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Chromatin structure has emerged as a key contributor to spatial and temporal control over the initiation of DNA replica-

tion. However, despite genome-wide correlations between early replication of gene-rich, accessible euchromatin and late

replication of gene-poor, inaccessible heterochromatin, a causal relationship between chromatin structure and replication

initiation remains elusive. Here, we combined histone gene engineering and whole-genome sequencing in Drosophila to deter-
mine how perturbing chromatin structure affects replication initiation. We found that most pericentric heterochromatin

remains late replicating in H3K9R mutants, even though H3K9R pericentric heterochromatin is depleted of HP1a, more

accessible, and transcriptionally active. These data indicate that HP1a loss, increased chromatin accessibility, and elevated

transcription do not result in early replication of heterochromatin. Nevertheless, a small amount of pericentric heterochro-

matin with increased accessibility replicates earlier in H3K9R mutants. Transcription is de-repressed in these regions of ad-

vanced replication but not in those regions of the H3K9Rmutant genome that replicate later, suggesting that transcriptional

repression may contribute to late replication. We also explored relationships among chromatin, transcription, and replica-

tion in euchromatin by analyzing H4K16Rmutants. In Drosophila, the X Chromosome gene expression is up-regulated twofold

and replicates earlier in XY males than it does in XX females. We found that H4K16R mutation prevents normal male devel-

opment and abrogates hyperexpression and earlier replication of the male X, consistent with previously established ge-

nome-wide correlations between transcription and early replication. In contrast, H4K16R females are viable and fertile,

indicating that H4K16 modification is dispensable for genome replication and gene expression.

[Supplemental material is available for this article.]

Animal cells duplicate large, complex genomes by initiating repli-
cation at distinct locations within the genome at different times
during S phase. An evolutionarily conserved feature of this regula-
tory paradigm is a temporal order of DNA replication initiation
events that results in characteristically early and late replicating re-
gions of the genome (Rhind and Gilbert 2013). Such “replication
timing” (RT) programs appear at early stages of animal develop-
ment and ensure genome integrity during cell proliferation
(Shermoen et al. 2010; Mantiero et al. 2011; Collart et al. 2013;
Hamperl and Cimprich 2016; Yuan and O’Farrell 2016; Almeida
et al. 2018). Importantly, RT is associated with mutational burden
and SNP density, as spontaneous mutations occur less frequently
in early compared to late replicating regions of the genome
(Stamatoyannopoulos et al. 2009; Donley and Thayer 2013).
Furthermore, perturbed RT is thought to be an early epigenetic
event that predisposes cancer and disease-associated genome

rearrangement (Ryba et al. 2012; Donley and Thayer 2013).
Notwithstanding their importance, mechanisms that control
where and when DNA replication initiates within an animal ge-
nome remain poorly understood.

In contrast to replication initiation in single-celled eukaryotes
such as budding yeast, replication of animal genomes does not ini-
tiate at well-defined sequence motifs (Bell and Stillman 1992;
MacAlpine et al. 2010; Miotto et al. 2016). Rather, two levels of ge-
nome organization have emerged as putative regulators of replica-
tion initiation: three dimensional arrangement of DNAwithin the
nucleus and local chromatin structure, characterized in part by dif-
ferential DNA accessibility (i.e., differential nucleosome occupan-
cy) (Hiratani et al. 2008; Pope et al. 2014; Heinz et al. 2018).
Current models posit that these features of genome organization
regulate replication by influencing trans-acting factor recruitment
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to sites of replication initiation (i.e., origins) (Mantiero et al.
2011; Collart et al. 2013; Pope et al. 2014; Das et al. 2015;
Miotto et al. 2016; Rivera-Mulia andGilbert 2016). In all metazoan
organisms examined to date, transcriptionally active, accessible
euchromatin generally replicates early during S phase, whereas
transcriptionally repressive, inaccessible heterochromatin general-
ly replicates late (Bell et al. 2010; Eaton et al. 2011; Lubelsky et al.
2014). Despite strong genome-wide correlations between replica-
tion and chromatin structure in animal cells, efforts to determine
a causal relationship between the two have been hampered by
imprecise methods for manipulating chromatin structure in
vivo.We therefore developed an approach for altering the distribu-
tion of accessible chromatin throughout the genome and deter-
mined if and how these changes in chromatin structure affect
genome replication.

Strategies to manipulate chromatin structure in animal cells
often involve perturbation of factors that establish, interpret, or re-
move histone post-translational modifications (PTMs). Although
informative, these studies cannot precisely determine functional
roles for histone PTMs in DNA replication because most histone-
modifying enzymes also have nonhistone substrates that may
participate in DNA replication (Glozak et al. 2005; Huang and
Berger 2008). Therefore, to reduce potential pleiotropic effects of
mutating histone-modifying enzymes, we employed a strategy in
Drosophila to more precisely manipulate chromatin structure by
mutating the histone genes themselves, an approach that is not
currently feasible in other animal models. This strategy involves
deleting the endogenous wild-type histone genes and replacing
them with transgenic copies encoding a single amino acid sub-
stitution that prevents PTMs of a particular histone residue
(Günesdogan et al. 2010; McKay et al. 2015). Here, we determine
how two different histonemutations that affect chromatin organi-
zation and transcription in heterochromatin (H3K9R) and euchro-
matin (H4K16R), respectively, affect DNA replication initiation
throughout the genome.

Results

Profiling replication timing in a Drosophila tissue

To probe the relationship between chromatin structure and repli-
cation in an intact animal, we adapted a genome-wide measure
of RT for use in Drosophila wing imaginal discs, a relatively simple
epithelium of proliferating diploid cells (Koren et al. 2014; Sasaki
et al. 2017; Siefert et al. 2017). Ourmethod is based on the premise
that, in S phase cells, early replicating DNA sequences are overrep-
resented relative to late replicating ones, due to a higher probabil-
ity of replication initiation (Rhind et al. 2010;Mantiero et al. 2011;
Collart et al. 2013; Das et al. 2015). Consequently, RT data are a
proxy for the propensity of replication initiation in a particular re-
gion of the genome. We performed whole-genome sequencing on
DNA isolated from populations of G1 and S phase nuclei collected
from wing discs by fluorescence-activated cell sorting (FACS) (Fig.
1A). Replication profiles were generated by determining the log2-
transformed S/G1 read count at 100-kb intervals using a 10-kb slide
across the genome (Methods; Fig. 1B; Supplemental Figs. S1, S2A),
where larger values indicate earlier replication and smaller values
indicate later replication. We chose 100-kb windows with a 10-
kb slide because they produced the least amount of noise relative
to smaller windows (Supplemental Fig. S1). RT values generated
from independent S phase samples were highly reproducible
(Supplemental Fig. S3).

