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Monomethylation of lysine 20 of histone H4 (H4K20me1) is catalyzed by Set8 and thought to play important roles in
many aspects of genome function that are mediated by H4K20me binding proteins. We interrogated this model in a
developing animal by comparing in parallel the transcriptomes of Set8null,H4K20R/A, and l(3)mbtmutantDrosophila
melanogaster. We found that the gene expression profiles of H4K20A andH4K20R larvae are markedly different than
Set8null larvae despite similar reductions in H4K20me1. Set8null mutant cells have a severely disrupted transcrip-
tome and fail to proliferate in vivo, but these phenotypes are not recapitulated bymutation ofH4K20, indicating that
the developmental defects of Set8null animals are largely due to H4K20me1-independent effects on gene expression.
Furthermore, the H4K20me1 binding protein L(3)mbt is recruited to the transcription start sites of most genes in-
dependently of H4K20me even though genes bound by L(3)mbt have high levels of H4K20me1. Moreover, both Set8
and L(3)mbt bind to purified H4K20R nucleosomes in vitro. We conclude that gene expression changes in Set8null

and H4K20 mutants cannot be explained by loss of H4K20me1 or L(3)mbt binding to chromatin and therefore that
H4K20me1 does not play a large role in gene expression.
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The prevailing model for how histone post-translational
modifications (PTMs) regulate gene expression is that
“writer” enzymes establish where and when histone
PTMs are deposited in the genome, and “reader” proteins
bind to these PTMs to activate or repress transcription by
modulating the recruitment of transcription factors
(Strahl and Allis 2000; Jenuwein and Allis 2001; Kouzar-
ides 2007; Rothbart and Strahl 2014). Support for this
model primarily comes from experiments that infer his-
tone PTM function through genetic manipulation of indi-
vidual writers or readers (Kouzarides 2007; Henikoff and
Shilatifard 2011). However, this approach has a major ca-
veat: Most writers have nonhistone substrates, and read-
ers interact with many proteins other than modified
histones (Clarke 2013; Zhang et al. 2015). Determining

the roles of specific histone PTMs in genome function
and development would benefit from a comparative anal-
ysis of mutations in a writer, its target histone residue,
and a reader of the modified histone residue in a single an-
imalmodel system. Such a combined approach is only fea-
sible inDrosophilamelanogaster, where the generation of
histone mutant genotypes can be achieved (McKay et al.
2015). To better understand the role of H4K20 methyla-
tion in genome function, we used genomic approaches
inDrosophila to examine in parallel gene expression phe-
notypes resulting from mutations of histone H4 lysine 20
(H4K20), the H4K20-specific monomethyltransferase
Set8, and an H4K20me binding protein, L(3)mbt.
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Methylation of histone H4 lysine 20 (H4K20me) has
been implicated in the regulation of DNA replication
(Jørgensen et al. 2007; Tardat et al. 2007; Huen et al.
2008; Takawa et al. 2012; Li et al. 2016; Brustel et al.
2017; Pellegrino et al. 2017; Shoaib et al. 2018; Hayashi-
Takanaka et al. 2021), gene expression (Karachentsev
et al. 2005; Barski et al. 2007; Kalakonda et al. 2008;
Congdon et al. 2010; Beck et al. 2012; Yang et al. 2012;
Veloso et al. 2014; Lv et al. 2016; Yu et al. 2019; Morgan
and Shilatifard 2020), and DNA damage repair (Jørgensen
et al. 2007; Sakaguchi and Steward 2007;Dulev et al. 2014)
in both humans and flies, suggesting an evolutionarily
conserved role for H4K20me in critical aspects of genome
function and stability. Indeed, the human H4K20
monomethyltransferase Set8 (also known as KMT5A)
can replace essentially all developmental functions of
Drosophila Set8 (Crain et al. 2022). Different methylation
states of H4K20 (i.e., K20me1, K20me2, and K20me3) are
thought to mediate different genomic functions. Set8 cat-
alyzes H4K20me1, the preferred substrate for subsequent
dimethylation and trimethylation by Suv4-20 enzymes
(Schotta et al. 2008; Yang et al. 2008; Southall et al.
2014; Weirich et al. 2016). Thus, loss of Set8 depletes all
H4K20 methyl states and results in pleiotropic pheno-
types and lethality in both flies and mice (Karachentsev
et al. 2005; Oda et al. 2009; Crain et al. 2022). Therefore,
current models in the field posit that Set8 regulates ge-
nome functionsmainly through deposition of H4K20me1.

The genomic functions of H4K20me are thought to be
mediated by proteins that recognize various methylation
states of H4K20, including lethal (3) malignant brain tu-
mor [L(3)mbt], Orc1, 53BP1, enhancer of zeste [E(z)], and
the Msl complex (Kalakonda et al. 2008; Kim et al. 2010;
Kuo et al. 2012; Sakaguchi et al. 2012; Tuzon et al. 2014;
Weaver et al. 2019). Loss of L(3)mbt in Drosophila results
in a somatic-to-germline shift in gene expression, leading
to overproliferation of brain tissue (Bonasio et al. 2010;
Janic et al. 2010). L(3)mbt contains three MBT domains
that share homology with the “Royal” family of chroma-
tin-interacting proteins and bind H4K20me1/2 in vitro
(Maurer-Stroh et al. 2003; Min et al. 2007; Trojer et al.
2007; Kalakonda et al. 2008; Qi et al. 2010; Sakaguchi
et al. 2012). L(3)mbt interacts in vivo with several partner
proteins as amember of the LINT andMybMuvB/dREAM
complexes, executing transcriptional repression seeming-
ly independently of H4K20me (Meier et al. 2012; Blan-
chard et al. 2014; Coux et al. 2018; Yamamoto-Matsuda
et al. 2022). Thus, the connection between L(3)mbt his-
tone binding of H4K20me and its regulation of gene ex-
pression is incompletely understood.

Numerous previous studies suggest functional connec-
tions between H4K20me, Set8, and L(3)mbt. For instance,
depletion of Set8 or L(3)mbt results in a loss of H4K20me1
and causes defects in DNA replication, chromatin organi-
zation, and transcription, implying that H4K20me1 plays
a causal role in these processes (Beck et al. 2012; Sakagu-
chi et al. 2012). However, Set8 has nonhistone substrates
(e.g., p53 [Shi et al. 2007] and PCNA [Takawa et al. 2012]
and noncatalytic functions [e.g., in cell cycle entry) (Yin
et al. 2008; Zouaz et al. 2018), and L(3)mbt colocalizes pro-

miscuously with several different monomethylated and
dimethylated histone residues (Blanchard et al. 2014). Fur-
thermore, Drosophila mutants expressing unmodifiable
H4K20A or H4K20R are phenotypically distinct from
Set8null mutants (Crain et al. 2022), and loss of L(3)mbt
function does not recapitulate many of the cell prolifera-
tion defects in Set8null animals despite a 60% reduction
in H4K20me1 (Sakaguchi et al. 2012). Thus, whether
and how H4K20me mediates the functions of Set8 and
L(3)mbt remain unclear.

