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GENETICS

The role of H3K36 methylation and associated
methyltransferases in chromosome-specific

gene regulation

Henrik Lindehell, Alexander Glotov, Eshagh Dorafshan, Yuri B. Schwartz*, Jan Larsson*

In Drosophila, two chromosomes require special mechanisms to balance their transcriptional output to the rest of
the genome. These are the male-specific lethal complex targeting the male X chromosome and Painting of fourth
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targeting chromosome 4. Here, we explore the role of histone H3 methylated at lysine-36 (H3K36) and the associ-
ated methyltransferases—Set2, NSD, and Ash1—in these two chromosome-specific systems. We show that the
loss of Set2 impairs the MSL complex-mediated dosage compensation; however, the effect is not recapitulated by
H3K36 replacement and indicates an alternative target of Set2. Unexpectedly, balanced transcriptional output
from the fourth chromosome requires intact H3K36 and depends on the additive functions of NSD and Ash1. We
conclude that H3K36 methylation and the associated methyltransferases are important factors to balance tran-
scriptional output of the male X chromosome and the fourth chromosome. Furthermore, our study highlights the

pleiotropic effects of these enzymes.

INTRODUCTION

The evolution of sex chromosomes, for example, the X and Y chro-
mosome pairs, often leads to sex-linked differences in gene dose. In
Drosophila, the Y chromosome has few genes but is retained because
of its specific roles in male fertility (1). This leads to a difference in
X chromosome gene doses in males and females. Although some
genes located on the X chromosome are expressed in a sex-specific
manner, most require equal expression in both sexes (2, 3). There-
fore, the transcriptional output from the genes on the single X chro-
mosome in males has to match that of the genes from the two
X chromosomes in females. In both sexes, the output from the X chro-
mosome has to be balanced with the transcriptional output from the
two sets of autosomal chromosomes (2-5). In Drosophila, the gene
dosage problem is solved such that the transcriptional output from
genes on the male X chromosome is increased by a factor of approxi-
mately 2 (4). This increased transcriptional output is partly mediated
by chromosome-specific targeting and stimulation of the X-linked
genes by the male-specific lethal (MSL) complex. The MSL complex
consists of at least five proteins, originally identified through their
MSL phenotype when lost, MSL1, MSL2, MSL3, MLE (the product
of the maleless gene), and MOF (the product of the males absent on
the first gene), and two long noncoding RNAs named RNA on the X
(roX1I and roX2) (4, 6). The MSL complex binds the male X chromo-
some in two steps. First, it binds to roughly 250 specific sites, denot-
ed chromatin entry sites, MSL recognition element, high-affinity
sites (HASs), or pioneering sites on the X (Pion-X), largely over-
lapping but initially isolated and classified using different criteria
(7-10). Next, the MSL complex spreads from these HASs to neigh-
boring transcriptionally active genes. This spreading requires the
presence of at least one of the two roX RNAs (11). The resulting
X chromosome specific binding leads to histone 4 lysine 16 acetyla-
tion (H4K16ac), mediated by the acetyltransferase MOF (12, 13).
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Importantly, at least one other chromosome has been exposed to
a similar evolutionary process as the current X chromosome. The
fourth chromosome of Drosophila melanogaster was ancestrally an
X chromosome that has reverted to an autosome (14, 15). This sex
chromosome reversal is likely to explain that the fourth chromo-
some is the subject of chromosome-specific targeting and regulatory
mechanisms mediated by the protein named Painting of fourth (POF)
(16-19). We have previously hypothesized that POF and its stimu-
latory function became trapped on the fourth chromosome when
the latter reverted to being an autosome (16). The stimulatory effect
of POF is comparable in level to the compensation mediated by the
MSL complex on the X chromosome (8, 18, 20-22). The hypothesized
origin of POF as a dosage compensation system is also supported by
the fact that the POF-mediated compensation of the fourth chromo-
some is essential for the survival of flies with a monosomy of chromosome
4 (18). The fourth chromosome has several unique characteristics.
It is the smallest chromosome in the Drosophila genome; it is repli-
cated late; and it is enriched in heterochromatin protein 1 (HP1), the
histone-lysine N-methyltransferase eggless (also known as SETDB1
homolog), and methylated H3K9 (23, 24).

Accurate targeting and precise stimulatory effect of these
chromosome-specific systems require coordinated contributions of
several factors. In addition to aforementioned DNA sequence motifs,
these may include confinement to a specific nuclear compartment
(25), long-range chromatin contacts (26), and the interaction be-
tween the chromodomain of MSL3 and histone H3 trimethylated at
lysine-36 (H3K36me3). The latter was hypothesized to help the
spreading of the MSL complex from the HASs to the neighboring
transcriptionally active genes (27, 28). Consistent with this model,
the loss of Set2 methyltransferase in third instar larvae and the drastic
reduction of H3K36me3 are accompanied by partial loss of MSL2
and MSL3 binding to dosage-compensated genes (28), and mutations
in the MSL3 chromodomain correlate with impaired spreading of
the MSL complex from the HASs (27, 28). In contrast, structural
studies suggest that the chromodomain of MSL3 has higher affinity
to the more abundant histone H4 mono- and dimethylated at lysine-20
(H4K20) (29, 30). The rival hypothesis argues that the MSL3 chromodomain
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interacts with methylated H4K20 to present H4 tails for acetylation
at lysine-16 by MOF (30). Thus, the extent and mechanisms by which
H3K36 methylation and/or associated methyltransferases contribute
to balanced transcriptional output from the male X and the fourth
chromosomes remain open questions.