Our wing disc replication profiles are similar to those previ-
ously generated from Drosophila cell lines and most closely corre-
late with RT data obtained from a cell line derived from the same
developmental stage as wing discs (Supplemental Fig. S4; Lubelsky
et al. 2014). Replication domain sizes ranged from20–570 kb (Sup-
plemental Fig. S2C), closely matching previous measurements
(MacAlpine et al. 2004). Consistent with previous studies in zebra-
fish embryos and in fly and mammalian cultured cells (Bell et al.
2010; Eaton et al. 2011; Lubelsky et al. 2014; Petryk et al. 2016; Sie-
fert et al. 2017), we found that earlier replication correlates with
higher gene density (Fig. 1C), higher levels of transcription (Sup-
plemental Fig. S2D), and the presence of activating histone PTMs
such as H3K4me and H3K9ac (Fig. 1D). In contrast, later replica-
tion occurred in gene-poor regions (Fig. 1C) and was enriched in
transposons (Fig. 1E; Supplemental Fig. S2G,H) and repressive
histone PTMs, such as H3K9me2/me3 (Fig. 1D; Supplemental
Fig. S2E,F). Our RT data revealed that, in wild-type wing discs,
the pericentric heterochromatin replicates later than the mostly
euchromatic chromosome arms (Fig. 1B; Supplemental Fig. S2B),
consistent with prior cytological observations (Taylor 1960; Sher-
moen et al. 2010). Despite replicating at largely different times
on average, both pericentric and euchromatic regions contained
earlier and later replicating domains within them, such that the
earliest replicating domains in pericentric heterochromatin exhib-
ited similar values to the latest replicating domains on euchromat-
ic chromosome arms. Thus, highly reproducible replication
profiles fromDrosophila tissue can be generated thatmatch general
features of replication found in other systems.

Replication timing is largely unchanged in H3K9R mutants

To determine how chromatin structure influences replication,
we first tested if modification of H3K9 determines the difference
in RT between heterochromatin and euchromatin. Defining fea-
tures of heterochromatin are the presence of methylated H3K9
(H3K9me) and Heterochromatin Protein 1a (HP1a). HP1a binds
H3K9me and facilitates heterochromatin formation through
multimerization of HP1a molecules and recruitment of other fac-
tors (Canzio et al. 2011; Larson et al. 2017; Strom et al. 2017).
Previously, we showed that H3K9R mutants are depleted of
H3K9me and HP1a within pericentric heterochromatin (Penke
et al. 2016). In addition, we found that loci within the pericentric
heterochromatin of H3K9R mutants are nucleosome-depleted rel-
ative to controls, as measured by increased FAIRE-seq signal
(Formaldehyde-Assisted Isolation of Regulatory Elements) (Penke
et al. 2016).

If increasing chromatin accessibility directly resulted in earli-
er replication initiation, wewould expect large-scale advancement
of RT at nucleosome-depleted H3K9R pericentromeres. We as-
signed RT values to 100-kb windows tiled 10-kb across the genome
and used stringent significance thresholds (P<0.01 [adjusted for
multiple testing], absolute log2 fold change>0.1; limma) to iden-
tify differential RT between H3K9R and control. Approximate-
ly 97% of the H3K9R genome has a similar replication profile
compared to control, including much of the pericentric hetero-
chromatin (Fig. 2A; Supplemental Fig. S5; Supplemental File S1).
Consistent with these findings, cytological analysis ofH3K9R ima-
ginal cells revealed colocalization of the 359-bp pericentric satel-
lite repeat on the X with late-patterned EdU incorporation at
DAPI-bright chromocenters (Supplemental Fig. S6A), demonstrat-
ing that X pericentric heterochromatin remains late replicating.
Late replicating H3K9R pericentric heterochromatin is not due to
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compensation by H3.3 variant histones because H3.3K9R; H3K9R
mutants incapable of producing any H3K9me also contain late-
patterned EdU incorporation at DAPI-bright chromocenters (Fig.
2C,D). FACS analysis revealed a small but statistically significant

decrease in the number of S phase cells
in H3K9R wing discs, indicating that cell
cycle phasing is only slightly perturbed
(Fig. 2E). These data show that H3K9
modification is dispensable for RT across
most of the genome and that pericentric
heterochromatin lacking HP1a and a
closed chromatin configuration general-
ly remains late replicating.

Advanced replication occurs at newly

accessible chromatin in H3K9R mutants

Despite largely unchanged RT in H3K9R
mutants, 3% of the genome nevertheless
exhibited altered RT (∼2% advanced and
∼1% delayed). Importantly, these chang-
es do not result from pre-existing copy
number differences between the G1 ge-
nomes of H3K9R and control (Supple-
mental Fig. S1). We used these changes
to investigate the relationship between
chromatin structure and replication in-
itiation (Supplemental Fig. S6B). We
found that themajority (82.1%) of earlier
replicating 100-kb windows in H3K9R
mutants are located in pericentric hetero-
chromatin (Fig. 2B) or on the small
fourth chromosome (Supplemental Fig.
S5), which is primarily heterochromat-
ic (Haynes et al. 2007). Importantly,
these changes are unlikely to be caused
by changes in the expression of genes
encoding replication factors or other
protein-coding genes, as the H3K9R mu-
tation does not significantly affect their
expression (Supplemental File S2; Penke
et al. 2016). In contrast, 76.2% of later
replicating 100-kb windows are located
along euchromatic chromosome arms
(Fig. 2A; Supplemental Fig. S5).