H4K20me1’s role in gene expression in mammals and
flies is also not easily reconciled into a simple model. In
mammalian cells, H4K20me1 is found in the body of ac-
tively transcribed genes (Barski et al. 2007; Beck et al.
2012), suggesting a role for H4K20me1 in stimulating
transcription (Kapoor-Vazirani and Vertino 2014; Veloso
et al. 2014; Nikolaou et al. 2017; Shoaib et al. 2021) that
was also suggested for Drosophila H4K20me1 (Lv et al.
2016; Yu et al. 2019; Huang et al. 2021). Conversely,
H4K20me1 has been implicated in chromatin compaction
(Lu et al. 2008) and gene repression (Kalakonda et al. 2008;
Abbas et al. 2010; Congdon et al. 2010; Liu et al. 2010) via
either its association with the transcriptional repressor
L(3)mbt or its localization in inactive regions of the ge-
nome (Nishioka et al. 2002; Kalakonda et al. 2008; Saka-
guchi et al. 2012). Here we determined whether the gene
expression phenotypes arising upon removal of Set8 or
L(3)mbt can be attributed to loss of H4K20me1. By leverag-
ing null and hypomorphic alleles of Set8 and l(3)mbt
with our ability to engineer fully histonemutant genotypes
(e.g., H4K20A and H4K20R), we demonstrate that the major
roles of Set8 and L(3)mbt in gene expression and cell prolif-
eration do not require H4K20me. Our data suggest that
phenotypes resulting from mutating H4K20 are due to ef-
fects on H4 binding proteins rather than loss of H4K20me.

Results

H4K20me1 is correlated with actively transcribed
genes in Drosophila larva

Although H4K20me1 ChIP-seq data sets exist for Dro-
sophila (The modENCODE Consortium et al. 2010; Lv
et al. 2016), the genome-wide relationship between
H4K20me1 and gene expression has not been elucidated
in flies. To determine this relationship, we first performed
CUT&RUN genomic occupancy profiling in wild-type
Oregon-R third instar wing imaginal discs using an
H4K20me1-specific antibody. We measured enrichment
of H4K20me1 signal over a no primary antibody control
using a sliding window method and found the
H4K20me1 signal in broad peaks primarily enriched in
gene bodies, consistent with previous studies in mamma-
lian cells (Fig. 1A,B; Barski et al. 2007; Beck et al. 2012).
Using a metagene analysis, we found that the
H4K20me1 signal overlapped by at least one base pair
with 5366 protein-coding genes and that the amount of
overlap varied among genes. For instance, 2309 protein-
coding genes were covered at least 50% by H4K20me1,
and 1439 had 75% coverage (the H4K20me1 “high”
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category) (Fig. 1C,D). The remaining 11,707 protein-coding
genesdidnothave aH4K20me1signal thatwas statistically
enriched compared with control or were covered <50%
by an H4K20me1 peak (the H4K20me1 “low” category)
(Fig. 1C,D). We also found that the proportion of

H4K20me1 coverage of each gene correlated positively
with theamountofH4K20me1signal at eachgene (Fig. 1D).
We then performedRNAsequencing ofOregon-Rwhole

third instar larvae to assesswhetherH4K20me1 correlates
with RNA abundance. Whole-animal RNA-seq was

A

B

D

E

C

Figure 1. H4K20me1 is enriched in gene bodies inDrosophilamelanogaster. (A) Genomebrowser shot of a representative locus depicting
the H4K20me1 CUT&RUN signal. Gold bars indicate peaks of H4K20me1 signal in wild-type Oregon-R relative to no primary antibody
control as defined by merged 150 bp sliding windows. (B) Upset plot depicting the frequency of H4K20me1 peaks overlapping specific ge-
nomic features. The histogram at the top indicates the number of peaks that overlap each of the genomic features shown below each bar.
(C ) Venn diagramdepicting the number of genes covered byH4K20me1 peaks. The outer circle indicates >1 bp overlap of a gene covered by
anH4K20me1 peak, followed by 10%, 25%, 50%, and 75% coverage. Green indicates our H4K20me1 “high” category. (D) Heat map (bot-
tom) and summary metaplot (top) of H4K20me1 coverage in gene bodies scaled to 1 kb as well as ±1 kb unscaled sequence. The plots are
organized by gene sets defined in C for Oregon-R wing disc CUT&RUN in this study (left) and for Oregon-R whole-larvae ChIP-seq from
themodEncode database (right). Geneswith >50%overlapwithH4K20me1 peaks are considered highH4K20me1 (dark green; left). Genes
with <50% overlap with H4K20me1 are considered lowH4K20me1 (light green; left). Each gene row is ordered bymeanH4K20me1 in the
wing disc data set. Summary plot depicts the mean signal at each position in the metaplot (50 bp bins) for each set of genes. (E) Box plot of
average normalized gene counts of each of the gene sets defined inC in whole-larvae RNA-seq (this study), wing disc RNA-seq (Armstrong
et al. 2020), or a random set of genes of the indicated size. The red dotted line indicates the median RNA abundance in whole larvae. Sig-
nificance was determined by Wilcoxon sum rank test with Benjamin–Hochberg multiple testing correction. (∗∗∗∗) P <0.0001 for each in-
dicated set compared with both genes covered by <10% H4K20me1 peak and the randomized gene set.
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required due to the difficulty of obtaining enoughmaterial
from individual wing discs of somemutant genotypes (see
below). Our H4K20me1 CUT&RUN data in wing disc tis-
sue correlate well with a previous modENCODE
H4K20me1 ChIP-seq data set in whole larvae, suggesting
that the distribution of H4K20me1within genes is consis-
tent across tissues (Fig. 1D). We found that genes in the
H4K20me1 high category were more highly expressed
compared with genes in the H4K20me1 low category in
both whole-larval RNA-seq (this study) and wing disc
RNA-seq data (Fig. 1E; Armstrong et al. 2020). High
H4K20me1 genes and lowH4K20me1 genes were also sig-
nificantly different than random gene sets of equal size
(Fig. 1E). Together, these data suggest that H4K20me1
deposition in gene bodies is positively correlated with ac-
tive transcription in developing Drosophila larvae.

Modification of H4K20 is not required for transcription

Since H4K20me1 is positively associated with gene ex-
pression, we asked whether loss of H4K20me1 would re-
sult in downregulation of genes with H4K20me1 by
performing H4K20me1-specific CUT&RUN in Set8null

third instar wing imaginal discs. Consistent with previous
studies, Set8null mutants have a reduction in H4K20me1
levels across gene bodies throughout the genome (Fig.
2A,B; Nishioka et al. 2002; Karachentsev et al. 2005;
Beck et al. 2012). Surprisingly, Set8null wing discs from
wandering third instar larvae have residual H4K20me1
as assessed by CUT&RUN (Fig. 2A) despite Set8null larval
brains lacking H4K20me1 signal by Western blot (Crain
et al. 2022). CUT&RUN is amore sensitive assay, and oth-
ers have reported H4K20me1 in Set8null third instar wan-
dering salivary glands (Karachentsev et al. 2005). We
conclude that previous studies usingWestern blots lacked
the sensitivity to detect low H4K20me1 levels in Set8null

mutants.
To ask whether the decreased H4K20me1 levels in

Set8nullmutantswere associatedwith a change in gene ex-
pression, we performed total RNA-seq in Set8null larvae
and compared these data with the Oregon-R whole-larvae
RNA-seq data set described in Figure 1.We chose to assess
gene expression in whole mutant larvae even though we
measured H4K20me1 in wing discs because Set8null ani-
mals have small, morphologically perturbed wing discs
containing few cells (Karachentsev et al. 2005), making
it challenging to obtain enough high-quality material for
RNA-seq even though we obtained enough for
CUT&RUN. Moreover, there is no evidence for tissue-
specific patterns of H4K20me1 deposition in chromatin
(see Fig. 1). We therefore considered the loss of
H4K20me1 that we observed in wing discs to be represen-
tative of other tissues.