Three evolutionarily conserved Drosophila proteins—Absent, small,
or homeotic discs 1 (Ashl), SET domain-containing 2 (Set2), and
Nuclear receptor binding SET domain containing protein (NSD)—
are believed to methylate H3K36. In vitro, Ashl can add one or two
methyl groups to H3K36 (31), and this activity is further enhanced
by NuA4 complex subunit EAF3 homolog (also known as MRG15)
and Chromatin assembly factor 1 p55 subunit (CAF1 p55) proteins
with which Ashl1 forms a complex (32-35). Flies lacking ash1 func-
tion show an approximated twofold reduction of bulk H3K36mel
but no detectable loss of overall H3K36me2 or H3K36me3 (33, 36).
These ashl mutants display multiple homeotic transformations
and die at the larval stage due to erroneous repression of develop-
mental genes by Polycomb group mechanisms (36-38). The Set2
protein can methylate H3K36 in vitro using mono- and dimethylat-
ed H3K36 as a substrate (39). Whether it can also add methyl groups
to unmethylated H3K36 is not entirely clear, although it has been
demonstrated that the human ortholog (SETD?2) is able to do so in
reconstituted reactions (40). Consistently, the Drosophila Set2 mu-
tants have 10-fold lower levels of H3K36me3 overall and at specific
genes (28, 36) but display no major changes in the bulk H3K36me2
and H3K36mel (36). Together, these observations suggest that Set2
produces most of the Drosophila H3K36me3 and may contribute to
cellular pools of H3K36mel and H3K36me2. The loss of Set2
function is lethal in early pupa stage (28, 36), but the corresponding
mutant shows no signs of excessive Polycomb repression (36),
suggesting that Set2 and Ashl affect Drosophila development in
distinct ways. Less is known about the biochemical properties of the
fly NSD. It has three closely related orthologs in mammals (NSD1,
NSD2, and NSD3) whose methyltransferase activity in vitro has
been extensively studied. These studies concur that NSD proteins
can mono- and dimethylate H3K36 (41-43). However, methylation
of other substrates is also suggested. A systematic screen indicates
that these include K168 of histones H1.5 and H1.2, K169 of histone
H1.3, and K44 of histone H4, as well as K1033 of the chromatin
remodeller ATRX and K189 of the U3 small nucleolar RNA-associated
protein 11 (43). NSD proteins are essential for proper mammalian
development, and haploinsufficiencies in the NSDI and NSD2
genes were linked to Sotos and Wolf-Hirschhorn genetic syndromes,
respectively (44). Whether methylation of H3K36 or any of the
substrates above are relevant for the developmental functions of the
NSD proteins remains an open question. Unlike its mammalian
counterparts, Drosophila NSD loss-of-function mutants are viable,
fertile, and show no obvious morphological defects (36). Although
early experiments in cultured cells suggested that NSD knockdown
reduces bulk levels of H3K36me2 and H3K36me3 (39), the NSD
loss-of-function mutants display no obvious changes in the overall
levels of H3K36mel, H3K36me2, and H3K36me3 (36).

Whether H3K36 is the only (or even the major) physiological
substrate is a question that appears equally relevant for Ashl and
Set2. One might expect that animals in which H3K36 is replaced
with an amino acid that cannot be methylated will display defects
similar to those seen in mutants that lack the corresponding methyl-
transferase. Mounting experimental evidence suggests the contrary.
Thus, complete substitution of the zygotic H3 with a variant in which
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K36 is replaced with arginine (R) does not cause excessive repres-
sion of homeotic genes seen in ash1 mutants (36). Likewise, flies with
replication-coupled histone H3.2 replaced with the H3K36R variant
display no cryptic transcription initiation or altered splice site choice
as reported for yeast Set2 or human SETD2 mutants (45). To inves-
tigate the role of H3K36 and the associated histone methyltransferases
in chromosome-specific gene regulation, we evaluated relative levels
of methylated H3K36 on individual chromosome arms and com-
pared those to transcriptional imbalance caused by the loss of Set2,
NSD, and Ash1 or the replacement of the histone H3.2 with a variant
in which lysine-36 is substituted to arginine.

Confirming previous reports, we found that loss of Set2 impairs
MSL complex-mediated dosage compensation. However, the effect
is not recapitulated in H3K36R mutants and suggests an alternative
target for Set2. This implies that the model in which Set2-mediated
H3K36me3 helps the MSL complex to bind active genes may need
to be revised. Unexpectedly, our results indicate that the balanced
transcriptional output from the fourth chromosome depends on the
additive contribution from Ash1 and NSD and requires intact H3K36.
We conclude that H3K36 methylation and the associated methyl-
transferases are important factors for balanced transcriptional out-
put of the male X chromosome and the fourth chromosome. Our
study also emphasizes the importance of pleiotropic effects of these
enzymes.