To compare our RT data to other ge-
nome features like histone PTMs, we as-
signed an RT value to nonoverlapping
10-kb windows across the entire genome
(see Supplemental Materials). Notably,
10-kb windows with advanced replica-
tion in H3K9R mutants are enriched for
H3K9me2/me3 in a wild-type genome
and not for other histone PTMs such as
H3K27me3, a marker of facultative het-
erochromatin (Fig. 2F,G; Supplemental
Fig. S6C). This observation suggests that
advanced replication is a direct effect of
the H3K9R mutation, even though most
regions enriched for H3K9me2/me3 do
not change RT in H3K9R mutants. In
contrast, delayed replication was not cor-

related with H3K9me2/me3 and instead occurred preferentially in
chromatin environments relatively devoid of histone PTMs, re-
ferred to as “Black” chromatin (Fig. 2F,G; Supplemental Fig. S6C;
Filion et al. 2010).

A

C

E

D

B

Figure 1. Measuring genome-wide replication timing in vivo. (A) Experimental paradigm: (1) Nuclei
were FACS sorted into G1 (yellow), S (red), and G2 (blue) populations based on DNA content.
(2) Sequenced DNA was mapped to the dm6 genome. More reads map to early than late replicating se-
quences. (3) Log2 S/G1 ratio generates RT profiles. Normalizing to G1 or G2 phase controls gave similar
results. (B) LOESS regression line showing average yw (“yellow, white” control genetic background used
for all fly lines) RT values (log2 S/G1) in 100-kb windows with 10-kb slide across Chr 2 and 3.
Chromosome schematics show approximate locations of constitutive pericentric heterochromatin
(green) and largely euchromatic arms (blue) (Riddle et al. 2011; Hoskins et al. 2015). (C) Heatscatter
plot of yw log2 S/G1 (RT) versus gene density at all 10-kb windows across the genomewith LOESS regres-
sion line (black). (D) Heat map of relative modENCODE histone PTM enrichment in bins of equally sized
RT quintiles (early, early/mid, mid, mid/late, and late) generated using RT values (log2 S/G1) within 100-
kb windows. modENCODE data are from third instar larvae (Celniker et al. 2009; see Supplemental
Materials for accession numbers). Color indicates average enrichment of all windows within a quintile.
Scale of heat map was capped at 1.4 to better represent distribution of values, as H3K9me2/me3 was
greatly enriched in late replicating domains compared to other PTMs (see Supplemental Fig. S2E for non-
capped H3K9me2/me3 heat map). (E) Plot of transposon number in 100-kb windows across Chr 3R with
RT quintile (as determined in D) indicated by color.
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We hypothesized that if chromatin structure directly influ-
ences replication, thenRTchanges shouldoccuratnewlyaccessible
chromatin inH3K9Rmutants. To compare chromatin accessibility
andRT inH3K9Rmutants,wecomparedFAIRE-seqandRTvalues at
10-kb windows across the genome (Methods; Penke et al. 2016).
Whilemost pericentric regions included in the current genome as-

sembly aremore accessible inH3K9Rmutants compared to control
(Penke et al. 2016), we found that the vastmajority (92.9%) of win-
dows with increased FAIRE signal do not display altered RT (Fig.
3A). Thus, despite established correlations betweenaccessible chro-
matin and early replication, increasing chromatin accessibility by
H3K9Rmutation does not invariably result in earlier replication.

A

B

E

C

F G

D

Figure 2. Analysis of replication timing in H3K9Rmutants. (A) Log2 S/G1 RT values at 100-kb windows with 10-kb slide for 12× HWT (histone wild type;
yellow) and 12× H3K9R (purple) plotted across Chr 3R. See Supplemental Figure S5 for other chromosomes. (B) Approximately 5-Mb region of the peri-
centromeric heterochromatin of Chr 3R. Red vertical bars designate significant RT changes betweenH3K9R andHWT (P<0.01, P value adjusted formultiple
testing; absolute log2 fold change>0.1; limma). (C)H3.3WT H3WT andH3.3K9R H3K9R (see SupplementalMaterials for full genotype) first instar brains pulse-
labeled for 1 h with EdU (yellow) and stained for DNA (blue; DAPI). White arrowheads designate late patterned EdU incorporation. (D) Percentage of EdU+
cells with early or late EdU incorporation patterns from ∼200 cells per genotype. There is no difference between genotypes (P>0.05, χ2 test). (E) Cell cycle
indices for HWT (yellow) and H3K9R (purple) wing disc cells acquired via FACS (calculated using the Dean-Jett-Fox model). Error bars indicate standard
deviation of three experiments. (∗) P<0.05. (F) All advanced (red) or delayed (blue) 10-kb windows in H3K9Rmutants were assigned to the nine chromatin
states defined in flies (Kharchenko et al. 2011). Shown are the percentages of windows that overlap each chromatin state. (G) Average enrichment of
modENCODE H3K9ac, me2, me3, and H3K27me3 signal from third instar larvae at 10-kb windows of advanced (red), delayed (blue), or randomized
set of windows (Celniker et al. 2009).
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Importantly, this conclusion does not mean that high chro-
matin accessibility makes no contribution to early replication.
Indeed, nearly all windows (230/243) that exhibit significantly ad-
vanced replication in H3K9R mutants also have increased FAIRE
signal (Fig. 3A–D; Supplemental Fig. S7A,E). This result suggests
that a more accessible chromatin environment may be necessary
for earlier replication in H3K9R mutants. In contrast, most win-
dows with delayed RT exhibit no change in FAIRE signal, suggest-
ing that delayed replication occurs independently from chromatin
accessibility changes in H3K9Rmutants (Fig. 3A–D; Supplemental
Fig. S7A,F).