Differential expression analysis of Set8null relative to
Oregon-R wild-type control revealed that Set8null animals
had 1491 differentially expressed protein-coding genes
(DEGs; 962 upregulated and 529 downregulated), indicat-
ing that loss of Set8 significantly disrupts the Drosophila
transcriptional program (Fig. 3A; Supplemental Table S1).
These results correlate well with another recently pub-

lished RNA-seq data set from Set8null wandering third in-
star Drosophila larva (Supplemental Fig. S1A; Bamgbose
et al. 2024). The majority of DEGs (962; 65% of total
DEGs) are upregulated, and only 86 Set8null DEGs
(18 upregulated and 68 downregulated) are in the high
H4K20me1 category (Fig. 3A, dark dots). These 86 repre-
sent 5.8% of all Set8null DEGs and only 3.7% of genes in
the high H4K20me1 category, indicating that loss of
H4K20me1 is not predictive of either an increased or de-
creased change in gene expression (Fig. 3A; Supplemental
Table S2). We also included in our analyses an RNA-seq
data set that we generated from larvae expressing catalyt-
ic-deficient Set8 (Set8R634G; referred to here as Set8RG)
(Fig. 3D; Crain et al. 2022). Only two genes in the
H4K20me1 high category are downregulated in Set8RG de-
spite a reduction in H4K20me1 CUT&RUN levels like
that in Set8null (Fig. 2A,B). These data indicate that
H4K20me1 does not play a causal, global role in transcrip-
tional control.

To investigate the role of H4K20me1 in gene expres-
sion more directly, we performed H4K20me1-specific
CUT&RUN in wing imaginal discs and RNA sequencing
of third instar whole larvae inH4K20mutant (H4K20A and
H4K20R) and H4WT control genotypes. Both H4K20A and
H4K20R have a strong reduction of H4K20me1 genome-
wide despite the presence of replication-independent
His4r in these genotypes (Fig. 2A). His4r is a single-copy
gene located outside of the replication-dependent histone
gene array, and its expression is not replication-coupled
but encodes a protein with an amino acid sequence iden-
tical to that of replication-dependent H4. We and others
have shown previously that His4r can partially compen-
sate for the absence of replication-dependent H4 (Arm-
strong et al. 2018; Copur et al. 2018; Faragó et al. 2021;
Crain et al. 2022). Nevertheless, our H4K20me1
CUT&RUN data indicate that His4r is a minor contribu-
tor to H4K20me1 amounts in the genome.

Despite levels of H4K20me1 lower than in Set8null (Fig.
2A), H4K20A animals have only a small number of DEGs
(91 total; 43 upregulated and 48 downregulated) relative
to control (Fig. 3B; Supplemental Table S1). Remarkably,
no H4K20A DEGs are in the high H4K20me1 category
(Fig. 3B; Supplemental Table S2). H4K20R animals have a
larger number of DEGs (1208 total; 941 upregulated and
267 downregulated) compared with H4K20A (Fig. 3C; Sup-
plemental Table S1). Still, only 3.9% (47) of the H4K20R

DEGs are in the high H4K20me1 category, and only
57.4% (27) of those DEGs are downregulated in H4K20R

(Supplemental Table S2). Given that H4K20me1 levels
are severely depleted in H4K20A and H4K20R animals,
these data suggest that transcript levels of most protein-
coding genes are not sensitive to reduction of
H4K20me1 but are instead sensitive to the residue identi-
ty at position 20 on theH4 tail.Mutation of H4K20 results
in loss of all lysine modifications, not just H4K20me1.
H4K20me3 is enriched in constitutive heterochromatin,
which contains transposons and piRNAs (Agredo and
Kasinski 2023). Therefore, we evaluated the expression
of transposons and piRNAs in H4K20 and Set8null mu-
tants. Whereas loss of Set8 results in derepression of
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transposons and piRNAs to an extent similar to what we
observed previously in H3K9R mutants (Supplemental
Fig. S1B,C; Penke et al. 2016), there was no substantial ef-
fect in the H4K20 mutants (Supplemental Fig. S1D,E). To-
gether, these data further emphasize that the level of
H4K20me1 is not causal for gene expression in either eu-
chromatin or heterochromatin despiteH4K20me1 enrich-
ment at transcriptionally active protein-coding genes (Fig.
1). They also emphasize that the differences in both the
gene expression and developmental phenotypes of
H4K20A and H4K20R mutants (Crain et al. 2022) arise
from something unrelated to H4K20 methylation.

H4K20A/R and Set8null gene expression profiles are distinct

Although H4K20me1 is not required for expression of
most genes, a subset of genes enriched for H4K20me1

might depend onH4K20me1 and be drivers of gene expres-
sion cascades. We addressed this question by comparing
normalized gene counts in Set8null, H4K20A, and H4K20R

mutants through k-means clustering. By applying this
method first to genes in the high H4K20me1 category,
we found distinct clusters of downregulated genes—two
that were specific to Set8null (clusters H2 and H4) (Fig.
3E) and two containing genes that were most affected in
H4K20R (clusters H1 and H3) (Fig. 3E). We also found
that most upregulated genes in the high H4K20me1 cate-
gorywere shared between Set8null andH4K20R (cluster H6)
(Fig. 3E).
As with the high H4K20me1 category, we found that

the low H4K20me1 category of genes contained clusters
of downregulated genes thatweremost affected in Set8null

(cluster L2) or H4K20R (cluster L1) (Fig. 3E). We also found
clusters that were upregulated in both Set8null andH4K20R

B

A

Figure 2. Loss of H4K20me in Set8 and H4K20 mutants. (A) Heat (bottom) and summary (top) metaplots of spike-in-normalized
H4K20me1 signal at H4K20me1 peaks in the indicated genotypes. Each peak is scaled to 200 bp and flanked by 1 kb of unscaled sequence.
The summary plot depicts mean signal at each position in the metaplot (50 kb bins) for all peaks. (B) Representative locus depicting
H4K20me1CUT&RUNcoverage inwing discs. Gold bars indicate peaks of H4K20me1 signal inOregon-R relative to no primary antibody
control as defined by merged 150 bp sliding windows. Green and black genes indicate H4K20me1 “high” and “low” categories,
respectively.
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but not in H4K20A or Set8RG (clusters L5 and L6) (Fig. 3E),
suggesting that changes in the expression of genes in these
clusters do not arise from loss of H4K20me1. Moreover,
even when we considered all genes independently of
H4K20me status, the resulting cluster patterns were re-
markably consistent with when we considered only the

high or low H4K20me1 categories. Finally, the small
number of H4K20A or Set8RG upregulated or downregu-
lated genes did not show a clustering pattern like either
Set8null or H4K20R for either the H4K20me1 high or low
category. Thus, when comparing transcriptomes using ei-
ther DEGs or k-means clustering of normalized counts,

C

E F

D

BA

Figure 3. The Set8 andH4K20mutant transcriptomes differ. (A–D) Volcano plots depicting the relationship between the log2 fold change
(x-axis) and log10 adjusted P-value (y-axis) of gene expression in the indicated comparisons. Blue dots indicate significantly downregulated
genes (log2FC<−1 and FDR<0.01), and red dots indicate significantly upregulated genes (log2FC>1 and FDR<0.01). Darker-shaded dots
indicate genes in the high H4K20me1 category. (E) Clustered heat maps of average centered normalized counts. Cluster identifiers are
colored based on whether the expression of genes within that cluster is most affected in Set8null (purple),H4K20R (green), or both Set8null

andH4K20R (orange). Black cluster identifiers indicate no enrichment of gene expression changes in any genotype. (F ) GOenrichment sum-
mary for cluster H2. The top eight GO terms are shown on the y-axis. The x-axis indicates the ratio of genes from cluster H2 that intersect
with each GO term over all genes in cluster H2. The size of the dot indicates the number of intersecting genes, and the color indicates the
P-value of each term. Full lists of GO terms for clusters in G are in Supplemental Tables S3–S5.
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each mutant displays a distinct gene expression profile
that cannot easily be explained by loss of H4K20me.
Since we observed distinct gene expression patterns in