RESULTS

No evidence of enriched H3K36me3 on the

male X chromosome

Drosophila chromosome-specific regulatory systems are accompa-
nied by chromosome-specific enrichment of specific histone modi-
fications. Thus, the male X chromosome is enriched in H4K16ac (46),
and the fourth chromosome is enriched in H3K9me2/me3 (47). If
the interaction between MSL3 and trimethylated H3K36 is important
for dosage compensation, one may expect that the male X chromo-
some is enriched in H3K36me3. To test this conjecture, we stained
polytene chromosomes from male third instar larvae with antibodies
against mono-, di-, and trimethylated H3K36. Unexpectedly, H3K36me3
appeared less abundant on the male X chromosome (Fig. 1A and
fig. SIA) compared to autosomes. The weaker anti-H3K36me3
immunostaining of the X chromosome was not observed in females
(Fig. 1B). In males, the number of chromatids of the polytene
X chromosome is half that of the autosomes. This difference may
account for some of the reduced staining. Nevertheless, the decrease
in H3K36me3 signal is more pronounced than that for H3K36mel
or H3K36me2 (fig. S1, A and B). This argues that the male polytene
X chromosome has a lower level of H3K36me3 compared to the
autosomes. Staining with antibodies against monomethylated and
dimethylated H3K36 (H3K36mel and H3K36me2) produced broad
banding patterns uniformly distributed throughout chromosome arms
(fig. S1B). However, the banding pattern of H3K36me2 showed little
overlap with that of H3K36mel (fig. S1, B and C). A noticeable dif-
ference was the conspicuously strong H3K36me2 staining of the
pericentromeric region and the fourth chromosome (fig. S1, A and B).
Increased staining of the fourth chromosome was also evident for
H3K36me3 (Fig. 1A and fig. S1A). The apparent lower level of
H3K36me3 on the male X chromosome is at odds with the model in
which Set2-mediated H3K36me3 helps the MSL complex to bind
active genes (27, 28).
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Fig. 1. H3K36 trimethylation is enriched on the fourth chromosome and reduced
on the X chromosome. (A) Immunostaining of a male third instar larvae polytene
chromosome shows an accumulation of H3K36me3 (yellow) on chromosome 4
(red arrowhead) and a reduction on the X chromosome (green arrowhead)
as compared to autosomal signals. DAPI staining of DNA in blue indicates banding
pattern. (B) Immunostaining of female third instar larvae polytene chromosome
detects no differences between any chromosome arms. Average exon H3K36me3
enrichment scores per chromosome in 2- to 4-hour mixed-sex embryos (Cand D), 14- to
16-hour mixed-sex embryos (E and F), and mixed-sex third instar larvae (G). Enrich-
ment scores for the ChIP-chip experiments (C, E, and G) are the ChIP over input log,
ratio of the top 50% of the exon regions per gene. For ChIP-seq (D and F), the
enrichment scores are reads adjusted for difference in position between ChIP and
input. In ChIP-seq, only peaks in exons were used. Error bars (C to G) indicate the
95% confidence intervals. The statistical significances were determined by unpaired
two-sample Wilcoxon tests comparing the X chromosome and chromosome 4 to
the most similar autosome arms.

Lindehell et al., Sci. Adv. 2021; 7 : eabh4390 1 October 2021

The interaction between MSL3 and trimethylated H3K36 may be
critical at earlier stages of development, and an increased presence
of the latter on the male X chromosome may not be apparent in
salivary glands. To evaluate this possibility, we turned to published
genome-wide mapping data from embryos and third instar D. melanogaster
larvae of mixed sex (48, 49). Since H3K36me3 is predominantly en-
riched within the coding regions of genes (50), we calculated relative
enrichment values of H3K36me3 within exons for each gene. Analyses of
H3K36me3 at embryonic stages returned mixed results. Chromatin
immunoprecipitation (ChIP)-chip mapping in early embryos (2 to
4 hours) indicate that the amount of H3K36me3 is uniformly the
same for all chromosomes (Fig. 1C). In contrast, the ChIP-seq data
show significantly reduced H3K36me3 ChIP signal on the X chro-
mosome (Fig. 1D). In a late embryonic stage (14 to 16 hours), the
fourth chromosome shows significantly stronger immunoprecipi-
tation with H3K36me3 antibodies in both ChIP assays (Fig. 1, E and F),
while only the ChIP-seq data show a reduced ChIP signal on the
X chromosome (Fig. 1F). Confirming the observations from polytene
chromosome staining, analysis of immunoprecipitations with chro-
matin from third instar larvae showed that H3K36me3 ChIP signals
within gene bodies were significantly higher on the fourth chromosome
and lower on the male X chromosome as compared to the autosomes
(Fig. 1G).

While the reason for the discrepancy between ChIP-chip and
ChIP-seq mapping remains unclear, it could be caused by the dif-
ferent ratio of males and females in the mixed-sex samples. In any
case, neither of the methods detect the increased abundance of
H3K36me3 on the X chromosome.

