.3 have been de-
scribed. One study showed that H3.2 can compensate for loss of
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H3.3 (31). Another example is highlighted by the H3K9 residue (14)
as the combination of H3.2°°% and H3.3*°" mutations resulted in
more severe developmental and transcriptional defects than did
either mutation alone.

We therefore hypothesized that lysine-36 of H3.3 might func-
tionally compensate for loss of H3.2K36 with respect to directly pro-
moting enhancer of zeste [E(z)] activity, H3K27 trimethylation, and
appropriate repression of Hox genes. To test this notion, we gener-
ated H3.3°°® mutants and examined them for homeotic pheno-
types indicative of faulty Hox gene repression. We also compared
the effects of H3.2°*°% and H3.3*°® mutations on the levels and
genome-wide distribution of H3K27me3. These experiments re-
vealed that loss of H3.2K36 causes widespread disruption of
H3K27 trimethylation across broad domains (e.g., the Hox gene
clusters), whereas loss of H3.3K36 does not. In control genomes,
we found that H3.3 preferentially accumulates at presumptive
PRC2 recruitment sites, called Polycomb response elements, or
PREs (32, 33). H3.3 accumulates to a lesser degree at PRE-like
sites located inside broad domains of H3K27me3 silent chromatin
than it does to those outside. Last, we created an H3.2%%/H3.3%%
double mutant and found that combining these mutations synerg-
istically derepresses Hox genes. These findings support a model
wherein H3.2K36 and H3.3K36 residues are both important for
proper Hox gene repression but that they carry out this function
from distinct genomic subcompartments.

RESULTS

Arginine substitutions at K36 and K27 in H3.2
synergistically impair development

The antagonistic relationship between PRC2, which carries out
H3K27 trimethylation, and complexes that methylate H3K36 is
well established (25, 26, 34, 35). However, to date, there is no
direct evidence demonstrating a developmental biological connec-
tion between H3K27 and H3K36 residues. We therefore analyzed
animals expressing various bacterial artificial chromosome (BAC)
transgenes carrying two homologous copies of a 12x tandemly
arrayed 5-kb Drosophila histone gene repeat element in the back-
ground of a homozygous deletion of the endogenous histone gene
cluster (AHisC); for details, see fig. S1 and Materials and Methods.
This scheme (Fig. 1A) allowed us to perform genetic complemen-
tation analyses by combining 12x transgenes of different genotypes,
thereby assessing the likelihood that different H3.2 residues might
participate in a common function. Adults homozygous or hemizy-
gous for the 12xH3.2""™7 (histone wild type, HWT) tandem array
are viable and fertile (9); see Fig. 1B. We found that one copy of the
HWT transgene rescues the larval and pupal lethality previously re-
ported (9, 12) for 12xH3.25*% (K36R) hemizygotes (Fig. 1B). One
copy of the HWT transgene was unable to fully rescue 12xH3.25*"%
(K27R) hemizygotes. These K27R/HWT animals pupate normally,
but very few eclose as viable adults (Fig. 1B).

Using this assay, we observed a strong genetic interaction
between H3.2/°°® and H3.25?”%; nearly all the K27R/K36R
animals die as larvae before pupation (Fig. 1B). As mentioned
above, the control crosses displayed significantly milder phenotypes
(Fig. 1B). Notably, the K27R/K36R complementation failure is not
simply due to an overabundance of mutant histones as crosses
between K36R and 12xH3.25°% (K9R) produced viable adults at
similar frequencies to those with HWT (Fig. 1B). Previously, this
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sort of intragenic complementation analysis within a large multi-
gene family has not been possible. Our results strongly suggest
that H3.2K36 and H3.2K27 residues share common pathways or
mechanisms necessary for proper development to adulthood,
whereas H3.2K36 and H3.2K9 do not.

H3.3¥*°R mutants are viable and fertile

The relative failure of replication-dependent H3.25°% mutants to
elicit strong Pc phenotypes (12, 27, 28) suggests the existence of a
redundant H3 function. Outside of S phase and in postreplicative
cells, nucleosome turnover is largely carried out using the replica-
tion-independent histones, including H3.3 (36). In Drosophila mel-
anogaster, there are two H3.3 genes, H3.3A and H3.3B (37). To test
for genetic redundancies at H3.3 lysine-36, we generated a K-to-R
missense mutation in H3.3B using Cas9-mediated homologous re-
combination and introgressed it onto an H3.3A null mutant
(H3.3A™!" background (Fig. 1A). Complete genotypes and crossing
schemes for generating these animals and all others used in
this study can be found in figs. S1 to S4 and table SI.
H3.3BF°%. (3,34 double-mutant animals (hereafter H3.35%°%)
pupate and eclose at similar frequencies to H3.3A™" mutants
(Fig. 2A). Thus, the viability of H3.3B°°% animals was unaffected
by deletion of H3.3A. Given that animals lacking both H3.3A and
H3.3B (H3.3A) had previously been shown to complete develop-
ment (31, 38), and those lacking only H3.3A are fully viable and
fertile (31), this result was expected. However, unlike H3.3FR or
H3.3%7R mutants (14, 39), H3.3%°°R males are fertile. Furthermore,
these data reveal that the H3.3K36R protein is incorporated into
chromatin and is at least partially functional as H3.3**°® mutants
eclose at significantly higher frequencies than H3.3A
animals (Fig. 2A).

The H3.3K36R mutation enhances Pc phenotypes in adults
The H3.3""H3.2"°°® mutants exhibit delayed development, with a
broad lethal phase that extends throughout larval and pupal stages;
very rarely (< 0.2%), animals eclose as adults (9, 12). However,
H3.3WTH3, 2K36R pharate adult (uneclosed) males occasionally dem-
onstrate homeotic transformations that are indicative of impaired
regulation of Hox genes, including ectopic sex combs and
antenna to leg transformations (27). To evaluate H3.359R e
scored adult mutant and control animals for homeotic transforma-
tions including: thoracic T2 to T1 (T2-T1) and T3 to T1 (T3-T1),
abdominal segments 4 to 5 (A4-A5), and wing to haltere (W-H)
transformations. Examples of these phenotypes are illustrated in
Fig. 2B. The T2-T1 and T3-T1 leg transformations display ectopic
sex comb bristles, the A4-A5 transformations show abnormal pig-
mentation of segment A4, and the W-H transformations feature ab-
normal wing morphology, manifesting as fully or partially
crumpled wings.

Control yw flies (n = 98) with WT histone loci completely lacked
leg and abdominal transformations, although 3 of 98 flies displayed
wing morphology consistent with mild W-H transformations. In-
spection of H3.3 36R 3dult males (n = 88) for homeotic transforma-
tions revealed few overt PcG phenotypes compared to controls
(Fig. 2C) (40, 41). However, introducing H3.3%R into a sensitized
genetic background revealed a significant increase in homeotic
transformation. Flies heterozygous for a null mutation of
Pc (P’/+) are viable as adults but exhibit a baseline frequency of
homeotic transformations, which can be modified by other
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Fig. 1. Intragenic complementation analysis within a multigene family. (A)
Cartoon of chromosomal loci used in (B) and in subsequent experiments. For com-
plete genotypes, see figs. S1, S2, and S4. The H3.3B gene (chr. X) is either WT, K36R,
or A (null). The H3.3A gene (chr. 2L) is either WT or A (null). The endogenous rep-
lication-dependent histone gene cluster HisC (chr. 2L) is either intact (WT) or A
(null). The transgenic insertion site VK33 (chr. 3L, band 65B2) was used for
histone gene replacement analysis. 12xH3.2 transgenes contain 12 copies of the
histone repeat unit, each of which contains all five replication-dependent
histone genes. Transgenes used in this study carry the following alleles of H3.2:
HWT, K9R, K27R, or K36R. Panel was created using BioRender.com. (B) Developmen-
tal viability assay for complementation analysis of 12xH3.2 transgenes. All geno-
types are HisCA and carry two 12x histone transgenes in trans (24x total). Pairs
of transgenes are represented on the x axis for each set of bars. For each genotype,
% pupation and % eclosion of four to six biological replicates (50 larvae/replicate
vial) were calculated, and means and SD of these percentages were plotted. Stat-
istical significance for % pupation was calculated with GraphPad Prism software
using a mixed-effects analysis (can accommodate missing values) on the four ge-
notype pairs indicated by brackets, followed by Sidék’s multiple comparisons test.
**Pp < 0.01; ¥***P < 0.001. ns, not significant.

mutations present in the genotype (42-44). This assay has been used
reliably to implicate genes regulating Pc-dependent gene silencing
in many other studies (42-44). We constructed two pairs of control
and mutant genotypes for analysis (Fig. 2, D to F). As the full geno-
types are quite lengthy, we have abbreviated them for clarity. See fig.
S3 for complete genotypes.