Set8null and H4K20R mutants, we were curious whether
genes in each of the identified clusters were enriched in
specific biological processes. Therefore, we performed
gene ontology (GO) enrichment analysis on each DEG
cluster and grouped significant GO terms by semantic
similarity (Supplemental Figs. S2–S4; Supplemental
Tables S3–S5). We were especially interested in clusters
H2 and H4 that contained a subset of downregulated
genes in the high H4K20me1 category that were specific
to Set8null. Cluster H2 is enriched for GO terms related
to the cell cycle, cell proliferation, cell differentiation,
and development (Fig. 3F; Supplemental Fig. S2; Supple-
mental Table S3). Cluster H4 is enriched for GO terms re-
lated to gene expression, RNA processing/splicing, and
histone modification (Supplemental Fig. S2; Supplemen-
tal Table S3). Clusters H2 and H4 were also represented
in clusters of genes with low H4K20me1 and all genes
(L2 and A2), suggesting that these changes in gene expres-
sion are H4K20me1-independent (Fig. 3E; Supplemental
Figs. S3, S4; Supplemental Tables S4, S5). Clusters H1
and H3, containing genes downregulated primarily in
H4K20R, are enriched forGO terms related to ubiquitin-de-
pendent catabolism and development (H1) as well as me-
tabolism, cell differentiation, cell signaling, growth, and
development (H3) (Supplemental Fig. S2; Supplemental
Table S3). Although both Set8null-specific (H2 and H4)
and H4K20R-specific (H1 and H3) clusters are enriched
for genes involved in development and cell differentiation,
the misregulated genes themselves are distinct. Together,
we conclude that the Set8null and H4K20 mutant gene ex-
pression profiles are overlapping yet contain unique fea-
tures and thus are not primarily driven by loss of
H4K20me1.

Cell proliferation defects upon removal of Set8 are largely
independent of loss of H4K20me

One of the unique features of the Set8null transcriptome is
the downregulation of genes involved in the cell cycle
(clusters H2, L2, and A2) (Fig. 3E,F). We also found GO
terms related to growth in H4K20R (cluster H3) (Fig. 3E).
We therefore assessed the cell proliferation capacity of
Set8null versus H4K20 mutant cells. We generated mosaic
tissue in theDrosophila eye by inducingmitotic recombi-
nation with the FLP/FRT system using eyeless-FLP,
which expresses FLP recombinase throughout eye devel-
opment. In this assay, populations of homozygousmutant
cells are generated next to populations of homozygous
wild-type cells very early in development. During growth
of the eye imaginal disc (the precursor of the adult eye),
these clones of cells compete to populate the tissue, re-
sulting in patches of fully mutant (white) and fully wild-
type (red) tissue in the adult eye (Fig. 4A). In this assay,
Set8null mutant cells are never present in the adult eye,
indicating a strong proliferation defect upon removal of
Set8 (Fig. 4B).

Assessing the proliferation capacity of histone mutant
cells using white-marked versus red-marked eye clones
was not possible using our previously described histone
gene replacement system (McKay et al. 2015), primarily
because the ΔHisC deletion allele of the endogenous rep-
lication-dependent histone genes contains a copy of the
white gene. To remedy this problem, we engineered a
new histone gene deletion (ΔHisCcadillac) that replaces
thewhite gene with dsRed driven by the ubiquitously ex-
pressed Act5C promoter, as well as a wild-type HisC+

chromosome marked with an Act5C-GFP transgene
(Crain et al. 2024). Thus, we can assess proliferation of his-
tonemutant cells (magenta) next towild-type cells (green)
during eye development using fluorescence microscopy.
We found thatΔHisCcadillac homozygousmutant cells res-
cued by one copy of a controlH4WT transgene proliferated
normally, resulting in ∼50% of magenta tissue in the
adult eye (Fig. 4C,E).
In contrast to Set8null cells, H4K20A cells were able to

proliferate and populate the adult eye but not as well as
H4WT control cells (Fig. 4C,E). This result is consistent
with our previous observation that H4K20A mutant ani-
mals can complete development (Crain et al. 2022). Strik-
ingly, H4K20R cells proliferate similarly to H4K20A cells
despite the dramatically different gene expression profiles
of these two mutants (Figs. 3B,C, 4C,E). Moreover, a
defect in cell proliferation likely does not explain the fail-
ure of H4K20R mutant animals to complete development.
Furthermore, H4K20A or H4K20R mutant cells lacking the
His4r gene, which are therefore incapable of generating
any H4K20me, also generated clones of magenta cells, in-
dicating that the proliferation defect of Set8null cells is in-
dependent of loss of H4K20me (Fig. 4D,E). Together with
our observation that cell proliferation genes are uniquely
downregulated in Set8null animals, we conclude that
Set8 functions in cell proliferation independently of
H4K20me1 in Drosophila, likely via a target other than
H4K20.

Gene expression changes in l(3)mbt mutants are not
explained by H4K20me1 but correlate with gene
expression changes in Set8null and H4K20R mutants

Because Set8null and H4K20R have disparate developmen-
tal phenotypes and gene expression changes that cannot
be explained by loss of H4K20me1, we considered other
interpretations of our data. Since Set8 and L(3)mbt bind
each other directly (Kalakonda et al. 2008) and inter-
act with the H4 tail, mutation of H4K20 might affect
recruitment of these proteins to chromatin irrespective
of loss of H4K20me. Thus, we asked whether muta-
tion of l(3)mbt results in expression changes similar
to Set8null or H4K20R mutants. We performed RNA
sequencing of +/DfED10966 (Df) hemizygous control,
l(3)mbtGM76/Df [referred to here as l(3)mbtGM76], and
l(3)mbtPBac{Scarless-dsRed}/Df [referred to here as
l(3)mbtPBac] mutant whole third instar larvae at 25°C
and 29°C, where the l(3)mbt mutant lethality and brain
overgrowth phenotypes arise (Bonasio et al. 2010; Janic
et al. 2010). l(3)mbtGM76 is a null allele that contains
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a nonsense mutation in the second of the three L(3)mbt
MBT domains (Yohn et al. 2003; Blanchard et al. 2014).
l(3)mbtPBac is a CRISPR-engineered null allele that we
generated containing a 1.8 kb insertion immediately up-
stream of the l(3)mbt start codon.

Loss of L(3)mbt function [l(3)mbtGM76 or l(3)mbtPBac]
significantly disrupts the Drosophila transcriptome