Set2 is required for balanced transcription of X-linked genes
bound by the MSL complex

The level of H3K36me3 within genes correlates with their transcrip-
tional activity (fig. S2), and Set2 was reported to help in maintaining
the transcriptional balance of the male X chromosome. Yet, the
level of H3K36me3 on this chromosome is, at best, the same, if not
lower than it is on autosomes. Puzzled by this paradox, we decided
to analyze transcriptional outputs in dissected brains from third
instar male larvae mutants of the three known H3K36 specific
methyltransferases: Set2, NSD, and Ashl. The genes encoding
the three methyltransferases show similar relative mRNA abun-
dance throughout development. The mRNA amounts peak in early
embryos, reflecting maternal contribution, and reach the lowest
level at early larval stages (fig. S3). In flies, Set2 is responsible for
most of the H3K36me3, while the potential division of labor and
redundancy in H3K36 methylation mediated by NSD and Ash1 is
not fully understood. As reported previously (51), we found that
NSD is enriched in pericentromeric heterochromatin and on the
fourth chromosome (fig. S4), with a staining pattern similar to that
of HP1 and H3K36me?2 (fig. S1, A and B) (23, 51, 52).

In Set2' mutants, the MSL complex was reported to correctly
target the high-affinity binding sites on the male X chromosome but
reduce the binding to the adjacent transcriptionally active genes
(28). The Set2! allele corresponds to a deletion of the N-terminal
half of its open reading frame, including the catalytic SET domain
(28), and leads to approximately a 10-fold reduction in global
H3K36me3 (28, 36) and a nearly complete loss of H3K36me3 stain-
ing on polytene chromosomes (fig. $5). Homozygous Set2’, but not
ash1?/ash1**!! or NSD** (see the following section), displays a
significant relative decrease in transcriptional output from the
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male X chromosome, suggesting an impaired dosage compensation
(Fig. 2A).

To evaluate the link, we divided genes according to their wild-
type transcript levels and found that highly transcribed genes are those
most affected by the Set2 loss (Fig. 2B). Highly transcribed genes
require high levels of MSL complex binding (53). We therefore asked
whether the reduced transcriptional output observed in Set2' cor-
relates with binding levels of the MSL complex. To address this
question, all X chromosome genes were divided into five bins based
on their immunoprecipitation with antibodies against the MSL1
subunit of the MSL complex (54, 55). Thus, bin 1 included unbound
and weakly bound genes, while bin 5 included genes highly enriched
in MSL proteins. As illustrated in Fig. 2C, genes robustly enriched
by MSL (bins 3 to 5) show reduced transcript abundance upon Set2
loss. To further substantiate this result, we grouped the genes by
distance to the nearest HAS since it has been shown that genes more
distal to HAS are less sensitive to loss of a functional MSL complex
(8, 53). As expected, we observed that genes close to a HAS are, on
average, more affected by the loss of Set2 compared to genes further
away. Genes at distances of more than 30 kb from a HAS are essen-
tially unaffected by the loss of Set2 (Fig. 2D). This is similar to what
is seen after ablation of the roXI roX2 noncoding RNAs (53).
Together, our observations argue that the imbalanced transcriptional
output from the Set2' male X chromosome is due to an impaired
MSL complex-mediated dosage compensation.

H3K36R mutants show no imbalance of transcriptional
output from the male X chromosome

It is tempting to speculate that the loss of Set2 leads to lower H3K36me3,
which, in turn, impairs the binding of MSL3 (27, 28). If that is the case,
we expect to see a similar transcriptional imbalance in the nonmodifiable
H3K36R histone replacement mutant, AHisC; 12x"*% These
mutant flies carry the deletion of the histone gene cluster AHisC
combined with a transgenic construct carrying 12 copies of the
5-kb histone repeat unit in which H3.2K36 is mutated to arginine
(12x13K36Ry (56, 57).

Polytene chromosomes of the AHisC; 12x™%3R flies display a
marked decrease of immunostaining with antibodies against H3K36me3
(Fig. 3A). This is in accordance to what has previously been shown
(57) and is similar to that seen in Set2! mutants (fig. S5). Western
blot analysis showed that H3K36me3 methylation is, as expected,
strongly reduced in AHisC; 12x"*% flies (Fig. 3B). Notably, some
H3K36me3 signal is still detected. This may correspond to the
trimethylated H3.3 variant histone still present in AHisC; 12x"?%3R
flies, but we cannot exclude the possibility that some of it may be
caused by antibody cross-reactivity. Despite the fivefold reduction
in the overall H3K36me3, we observed no X chromosome-specific
transcriptional imbalance in AHisC; 12x3K3R animals (Fig. 3C).
This suggests that the imbalance in transcription of genes on male
X chromosome after Set2 knockout is not linked to a concomitant
loss of H3K36 methylation.