First, to validate the role of H3.2K36 in Hox gene repression in
this assay, and to provide a benchmark for subsequent analysis of
H3.3, we scored T2-T1, T3-T1, W-H, and A4-A5 transformations
in HisA/+;H3.2"°°%/P¢® mutants and HisA/+;H3.2"""/Pc’ controls
(fig. S5). Despite mutant H3.2%°% genes comprising only about
10% of the total number of H3.2 genes (9, 45), we observed signifi-
cant increases in T2-T1, T3-T1, and W-H transformations in the
HisA/+;H3.2"°°®/Pc> mutants compared to HisA/+;H3.2%""/pc?
control animals (fig. S5). These data validate this assay in the
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Fig. 2. Homeotic transformation analysis of H3. mutants. (A) Develop-
mental viability of H3.3***" mutant and controls. H3.3"**" indicates H3.3A™" com-
bined with H3.38%*%%. Assay conditions and statistical analyses are as in Fig. 1B, with
the following modifications. Eight replicates were scored for all genotypes. Statis-
tical significance was calculated on % eclosion with one-way analysis of variance
(ANOVA). Sidak’s multiple comparisons test was used as above, with the following
additional P values; ****P < 0.0001. (B) Top left, a WT fly with normal legs and
wings. Bottom left: A fly with three homeotic transformations scored in (C): T2-
T1 (thoracic segment leg 2 to leg 1), T3-T1 (leg 3 to leg 1), and W-H (wing to
haltere). Top right: A fly with a WT abdomen. Bottom right: A fly exhibiting a
typical A4-A5 (abdominal segments 4 to 5) transformation scored in this assay. In-
dividual A4-A6 segments are labeled. Red arrows highlight abnormal pigmenta-
tion indicating a partial A4-A5 transformation. Scale bar, ~0.5 mm. (C)
Table showing number of transformations per scored events for each H3.3%*%%
mutant and control genotype. (D) H3.3"**% (and control genotypes) were com-
bined with a heterozygous Pc® mutation and scored for the four PcG homeotic
transformations depicted in (B). For full genetic scheme, see fig. S3. Panel was
created using BioRender.com. (E) The fraction transformed (%) for these pheno-
types is plotted for each genotype. N value for number of flies scored for the
H3.2'%%F.pc** genotype (n = 55) and for the control (n = 62). Note that for T2-T1
and T3-T1, each appendage was scored separately, effectively doubling the n value
for these transformations. GraphPad Prism was used to calculate a x? value for each
transformation. Significance is abbreviated as follows: *P < 0.05, ***P < 0.001,
*##%p < 0.0001. (F) Image of a typical T2-T1 transformation for each genotype col-
lected by scanning electron microscopy at X250 magnification.
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context of histone N-terminal tail residue mutation, provide further
evidence that the H3.2K36 residue promotes Pc-mediated silencing
of Hox genes, and provide a benchmark for the sensitivity of
this assay.

Second, we further investigated whether H3.3K36 plays a role in
Pc-mediated Hox gene repression by scoring homeotic transforma-
tions in H3.3%*°%pc’/+ mutants and H3.3A™";Pc’/+ controls
(Fig. 2, D and E). Notably, these flies had a fully WT HisC locus,
and thus, all replication-dependent H3.2 genes were present at
WT copy number. We observed a significant increase in all four cat-
egories of homeotic transformations in the H3.3*°°%;Pc’/+ mutants
relative to the control group (Fig. 2E). We observed a sizeable in-
crease in A4-A5 transformations (19.6%, P < 0.001) when H3.3
was mutated compared to when H3.2 was mutated (3.6%, P = not
significant). This observation implies that the A4-A5 transforma-
tion is particularly sensitive to H3.3K36 mutation. Such relative dif-
ferences in the severity of homeotic transformation between
H3.2/°°R and H3.3*°°" mutants suggest that H3.2K36 and
H3.3K36 might promote Hox gene repression by nonidenti-
cal means.

In the above assay, we quantitatively scored homeotic transfor-
mations as differences in frequency. However, we also noted qual-
itative differences in phenotypic severity that mirrored or exceeded
these changes in frequency. For example, the H3.3B**°%;Pc’/+
mutants and H3.3A™5Pc’/+ controls both exhibit T2-T1 sex
comb transformations. However, the H3.3B**°*;P¢’/+ mutant gen-
erally demonstrated a more severe phenotype, as indicated by the
number of bristles on T2. To capture these qualitative differences
in sex comb transformations, we used scanning electron microsco-
py to image T2 sex combs of each genotype in the previous sets of
experiments (Fig. 2F). We consistently observed a greater number of
bristles in the T2 sex combs of both HisA/+;H3.2"°°%/P¢* and
H3.3"%°%;Pc’/+ mutant genotypes relative to controls (Fig. 2F).
These same relative differences in severity also applied to the
other transformations that we scored quantitatively. In summary,
these analyses of adult animals suggest roles for both H3.2K36
and H3.3K36 in repression of Hox genes at late developmen-
tal stages.

H3.3K36 and H3.2K36 differentially affect H3K27me3 late
in development

Given that PcG phenotypes arise in H3.3**°% adults, we wondered
whether an effect on H3K27me3 might become evident at this later
developmental time point. Therefore, we next sought to measure the
relative impact of H3.2 and H3.3 K36R on H3K27me3 by Western
blotting from extracts of adult heads. If unmethylated H3.3K36 were
redundantly stimulating E(z) at later developmental stages, we
would expect to observe reduced H3K27me3 in H3.3°*%;Pc?/+
mutants relative to H3.3A™';Pc*/+ controls and relative to the
HisA/+;H3.2°°%/Pc® genotype. However, we did not observe any
difference in global H3K27me3 levels in the H3.3°°%;Pc’/+
animals compared to control despite a clear effect on homeotic
transformation frequency (Figs. 3 and 2E). In contrast, we observed
an ~40% decrease in H3K27me3 in HisA/+;H3.2"°°%/Pc’ mutants
relative to HisA/+;H3.2"""/Pc® controls despite the fact that only
10% of H3.2 histone genes carry the H3.2°° mutation in this ge-
notype (Fig. 3 and fig. S5). This large difference held true in three
separate experiments (P < 0.05; Fig. 3B). Overall, these data are con-
sistent with the idea that H3.2K36 is more important than H3.3K36
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in promoting global levels of H3K27me3 even at a late developmen-
tal time point.

Mutation of H3.2K36, but not H3.3K36, causes defects in
H3K27me3 spreading

Previous studies in various organisms have revealed antagonism
between factors that carry out H3K36me and H3K27me. In partic-
ular, H3K36me is thought to be important for demarcating Pc
domain boundaries (34, 46—48). To investigate changes in
H3K27me3 patterns in the H3.2°°% and H3.3"°°% mutants, we
used CUT&RUN chromatin profiling in wing imaginal discs of
wandering L3 (WL3) larvae (49). To directly compare H3K27me3
levels between genotypes, we analyzed the H3.3*** mutation in the
same genetic background used for the histone gene replacement
platform. The resultant H3.3****H3.2""" animals were compared
with H3.3A""H3.2"™ controls, each of which contains a deletion
of the H3.3A gene (see fig. S4 for details). For each mutant and
control, we performed three independent biological replicates and
sequenced both the supernatant and pellet fractions (see Materials
and Methods). The data in both fractions were consistent with
respect to signal distribution; however, correlations between
samples of the same genotype were superior in the pellet fraction
(fig. S7), Thus, for all subsequent analyses with the anti-
H3K27me3 antibody, we used the pellet fraction except where spe-
cifically noted.