(1519 upregulated and 358 downregulated or 2938 upregu-
lated and 564 downregulated, respectively) (Fig. 5A,B;
Supplemental Table S6). The majority of DEGs are upre-
gulated, consistentwith the previously reported transcrip-
tion repressor function of L(3)mbt (Trojer et al. 2007;
Kalakonda et al. 2008; West et al. 2010; Coux et al.
2018). As with Set8null and H4K20R, neither the
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Figure 4. Set8 but not H4K20 mutant cells fail to proliferate. (A,B) Diagram of w+/w− mosaic eye generation using FLP-FRT-mediated
mitotic recombination. (A) The Set8 wild-type (white box) control experiment results in an adult eye with an equal mixture of red and
white tissue. (B) The Set8null (open white box) experiment results in only red tissue because homozygous Set8null cells fail to proliferate.
(C ) Single optical sections of genetically mosaic eyes composed of clonal populations of cells that are homozygous for Act5C-GFP and
HisC+ (green) or homozygous forΔHisCcadillac and lackingAct5C-GFP (magenta) rescued by the indicated control or H4K20mutant trans-
genes. (D) Same asC except in aHis4rnull mutant background. The right column showsmerged images of the pseudocolored histone mu-
tant clones (magenta) and sister histonewild-type clones (green). (E) Quantification of mosaic eye clones inC andD. Box plot showing the
fraction of mutant tissue (magenta) for 19–20 eyes of each genotype (10 males and nine to 10 females each). Black dots indicate measure-
ments from individual eyes. Significance was determined by Student’s t-test. (∗∗∗∗) P<0.0001, (∗) P <0.05.
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upregulated nor the downregulated DEGs in the l(3)mbt
mutants are enriched for high H4K20me1 genes [3.9%
in l(3)mbtGM76 and 7.1% in l(3)mbtPBac] (Fig. 5A,B, dark
dots; Supplemental Table S7). Unexpectedly, we found
that removing only one copy of L(3)mbt in +/Df results
in many gene expression changes (1716 upregulated and
146 downregulated) relative to true wild-type Oregon-R,
but with smaller effect sizes than l(3)mbtGM76 or
l(3)mbtPBac (Fig. 5C). The Df is relatively small, deleting
only 28 kb, including seven genes in addition to l(3)mbt:
woc, mrt, TfIIA-L, CG5934, CG5938, CG14260, and
CG14262.We foundminimal differences in the transcrip-
tomes of l(3)mbtGM76 versus a +/Df, suggesting that the ef-
fect that we observed in +/Df is due to haploinsufficiency
of l(3)mbt. We only found a small number of gene expres-
sion changes in animals raised at 29°C relative to animals

raised at 25°C despite a decrease in viability and brain tis-
sue overgrowth at 29°C (Meier et al. 2012), suggesting that
the phenotypes associated with heat stress are not due to
large changes in gene expression.
To ask whether loss of L(3)mbt could explain gene ex-

pression changes in Set8null andH4K20Rmutants, we com-
pared normalized gene counts in l(3)mbt mutants with
Set8null and H4K20R mutants using k-means clustering.
We found several clusters of genes that had similar
expression in l(3)mbt, Set8null, and H4K20R regardless of
H4K20me1 status (Fig. 5D), suggesting that a subset of
gene expression changes in Set8null or H4K20R results
from altered L(3)mbt function. We observed several clus-
ters that contained genes that were upregulated in each
of the Set8null, H4K20R, and l(3)mbt mutants, suggesting
that expression of these genes shares a common
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Figure 5. l(3)mbt, Set8, and H4K20R transcriptomes are similar. (A–C ) Volcano plots depicting the relationship between log2FC (x-axis)
and log10 adjusted P-value (y-axis) of gene expression in the indicated comparisons. Blue dots indicate significantly downregulated genes
(log2FC<−1 and FDR<0.01), and red dots indicate significantly upregulated genes (log2FC>1 and FDR<0.01). Darker-shaded dots indi-
cate genes in the highH4K20me1 category. (D) Clustered heatmaps of average centered normalized counts in the indicated genotypes. (E)
Heat map of log2FC values of the indicated genotypes for genes involved in MBT formation (Janic et al. 2010).
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mechanism (Fig. 5D). Janic et al. (2010) identified a group
of 48 genes that were upregulated in l(3)mbt loss-of-func-
tion mutants, resulting in tumors with a characteristic
soma-to-germline transition phenotype. We investigated
whether this group of genes was among the upregulated
genes in our l(3)mbt mutants and whether Set8null and
H4K20R shared these gene expression changes. We found
that the majority of l(3)mbt tumor genes are upregulated
in our l(3)mbtmutant data sets (even +/Df) but are not sig-
nificantly changed in Set8null orH4K20R mutants (Fig. 5E).
Therefore, disruption of L(3)mbt function from loss of
H4K20me1 likely does not contribute substantially to
the overgrowth phenotypes associated with MBTs.

L(3)mbt binds the genome independently of H4K20me

Shared gene expression changes in Set8null, H4K20R, and
l(3)mbt mutants might result from loss of chromatin
binding proteins, such as L(3)mbt. The L(3)mbt MBT do-
mains preferentially bind to H4K20me1/2 peptides in vi-
tro (Li et al. 2007; Min et al. 2007; Trojer et al. 2007),
although recent in vivo studies found that L(3)mbt ChIP-
seq peaks colocalize with other methylated histone ly-
sines more than H4K20me1 (Blanchard et al. 2014). We
asked whether L(3)mbt recruitment to the genome re-
quires H4K20me using our H4K20R, His4rnull genotype
lacking all modifiable H4K20. Since no L(3)mbt antibod-
ies were available to us, we engineered N-terminal GFP-
and FLAG-tagged alleles at the endogenous l(3)mbt locus
to assess genome-wide binding of L(3)mbt (Fig. 6A). Ani-
mals expressing only GFP- or FLAG-tagged L(3)mbt are vi-
able and display no obvious phenotypic abnormalities.
Using anti-GFP-FLAG or anti-FLAG antibodies, we found
that our epitope-tagged L(3)mbt proteins are expressed in
third instar larval brains, adult ovaries, and wing imaginal
discs in patterns and at levels consistent with previous
studies (Fig. 6A; Richter et al. 2011; Meier et al. 2012;
Coux et al. 2018; Yamamoto-Matsuda et al. 2022).

WeperformedCUT&RUN in third instarwing imaginal
discs that express only GFP-L(3)mbt from the endogenous
locus. We identified regions of the genome bound by
L(3)mbt by measuring enrichment of GFP-L(3)mbt signal
over an Oregon-R control (which lacks GFP). We found
that L(3)mbt accumulates at 4052 well-defined peaks
across the genome that are preferentially located at tran-
scription start sites (TSSs) of genes enriched with
H4K20me1 (Fig. 6B–D). Despite the correlation with
H4K20me1-enriched genes, L(3)mbt is not enriched in
gene bodies, unlike H4K20me1 (Fig. 6D). To corroborate
this observation, we also analyzed the location of peaks
in a previously published L(3)mbt ChIP-seq data set from
third instar larval brains and found that L(3)mbt is en-
riched at transcription start sites of highH4K20me1 genes
in both data sets (Fig. 6C,D).

We next performed anti-GFP-L(3)mbt CUT&RUN in a
genotype that lacked all modifiable H4K20 (H4K20R,
His4rnull). We found that H4K20R, His4rnull third instar
wing discs have a genome-wide ablation of H4K20me1,
while removal of His4r alone (H4WT, His4rnull) does not
detectably affect total H4K20me1 levels (Fig. 6E). Since

H4K20me increases the affinity of L(3)mbt for H4 tail pep-
tides in vitro (Li et al. 2007; Min et al. 2007; Trojer et al.
2007), we hypothesized that loss of modifiable H4K20
would result in a reduction of GFP-L(3)mbt signal at
GFP-L(3)mbt peaks. We observed that GFP-L(3)mbt is
recruited to the genome at most of its binding sites
when all H4K20 is mutated to Arg (Fig. 6F,G). Un-
expectedly, we also observed a >10-fold increase of GFP-
L(3)mbt binding across all peaks inH4K20R,His4rnull com-
paredwithH4WT,His4rnull (Fig. 6F,G). These data indicate
that mutation of H4K20 to Arg results in altered, rather
than the prevention of, accumulation of GFP-L(3)mbt on
chromatin.

To determine howGFP-L(3)mbt directly associates with
H4K20R nucleosomes, we performed in vitro binding as-
says using H4K20R recombinant nucleosomes (Skrajna
et al. 2020). We found that GFP-L(3)mbt exhibited a mod-
est increase (1.8-fold ± 1.1-fold) in binding to H4K20R nu-
cleosomes compared with WT nucleosomes (Fig. 6H).
Interestingly, we also observed a 14.5-fold (±8.4-fold) in-
crease in the binding of Set8 to H4K20R nucleosomes rel-
ative toWTnucleosomes (Fig. 6H). These data suggest that
the Lys-to-Arg substitution results in neomorphic effects
likely due to increased H4 tail binding of L(3)mbt, Set8,
and possibly other proteins, a phenomenon also found in
oncohistone mutations such as H3K27M (Sahu and Lu
2022). Together, these data indicate that H4K20me is not
necessary for L(3)mbt to bind chromatin in vivo.