The interpretation of histone replacement experiments may, how-
ever, be less straightforward if it is the unmethylated H3K36 that is
required for the process, which Set2 aims to prevent. Thus, recent
structural studies suggest that unmodified H3K36 is required for
unimpeded methylation of lysine-27 of histone H3 (H3K27) by the
polycomb-repressive complex 2 (PRC2) (58, 59). PRC2 is required
not only for epigenetic repression of many developmental genes (60)
but also to suppress spurious transcription of inactive genes and
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Fig. 2. Set2 is required for balanced transcription output from the single male
X chromosome. (A) Box plots of chromosome-specific transcript abundance ratios
(log; fold change) between Set2’ and wild type for chromosome 4 (red), X chromo-
some (green), and the autosome arms (gray). The abundance of transcripts from
X chromosome of the Set2” mutant s significantly reduced as compared to the autosomes.
The likelihood that observed differences are due to chance was evaluated by unpaired
two-sample Wilcoxon tests comparing values for the X chromosome and chromosome
arm2L (the most similar autosome arm). (B) Transcript abundance in Set2’ versus
wild type plotted as fold change (log,). Genes were binned according to Flybase
RNA-seq expression level intervals. The X chromosome genes with higher transcriptional
output in the wild type are significantly more affected compared to those on auto-
somes. (C) Box plots of average transcript abundances of the X-chromosomal genes
in Set2" versus wild type. The genes are grouped in equally sized bins based on
their MSL1-binding strength; 1 (lowest) to 5 (highest). Genes with higher MSL1 lev-
els show greater fold change compared to genes with no or low amounts of MSL1
bound. (D) Average log, fold change for X-chromosomal genes binned by distance
to HASs. In (B) and (D), the error bars indicate the 95% confidence intervals.

intergenic regions (61). Conceivably, reduced activity of PRC2 in
the AHisC; 12x™ 3% mutant may lead to an increased transcription
of the X chromosome genes, which, in turn, may mask the effect of
the impaired H3K36 methylation. To evaluate this possibility, we
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serves as an internal control. (B) Western blot analyses of twofold dilutions of total protein lysates from brains and imaginal discs of third instar larvae show substantial
decrease of H3K36me3 (top row) in AHisC; 12X compared to wild type. Western blot with antibodies against total histone H3 serves as loading control. (C) Box plots
of log, fold change of transcript abundance per chromosome for AHisC; 12x%F versus AHisC; 12x"*36K (wt). Note that chromosome 4 shows a significant reduction in
transcript abundance compared to the other chromosome arms. Here and below, unpaired two-sample Wilcoxon tests were used to determine the likelihood that
observed differences are explained by chance. (D) Box plots of log, fold change of transcript abundance per chromosome for the E(z)® cell line at 31°C [strongly reduced
E(z) function] versus 25°C. At restrictive temperature, the abundance of transcripts from X chromosome is significantly reduced compared to the major autosome arms.

(E) Box plots of log, fold change of transcript abundance per chromosome for AH3.3B; AH3.3A versus wild-type flies indicate no significant differences.

took advantage of the RNA sequencing (RNA-seq) data from (61)
where the PRC2 function was disrupted by a temperature shift of a
cell line homozygous for the temperature-sensitive E(z)®" allele
(61, 62). We calculated transcript abundance ratios for all genes di-
vided by chromosomes and found the transcription of genes on the
X chromosome relative to autosomes to be reduced, not increased
(Fig. 3D). Whether this relative reduction is a consequence of a more
pronounced global derepression of low and nonexpressed genes on
autosomes (61) remains an open question, which we have not at-
tempted to investigate any further. Regardless, it counters the idea
that imbalanced transcriptional output from the X chromosome of
AHisC; 12x" R males is masked by the concomitant reduction of
PRC2 activity.

We next considered the possibility that methylation of variant
histone H3 (H3.3) is critical for balanced transcriptional output
from the male X chromosome and the regulatory mechanism mediated by
Set2 methylation. It has previously been shown that the replication-
independent histone variant H3.3 is enriched on the male X chromo-
some (63). We therefore analyzed gene transcription in brains
from male third instar larvae with both H3.3 genes deleted (AH3.3B;
AH3.3A). Despite the reported enrichment of H3.3 on the male
X chromosome, we observed no reduction in X chromosome transcript
abundance as compared to autosomes in the AH3.3B; AH3.3A double
mutant (Fig. 3E). Together, the lack of an X chromosome-specific
effect in AHisC; 12x"7**® and in AH3.3B; AH3.3A mutants argues
that Set2 contributes to increased expression of dosage-compensated
genes independently of H3K36 methylation.
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Ash1 and NSD together maintain balanced transcriptional
output from the fourth chromosome