As expected, H3K27me3 was highly enriched across known Pc
domains in all genotypes, exemplified by the browser shot of the
Bithorax complex (BX-C) (Fig. 4A). We noted no discernable dif-
ference between the two control genotypes. Genome-wide, we also
observed little difference between the H3.3**°*H3.2""" mutant
and the H3.3A™"H3.2"Y"T control (Fig. 4A). In contrast,
H3K27me3 levels in the H3.3""H3.2°°% mutant were markedly
depleted relative to the H3.3"WTH3.2 BT control (Fig. 4A). To
quantify the number of broad H3K27me3 domains that changed
for each mutant, we performed a differential peak analysis using
DESeq2 (Fig. 4B). These domains spanned a range of sizes and
H3K27me3 signal intensities, from very large and heavily methylat-
ed regions, such as the Bithorax and Antennapedia complexes, to
much smaller and less intensely methylated ones (Fig. 4B). In the
H3.35RH3. 2T mutants, there were very few (24 of 629) differ-
ential domains with an adjusted P value < 0.05 and a log, fold-
change threshold of > |1| (Fig. 4B). Moreover, nearly every differen-
tial peak identified in the H3.3***H3.2""" animals displayed in-
creased H3K27me3 signal intensity in the mutant, which is the
opposite of what would occur if K36R were inhibiting PRC2. In
contrast, the H3.3""H3.2"°°" mutants exhibited significantly
more differentially methylated domains (247 of 629), the majority
of which (164 of 247) decreased in intensity (Fig. 4B) (27). The most
notable changes are evident in domains bearing the highest levels of
methylation (base mean > 10°), where nearly all of them decreased
in the presence of the mutation (Fig. 4B). Overall, these data provide
no evidence that H3.3K36 contributes to methylation within broad
H3K27me3 domains in the wing disc, whereas H3.2K36 has a wide-
spread effect.

The pattern of depletion in the H3.3""H3.2"°°® mutant was also
notable. That is, the “spikes” of K27 trimethylation in the mutant
were of comparable magnitude to those in the controls, but the
signal was severely depleted in the troughs and at Pc domain bound-
aries (Fig. 4A). One might expect a spiky pattern such as this if
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Fig. 3. Western blot analysis of H3K27me3 levels in adult heads. H3.2 and H3.3
K36R mutants were maintaned in a sensitized P’ genetic background. (A) Western
blotting with anti-H3K27me3 and anti-pan H3 were performed using adult head
extracts, loading either 40 or 80 pg of protein per lane. Three independent exper-
iments were performed and imaged; a representative blot is shown. Mean pixel
intensity was calculated for each band using equal-sized areas, and a ratio of
H3K27me3/pan H3 was calculated for each biological replicate from the 80-ug
lane. (B) For each independent experiment, the H3K27me3/pan H3 ratio of
mutant genotypes was normalized to its control (HisA/+;H3.2°f/Pc® to HisA/
+H3.2"™T/PE and H3.38'°F;p/+ to H3.3A™":P/+). For each genotype, the nor-
malized mean and SD of H3K27me3/pan H3 values of all three experiments was
plotted. Statistical significance between raw H3K27me3/H3 ratios was assessed by
paired one-way ANOVA (within experiments), followed by Friedman tests individ-
ually comparing mutant genotypes to controls. P values are directly noted on
the graph.

PRC2 could efficiently nucleate at specific sites (e.g., PREs) but was
unable to spread effectively between them. Although PREs are gen-
erally thought to be nucleosome depleted (32, 50), DNA binding
factors located at these sites are known to recruit PRC2 to adjacent
nucleosomes. During the CUT&RUN assay, DNA cleavage by mi-
crococcal nuclease (MNase) is directed by an antibody. In this case,
anti-H3K27me3 is expected to recruit MNase to cleave chromatin
that is near PREs into short, subnucleosomal fragments [Fig. 5A
(50-52)]. Accordingly, the spikes located within broader domains
of H3K27me3 signal in our data align well with PREs that have
been predicted by other methods (Fig. 4A) (53).

The depletion of H3K27me3 signal between presumptive PREs
in the Hox gene clusters suggests that the H3.3""H3.2°*° mutation
causes a defect in the spreading of Pc-silencing factors. PREs are
tissue-specific cis-regulatory modules, so to determine whether
the spreading defect is a general phenomenon, we first needed to
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identify a robust set of PREs that are used in the WL3 wing disc.
The gold-standard definition of a PRE is a functional one, requiring
experimental characterization of individual sequences in vivo.
Thus, a relatively small number of PREs have been validated in
this manner, and most of the experiments have not been performed
in wing discs (32, 54). Bioinformatic predictions based on the pres-
ence of DNA binding protein motifs (55-58) predict elements with
potential PRE activity but do not define which sequences are used in
a particular developmental scenario. To circumvent these problems,
we set out to identify PREs used in the WL3 wing disc in a manner
that is both functional and predictive.

As functional PREs encompass sequences where DNA binding
proteins assemble at open regions of chromatin, we exploited the
propensity for accessible chromatin to be cleaved into subnucleoso-
mal fragments (Fig. 5A) during the CUT&RUN assay (52) by cen-
tering our analysis on peaks derived from short fragments [20 to 120
base pairs (bp)] located within broader H3K27me3 domains
(Fig. 4C). For this purpose, we used MACS2 narrow peak summit
calls from short fragments in the supernatant fraction as the super-
natant yielded fewer spurious peak calls due to localized noise. To
improve accuracy, we also capitalized on the availability of chroma-
tin immunoprecipitation sequencing data that were generated from
a mixed sample of larval brain and imaginal discs using antibodies
targeting pleiohomeotic [Pho; (59)]. In Drosophila, the presence of
Pho is one of the best predictors of functional PRC activity at exper-
imentally verified PREs (32, 60). Using these two datasets, we bio-
informatically identified genomic intervals of short-fragment
H3K27me3 peak summits (+150 bp) that overlapped with known
Pho-binding sites identified by Kassis and colleagues (Fig. 4C).
These regions correspond well with PREs predicted by modEN-
CODE (Fig. 4C). As shown in Fig. 4D, this analysis identified
1168 and 577 candidate wing disc PREs in the H3.3""H3.2"""
and H3.3A™"H3.2""T genotypes, respectively. We further nar-
rowed this list to a common set of 426 putative PREs that were iden-
tified in both control genotypes (Fig. 4D).

To ascertain whether the K36R mutation impedes spreading of
H3K27me3, we generated heatmaps and metaplots of H3K27me3
signal in the regions flanking these presumptive PREs (Fig. 4E). Al-
though the short-fragment reads were useful for identifying regions
likely to harbor DNA binding proteins at PREs, we used reads from
pooled bigwig files of supranucleosomal fragment length (150 to
700 bp) to compare H3K27me3 signal in the regions +20 kb flank-
ing the presumptive PREs for each genotype. Notably, metaplots for
the two control genotypes and the H3.3°**H3.2""T mutant were
nearly identical, demonstrating that mutation of H3.3K36 alone had
no effect on spreading across broad Pc domains (Fig. 4E). In con-
trast, the H3.3""H3.25*% mutant displayed a marked depletion of
H3K27me3 signal in the flanking regions but not directly over the
PREs themselves (Fig. 4E). These data not only confirm and extend
previous findings (27) but also demonstrate that in vivo, H3.2K36
plays a much more important role than H3.3K36 in facilitating the
spreading of H3K27me3 across broad domains, suggesting that
H3.3K36 promotes proper Hox gene regulation by a differ-
ent means.