Discussion

By combining genetic and genomic approaches in Dro-
sophila melanogaster, we provide evidence that
H4K20me1 is dispensable for key functions of Set8, in-
cluding regulation of gene expression and cell prolifera-
tion, that have been previously attributed to H4K20me1.
We also demonstrate that L(3)mbt functions in gene ex-
pression independently of binding H4K20me.

Set8 and L(3)mbt function in gene expression
independent of H4K20me1

Our data do not support a model in which the primary
functions of Set8 and L(3)mbt are mediated through the
deposition and recognition of H4K20me1, respectively.
We found that Set8- and l(3)mbt-null mutations have a
greater effect on the Drosophila transcriptome than
Set8RG,H4K20A, or H4K20R mutants. Remarkably, Set8RG

and H4K20A mutants have minimal gene expression
changes (none of which are in genes with the highest cov-
erage of H4K20me1) despite a strong genome-wide reduc-
tion in H4K20me1. More genes change in expression in
H4K20R mutants than in H4K20A mutants, but many of
these changes do not correlate with gene expression
changes in Set8null. Moreover, we demonstrate that cells
lacking all modifiable H4K20 (H4K20A, His4rnull or
H4K20R, His4rnull) can proliferate (in stark contrast to
Set8null cells, which cannot), indicating that Set8 but
not its catalytic activity on H4K20 is required for cell
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Figure 6. L(3)mbt binds the genome independently of H4K20me. (A, top) Diagram of a GFP-tagged l(3)mbt allele generated using CRISPR.
(Bottom)Confocal imagesofGFP-L(3)mbt accumulation in thenuclei of third instar larvalbrains, adult femaleovaries, and third instar larval
wing discs. (B) A representative locus depicting normalized GFP-L(3)mbt CUT&RUN coverage. Gold bars indicate peaks of GFP signal in
l(3)mbtGFP (top) relative to Oregon-R control (bottom) as defined by merged 150 bp sliding windows. (C ) Heat (bottom) and summary (top)
metaplots of z-normalized wing disc H4K20me1 CUT&RUN, wing disc GFP-L(3)mbt CUT&RUN, and L(3)mbt ChIP-seq (Richter et al.
2011) signal at protein-coding genes. Plots are centered at the TSSs and flanked by 3 kb of unscaled sequence. Each row represents a single
gene, and genes are ordered by mean H4K20me1. The summary plot depicts mean signal for H4K20me1 (green), GFP-L(3)mbt (blue), or
L(3)mbt (light blue) at each position in the metaplot (50 bp bins). (D) Summary metaplot of z-normalized H4K20me1 (green), GFP-
L(3)mbt CUT&RUN (blue), and L(3)mbt ChIP-seq (light blue) at high H4K20me1 genes. (E) Summary metaplot of spike-in-normalized
H4K20me1CUT&RUNcoverageatH4K20me1peaks in the indicatedgenotypes.Eachpeak is scaledto200bpand flankedby1kbofunscaled
sequence. The summary plot depicts mean signal at each position in themetaplot (50 bp bins) for all peaks. (F ) Summary (top) and heat (bot-
tom) metaplots of spike-in-normalizedGFP-L(3)mbtCUT&RUNsignal. Plots are centered at theGFP-L(3)mbt peak, and eachpeak is flanked
by3kbofunscaled sequence.Eachrowrepresentsa single peak, andpeaksareorderedbymeanGFP-L(3)mbt in l(3)mbtGFP. (G) Representative
locus depicting spike-in-normalized GFP-L(3)mbt and H4K20me1 CUT&RUN signal. Gold bars indicate peaks of GFP signal in l(3)mbtGFP

relative to Oregon-R control as defined bymerged 150 bp sliding windows. (H) Western blot using anti-GFP (top) or anti-Set8 (middle) anti-
bodies following recombinant nucleosome binding assay with nuclear lysate from third instar larvae and either wild-type (WT) or H4K20R
(K20R) recombinant nucleosomes. (Bottom) Histone proteins from Swift protein stain were used as loading control. Average binding of
Set8 and GFP-L(3)mbt on K20R versus WT nucleosomes ±standard deviation from three biological replicates is shown at the right.
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proliferation. Thus, the Set8 requirement for cell prolifer-
ation may reflect a noncatalytic role, which is increasing-
ly being recognized as a feature of many histone-
modifying enzymes (Morgan and Shilatifard 2023).

Similarly, we found that H4K20me is dispensable for
L(3)mbt recruitment to the genome, including promoter-
associated peaks. Methylated lysine residues other than
H4K20me could help recruit L(3)mbt to specific promot-
ers, consistent with recent work reporting L(3)mbt coen-
richment with several different methylated histone
residues at promoters (Blanchard et al. 2014). A similar sit-
uation occurs with other MBT domain-containing pro-
teins such as Sfmbt (Klymenko et al. 2006). Instead,
H4K20me could be required for positioning of L(3)mbt
onchromatinorchromatincompactionafter being recruit-
ed via other mechanisms (Li et al. 2007; Min et al. 2007;
Trojer et al. 2007; Blanchard et al. 2014). We conclude
thatmany, if notmost, of the critical cellular and develop-
mental functions of Set8 and L(3)mbt in Drosophila are
likely mediated through targets other than H4K20.

The analysis of histonemutations inDrosophila has of-
ten supported a role for histone PTMs in gene regulation,
most notably in the case of H3K27mutations that disrupt
Polycomb-mediated repression because of the failure to
deposit H3K27me3 (Pengelly et al. 2013; McKay et al.
2015). However, in other cases, histone mutation (i.e., of
H2A to block ubiquitylation) does not recapitulate the ex-
pected effect on Polycomb-mediated gene repression (Pen-
gelly et al. 2015). Nevertheless, we were surprised to find
that H4K20me1 had little impact on gene expression giv-
en that H4K20me1 is enriched in the bodies of expressed
genes in both flies (this study; Lv et al. 2016) and humans
(Barski et al. 2007; Congdon et al. 2010; Beck et al. 2012).
Indeed, H4K20me1 is among the histone PTMs most
highly correlated with active transcription (Wang et al.
2008). Set8 interacts with elongating RNA polymerase
II (Li et al. 2011), so H4K20me1 accumulation in gene bod-
ies may be a consequence of the Set8/RNA Pol II interac-
tion without playing a regulatory role in transcription.
Although we did not observe gene expression changes
associated with mutation of H4K20 in our whole-larvae
data sets, our analysis could lack the power to detect
H4K20me1-dependent tissue-specific gene expression
changes. For instance, H4K20me1 covers genes that are
uniquely expressed in specific cell lines (Beck et al.
2012). H4K20me1 might promote a permissive environ-
ment in which tissue-specific transcription factors func-
tion more efficiently or help counteract other repressive
chromatin domains. For instance, Lv et al. (2016) observed
that Pc+, H3K27me3+, and H4K20me1+ genes were ex-
pressed, whereas Pc+, H3K27me3+, andH4K20me1− genes
were repressed. Another proposed role of H4K20me1 is re-
cruitment of the MSL complex to the TSSs to release
paused polymerase into productive elongation (Kapoor-
Vazirani and Vertino 2014; Nikolaou et al. 2017). Since
all our data were collected from female larvae, we were
not able to address this mechanism. Nevertheless, our
data demonstrate that H4K20me has no uniform ge-
nome-wide regulatory role, either positively or negatively,
in gene expression in Drosophila.