Immunostaining of polytene chromosomes and ChIP indicate that
the fourth chromosome is enriched in both H3K36me2 (fig. S1, A
and B) and H3K36me3 (Fig. 1 and fig. S1A). Despite this, Set2
knockout caused no imbalance in transcription of fourth chromo-
some genes compared to those on autosomes (Fig. 2A). In contrast,
the ash1%?/ash1*"'! and the NSD** mutants displayed a small but
significant imbalance in the transcriptional output from the fourth
chromosome (Fig. 4, A and B). The effect was markedly more pro-
nounced in flies that lacked both ashl and NSD functions (ash1?
NSD*/ash1”"! NSD %*) (Fig. 4C). By dividing the genes into house-
keeping and non-housekeeping classes, we found that the bulk of
the change corresponded to imbalanced transcriptional output from
the non-housekeeping genes (Fig. 4D). The magnitude of the drop
in the relative transcript abundance of the non-housekeeping genes
and the stronger effect on this class of genes resembled those observed
in Pof mutants, the key component of the regulatory mechanism
specific to chromosome 4 (20, 64). We therefore asked whether the
reduced transcript output is accompanied by a lost binding of POF
to the fourth chromosome. Polytene chromosome staining showed
no detectable difference of POF binding to the fourth chromosome
in ash1 NSD double mutant (fig. S6). To test whether the observed
reduction in ash1?? NSD**/ash1°*!! NSD %% is a consequence of
impaired methylation of H3K36, we included AHisC; 12x™3 for
comparison. The transcriptional output from chromosome 4 dropped
in the H3K36R histone replacement mutant, AHisC; 12x"*F by a
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Fig.4.Ash1and NSD show additive effects and are required for balanced tran-
scription output from genes on chromosome 4. Box plots of chromosome-specific
transcript abundance ratios (log, fold change) compared to wild type for chromo-
some 4 (red), autosomes (gray), and the X chromosome (green). (A) In ash1%%/ash1%°"7,
the transcript abundance from chromosome 4 is reduced by 8.0% compared to the
main autosome arms. (B) In NSD"S‘“, the transcript abundance from chromosome 4
is reduced by 5.1% compared to the main autosome arms. (C) In ash1?? NSD%*/
ash1%"" NSD %46, transcript abundance is reduced by 14.9% compared to the main
autosome arms. (D) Box plots showing chromosome 4 transcript abundance change
in ash1% NSD%*/ash1%°"" NSD %% compared to wild type. The genes are grouped as
non-housekeeping (left) and housekeeping genes (right). In ash1? NSD™*/ash 10"
NSD %%, the expression output is reduced by 21.2% in non-housekeeping genes,
which is significantly greater than the 11.7% reduction observed in housekeeping
genes. The statistical significances were determined by unpaired two-sample Wilcoxon
tests. In (A) to (C), chromosome 4 is compared to chromosome arm 2L, and in (D),
chromosome 4 is compared to all genes located on chromosomes 2 and 3.

similar extent to that in the ashl NSD double mutant, likewise without
affecting the POF binding (Figs. 3C and 4C and fig. S6). Together, these
observations argue that methylation of H3K36 by both Ash1 and NSD is
required to balance transcriptional output from the fourth chromosome.

DISCUSSION

Two main conclusions can be drawn from the observations presented
here. First, transcriptome profiling of Set2-deficient animals indicates
that this methyltransferase is required for the balanced transcrip-
tional output from the single male X chromosome. However, the
comparison with mutants where the major histone H3 isoform is
replaced with a variant that carries arginine instead of lysine-36
provides evidence that the process does not involve methylation of
H3K36. Second, the balanced transcriptional output from the fourth
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chromosome requires intact H3K36 and depends on the additive
functions of NSD and Ashl.

The latter conclusion was unexpected. We and others have pre-
viously shown that Set2 is responsible for bulk of H3K36me3 (28, 36).
Consistently, we see an almost complete loss of H3K36me3 signal
on polytene chromosomes in Set2' mutants. In contrast, the loss of
Set2 causes no major changes in the bulk H3K36me2 and H3K36mel (36).
We therefore speculate that Ashl and NSD stimulate transcription
of the fourth chromosome genes by dimethylation of H3K36. On
polytene chromosomes, H3K36me?2 appears enriched in pericentric
heterochromatin. The regions enriched in H3K36me2 coincide with
those stained with antibodies against H3K9me3 and HP1 (23, 52).
We have previously shown that HP1 and POF act in concert to balance
transcriptional output from the fourth chromosome (18, 64, 65).
The reduced transcriptional output from the fourth chromosome
upon Ash1 and NSD loss resembles that in the Pof mutants (20, 64).
However, neither ablation of Ash1l and NSD nor H3K36R replace-
ment affects POF binding, which argues that the stimulatory effect
of H3K36 methylation happens downstream of POF recruitment to
the fourth chromosome. Conceivably, di-methylated H3K36 counter-
acts methylation of H3K9 and/or HP1 binding and repression. Future
studies are warranted to test these hypotheses.

The fourth chromosome is enriched in repetitive DNA and is
therefore the Drosophila chromosome most similar in genetic com-
position to the human genome. In contrast to Drosophila, human NSD
proteins are essential for proper development, and haploinsuffi-
ciencies in NSDI and NSD2 have been linked to Sotos and Wolf-
Hirschhorn genetic syndromes, respectively (44). It is tempting to
speculate that the stimulatory effect of NSD proteins may be mech-
anistically similar but quantitatively more important for mammalian
genes embedded in the repeat-rich genome. The Drosophila fourth
chromosome displays a high and unusual tolerance to dosage dif-
ferences and misexpression (18, 20, 65-67). Therefore, it is expected
that the decreased transcriptional output from the fourth chromo-
some of the NSD mutants has no severe physiological consequences.