We made similar observations when considering HP1a chro-
matin binding (Supplemental Fig. S7B), which we previously
showed is depleted from regions of theH3K9R genome that largely
overlap regions of increased chromatin accessibility (Supplemen-
tal Fig. S7C; Penke et al. 2016). HP1a is depleted at 217 of the

243 10-kb windows that advanced RT in
H3K9R mutants (Fig. 3C,D; Supplemen-
tal Fig. S7B,D,F). However, the majority
(94.7%) of windows that lose HP1a in
H3K9R mutants do not have altered RT.
These results indicate that HP1a loss
does not invariably result in advanced
replication in H3K9R mutants, although
it may be necessary. Overall, our obser-
vations suggest that the hallmarks of het-
erochromatin—high levels of H3K9me
and HP1a within a relatively inaccessible
chromatin environment—are not neces-
sary for maintaining late replication of
most pericentric heterochromatin in an-
imal cells.

Elevated transposon expression

accompanies advanced replication

in H3K9R mutants

We next considered the transcriptional
activity of domains of altered replication.
We compared our newly generated RT
profiles with our previously generated
wing disc transcriptome profiles from
H3K9R and control (Penke et al. 2016).
We focused on transcripts (genes or
transposons) most likely to drive RT
changesby identifying the transcript that
was most significantly different with-
in each 10-kb window between H3K9R
and control (i.e., the transcript with the
lowest P-value in differential expression
analysis; edgeR). We then compared the
fold change of this transcript to the RT
value assigned to the same 10-kb win-
dow.We found that only a small fraction
(6.8%) of the 3371 10-kb windows con-
taining a transcript with a significant
expression change also exhibited an RT
change (Fig. 4A,B; Supplemental Fig.
S8A). This observation indicates that,
despite strong correlations between ac-
tive transcription and early replication
(MacAlpine et al. 2004; Liu et al. 2012;

Lubelsky et al. 2014; Rivera-Mulia andGilbert 2016), transcription-
al activity and RT are separable. Conversely, we found that thema-
jority (76.5%) of windows with advanced replication in H3K9R
mutants exhibited a change in gene expression (Fig. 4A,B; Supple-
mental Fig. S8B). Because most (97.3%) changes were increases in
expression, we speculate that transcription might promote early
replication initiation in pericentric heterochromatin. Similar re-
sults were obtained by using the average expression change of all
transcripts that overlap each window with advanced RT, rather
than the transcript with the most significant change in expression
across the window (Supplemental Fig. S8G).

Windows with advanced replication in H3K9Rmutants have
a high transposon density, unlike delayed windows which are
gene-rich (Fig. 4D; Supplemental Fig. S9A). Low sequence mapp-
ability of most transposons likely inhibited our ability to detect
all transcriptional changes within advanced replication domains

A

C

D

B

Figure 3. Open chromatin is permissive to advancement but not delay of replication timing.
(A) Heatscatter plot of the H3K9R/HWT ratio of RT values (log2 S/G1) versus the H3K9R/HWT ratio of
FAIRE signal at all 10-kb windows across the major chromosome scaffolds; 10-kb windows with signifi-
cantly advanced (red) or delayed (blue) RT are indicated. Darker color indicates higher density of win-
dows. (B) Cumulative count of advanced (red) or delayed (blue) 10-kb windows ordered by increasing
FAIRE signal inH3K9R compared toHWT. (C) Heatscatter plot of theH3K9R/HWT ratio of HP1a ChIP signal
versus the H3K9R/HWT ratio of FAIRE signal at all 10-kb windows across the major chromosome scaffolds.
(D) Venn diagramof all 10-kb windowswith significantly altered FAIRE or HP1a signal inH3K9R compared
to HWT (P<0.01; edgeR). For all panels, significantly different RT was determined as P<0.05, log2 fold
change >0.1 using limma.
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(Supplemental Fig. S8C). Therefore, we also identified transposons
belonging to families that were differentially expressed between
H3K9R and control (Methods; Fig. 4C; Supplemental Fig. S8C–F).
All 243 windows of advanced replication in H3K9R mutants con-
tain either a transposon belonging to a family that was differen-
tially expressed in H3K9R compared to control (96.4%) or that
neighbored a window containingmultiple differentially expressed

transcripts (Fig. 4C,D). Althoughwe cannot determinewhether in-
dividual transposons within all 243 advanced windows changed
expression, these data suggest that altered transcription may pro-
mote advancement of replication in H3K9R mutants.

Along with transposon enrichment (Supplemental Fig. S9A,
B), advanced replication domains in H3K9R mutants are normal-
ly enriched for H3K9me2/me3 (Supplemental Fig. S9C) and

A

D

B

C

Figure 4. Altered transposon expression occurs at advanced replication domains in H3K9R mutants. (A) Heatscatter plot of the H3K9R/HWT ratio of RT
values (log2 S/G1) plotted versus the H3K9R/HWT ratio of RNA-seq signal at all 10-kb windows across major chromosome scaffolds. RNA-seq differences
were determined based on the transcript with the lowest P-value across the 10-kb window; 10-kb windows with significantly advanced (red) and delayed
(blue) RT are indicated (P<0.05, log2 fold change >0.1; limma). (B) Histogram of the number of differentially expressed transcripts in 10-kb windows
of advanced replication (red; left). Venn diagram comparing the number of windows with differentially expressed transcripts and number of windows
with advanced replication (right). (C ) Histogramof the number of transposons belonging to a differentially expressed transposon family in 10-kbwindows of
advanced replication (red; left). Venndiagramcomparing the number ofwindowswith a transposonbelonging to a differentially expressed transposon fam-
ily to the number of windows with advanced replication (right). (D) Browser shot of a 10-kb window (Chr 3R: 2,130,000–2,140,000) with advanced rep-
lication. HWT (yellow) and H3K9R (purple) FAIRE-seq, HP1a ChIP-seq, and RNA-seq data plotted in the context of mappability, genes, and transposons.
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exhibited a lower GC content (Supplemental Fig. S9D) compared
to domains of increased chromatin accessibility or increased
RNA expression with unaltered replication (FAIRE only and RNA
only, respectively). Although transposondensity distinguished ad-
vanced domains, the majority of domains with altered transposon
expression have no change in RT (Fig. 4C; Supplemental Fig. S8D).
Therefore, we surmise that altered transposon expression is neces-
sary, but additional eventsmust occurwithin accessible chromatin
to advance replication.