Mechanisms of H4K20 methylation

We detected low levels of H4K20me1 in Set8null animals
by CUT&RUN, whichwas unexpected, as Set8 is current-
ly the only known H4K20 monomethyltransferase, and
previously we did not detect H4K20me1 signal by West-
ern blot in Set8null mutants (Crain et al. 2022). We detect-
ed no H4K20me1 CUT&RUN signal in H4K20R, His4rnull

animals, which contain no modifiable H4K20, indicating
that the H4K20me1 antibody does not recognize other
histone PTMs. Although our data cannot exclude that
the H4K20me1 antibody binds also to unmodified
H4K20, they raise the possibility of another H4K20mono-
methyltransferase in flies. Karachentsev et al. (2005) also
reported residual H4K20me1 in Set8null salivary glands
by immunofluorescence, which they hypothesized was
due to another H4K20 monomethyltransferase or stabili-
zation of the monomethyl mark over multiple cell
divisions. One possibility is that the H4K20 dimethyl-
transferase and trimethyltransferase Suv4-20 can generate
H4K20me1 in the absence of Set8. Three studies reported
that Suv4-20 preferentially uses H4K20me1 as a substrate
in vitro but can also produce H4K20me1 (Yang et al. 2008;
Southall et al. 2014;Weirich et al. 2016). Another possibil-
ity is the production of H4K20me1 by demethlyation of
long-lived pools of H4K20me2,3 that are derived fromma-
ternally deposited Set8 in Set8null mutant animals. Al-
though not yet identified in flies, H4K20 demethylase
enzymes are present in other metazoans, including
PHF8 in zebrafish and mammals and DPY-21 in Caeno-
rhabditis elegans (Qi et al. 2010; Gu et al. 2016; Brejc
et al. 2017). Regardless of the source of this small amount
of H4K20me1 in Set8nullmutants, our results clearly indi-
cate that Set8 is responsible for the bulk of H4K20me1 in
Drosophila.

The H4K20A and H4K20R mutant phenotypes differ

H4K20me1 has been implicated in many essential
nuclear processes, and thus our previous observation
that animals expressing only unmodifiable H4K20A his-
tones can complete development was surprising (Crain
et al. 2022). This result is consistent with the small num-
ber of gene expression changes in H4K20A mutants that
we report here. However, only 20% of H4K20A animals
and no H4K20R animals, reach adulthood, indicating that
H4K20 is important for development (Crain et al. 2022).
The more extensive gene expression changes in H4K20R

animals could explain why they die during development.
These changes do not overlap substantially with gene ex-
pression changes in Set8null mutants. In contrast, we ob-
served similar gene expression profiles in H4K20R and
l(3)mbt mutants. These changes are not driven by loss
of H4K20me but rather by mutating histone H4K20 to
Arg. Thus, these data indicate that H4K20me is not essen-
tial for Drosophila development but do not explain the
phenotypic differences between H4K20A and H4K20R mu-
tants or which processes are affected by mutating H4K20.

We suspect that the Lys-to-Ala and Lys-to-Arg amino
acid changes in the H4 tail disrupt or change the
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interaction of nucleosome binding proteins irrespective of
the absence of H4K20me. These proteins include Set8 and
L(3)mbt, as we observed binding of L(3)mbt to both the
H4K20R mutant genome and purified H4K20R nucleo-
somes, as well as increased binding of Set8 to purified
H4K20R nucleosomes. Unfortunately, we were unable
to produce H4K20A protein for reasons that are not clear,
precluding our ability to test protein binding to purified
H4K20A mutant nucleosomes. H4K20 mutations may
also affect theH4 tail conformation and thus the availabil-
ity in vivo of the H4 tail to chromatin binding proteins.
Regardless, alteration of Set8 or L(3)mbt H4 tail binding
alone is insufficient to explain the phenotypes of Set8null

and l(3)mbt mutant animals because they are so different
from the H4K20 mutant phenotypes (Crain et al. 2022).
Future determination of the H4 tail and/or broader nucle-
osome interactome inH4K20A andH4K20Rmutants should
be informative in this regard.
Our study illustrates the power of using genomic analy-

ses in a genetically tractable organism like Drosophila
melanogaster to deconvolve the complex relationship be-
tween a writer (Set8) and a reader [L(3)mbt] of a particular
histone PTM (H4K20me). Notably, as the chromatin field
continues to identify pleiotropic functions of writer and
reader proteins, revisiting other histone PTM/writer/read-
er paradigms using a similar type of analysis may prove
fruitful in untangling the functions of histone PTMs in
various biological processes.

Materials and methods

GFP-L(3)mbt immunofluorescence

Cuticles from l(3)mbtGFP larvaewere inverted and fixed in
3.7% paraformaldehyde for 25 min, washed, and then
blocked in 500 μL of 5% NGS in PBS for 30 min prior to
staining with α-GFP Rb primary antibody (1:1000; Abcam
ab6556) overnight at 4°C followed by rabbit Alexa 488 sec-
ondary antibody (1:1000) for 2 h at room temperature. Tis-
sues were dissected off cuticles, mounted on a glass slide
with a glass coverslip in 11 μL of Prolong, and left in the
dark overnight before imaging on a Leica SP8 confocal mi-
croscope. Ovaries were dissected from 3 day old adult fe-
males, fixed, and stained as above.

Larvae collection and RNA extraction

Four replicates of eight third instar wandering larvae of
each genotype were homogenized in TRIzol (Invitrogen)
and flash-frozen in liquid nitrogen. RNA was isolated us-
ing the Direct-zol RNA minipreparation kit (Zymo).

RNA-seq library preparation and sequencing

RNA-seq libraries were prepared using the Universal Plus
total RNA-seq with NuQuant (Tecan). The number of cy-
cles required for library amplificationwas determined em-
pirically using qPCR. DNA concentrations, fragment size
distributions, and quality were determined using Qubit

and Agilent TapeStation 4150. Libraries were pooled and
sequenced PE100 on a NovaSeq.

Analysis of RNA-seq data

Paired-end FASTQ files from three to four replicates of
each genotypewere trimmed using bbduk and then passed
to the quant function within Salmon (Patro et al. 2017) in
mapping-based mode with the parameters validateMap-
pings, seqBias, eVBOpt, and numBootstraps 30 and
protein-coding transcript indexes and decoys that were
generated from the dm6Drosophila genome build. Quant
files were imported into R using Txiimport (Soneson et al.
2015). Genotypes for all replicates were confirmed using
sequencing data. Replicates with reads that did not match
the intended genotypewere discarded and not used for fur-
ther analyses. For Figure 1E, counts for Oregon-R whole
larvae (this study) and yw wing disc (Armstrong et al.
2020) were normalized using DESeq2 with a variance
stabilizing transformation. Normalized counts from
all replicates of a given genotype were averaged, and
geneswere binned based on percentage of H4K20me1 cov-
erage and then plotted using ggboxplot from the ggpubr R
package. Differential expression analysis was performed
using DESeq2 (Love et al. 2014). Log2FC values were
shrunk using the ashr method (Stephens 2017). Volcano
plots and box plots were generated using ggplot (Wickham
2016).

CUT&RUN

Twenty third instar larval wing discs per replicate were
dissected and processed as previously described (Uyehara
et al. 2022) with rabbit α-GFP (1:100; Rockland 600-401-
215) or mouse α-H4K20me1 (1:100; Thermo Fisher
MA5-18067) and pAG-MNase (1:100; University of North
Carolina Core Facility) (Salzler et al. 2023).