Paradoxically, our observations indicate that H3K36me3, at least
in third instar larvae stage, is less abundant on the male X chromo-
some, while it is enriched on chromosome 4, yet it is not directly
involved in either chromosome-specific regulatory system, suggest-
ing that the differences represent a consequence rather than a cause
of these chromosomes-specific functions. How could we explain the
observed differences in H3K36me3 levels? Although still a matter of
discussion and debate (4), it has been proposed that transcription
elongation efficiency is higher on the male X chromosome compared
to autosomes (68, 69). Likewise, we have previously shown that there
is a significant reduction of the transcription elongation efficiency
(elongation density index) on the fourth chromosome compared to
the other autosomes (67). Considering that Set2 travels with RNA
polymerase II, we speculate that the faster elongation speeds on the
dosage-compensated X chromosome leave less time for Set2 to add
three methyl groups to H3K36, resulting in the overall lower
H3K36me3 levels. Conversely, the slower elongation on the fourth
chromosome leads to more extensive H3K36 trimethylation.

Our observations indicate that the loss of Set2 impairs the
MSL complex-mediated dosage compensation, while the H3.2K36R
replacement does not. We hypothesize that Set2 exerts its functions
by methylation of (as yet unknown) nonhistone targets similar to what
has recently been suggested for Ashl (36). How this contributes to
dosage compensation at the mechanistic level remains to be found.
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Nevertheless, our findings imply that models that involve the bind-
ing of MSL complex to trimethylated H3K36 need to be revised.

MATERIALS AND METHODS

Fly strains and genetic crosses

All fly strains were cultivated and crossed at 25°C in vials contain-
ing potato mash yeast agar. For the RNA preparations, brains from
male third instar larvae were collected. Oregon R flies were used as
wild type in all experiments except in the histone preplacement
comparison as described below. To generate the ashl mutant larvae,
ash1? flies (w/+; ash1?%, P[w™™WW=FRT(W") 2A]/TM3, Ser e P[w*™"
ActGFP]) (36) were crossed with w!'5; Df(3L)Exel9011/TM3, Ser e
P[w*™C ActGFP], hereafter ash1°°!! (36), and the ash1?%/ash1°°!!
trans-heterozygote first instar larvae were isolated, based on the lack
of a GFP signal under fluorescent stereomicroscopy, and grown to
the third instar larvae at 25°C. The CRISPR-Cas9-generated NSD
loss-of-function allele (NSD’Mﬁ) has previously been described (36),
and the ashl NSD double mutant larvae (ash1? NSD™*/q5h %011
NSD %) were generated as described previously (36). To obtain Set2
mutant larvae, we used the Set2' loss-of-function allele (68). Progeny
from y' w®? Set2'/FM7c, P[GAL4-Kr.CIDC1 P[UAS-GFP.S65T]
DC5 were screened under a fluorescent stereomicroscope, and non-
GFP larvae (homozygous and hemizygous for Set2') were transferred
to separate vials. To generate AHisC; 12x"%*R and AHisC; 12x™%3%K
larvae, the fly strain w; UAS-2xYFP AHisC/CyO, P[ftz-lacZ] was
crossed with either y w; elav-Gal4, AHisC/CyO; VK33[H3K36Rx12]/
TM6B,Tb (to supplement the progeny with the transgenic mutant
Histone cluster where Lys36 residue of His3.2 was replaced by Arg)
or y w; elav-Gal4, AHisC/CyO; VK33[H3K36Kx12]/TM6B,Tb (to sup-
plement the progeny with the transgenic wild-type Histone cluster)
(57). The larvae with the correct genotype were then selected on the
basis of the presence of a GFP signal [hence homozygous for dele-
tion of endogenous Histone cluster (AHisC)] and an absence of the
Tb marker (hence presence of the transgenic Histone cluster). The
AH3.3B; AH3.3A mutant larvae (70) were isolated on the basis of
the lack of a GFP signal under fluorescent stereomicroscopy in the
progeny from the cross w, AHis3.3B, hsp-Flp; Df(2L)His3.3A/CyO,
P[w"™¢ ActGFP]JJMRI x w, AHis3.3B, hsp-Flp/Y; Df(2L)His3.3A/
CyO, P[w*™" ActGFP]JMRI.

Immunostaining of polytene chromosomes

Immunostaining of polytene chromosomes was done essentially as
described previously (67, 71). The antibodies used in the protocol
are listed in table S1. Preparations were analyzed using a Zeiss Axiophot
microscope (Plan Apochromat 40x/0.95 objective) equipped with a
KAPPA DX20C CCD camera and with a Zeiss Apotome Microscope
[Plan Apochromat 63x/1.40 oil DIC M27 objective; filter set: 63HE
for red channel, 38HE for green channel, and 49 for 4',6-diamidino-
2-phenylindole (DAPI)] equipped with AxioCam MR R3 camera.
For comparisons of targeting between different genotypes, the pro-
tocol was run in parallel, and nuclei with clear cytology were chosen
on the basis of DAPI staining and photographed. At least 20 nuclei
per slide were used in these comparisons and at least five slides per
genotype. Images were processed with ZenPro software (v2.3, Zeiss).