Our data thus far indicate that increased chromatin accessibil-
ity and gene expression act upstreamof advanced replicationwith-
in pericentric heterochromatin in H3K9R mutants (Fig. 4D;
Supplemental File S3). To further understand the relationship
between transcription and DNA replication within transcription-
ally active euchromatin, we investigated the Drosophila male X
Chromosome, which replicates earlier in males than in females
(Schwaiger et al. 2009; Bell et al. 2010; Lubelsky et al. 2014). In ad-
dition, a twofold hyperactivationof gene expression from themale
X results in matched X-linked gene expression between XY males
and XX females (Kuroda et al. 2016).We therefore generated a rep-
lication-dependent (RD) histone genotype (H4K16R) predicted to
disrupt dosage compensation and determined the effect on gene
expression and RT and whether these two processes could be
uncoupled.

H4K16 is necessary for hyperexpression of the Drosophila male

X Chromosome

The Drosophila dosage compensation mechanism is mediated
by the Male-Specific Lethal (MSL) complex, which specifically lo-
calizes to and promotes higher gene expression from the male
X. The MSL complex includes MOF, a histone acetyltransferase
that acetylates lysine 16 of histone H4, resulting in higher levels
of H4K16ac on male X Chromosomes relative to autosomes or
the female X (Hilfiker et al. 1997; Smith et al. 2000; Gelbart et al.
2009). Furthermore, hyperacetylation of H4K16 correlates with in-
creased chromatin accessibility of the male X (Bell et al. 2010).
These data suggest that H4K16ac is required for dosage compensa-
tion in flies. In accordance with these findings, MOF mutations
cause a male-specific lethal phenotype; however, MOF performs
both H4K16-dependent and -independent functions (Hilfiker
et al. 1997; Buscaino et al. 2003; Sykes et al. 2006). A requirement
for H4K16 in dosage compensation, therefore, has not been
directly tested.

Similar to observations made using mutations in MOF and
other MSL complex members (Lucchesi 1998), we found that
male viability is significantly reduced in zygotic, RD H4K16R
mutants (Fig. 5A). However, unlike mutation of MSL complex
members, which causes fully penetrant male lethality (Lucchesi
1998), these H4K16Rmales can develop to adulthood (Fig. 5A), al-
though they eclose later than their female siblings. A further
reduction in male viability occurred when both maternal and zy-
gotic sources of histones were RD H4K16R mutant (Fig. 5A). The
Drosophila genome also contains a single-copy, replication-inde-
pendent His4r gene, which is not located in the RD gene cluster
but encodes an identical H4 protein. Combining the RD H4K16R
zygotic genotype with a CRISPR-derived homozygous deletion of
His4r resulted in complete male lethality (Fig. 5A). We therefore
conclude that H4K16 function is required for male development.
In contrast, females of all theseH4K16R genotypes are viable, indi-
cating that H4K16 modification is not generally required for or-
ganismal viability.

We next performed gender-specific total RNA-seq from repli-
cation-dependentH4K16R and control wing discs, generated tran-
scriptomes (Cufflinks), and identified differentially expressed
transcripts between H4K16R males and females and their respec-
tive controls (Trapnell et al. 2012).We observed 1789 differentially
expressed transcripts (608 increased and 1181 decreased) in
H4K16R males relative to control males and 105 differentially ex-
pressed transcripts in H4K16R females relative to control females
(39 increased and 66 decreased), indicating that theH4K16R effect
on gene expression is greater in males than in females (P< 0.05,
edgeR) (Fig. 5B). Of the 1181 genes with decreased expression in
H4K16Rmales, 72% are located on the X. In addition, themajority
(92%) of the down-regulated, X-linked genes in H4K16R males
have a log2 fold change less than 1, which would be expected for
a disruption in X Chromosome dosage compensation. In contrast,
only 3.6% of genes with increased expression inH4K16Rmales are
on the X.

We further examined chromosome-specific differential gene
expression by assessing transcript abundance for the X separately
from autosomes. We compared our H4K16R wing disc RNA-seq
data to previously published data from the male Drosophila S2
cell line in which MSL2 or MOF had been depleted by RNAi
(Zhang et al. 2010). Similar to MSL2 or MOF knockdown, global
transcript abundance is decreased for genes on the X in H4K16R
male wing disc cells compared to control but not for genes located
on the autosomes or the female X (P< 0.05) (Fig. 5C). Importantly,
10-kb windows containing a significantly decreased transcript
from the H4K16R male X are enriched in a wild-type genome for
H4K16ac (P<0.05) (Fig. 5D). In contrast, windows in H4K16R
males from autosomes containing a decreased transcript, those
with an increased transcript (either from the X or the autosomes),
or all windows with a transcriptional change were not normally
enriched for H4K16ac (Fig. 5D). These data directly demonstrate
that H4K16 is a critical component of the Drosophila dosage com-
pensation machinery. Moreover, this residue is not required for
basal genome function, as female gene expression, viability, and
fertility are unaffected.

H4K16 promotes early replication of the Drosophila male

X Chromosome

Wenext profiled RT in replication-dependentH4K16R and control
male and femalewing discs.When considering themajor chromo-
some scaffolds using overlapping 100-kb windows, we observed
very few significant replication changes betweenH4K16R and con-
trol in either females or males (0.04% and 1%, respectively)
(Supplemental Figs. S10, S11). These data indicate that H4K16 is
not globally required for maintenance of RT in flies. However,
when we considered 100-kb windows only from the X Chromo-
some, we observed that the normally earlier replication of the
male X relative to the female X was largely abrogated in H4K16R
mutants (P<0.05) (Fig. 6A,B), suggesting that H4K16ac promotes
early replication of the male X Chromosome.