Library preparation and sequencing

DNA libraries of supernatant fractions were prepared us-
ing a ThruPLEX DNA-seq kit (Takara) and DNA Unique
dual-index kit with associated protocols. DNA concentra-
tion, fragment distribution, and quality were determined
by Qubit and Agilent TapeStation 4150. Libraries were
pooled and sequenced PE75 on a NextSeq2000.

CUT&RUN sequencing data analysis

Data processing Replicates from each genotype were
processed using a Snakemake pipeline (https://github
.com/snystrom/cutNrun-pipeline.git). Adapters were
trimmed with bbduk, reads were aligned to dm6 with
bowtie2 (Langmead and Salzberg 2012) and converted to
Bam format, reads with a quality score of <30 for GFP
CUT&RUN and a quality score of 5 for H4K20me1
CUT&RUN were removed via samtools (Li et al. 2009),
and duplicate reads were kept for GFP CUT&RUN and re-
moved for H4K20me1 CUT&RUN. Bam files were
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generated, sorted, and converted to bed format with bed-
tools (Quinlan and Hall 2010)

Peak calling The following was performed using the
csaw package (Lun and Smyth 2016) unless stated other-
wise. Reads from Oregon-R H4K20me1 and Oregon-R no
primary antibody were binned into 150 bp windows
with a 50 bp slide. Background was calculated by binning
reads into large 10 kb windows, and 150 bp windows were
retained only if they were log2(2) higher than background.
Window counts for each replicate were normalized for
compositional bias, and differential binding was assessed
using edgeR (Robinson et al. 2010). Windows that were
significantly enriched (log2FC>2 and FDR<0.05) in Ore-
gon-R H4K20me1 over Oregon-R no primary antibody
were merged if they were within 1 kb of each other and
FDR was <0.05. Subsequent merged windows were saved
to bed format and used for downstream analyses. Peaks in
GFP-L(3)mbt over Oregon-R negative control were deter-
mined as in H4K20me1 with the following exceptions:
(1) They did not meet the log2FC of >3 significance cutoff
and (2) peaks within 250 bp were merged.

Average signal plots For Figure 1D, coverage files for
three biological replicates of H4K20me1 Oregon-R wing
disc and no primary antibody Oregon-R CUT&RUN
and two biological replicates of H4K20me1 Oregon-R
whole-larvae ChIP-seq and input controls (GSE47254)
(The modENCODE Consortium et al. 2010) were normal-
ized by reads per genome content (RPGC) and averaged
using deeptools BigWigAverage (Ramírez et al. 2016).
The ratio of each averaged H4K20me1 file over control
was calculated using deeptools BigWigCompare (Ramírez
et al. 2016) and then z-normalized. For Figure 6, C and D,
coverage files for three biological replicates of Oregon-R
H4K20me1 and Oregon-R no primary control wing disc
CUT&RUN, two biological replicates of l(3)mbtGFP and
Oregon-R control wing disc CUT&RUN, and two biolog-
ical replicates of l(3)mbt and input wild-type brain ChIP-
seq (GSE29206) (Richter et al. 2011) were processed as
above.

For Figures 2A and 6E, individual genome coverage files
(three replicates; two each forH4WT,H4K20A, andH4K20R,
His4rnull) (see below) for each genotype were normalized
using yeast spike-in DNA by the spike-in-normalized
reads per million mapped reads in the negative control
(SRPMC) method (DeBerardine et al. 2023). The ratio of
fly to yeast reads was calculated (reads per spike-in
[RPS]), RPS values between each sample and its control
were calculated (relative signal), and the relative signal
for each sample was RPGC-scaled. The SRPMC scaling
factor was used in bedtools genomeCoverage (Quinlan
and Hall 2010) to produce scaled bedgraph files, which
were subsequently converted to BigWig coverage files us-
ing ucsctools wigToBigWig.One replicate ofH4WTwas re-
moved due to an exceptionally high yeast spike-in count,
one replicate ofH4K20Awas removed because it contained
wild-type reads at H4K20, and one replicate of H4K20R,

His4rnull was removed due to an exceptionally low read
count. The remaining replicates of each genotypewere av-
eraged using deeptools bigWigAverage (Ramírez et al.
2016) using 1 bp bins. Metaplots were generated using
the computeMatrix and plotHeatmap or plotProfile func-
tions in deeptools (Ramírez et al. 2016). Two biological
replicates of each l(3)mbt genotype for α-GFP CUT&RUN
were processed as above.

Mitotic eye clone generation and quantification

eyFLP;Actin5C-GFP/CyO;+oreyFLP;Actin5C-GFP/CyO;
His4rnull females were crossed to yw; ΔHisCcadillac/CyO;
12xHistoneTransgene (HTG) or yw; ΔHisCcadillac/CyO;
12xHTG, His4rnull males. Nineteen to 20 adults (nine to
10 males and females each) were aged 1–2 days after eclo-
sion, placed in a 96 well dish containing molten 1% aga-
rose, and cooled to solidify. Images were obtained on a
Leica M205 FCA fluorescent microscope using GFP and
RFP bandpass filters. Quantification of mutant clone
size was determined as described by Crain et al. (2024).

Recombinant nucleosome binding assays

Nuclei from 100–120 l(3)mbtGFP third instar wandering
larvae were collected as previously described (Leatham-
Jensen et al. 2019). Nucleus pellets were resuspended in
500 µL of BB420 buffer (20 mM HEPES at pH 7.5, 420
mM NaCl, 1 mM DTT, 0.1 mM EDTA, 10% glycerol,
0.1% NP-40), homogenized 10 times with a Dounce ho-
mogenizer, and then centrifuged at 17,000g for 30 min.
The supernatant was moved to a new 1.5 mL tube and
brought to a final salt concentration of 120 mM (BB120).
The H4K20R mutant was cloned using site-directed mu-
tagenesis. Nucleosomes containing FLAG-tagged H2A
and either WT H4 or H4K20R were assembled, and bind-
ing assays were performed as previously described
(Skrajna et al. 2020). Briefly, 20 µL of anti-FLAG-conjugat-
ed magnetic beads (Millipore Sigma) was incubated with
20 µg of FLAG-tagged WT or H4K20R nucleosomes or
an equivalent volume of BB120 (beads-only control) for 2
h at 4°C. Beads were washed three times with BB120.
The nuclear lysate was split equally between the three
tubes, and the volume was increased to 500 μL with
BB120 prior to incubation for 2 h at 4°C. Beads were
washed twice with BB120, followed by a 30 min wash in
BB120 at 4°C. Following the last wash, bound proteins
were eluted with 25 µL of gel loading buffer, and samples
were boiled for 5min. Sampleswere run on a 4%–20%gra-
dient SDS-PAGE gel (Bio-Rad) and transferred to a nitro-
cellulose membrane (Bio-Rad Quick transfer). Total
protein staining was performed using Swift protein stain
(G-Biosciences). Membranes were blocked in 5% milk in
TBS-Tween for 1 h prior to incubation with α-GFP
(1:1000; Rockland) or α-Set8 (1:1000; Novus Biologicals)
primary antibody overnight at 4°C, followed by rabbit
HRP secondary antibody (1:10,000) for 1 h at room tem-
perature. Blots were incubated in SuperSignal West Pico
chemiluminescent substrate (Fisher) for 5 min and then
imaged on an Amersham imager (GE). The entire blot
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was autoscaled for brightness/contrast prior to quantifica-
tion by densitometry in Fiji.

Data availability

High-throughput sequencing data setshave beendeposited
in the Gene Expression Omnibus database (https://www
.ncbi.nlm.nih.gov/geo) under accession numbers
GSE268819, GSE268820, and GSE268821. The code for
peak calling and differential expression analysis is avail-
able at https://zenodo.org/doi/10.5281/zenodo.11550660.
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