Loss of H3.3K36 has no effect on H3K27 trimethylation

at PREs

Previous reports in mouse embryonic stem cells and Drosophila
showed that H3.3 is enriched at CpG islands and PREs, regions
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Fig. 4. Mutation of H3.2K36, but not H3.3K36, impairs H3K27me3 in Pc domains. H3K27me3 CUT&RUN profiling in WL3 wing discs (three replicates per genotype).
All browser tracks, metaplots, and heatmaps used z score normalization (A) IGV (Integrative Genomics Viewer) track of the BX-C from pellet. Individual and overlay tracks
for H3.3"TH3.2/%F with H3.3"7H3.2"™ control, and H3.3**R"H3.2""T with H3.3A™"H3.2""T control. Below the genome annotation are modENCODE predicted PREs. Red
boxes indicate PREs exhibiting WT H3K27me3, with H3K27me3 declining in the H3.3""H3.2°F mutant in flanking regions. The Abd-B promoter is shown at higher
magnification. (B) Differential peak analysis of broad H3K27me3 domains using DESeq2 (n = 629). MACS2 broad peak intervals within 10 kb were merged before
DESeq2 (see fig. S8). Points with adjusted P value > 0.05 and a log, fold change (Log,FC) > |1| colored (red, down-regulated; blue, up-regulated). Log,FC is computed
relative to appropriate control. (C) IGV track of H3K27me3 from the Antennapedia complex using long-fragment reads (150 to 700 bp). Tracks are shown for the
H3.3"TH3.2"%F mutant and H3.3""H3.2""" control, including overlay. Below overlay are subnucleosomal (20 to 120 bp) tracks from control genotypes. BED tracks rep-
resent individual MACS2 narrow peak summits, Pho-binding sites as determined in (59), and modENCODE-predicted PREs. Red boxes indicate correspondence between
features. (D) To identify putative wing disc PREs, intervals containing MACS2 peak summits + 150-bp overlapping Pho-binding regions (see Materials and Methods and
fig. S8) were ascertained for each control. The number of intervals for each control is indicated in each circle. The intersection of PRE intervals identified in both controls
(circled in red) was used for further analysis. (E) Heatmap and metaplots of H3K27me3 signal at putative PREs and 20-kb flanking regions determined in (D) (n = 426),
calculated from merged bigwig files from each genotype. To the right, each mutant genotype is compared directly to its respective control.

that most consistently function as PRC2 nucleation sites, respective-
ly (61, 62). Furthermore, GAGA factor, which can bind PREs and
promote repression of associated genes (63—66), interacts with
HIRA, an H3.3-specific histone chaperone (67). Although the anal-
ysis of long-fragment reads in Fig. 4 failed to identify a loss of signal
within broad domains, we wondered whether the H3.3%*°*H3.2"""
animals might display a more localized effect at PREs.

In CUT&RUN, the distribution and overall signal from different
fragment sizes are functions of both the relative presence of the
epitope of interest and the relative accessibility of the surrounding
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chromatin (Fig. 5A) (52). To interrogate the H3K27me3 profiling
data more specifically, we generated metaplots £500 bp around
365 short-fragment peak summits from all four genotypes that over-
lapped with the set of robust PREs established in Fig. 4. As shown in
Fig. 5B, we observed no appreciable difference in signal between the
H3.3%°°*H3.2""T mutant and its control (Fig. 5B). Despite report-
ed colocalization of H3.2 and H3.3 at PREs in S2 cells (62), we also
saw no effect at PREs in the H3.3" H3.25°°® mutant (fig. S10).
These data show that individual loss of H3.2K36 or H3.3K36 has

6 of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

A ><§/MNa\se}< E Correspondence of Pho and H3.3 genomic
o intervals
+K27me3
P=~0* H33intervals | Non-H3.3 intervals |
303 1611
110 103,913

‘ Short fragments (20-120 bp)

P==0¢ Non-H3.3 intervals
unelBele . anmnstn.,, 0" fregments (150-700 bp) s ati: 5
[ ite i al 3690 4444
1224 101,339
B K27me3 peak summits C K27me3 peak intervals F H3.3 at Pho sites
(robust subset PREs) (genomic Pho sites) . . |
@ |
8 0 ]E: : ) “\
Short fragments Long fragments s D AN
E N
o™ o 3 2 -,
12 D 12 N 5 kb Pho +5kb
£ € e} M H3.3 at Pho sites -K27me3
INEN S 1 doralil I H3.3 at Pho sites +K27me3
c s & & ) 0 050 £
=g 54 o ~
o (o} 025 g
Z2 Z 2 T =
N 4 N 0 O _4
-500bp Summit +500bp  -500bp Summit +500 bp l-lé;
o
H3.3AM3,20WT — 5
“H3l3K36R3'2HWT 0
0 10° 10? 10°
Base mean
D ~04-13
Control K27me3 i
o b f b iaisbo .
~05-58
H3.3 Cut&Run ok
(] Il I g
+—+—m- [ - - R I
iab-8 Abd-B Iro Pxd ¥
Pho binding 1 1[5/ e e pen e e e e

PRE intervals (from panel B)1 || 11 | | o

yw H3.3 Cut&Run (broad peak) | I
Experimentally validated PREs UL !

Control K27me3 bl dosittabiiia ndbedibs hiboblibdadidik Control K27mes [l [
H3.3 Cut&Run |
(inc. scale)

i, et J H3.3 Cut&Run

At =TT = A
iab-8 Abd-B

Patr-1
Phobinding 10 1 L1 ®m [T A A T Y ] Pho binding | |

-5 kb

Fig. 5. H3K27me3-directed cleavage at presumptive PREs is unchanged in H3.3*°® mutants. (A) MNase cleavage near histone PTMs during CUT&RUN. Antibodies
direct MNase localization, cleaving nearby accessible DNA to generate long (nucleosomal) and short (subnucleosomal) fragments. Image was created using BioRender.
com. (B) Metaplots of K27me3 directed CUT&RUN signal + 500 bp around peaks from all four genotypes overlapping wing disc PRE intervals identified in Fig. 4D (n = 426)
for short and long fragments, respectively. The H3.3"°*f*H3.2"%T mutant alongside H3.3A™"H3.2""" control. (C) DESeq2 analysis of short-fragment H3K27me3 peak in-
tervals that overlap with Pho-binding sites identified by Kassis and colleagues (n = 985). M/A (log ratio/mean average) plot of these intervals for H3.3***H3.2""" mutant
versus H3.3A™"H3.2"™7 control (details in fig. $8). No significant peaks were identified. (D) IGV track of H3.3 CUT&RUN at the BX-C from supernatant, merged, z score—
normalized bigwig files. Two replicates each of a yw control bearing no histone mutations were performed to determine H3.3 signal, and an H3.3A mutant used to
subtract nonspecific antibody binding. An H3K27me3 track is included for identification of H3K27me3 domains. BED tracks show positions of the following: Pho-
binding sites identified in (59); PRE intervals derived in (B); MACS2 peak calls from H3.3 CUT&RUN from yw genotype; and experimentally validated PREs curated in
(54). Pink boxes illustrate subthreshold H3.3 peaks within the BX-C. Red boxes show H3.3 peaks near the Dad locus. (E) Fisher's exact tests measuring correspondence
between genomic intervals encompassing Pho sites and H3.3 binding. Separate tests were performed for regions inside and outside H3K27me3 domains. Correspon-
dence was highly significant in both cases. *Precise P value is below minimum computable value for BEDtools and is approximated as “0." (F) Metaplot and heatmap
comparing z-normalized H3.3 CUT&RUN signal in yw controls at Pho sites intersecting H3.3 peaks located inside (+K27me3, n = 303) and outside (—K27me3, n = 3690) of
H3K27me3 domains.

little effect on H3K27 methylation immediately flanking presump-  address this question, we performed DESeq2 differential expression
tive PREs. analysis on short-fragment read counts from the K27me3 pellet

Because PREs are heterogeneous with respect to DNA sequence,  fraction in all four genotypes (Fig. 5C). We broadened the approach
binding factor occupancy, and functional properties (32, 59, 68), we  to examine intervals that overlapped with a more general set of short
wondered whether certain PREs might be preferentially affected by ~ fragment peak summits (fig. S11) and with Pho-binding sites
the H3.3K36 mutation, though we detected no general effect. To  (Fig. 5C and fig. S10). We identified no differential peaks (0 of
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985) overlapping with Pho sites in the H3.3**°*H3.2%"" mutant

(Fig. 5C). Similarly, there were only a few differential peaks (81 of
985) in the H3.3" H3.25°°% mutant (fig. S10). These data show that
mutation of H3.2 or H3.3 lysine-36 has little effect on the accessi-
bility of PREs to MNase cutting or on H3K27 trimethylation of nu-
cleosomes that flank Pho-binding regions.