To evaluate this effect more thoroughly, we assigned RT val-
ues to 10-kbwindows across the genomeusing significance thresh-
olds as for the H3K9R RT data. We identified 57 individual 10-kb
windows in H4K16R males with delayed RT, and most (78%) of
these were located on the X (Fig. 6C; Supplemental Fig. S12A).
We identified 92 10-kb windows in H4K16Rmales with advanced
RT, with most (94%) located on the autosomes (including 61 win-
dows onChr 3R) (Fig. 6C; Supplemental Fig. S12A).Windows from
the H4K16R male X with delayed replication are enriched for
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H4K16ac in a wild-type genome, whereas those advanced win-
dows (on the X or autosomes) or delayed windows on autosomes
are not (P<0.05) (Fig. 6D; Supplemental Fig. S12B). These data sug-
gest that delayed replication in H4K16R males is a direct result of
the H4K16R mutation, while regions of advanced replication
may occur indirectly.

We were concerned that the small number of windows with
an RT change identified using our significance cutoffswasmasking
amore general effect, asmanyXChromosome replicationdelays in
H4K16R males might be less than a log2 fold change of 0.1 and
therefore not scored as significant. Indeed, chromosome-wide
RT of the X in control males is advanced less than a log2 fold chan-
ge of 0.1 relative to control females (Fig. 6A,B), in accordance
with previous analyses (e.g., a change of ∼0.1 as described by

Schwaiger et al. 2009; Lubelsky et al. 2014). Therefore, we
analyzed replication in H4K16R males by assessing, as a group,
all 10-kb windows located on an individual chromosome (X and
4) or an individual chromosome arm (2L, 2R, 3L, and 3R). Using
this approach, replication of the X was found to be significantly
delayed in H4K16R males relative to control males (Fig. 6E).
No such effect was observed for the autosomes, consistent with
a specific role for H4K16ac in promoting early replication of
the male X. The small, heterochromatic fourth chromosome
replicated earlier in both H4K16R males (Fig. 6E) and females
(Supplemental Fig. S12C), which may result from an H4K16 func-
tion that is independent of X Chromosome dosage compensation.
We conclude that H4K16 promotes early replication of the male X
in Drosophila.

A

B

C D

Figure 5. H4K16 promotes hyperexpression of the Drosophilamale X Chromosome. (A) Table showing the number of adult females and males resulting
fromhomogeneous vial cultures of 50 first instar larvae of the indicated genotypes (see Supplemental Materials for crosses and complete genotypes). Either
only the zygotic (rows 1 and 2) or thematernal and zygotic histones (rows 3 and 4) were of the replication-dependentHWT andH4K16R genotypes. In rows
5 and 6, homozygous deletion of the His4r gene was combined with zygotic, replication-dependent HWT and H4K16R genotypes. The χ2 comparisons
were performed using the zygotic HWTmale to female results (row 1) as the expected classes. The right panel shows the percentage of viable male (black)
and female (gray) adults for H4K16R and HWT. (B) Heatscatter plot of the H4K16R/HWT ratio of RNA-seq signal of individual genes from third instar wing
imaginal discs. Statistically different transcripts between H4K16R and HWTmales (left panel) or females (right panel) are indicated in red (P<0.05, edgeR).
Blue lines indicate a twofold change. (C ) Box plot of RNA-seq signal from autosomes and Chr X afterMSL2 orMOF knockdown inmale S2 cells (Zhang et al.
2010) and in H4K16R/HWT male and female wing discs on autosomes (Auto) and Chr X. (D) Average enrichment of modENCODE H4K16ac signal from
male third instar larvae at 10-kb windows of significantly (P<0.05) decreased (dec) or increased (inc) transcript expression between H4K16R and HWT
males on Chr X and autosomes (Auto) or at all 10-kb windows (GSE49497) (Celniker et al. 2009).
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Figure 6. H4K16R mutation reduces gene expression and delays replication of the male X Chromosome. (A) Box plot of HWTmale/female and H4K16R
male/female ratios of RT values (log2 S/G1) on Chr X. (B) LOESS regression line applied to log2 S/G1 averaged replicates fromHWT female (yellow) andHWT
male (maroon) and H4K16R female (black) and HWTmale (blue) plotted across Chr X (100-kb windows, 10-kb slide). Note that the male X Chromosome
generally replicates earlier inHWT, but not inH4K16Rmutants. (C ) Histogram of 10-kb windowswith advanced (red) or delayed (blue) RT betweenH4K16R
and HWT males on major chromosome scaffolds (P<0.05; absolute log2 fold change >0.1; limma). (D) Average enrichment of modENCODE H4K16ac
signal from male third instar larvae at 10-kb windows of delayed (del) or advanced (adv) replication between H4K16R and HWT males on Chr X and au-
tosomes (Auto) or at all 10-kb windows (GSE49497) (Celniker et al. 2009). (E) Box plot of the H4K16R/HWT ratio of male RT values (log2 S/G1) on all major
chromosome scaffolds. (F) Box plot of the H4K16R/HWT ratio of male RT values (log2 S/G1) at 10-kb windows of decreased or increased RNA-seq signal on
Chr X or autosomes (Auto) (P<0.05). (G) Box plot of theH4K16R/HWT ratio of male RNA-seq signal at 10-kb windows of delayed or advanced RT (P<0.05).
(H) Heatscatter plot of the H4K16R/HWT ratio of male RT values (log2 S/G1) plotted versus the H4K16R/HWT ratio of male RNA-seq signal at all 10-kb win-
dows across the autosomes (left) and Chr X (right). RNA-seq differences were determined based on the transcript with the lowest P-value across the 10-kb
window. The percentage of 10-kb windows present in each quadrant is indicated.
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H4K16R mutation concurrently reduces gene expression and

delays replication of the male X Chromosome

To explore the relationship between gene expression and RT of in-
dividual windows on the male X, we identified 10-kb windows
containing a differentially expressed transcript in H4K16R males
relative to controls and determined whether these windows also
displayed altered replication. For the X, we found a significant cor-
relationbetweendecreased gene expression and later replication in
H4K16R males, as well as a correlation between increased gene
expression and earlier replication (P<0.05) (Fig. 6F). No such cor-
relation exists for windows on the autosomes (Fig. 6F). These
correlations hold when we consider the converse relationship:
10-kb windows in H4K16R males with significantly delayed repli-
cation have decreased gene expression, whereas 10-kb windows
with significantly advanced replication have increased gene ex-
pression (P<0.05) (Fig. 6G). These data indicate that changes in
RT correlate with changes in gene expression for the male X in
H4K16R males.