Western blot
Total tissue extracts were prepared from hand-dissected brains and
imaginal discs of third instar larvae. For analysis of the H3K36

Lindehell et al., Sci. Adv. 2021; 7 : eabh4390 1 October 2021

methylation, protein extracts were loaded on a 15% SDS-polyacrylamide
gel electrophoresis gel and blotted to a polyvinylidene difluoride
membrane for 60 min at 200 mA. Primary and secondary antibodies
were diluted in 1x PBS, 1% BSA, and 0.05% Tween-20. The anti-
bodies used in the protocol are listed in table S1.

Library preparation

For library preparations, we chose brains from third instar larvae to
test a diploid tissue, to reduce potential maternal effects, and since
some of the used genotypes die in late larvae/pupae stage. For each
sample, five male third instar larvae brains were homogenized, and
RNA was purified using a Directzol microprep kit (Zymo Research)
and using the standard protocol with on-column DNase treatment.
RNA quality was determined with a Fragment Analyzer 5200 (Agilent
Technologies Inc.) using the DNF-471 Standard Sensitivity RNA
reagent kit. Total RNA libraries were synthesized using the Ovation
RNA-seq system for Drosophila (NuGEN). Standard protocol pro-
cedure with integrated DNase treatment was used to make the
sequencing libraries. Fragmentation was performed using a Covaris
E220 Focused ultrasonicator with the recommended settings for
200-base pair (bp) target length. The library quality was evaluated
on a Fragment Analyzer using the DNF-920 DNA reagent kit.

Sequencing and data analyses

In the first round, a total of five samgles per genotype were se-
quenced (Oregon R, Set2’, ash1?*/ash1°°!, NSD**, ash1?? NSD**¢/
ash1?°M! NSD % AHisC; 12x5R and AHisC; 12x%°6K) on Illumina
HiSeq2500 (Illumina Cambridge Ltd.) by Science for Life Laboratory,
Stockholm, and 125-bp paired-end reads were obtained. In the sec-
ond round, seven samples of AH3.3B; AH3.3A and an additional six
Oregon R samples were sequenced at Science for Life Laboratory,
Stockholm using Illumina NovaSeq SP (Illumina Cambridge Ltd.)
with a paired-end read length of 150 bp. Reads from both rounds
were mapped to the D. melanogaster genome version BDGP6 using
STAR v2.5.3 (72) with default settings. Read counts were obtained
with featureCounts v1.5.1 with default settings (73). Gene abun-
dances were calculated using Strin%{Tie v1.3.3 (74). Replicate 3 of
Set2" and replicate 5 of AHisC; 12x***K did not pass the quality
control in RSeQC (75) and were therefore excluded in the downstream
analysis. DESeq2 v1.18 (76) was used for differential expression
analysis using default parameters and normal log fold change
shrinkage.

Distance to HASs and MSL gene enrichments

Genomic locations for 188 previously published HASs, compiled in
(55), originating from (7, 8) were used in the analysis. The distance
to the closest HAS was calculated for each gene on the X chromo-
some. The gene enrichment data for the MSL complex component
MSL1 were from (55). The binding data were subdivided into five
equally sized bins based on the average MSL1 enrichment, bin 1
comprising the genes with the lowest MSL1 enrichments, up to bin 5,
which comprised genes with the highest MSL1 enrichments.

Classification of genes as housekeeping or
non-housekeeping

Genes with expression levels greater than 6 in all 12 FlyAtlas-specified
tissue types (77) are defined as housekeeping genes, and genes with
expression levels greater than 6 in 11 or fewer tissue types are here
defined as non-housekeeping genes or differentially expressed genes.
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Wild-type gene expression and developmental RNA profiles
The average transcript per million (TPM) score for wild-type sam-
ples (Oregon R) was calculated for all genes and subsequently binned
according to Flybase RNA-seq convention (78). The bins are 0 to
0TPM, 1to 3 TPM, 4 to 10 TPM, 11 to 25 TPM, 26 to 50 TPM, 51 to
100 TPM, 101 to 1000 TPM, and >1000 TPM for unexpressed, very
low expression, low expression, moderate expression, moderately high
expression, high expression, very high expression, and extremely
high expression, respectively. The developmental RNA expression
profiles of Set2, ash1, and NSD were compiled from the modENCODE
development RNA-seq data (79).

Datasets and calculated gene enrichments

Raw and processed sequencing data generated were deposited to NCBI
GEO under accession GSE166934. ChIP-chip datasets were obtained
from GSE23457, GSE23458, and GSE32793. ChIP-seq datasets were
obtained from GSE127177 (48) and, in processed form, provided by
T. Schauer and P. Becker. RNA-seq data from the temperature-sensitive
E(z)® cell line were obtained from GSE61307 (61). The E(z)®! cell
line was classified as male based on the expression of roX1, roX2,
msl2, and traF. Enrichment scores for the ChIP-chip experiments is
a log, ratio of ChIP over input. A custom script was used to calcu-
late the top 50% of the total exon region for each gene. For ChIP-
seq, the Homer suite v4.11 (80) was used to obtain H3K36me3 peaks
over input. The peak score used for downstream analysis is defined
as position-adjusted reads from initial peak region. Only peaks origi-
nating in exons were used when calculating the chromosomal average.

Bioinformatics and plotting of the figures

All calculations after the compilation of the raw counts table were
performed using R (81), and plots were generated using the ggplot2
R package (82).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh4390

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