H3.3 is enriched at Pho-binding sites inside and outside of
Pc domains

Chromatin profiling for H3K27me3 in the H3.3""H3.2°°® mutant
supports a clear role for H3.2 in propagation of H3K27me3 between
PREs (Fig. 4). Given that H3.3 is reportedly enriched at PREs in S2

cells (62), the failure to observe a reduction in H3K27me3 signal at
these sites in H3.3°**H3.2""T mutant wing discs was unexpected
(Fig. 5, B and C). We therefore determined whether H3.3 is also en-
riched at PREs in the wing disc by CUT&RUN profiling using anti-
H3.3 antibodies on yw (positive) and H3.3A mutant (negative)
control genotypes. As shown in Fig. 5 (D to F), analysis of the
anti-H3.3 and anti-H3K27me3 CUT&RUN data alongside sets of
previously validated PREs (54) and Pho-binding sites (59) revealed
a number of interesting features.

We detected an enrichment of H3.3 at Pho-positive PREs located
in the BX-C and in other H3K27me3 domains (Fig. 5D). Note that
the presence of H3.3 at these sites was obvious when visualized on a
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Fig. 6. Analysis of combined H3.3"*%fH3,2¥3F mutants during early development. (A) Stage 16 embryos of H3.3***fH3.2/°F mutants and H3.3V"H3.2™7 controls
stained with anti-green fluorescent protein (GFP) antibody, outlining gross morphology. Top: A control with a symmetrical VNC. Anterior and posterior VNC (VNCa, VNCp).
Bottom: A mutant exhibiting severe VNC defects. We observed a similar degree of VNC twisting in 4 of 44 (~9%) H3.3"**"H3.2¥*f mutant embryos and 0 of 73 in controls.
(B) Embryos, as in (A), but highlighting severe defects in gut development. B, brain; g1, g2, g3, and g4 correspond to four gut lobes characteristic of this stage. This
phenotype was observed in combined mutants but not in other genotypes. Scale bar, 50 um. Embryos displayed with anterior at left. (C) Embryonic viability assay
(for each genotype, n = 250 to 400 embryos). Fraction of embryos progressing from embryonic to L1 stages (% hatched) was calculated. For H3.37H3.2*¢f and
H3.3'%%F 13,236k genotypes, this value reflects adjustment for the presence of a balancer chromosome in 50% of the embryos. Significance was calculated with GraphPad
Prism software using Fisher's exact test comparing H3K36R mutant genotypes with the H3.3"7H3.2""T control. P values abbreviated as in Fig. 1. (D) Western blotting for
H3K27me3 and pan H3 on L1 larvae. (E) Quantification of four independent replicates. Mean pixel intensity for each band was measured, and ratio of H3K27me3/pan
H3 was computed per replicate. For each experiment, the H3K27me3/pan H3 ratio of mutant genotypes was normalized to H3.3""H3.2""" controls. For each genotype,
normalized means and SD of H3K27me3/pan H3 values of four replicates were plotted. Significance between raw H3K27me3/H3 ratios was assessed by paired one-way
ANOVA, followed by Friedman tests comparing mutant genotypes to H3.37H3.2"™7 controls. P values noted on graph. H3.3°*H3.2""" mutants are no different from
H3.3"TH3.2"™T controls (P value = ns, not shown on graph), whereas, H3.3"7H3.2/%%% and H3.3/%%"H3.2/5R exhibit decreased H3K27me3.
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genome browser (high signal, low noise), but the peak summit in-
tensities often did not meet the threshold of the MACS2 peak caller.
Consistent with the notion that H3.3 is enriched within active chro-
matin (61, 69-71), we observed much higher levels of H3.3 in “eu-
chromatic” regions located outside of repressive H3K27me3
domains (Fig. 5D). The H3.3 peaks in euchromatic regions also co-
incided with Pho-binding sites, and visual inspection suggested that
they were typically of greater intensity than those located inside of
H3K27me3 domains (Fig. 5D).

To determine the significance of the association between H3.3
and Pho sites, we performed Fisher's exact test on intervals
known to have Pho-binding potential (59) and those enriched for
H3.3. As shown in Fig. 5E, the correlation between H3.3 and Pho
peaks was large and highly significant, regardless of H3K27me3
status [odds ratio (OR) = 177.67, P ~ 0 inside versus OR = 68.75,
P ~ 0 outside]. To quantify the difference in H3.3 signal at Pho
sites inside versus those outside of Pc domains, we generated heat-
maps and metaplots for H3.3 signal at sites of overlapping H3.3 and
Pho-binding potential (Fig. 5F). We found that H3.3 enrichment
was roughly 1.6-fold greater at Pho sites located outside K27me3
domains compared to those inside (Fig. 5F). Together, our data
show that H3.3 is indeed enriched at wing disc PREs; however, mu-
tation of H3.2 or H3.3 K36 has very little effect on H3K27 trimethy-
lation at these sites.

Complete loss of H3K36 results in profound

developmental defects

Our genetic experiments demonstrate that both H3.2K36 and
H3.3K36 contribute to accurate repression of Hox genes.
However, Western blotting and CUT&RUN experiments suggest
that they contribute to this process by different mechanisms. Al-
though H3.3""H3.2°% animals clearly have a defect in H3K27 tri-
methylation, H3.3**°*'H3,2""T mutants do not. Furthermore, both
H3.2"% and H3.3*°°F mutant animals exhibit relatively mild ho-
meotic phenotypes compared to animals with mutations in other
genes required for this process (43, 44, 72, 73).

To investigate potential redundancy between H3.3K36 and
H3.2K36, we engineered a combined H3.3**°%H3.2°% mutant
(fig. S4). When H3K36 is completely removed from the genome
(H3.3%3R 3 2K36R) "\ve observed a much stronger developmental
phenotype than either the H3.2K36R or H3.3K36R alone as none
of the H3.3***H3,25%°R mutants progressed beyond the L1 stage
(n > 500). Furthermore, H3.3***H3.2"*% embryos frequently ex-
hibited gross morphological defects, such as ventral nerve cord
(VNC) and gut defects (Fig. 6, A and B). Only ~30% of the
H3.3"°"H3.2"7% embryos hatched (Fig. 6C). Together, the
results reveal that H3K36 is critical for proper embryogenesis and
that H3.2K36 and H3.3K36 can compensate for one another during
these early stages of development.

Total loss of H3K36 does not alter global H3K27me3 levels
but causes synergistic misexpression of Hox proteins
Because H3K27 trimethylation at PREs is believed to be a prerequi-
site for the spread of this PTM into flanking regions [reviewed in
(74)], one might expect that if H3.2 and H3.3 functioned redun-
dantly to enable PRC2 activity at PREs, then levels of H3K27me3
in the combined H3.3*°**H3.2"°°% would be further diminished
compared to what is observed in H3.3""H3.25*°% animals. To test
this idea, we performed Western blotting of L1 lysates from
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H3.3"TH3.2""" (control), H3.3""H3.2"°%, H3.3°" 32"V,
and H3.3"7*H3.2"%R genotypes using anti-H3K27me3 antibodies,
along with a pan-H3 loading control (Fig. 6, D and E). In total,
we performed and quantified four biological replicates. In the
H3.3"TH3.259°® genotype, we observed an ~40% reduction
(P < 0.08) in H3K27me3 compared to the H3.3WTH3.2HWT
control (Fig. 6, D and E). This finding is consistent with previous
reports showing similarly reduced H3K27me3 levels in WL3
H3.3WTH3.2/%8 (12, 27). As expected, we observed no change in
H3K27me3 levels in the H3.3*°°*H3.2""'" mutants. Notably, we
observed no significant change of H3K27me3 in the combined
H3.3"3RH3,259R genotype compared to the H3.3"'H3.253R
mutant, with H3K27me3 at ~40% of the H3.3""H3.2""" control
(Fig. 6, D and E). These data suggest that H3.2 and H3.3 K36R mu-
tations are unlikely to function redundantly at PREs by directly in-
hibiting PRC2.

Mutation of either residue alone confers relatively mild defects
in Hox gene expression and homeotic transformation. To further
explore the possibility of genetic redundancy between H3.2K36
and H3.3K36, we carried out immunostaining of control, single,
and combined K36R mutations and determined the extent to
which Hox proteins were mis-expressed. In WT embryos, Abdom-
inal-B protein (AbdB) is limited to embryonic parasegments PS10
to PS14, with the highest expression levels near the posterior of
this region. These parasegments roughly correspond to adult
abdominal segments A4 to A9 (75). Immunostaining of stage 16
H3.3"TH3.2"™T embryos recapitulated the established pattern of
AbdB expression in the VNC (Fig. 7A, bracket). We also observed
the mild, stochastic derepression of AbdB in H3.3""H3.25%R
embryos noted previously (27), although the penetrance of this phe-
notype was incomplete (Fig. 7A, arrowheads, and fig. S13). The
H3.3"RH3.2""T phenotype was similar to that of the control, in
that we never observed AbdB derepression in anterior parasegments
(Fig. 7A and fig. S13). In contrast, H3.3**°*H3.2"°°% mutants dis-
played extensive derepression of AbdB in anterior parasegments,
comparable to that of H3.3WTH3.25"R mutants (Fig. 7A, arrow-
heads, and fig. S13). We conclude that H3.3K36 and H3.2K36 can
functionally compensate for one another to fully repress AbdB ex-
pression in the embryonic VNC.