Furthermore, scatterplots comparing transcription and repli-
cation between H4K16R males and controls resulted in different
distributions. We found that 53% of all 10-kb windows on
Chromosome X had both lower gene expression and later replica-
tion inH4K16Rmales compared to 23% on autosomes (Fig. 6H). A
two-dimensional Peacock test (https://rdrr.io/cran/Peacock.test/;
Peacock 1983) revealed that the distributions resulting from simul-
taneous comparison of the log2 fold change of theH4K16R/control
ratio of transcript abundance and RT for all 10-kb windows on the
X and the autosomes are statistically different (P<5.9 ×10−317).
These data indicate that H4K16 promotes the strong correlation
between elevated gene expression and early replication of the
Drosophila male X Chromosome.

Discussion

Studies of animal cells have revealed strong, genome-wide correla-
tions between early replication of highly transcribed, accessible
chromatin and late replication of lowly transcribed, inaccessible
chromatin (Bell et al. 2010; Eaton et al. 2011; Lubelsky et al.
2014). Here, we explored potential causal relationships underlying
these correlations by combining perturbation of chromatin struc-
ture using two different histone mutations (H3K9R and H4K16R)
with genome-wide RT data.

We found that the male X Chromosome of H4K16Rmutants
experiences both reduced transcription and delayed RT, con-
sistent with previous studies showing a strong correlation be-
tween transcriptional activity and RT (Aggarwal and Calvi
2004; MacAlpine et al. 2004; Schwaiger et al. 2009; Liu et al.
2012; Lubelsky et al. 2014). However, we also show that correla-
tions between transcription and RT can be uncoupled: Active
transposon expression in H3K9R mutants was not accompanied
by earlier replication of most pericentric heterochromatin. Thus,
activation of transcription does not always result in earlier replica-
tion. In addition, our analysis of H4K16R mutants show for the
first time that H4K16 is required for proper dosage-compensated
expression of the Drosophila male X Chromosome, as predicted
by previous studies of factors that acetylate H4K16 (Hilfiker et al.
1997; Smith et al. 2000; Kuroda et al. 2016). The changes in auto-
somal gene expression we observed in H4K16R males are likely
a secondary consequence of wholesale changes in gene expres-
sion on the X, as transcription factors are encoded on the X
Chromosome.

HP1a binding to H3K9me is a defining feature of constitutive
heterochromatin and is thought to be critical for most, if not all,
aspects of heterochromatin function (Canzio et al. 2011; Larson
et al. 2017). Therefore, we were surprised to find that pericentric
heterochromatin generally remained late replicating relative to
the euchromatic chromosome arms in H3K9R mutants. Indeed,
despite decreased nucleosome density and loss of HP1a, replica-
tion at ∼97% of the genome remained unchanged in H3K9R mu-
tants. Studies of the onset of late replication in the early fly
embryo show that chromatin condensation and late replication
of pericentric heterochromatin occur prior to H3K9me and HP1a
recruitment, indicating that these two features of heterochromatin
are not always required for late replication (Shermoen et al. 2010;
Yuan andO’Farrell 2016). In fact, we observe a DAPI-bright hetero-
chromatic chromocenter in H3K9R diploid nuclei, similar to that
of wild-type nuclei, that colocalizes with late-patterned replication
foci. Thus, pericentric heterochromatin retains many of its hall-
marks despite loss of H3K9me andHP1a, suggesting additional fea-
tures define heterochromatin function.

Our data support a model in which compartmentalization
of euchromatin and heterochromatin into different nuclear com-
partments is not disrupted by the loss of H3K9 modification.
Furthermore, the arms and pericentric regions of Drosophila chro-
mosomesmay correspond, respectively, to the largely euchromatic
compartment “A” and heterochromatic compartment “B” previ-
ously identified in human cells (Lieberman-Aiden et al. 2009).
Accordingly, factors other than HP1a may remain associated
with compartment “B” in H3K9R mutants, preventing large-scale
advancement of RT at the pericentromere. One such factor could
be Rif1, which is required for the onset of late replication of hetero-
chromatin during early fly embryogenesis as well as for late repli-
cation in other species (Peace et al. 2014; Foti et al. 2016; Seller
and O’Farrell 2018).

Nevertheless, we found reproducible and significant RT
changes in H3K9R pericentric heterochromatin. By carefully ana-
lyzing features of these altered RT domains, we conclude that ac-
cessible chromatin does not invariably result in early replication,
although early replication may require accessible chromatin. We
propose that H3K9R mutation alters RT by disrupting local chro-
matin accessibility without affecting overall compartmentaliza-
tion of heterochromatin (Larson et al. 2017; Strom et al. 2017).
The events that function within accessible chromatin to dictate
RT could include origin specification or origin activation. Origins
of replication are licensed duringG1 phase by the activity of origin
specification factors (e.g., the origin recognition complex; ORC),
and during S phase DNA replication initiates at a subset of licensed
origins (Bell and Stillman1992). Certainmodels describing tempo-
ral programs of replication initiation posit a stochastic process in
which a higher density of licensed origins in accessible euchroma-
tin increases the probability of replication initiation compared to
inaccessible heterochromatin (Rhind et al. 2010; Das et al. 2015;
Miotto et al. 2016). These models are consistent with observations
that ORC complexes are most abundant where chromatin accessi-
bility is also high (MacAlpine et al. 2010; Lubelsky et al. 2014;
Miotto et al. 2016). However, other factors function within the li-
censed origin landscape to either promote or inhibit origin activa-
tion (Foti et al. 2016). Thus, changes in either origin licensing or
activation could demarcate domains that advance replication
within the permissive open chromatin environment created by
the H3K9R mutation.