To further assess redundancies between H3.2K36 and H3.3K36
in Hox gene repression, we analyzed expression of another Hox
protein, Ubx. In stage 16 embryos, control H3.3"'H3.2"""
embryos recapitulated the known Ubx staining pattern (75), al-
though we consistently observed a small cluster of Ubx expressing
cells at the midline, slightly anterior to the known boundary at PS5
(Fig. 7B, arrowheads). Because these Ubx-positive cells were always
present in the controls, we did not score them as derepression events
in any mutant genotype. Notably, whereas Finogenova et al. (27)
observed ectopic expression of Ubx in H3.3""H3.2°°% 13 wing
discs, they failed to detect derepression of Ubx in stage 16
embryos (27). Likewise, H3.3"TH3.25°° and H3.3%%°*g32""T
embryos resembled the H3.3" " H3.2"" control (Fig. 7B and fig.
S14). In contrast, we found extensive Ubx expression in anterior
parasegments of the VNC of H3.3***H3.25°°® embryos, which
was comparable to that of H3.3""H3.25*’% embryos (Fig. 7B and
fig. S14). As with AbdB, we conclude that H3.2K36 and H3.3K36
can functionally compensate for each other in the repression of
Ubx expression in the embryonic VNC.
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Fig. 7. Combined mutation of H3.3 and H3.2 lysine 36 causes synergistic der-
epression of Hox genes. (A) Stage 16 embryos of various histone H3 mutant ge-
notypes and controls were fixed and stained with anti-AbdB antibodies. Embryos
were stained with anti-GFP antibodies to detect yellow fluorescent protein (YFP)
for staging and genotype selection. Images used for staging these embryos can be
found in fig. S12. Brackets indicate the expected boundary of AbdB expression in
WT embryos. Filled arrows highlight individual cells exhibiting anterior de-
repression of AbdB. Scale bar, 50 um. Overall, the individual H3.3""H3.2**%% and
H3.3%5FH3.2""T mutants closely resemble the H3.3"7H3.2""-negative controls,
whereas the double-mutant H3.3***%13.2¥3F embryos are like the H3.3"7H3.2/?7"-
positive control. For phenotypic scoring, 10 to 25 embryos were imaged per geno-
type (see fig. S13). (B) The same as (A), except stained with anti-Ubx (see fig. S14).
Empty arrows highlight a small patch of Ubx-positive cells consistently observed in
WT controls and thus do not indicate H3K36-dependent derepression.

Together with abd-A, the Abd-B and Ubx genes are clustered
within the BX-C. In addition to BX-C, the Antennapedia complex
is located roughly 10 Mb away and contains the Antp, Scr, Dfd, pb,
and lab genes (76, 77). We also performed immunostaining for the
Antp protein (fig. S15). As with AbdB and Ubx, we also observed
incompletely penetrant stochastic derepression of Antp in
H3.3"TH3.2"°°F embryos, WT staining in the H3.3****H3.2"""
embryos, and more extensive and penetrant derepression in
H3.3"RH3.2%°% mutant embryos. In general, Antp derepression
in H3.3"9°*H3.2/°°% was less extensive than that of H3.3" " H3.257%
embryos. These results reveal that H3.2K36 and H3.3K36 can also
functionally compensate for one another to carry out repression of
Antp. Together, the data are consistent with the hypothesis that
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lysine-36 of H3 is necessary for maintaining Hox gene repression
in vivo and that the ability of H3K36 to enable this repression can
be provided by either H3.2 or H3.3 (12, 27).

DISCUSSION

This study demonstrates that H3.2K36 and H3.3K36 collectively
mediate proper repression of Hox genes throughout development.
At embryonic stages, combined mutation of these two H3 variants
causes profound dysregulation of Hox genes. Later in development,
the individual H3.2 and H3.3 K36R mutants each exhibit mild ho-
meotic transformations and enhance PcG homeotic phenotypes. As
summarized in Fig. 8, our study strongly suggests that H3.2K36 and
H3.3K36 promote proper Hox gene repression by distinct
mechanisms.

Previous studies suggested a critical role for unmodified
H3.2K36 in E(z)-mediated H3K27 trimethylation (27). This work
corroborates and extends those observations, demonstrating that
H3.2K36 is critical for spreading and maintaining H3K27me3
across numerous Pc domains genome-wide (Fig. 8). We also
show in vivo that this role in sustaining PRC2 function is specific
to H3.2 as we observed no change in global levels or distribution of
H3K27me3 in H3.3*°® mutants, and there was no additional
impact when combined with an H3.2°*°® mutation. Even in a sen-
sitized Pc’/+ genetic background, where H3.3*°°% mutants exhibit
extensive homeotic transformations, global H3K27me3 levels are
not significantly changed. In addition to having no effect on the
overall distribution of H3K27me3, H3.3**°% mutation also elicits
no specific effect at PREs (Fig. 5, B and C). Perhaps unexpectedly,

H3.2K36 (direct)

e PRC2 inhibition 9 / \ p « 3D genome
o K27me3 spreading /£ y organization?
Redundancy { * Expression of PcG/

H3.3K36 (indirect)

TrxG genes?
o K27me3 repression
threshold?

e PREs?
¢ Expression of PcG/
TrxG genes?

Fig. 8. Working model for function of H3K36 in Pc silencing. H3.2K36 and
H3.3K36 ensure Hox gene repression by different but synergistic mechanisms.
PREs nucleate binding of silencing factors including the Pho repressor complex
(PhoRc). Replication-independent H3.3 containing nucleosomes are preferentially
deposited at PREs, and establishment of silencing is thought to involve their turn-
over. Once bound to the PRE, PhoRc then recruits PRC2 and PRC1, including Pc and
Pcl. Pcl stimulates the activity of the methyltransferase component of PRC2 and
E(z). Mutation of replication-dependent H3.2 K36 inhibits E(z) and thereby pre-
vents spreading of H3K27me3 across adjacent nucleosomes between PREs. Repli-
cation-independent H3.3 is excluded from PREs located within Pc domains, and
mutation of H3.3K36 does not affect H3K27me3 levels. Extensive derepression of
Hox genes occurs only when both H3.2 and H3.3 K36 are mutated. This genetic
redundancy indicates that H3.3 participates in Pc silencing indirectly, through a
variety of potential mechanisms. See text for details. Created with BioRender.com.
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the same is true for H3.25*°% mutation. Despite a clear defect in the

H3.2°%° mutant in inter-PRE regions, H3K27me3 levels are the
same as the control at putative PREs. Moreover, Western blotting
suggests that global H3K27me3 levels are not significantly
reduced when both H3.2 and H3.3 K36R mutations are combined.
To more definitively address the possibility that localized loss of
H3K27 trimethylation is responsible for Hox gene derepression,
chromatin profiling of the combined mutant in L1 larvae from a
relatively homogeneous cell population would be necessary. Such
an experiment presents numerous technical hurdles but may be
possible in the future.

Another possibility for why loss of H3K36 might fail to affect
H3K27me3 levels at PREs could be because PRC2 activity is
greatly enhanced at these locations by other factors (Fig. 8). Verte-
brate Pc-like (PCL) proteins interact with H3K36me3 (78-80) and
function as enhancers of PRC2 and EZH2 activity (81-83). Notably,
structural analysis of the fly PCL ortholog (Pcl) suggests that this
protein is unlikely to bind H3K36me3 (84). However, Pcl retains
the ability to bind E(z) in the context of a large complex containing
PRC2 (85, 86), and Pcl mutants exhibit reduced H3K27me3 (87).
Future studies addressing the role of Pcl at Drosophila PREs in
the context of H3K36R mutations will be of great interest.

During early stages of development, we have shown that arginine
substitutions in histone H3.3 at either K27 (39) or at K36 (this work)
have little effect on overall levels of H3K27 trimethylation. Similarly,
overexpression of H3.3K36R histones in cultured human cells had
no effect on H3K27me3 (47). These results are consistent with a
model put forth by the Allis laboratory, suggesting that H3.3 does
not provide a methyl-substrate nucleosome at PREs (88). Instead,
increased turnover of H3.3-containing nucleosomes (Fig. 8) is
thought to be a key feature in PRC2 recruitment to PREs (88). By
extension, higher nucleosome turnover at PREs would be more im-
portant for establishing a silent chromatin domain than it would be
for maintaining one. Thus, our finding that H3.3 occupancy was
much higher at Pho sites located outside of H3K27me3 domains
compared to those inside (Fig. 5, E and F) supports this model.

Given that PREs are thought to be multifaceted regulatory
modules that can function as repressors or enhancers in different
developmental contexts (54, 89, 90), it is intriguing to speculate
on other roles that H3.3K36 might play in Hox gene regulation.
Our earlier work demonstrates that H3.2?°% mutants exhibit wide-
spread transcriptomic defects (12), and mutants for all three H3K36
lysine methyltransferases in Drosophila also produce large changes
in gene expression in the larval brain (91). Given the enrichment of
H3.3 in active areas of the genome, one would expect similar dysre-
gulation in H3.3*°°f mutants. Therefore, it is possible that H3.3K36
is key to maintaining proper expression levels of one or more genes
involved in Pc gene silencing (Fig. 8). Transcriptomic studies in the
H3.37%, H3.29°%| and combined mutants would address this
possibility.

A role in three-dimensional (3D) genome organization is
another potential mechanism for how H3.3K36 might promote
Pc silencing (Fig. 8). Several lines of evidence point to the connec-
tion between Pc domains, H3K36me, and genome organization (92,
93). PcG proteins bound at different chromosomal sites coalesce
into foci known as “Polycomb Bodies” (94-97). Contacts between
Hox gene clusters appear to be functionally important to gene si-
lencing as mutation of the Fab-7 element in the BX-C, which
strengthens association between the two HOX gene clusters,
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weakens silencing of genes in the ANTP complex (94). Notably,
3D contacts within Pc domains correspond preferentially to
PREs, where H3.3 is enriched (62). In mouse, knockdown of H3.3
(but not H3.1) leads to increased chromatin compaction (98, 99).
Given that spatial proximity increases the efficiency of subcellular
processes (100-102), a role for H3.3K36 in genome architecture
might explain why the H3.3°*® mutation enhances Hox gene der-
epression in two different genetically sensitized backgrounds (i.e.,
H3.2836R versus Pc mutations). Reduced levels of Pc or
H3K27me3 might be sufficient to maintain gene repression if
these factors are concentrated spatially but insufficient when
genome organization is disrupted, thus changing the threshold
for eliciting a phenotype. Hence, studies probing the effect of an
H3.3K36 mutation on 3D genome organization could also be of
interest.

Despite several intriguing findings and conclusions, our histone
gene replacement approach has several limitations. The K36R mu-
tation effectively abolishes all K36 PTMs, including acetylation and
individual states of lysine methylation (me0, mel, me2, and me3).
The simultaneous loss of me0 and me?2 is particularly relevant to a
discussion of Pc target loci. The Ashl methyltransferase dimethy-
lates H3K36 (26, 103, 104). In Drosophila, mutation of ash1 impairs
the expression of Hox genes, including Abd-B and Ubx;, in compart-
ments where they are normally expressed (28, 105), and in vitro
studies confirm that the H3K36me2 mark inhibits E(z) function
(26, 105). In this context, an H3K36R mutation is analogous to an
ash1/E(z) double mutant. Previous studies showed that ash1/E(z)
double-mutant clones exhibited a Hox gene derepression pheno-
type similar to that of an E(z) single mutation (106). Thus, E(z) is
epistatic to ashl. This observation is consistent with our results in
the combined K36R mutant embryos.

In summary, this study implicates the lysine-36 residue of non-
centromeric H3 variants in promoting Hox gene repression in flies.
Despite their nearly identical amino acid sequences and potential to
permit E(z)-mediated H3K27me3, they contribute to Hox gene re-
pression by nonidentical means. Future work should elucidate the
roles played by H3K36 PTMs in different parts of the genome, and
how they contribute to chromatin organization, and to the various
steps of pre-mRNA processing.

MATERIALS AND METHODS

Drosophila lines and husbandry

To obtain progeny of crosses, parental flies were housed in cages
plugged with grape juice agar plates containing supplemental
yeast paste. Plates were changed at least daily. Embryos and L1
larvae were harvested directly from the grape juice plates. Older
animals were handpicked at the L2 stage, 50 per vial, and raised
on standard cornmeal-molasses food. All experimental animals
were raised at 25°C.

Details regarding construction of BAC transgenes containing the
12xH3.2 histone gene arrays can be found in (10). The 12x HWT,
K27R, K36R, and K9R alleles were generated previously (9, 13).
HisA corresponds to Df(HisC*"'**°); flies carrying the HisA,
twGal4, and HisA, UAS:2xYFP chromosomes (107) were gifts
from A. Herzig. The H3.3A% (H3.3A™") and H3.3B° (31), along
with the Df(2 L)Bsc110 deficiency and Pc’ allele were obtained
from Bloomington Stock Center (nos. 68240, 8835, and 1730).
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Generation of mutant genotypes

For detailed crossing schemes, see fig. S1. Animals of the HisA ge-
notype were obtained by selection for yellow fluorescent protein
(YFEP). Other H3.3 genotypes were selected for absence of a CyO,
twGFP balancer chromosome. When not universal in progeny, se-
lection for 12xH3.2 transgenes were identified in embryos by select-
ing animals that progressed beyond cellularization and by picking
YFP-positive larvae at later stages. Adults scored for homeotic
transformations were selected by the presence or absence of adult
body markers.

CRISPR-Cas9 mutagenesis of H3.3B locus

Cas9-mediated homologous recombination of H3.3B was carried
out as described previously (14, 39), with the following differences.
A single-guide RNA targeting the H3.3B gene near the K36 residue
was inserted into pCFD3 and coinjected along with a 2-kb repair
template containing the H3.3BK36R substitution. Constructs were
injected into embryos expressing Cas9 from the nanos promoter
[nanos-cas9; (108)]. Recovered H3.3BX°R alleles were subsequently
crossed into a H3.3A null background [H3.3A4**" over deficiency
Df(2 L)BSC110].

Pupal and adult viability assays

For each genotype, 50 L2 were picked from grape juice agar plates
and transferred to vials containing molasses-cornmeal food. Pupal
cases and eclosed adults were counted until 13 and 18 days after egg
laying, respectively. Pupal and adult viability percentages were cal-
culated on a per-vial basis by dividing the number of pupal cases or
eclosed adults per 50 input larvae and multiplying by 100. Each vial
constituted one biological replicate for statistical purposes. Between
200 and 400 total animals were analyzed per genotype.

Embryonic hatching assay

For each genotype, HisA, YFP" embryos were moved onto a clean
grape juice plate with a pick into lines of 50. At days 1 and 2 after
selection, empty eggshells were counted and recorded as "hatched.”
Hatching frequency (%) was calculated by dividing the total number
of empty eggshells after 2 days by either the number of total
embryos (for 12xH3.2""" genotypes) or by 0.5x the total number
of embryos (for 12xH3.25°°® genotypes) and multiplying by 100.
The 0.5x adjustment is due to the necessity of carrying the
12xH3.2"%% transgene over TM6B and the inability to distinguish
those two genotypes at the embryonic stage. Between 250 and 400
animals were analyzed per genotype.