Wealso found that delayed replication domains are largely in-
dependent of altered chromatin accessibility or transcriptional
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changes in H3K9Rmutants. We hypothesize that elevated accessi-
bility of pericentric heterochromatin in H3K9Rmutants functions
as a “sink” for limiting replication factors, resulting in delayed rep-
lication of domains along chromatin arms as proposed for other
replication factors (Foti et al. 2016). Another possible explanation
for delayed replication in H3K9R mutants is the relocalization of
HP1a to chromosome arms (Penke et al. 2016). Previous work
has shown that tethering HP1a to a euchromatic domain delays
RT (Pokholkova et al. 2014). However, we did not observe a strong
correlation between 10-kb windows that gain HP1a and those that
delay replication, perhaps because the amount of HP1a relocaliza-
tion in H3K9R mutants was below a threshold necessary to affect
replication.We note that domains of altered RT inH3K9Rmutants
do notmatch those previously identified after HP1a knockdown in
Drosophila cultured cells (Supplemental Fig. S13; Schwaiger et al.
2010), potentially due to H3K9-independent functions of HP1a
or to the exclusion of repetitiveDNA from themicroarray-based as-
say used in the previous study.

In summary, our study shows that correlations among chro-
matin configuration, transcription, and RT in animal cells can be
mechanistically separated bymutation of specific histone residues,
indicatingmodes of control for replication initiation that are inde-
pendent of these features of animal genome structure and activity.

Methods

FACS and genomic DNA sequencing

12× HWT (Histone Wild Type), H3K9R, and H4K16R wing imagi-
nal disc nuclei were sorted into G1, S, and G2 populations by a
FACSAria II or III based onDAPI intensity and subsequently pellet-
ed, flash-frozen, and stored at −80°C prior to DNA isolation and li-
brary preparation. Libraries were prepared with the Rubicon
ThruPLEX DNA-seq kit and subjected to Illumina HiSeq 2500 sin-
gle-end 50-bp sequencing.

RT characterization

Reads from G1, S, and G2 samples were aligned to the dm6 refer-
ence genome (Release 6.04) using Bowtie 2 (v2.3.2) default param-
eters (Langmead et al. 2009). Reads with a MAPQ score >10 were
retained using SAMtools (v1.6) (Li et al. 2009). Replication timing
values were obtained by averaging the S/G1 ratio of reads per mil-
lion (RPM) value from each S phase replicate for a particular win-
dow size. Profiles were generated by plotting the RT value at each
window versus genomic location. The limma statistical package
was used to identify windows with significantly altered RT values
between HWT and either H3K9R or H4K16R samples (lmFit, P val-
ue adjusted for multiple testing [P<0.01]; absolute log2 fold chan-
ge >0.1) (Newville et al. 2014). Coordinates of chromatin states
were obtained from Kharchenko et al. (2011) and converted to
dm6 coordinates using the UCSC liftOver tool (Karolchik et al.
2004).

The genomic coordinates halfway between each peak and val-
ley of an RT profile were used to determine replication domain siz-
es. Third instar larvae modENCODE ChIP-seq data were used to
calculate histone PTM enrichment at 100-kb windows (accession
numbers found in Supplemental Materials; ftp://data.modencode.
org/D.melanogaster/Histone-Modification/ChIP-seq/raw-seqfile_
fastq/; Celniker et al. 2009). For each PTM, raw reads for two ChIP
replicates and two input replicates were aligned to the genome us-
ing Bowtie 2 (v2.3.2) (Langmead et al. 2009). BEDTools coverage
(v2.25.0) was used to quantify the number of reads mapping
to each 100-kb window, with results normalized to read depth

(Quinlan and Hall 2010). PTM enrichment was calculated by aver-
aging the ChIP/input read counts for each replicate. Average PTM
enrichment in five equally sized categories (early, early/mid, mid,
mid/late, and late) of 100-kb windows ordered by RT values were
represented as a heat map using the R package pheatmap (https://
cran.r-project.org/web/packages/pheatmap/). The sum of the
number of transcripts and the sumof RPMs of each transcript over-
lapping a 100-kb window was determined using our previously
published RNA-seq data from third instar imaginal wing discs
(Penke et al. 2016).

FAIRE, HP1a, and RNA analyses

H3K9R FAIRE-seq from third instar imaginal wing discs andH3K9R
HP1a ChIP-seq from whole third instar larvae were obtained from
GSE85374 (Penke et al. 2016). FAIRE and HP1a reads from three
H3K9R and two HWT replicates were aligned to the genome using
Bowtie 2 (v2.25.0) default parameters (Langmead et al. 2009). The
number of reads overlapping 10-kb windows were normalized to
read depth (FAIRE) or the number of uniquelymappingDrosophila
virilis spike-in reads (HP1a). edgeR (v3.16.5) was used to calcu-
late windows with significantly altered FAIRE or HP1a fold change
(P<0.01) (Robinson et al. 2010; McCarthy et al. 2012).

TopHat default parameters (v2.1.1) (Trapnell et al. 2012) were
used to align single-end 50-bp RNA reads to dm6 from triplicate
samples of HWT, H3K9R (obtained from GSE85374 [Penke et al.
2016]), HWT female, HWT male, H4K16R female, and H4K16R
male third instar wing imaginal discs. Transcriptomes were
generated using Cufflinks (v2.2.1) (see Supplemental Materials
for parameters). For H3K9R experiments, we combined the Cuf-
flinks-generated transcriptome with transposons annotated by
RepeatMasker (Smit et al. 2013–2015). Differentially expressed
transcripts were determined via edgeR statistical analysis (P value
<0.01) (Robinson et al. 2010; McCarthy et al. 2012). We identified
transcripts overlapping each 10-kb window and selected the tran-
script with the lowest P value. For determination of RT values at
10-kb windows, refer to Supplemental Materials.

To identify differentially expressed transposon families, raw
counts of all individual transposons within a family were summed
and edgeR was used to determine significant (P<0.05) differences
between samples. In addition to transposon families, all tran-
scripts identified in Cufflinks were included in this edgeR analysis
to facilitate modeling of variability. Data were visualized using the
Integrative Genomics Viewer (Robinson et al. 2011).

Data access

The data generated as a part of this study have been submitted to
the NCBI Gene Expression Omnibus (GEO; https://www.ncbi.
nlm.nih.gov/geo/) under accession number GSE114925.
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