Immunofluorescence

Embryos were collected for 3 hours on grape juice agar plates and
then aged for 12 hours at 25°C. Embryos of appropriate age were
collected in mesh baskets, dechorionated for 5 min in 50% bleach,
and rinsed thoroughly in deionized water, followed by embryo wash
buffer [1x phosphate-buffered saline (PBS) and 0.03% Triton X-
100]. Embryos were transferred to a glass vial, where first 0.5 ml
of fixative (1x PBS and 4% formaldehyde) was added, followed by
0.5 ml of heptane, and nutated for 20 min. The bottom layer of fix-
ative was completely removed and replaced with 0.5 ml of 100%
methanol. Embryos were devitellinized by vigorous shaking for
30 s. After removal of methanol and heptane, embryos were
washed for 5 min, twice with 100% methanol, once with 1:1 meth-
anol/PBS-T (1x PBS and 0.15% Triton X-100), and twice with 1x
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PBS-T. This was followed by two additional 30-min PBS-T
washes. All washes were performed with nutation during the incu-
bation period. Between the two 100% methanol washes, samples
were transferred from the glass vial to an Eppendorf tube.
Embryos were blocked in PBS-T (Phosphate buffered saline,
Tween 20) with 2% normal goat serum (NGS) for 1 hour at room
temperature (RT). Primary antibody incubations were performed
overnight at 4°C in PBS-T with 2% NGS plus one or more of the
following antibodies: polyclonal rabbit anti-green fluorescent
protein (GFP, 1:800; Abcam, no. ab290), monoclonal mouse anti-
AbdB (1:500; Developmental Studies Hybridoma Bank, no. 1A2E9),
monoclonal mouse anti-Ubx (1:500; Developmental Studies Hy-
bridoma Bank, no. FP3.38), and monoclonal mouse anti-Antp
(1:250; Developmental Studies Hybridoma Bank, no. 4C3).
Embryos were washed 3x for 10 min in PBS-T. Secondary antibody
incubations were performed for 45 min at RT with both anti-rabbit
Alexa Fluor 546 (Invitrogen, no. A11035) and anti-mouse Alexa
Fluor 488 (Invitrogen, no. A21202) in PBS-T, followed by 2-min
4',6-diamidino-2-phenylindole stain and three additional PBS-T
washes. Embryos were mounted in Vectashield mounting media
and imaged on a Leica SP8 confocal microscope with 20x oil im-
mersion objective. Images were viewed and analyzed using
Image]. For each embryo examined, a maximum intensity Z projec-
tion through the VNC was inspected for the number of derepressed
cells. For each genotype, 10 to 25 embryos were analyzed in detail.

Western blotting

Protein lysates from L1 or adult heads were obtained by homogeni-
zation with a micropestle in SUTEB buffer [1% SDS, 8 M urea, 10
mM EDTA (pH 8.0), and 5% P-mercaptoethanol, with 1:20 Halt
protease inhibitor cocktail (Thermo Fisher Scientific, no. 78429)].
Chromatin was further disrupted by sonication with a Bioruptor
Pico (Diagenode).

Samples were run on 4 to 15% Mini-PROTEAN TGX Stain-Free
protein gels (Bio-Rad, #4568084) for 60 min at 100 V. Western blot-
ting was performed using the Bio-Rad Trans Blot Turbo transfer
system using the provided buffer (Bio-Rad, no. 10026938) onto a
nitrocellulose membrane at 1.3A/25 V for 7 min. Membranes
were blocked at RT in 5% milk in TBS-T (Tris buffered saline,
Tween 20). Primary antibody incubation occurred overnight at
4°C in TBS-T with 5% milk with one of the following antibodies:
polyclonal rabbit anti-H3K27me3 (1:1000; Activemotif, no.
39055) and polyclonal rabbit anti-H3 (Abcam, #1791). For each
primary antibody, an anti-rabbit secondary (Sigma-Aldrich, no.
12-348) was used at 1:5000. Blots were incubated with chemilumi-
nescent detection reagent (Amersham ECL Prime Western Blotting
Detection Reagents, GE Healthcare, no. RPN2236) and imaged on
an Amersham Imager 600 (GE Healthcare). Between primary anti-
body antibodies, blots were stripped, rinsed in TBS-T, and incubat-
ed with detection reagent to verify removal of antibody before
reprobing.

Relative band intensity ratios were calculated on Image]. Briefly,
abox of equal size and dimension was drawn around each band, and
integrated density (IntDen) inside the box was recorded. For each
blot, a ratio of H3K27me3/H3 IntDen was calculated per sample
lane. In addition, a normalized value for each mutant genotype
was calculated by dividing the mutant ratio by that of the
H3.3"TH3.2""T genotype (for L1 experiments) or by individual
control indicated in figure legend (adult heads).
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CUT&RUN chromatin profiling

We performed CUT&RUN in wing disc tissue, as described in
(109), modified from (49). For each replicate, 20 WL3 imaginal
wing discs were used. Two wing discs of Drosophila yakuba were
also included with each replicate but were not used in downstream
analyses. For the H3K27me3 experiment, aH3K27 (Cell Signaling
Technology, no. 9733, 1:100) and protein AG-MNase (1:100;
UNC core) were used. For the H3.3 experiment, aH3.3 (H3F33B,
1:100; Abnova, no. H00003021-MO01) and protein A-MNase (gift
of S. Henikoff) were used.

The ThruPLEX DNA sequencing kit was used for the library
preparation. The manufacturer’s protocol was followed until the
amplification step. After the addition of indexes, 16 to 21 cycles
of 98C, 20 s and 67C, 10 s were run. DNA library purification
was done using AMPure XP beads. Libraries were sequenced on
an Illumina NextSeqP2.

Bioinformatic analyses

A chart with details of our bioinformatic workflow can be found in
fig. S6. CUT&RUN data were processed using coding resources de-
posited in https://doi.org/10.5281/zenodo.7554890. Differential
peak analysis was performed using featureCounts (110) and
DESeq2, v1.34.0 (111). Details on how each list of peaks or intervals
was determined during a given step of the analysis are shown in fig.
S8. For broad domains (Fig. 4B), pellet reads of all fragment sizes
were used for DESeq2 analysis. For PRE-based analyses in Fig. 5C
and figs. S10B and S11, only short fragment (20 to 120 bp) pellet
reads were analyzed with DESeq2.

All heatmaps and metaplots were generated with deepTools,
v3.2.0 (112). The Y chromosome was excluded from analysis. For
details on how reference points were obtained for each analysis,
see fig. S8. For broad domain analysis (Fig. 4D), deepTools, v3.2.0
was used to calculate signal intensity from K27me3 z score-normal-
ized pellet large fragment—pooled bigWig files at “robust putative
PREs" (see fig. S8) and for the heatmaps and metaplots of 20-kb
flanking regions. For PRE-based heatmaps and metaplots in
Fig. 5B and fig. S10A, deepTools, v.3.2.0 was used to calculate and
plot signal intensity from K27me3 z score-normalized pellet large
fragment—and small fragment—pooled bigWig files at these “concat-
enated PRE intervals” and for 500-bp flanking regions. For Fig. 5F
heatmaps and metaplots, deepTools, v.3.2.0 was used to calculate
signal intensity from H3.3 z score-normalized supernatant all frag-
ment—pooled yw bigWig files at Pho-binding sites (see fig. S8) and
5-kb  flanking regions inside and outside broad
H3K27me3 domains.

Statistical analysis

Statistical analyses for nongenomic experiments were performed
and guided by GraphPad Prism according to the characteristics of
each dataset. Details of each statistical analysis can be found on each
corresponding figure legend. Adjusted P values obtained to call dif-
ferential peaks in the CUT&RUN experiment were determined with
the DESeq2 analysis package (111). The two-tailed Fisher's exact
test in Fig. 5E was performed between Pho-binding intervals and
H3.3 MACS2 narrow peak summits £150-bp intervals from the
yw genotype with H3.3A peaks blacklisted separately by
H3K27me3 status using BEDtools, v.2.3.0 (113).
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Homeotic transformation assay

Individual crosses for each genotype (see fig. S3 for details) were set
up in cages and fed daily with grape juice agar and yeast paste.
Groups of 50 L2 were collected per vial of cornmeal molasses
food, where they grew to adulthood. Adult males of the correct ge-
notype were separated by body markers and scored for homeotic
transformations under a Leica M60 stereomicroscope. Images
were obtained using an iPhone camera mounted on the Leica M60.

Scanning electron microscopy

Flies collected and stored in 70% ethanol were sequentially deyhy-
drated in 100% ethanol. Fly bodies were mounted, and images were
collected using a Hitachi 392 TM4000Plus tabletop scanning elec-
tron microscope using X250 magnification.
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