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Abstract

The essential process of dosage compensation is required to equalize gene expression of
X-chromosome genes between males (XY) and females (XX). In Drosophila, the conserved
Male-specific lethal (MSL) histone acetyltransferase complex mediates dosage compensa-
tion by increasing transcript levels from genes on the single male X-chromosome approxi-
mately two-fold. Consistent with its increased levels of transcription, the male X-
chromosome has enhanced chromatin accessibility, distinguishing it from the autosomes.
Here, we demonstrate that the non-sex-specific CLAMP (Chromatin-linked adaptor for MSL
proteins) zinc finger protein that recognizes GA-rich sequences genome-wide promotes the
specialized chromatin environment on the male X-chromosome and can act over long geno-
mic distances (~14 kb). Although MSL complex is required for increasing transcript levels of
X-linked genes, it is not required for enhancing global male X-chromosome chromatin
accessibility, and instead works cooperatively with CLAMP to facilitate an accessible chro-
matin configuration at its sites of highest occupancy. Furthermore, CLAMP regulates chro-
matin structure at strong MSL complex binding sites through promoting recruitment of the
Nucleosome Remodeling Factor (NURF) complex. In contrast to the X-chromosome,
CLAMP regulates chromatin and gene expression on autosomes through a distinct mecha-
nism that does not involve NURF recruitment. Overall, our results support a model where
synergy between a non-sex-specific transcription factor (CLAMP) and a sex-specific cofac-
tor (MSL) creates a specialized chromatin domain on the male X-chromosome.
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Introduction

Dosage compensation is an ancient mechanism that functions to regulate transcription of X-
chromosome genes to equalize transcript levels between XY males and XX females. There is
mounting evidence that one conserved mechanism to equalize gene dosage is upregulation of
the X-chromosome [1]. In fact, in D. melanogaster and across Diptera, dosage compensation
occurs by increasing transcript levels of thousands of genes along the length of the single male
X-chromosome two-fold to equalize transcript levels with XX females [2—4]. This process of
increasing X-chromosome transcript levels is mediated by the Male-specific lethal (MSL) his-
tone acetyltransferase complex [3].

It was long thought that the MSL complex promotes an open chromatin environment on
the X-chromosome through the H4K16 acetyltransferase activity of its Males absent on the
First (MOF) component in order to facilitate increased transcription [5]. The acetylated
H4K16 histone modification directly interferes with chromatin structure by disrupting inter-
actions between nucleosomes, causing chromatin to unfold [6]. However, a recent study using
Micrococcal Nuclease sequencing (MNase-seq) found that the MSL complex has only a minor
role in opening chromatin, which occurs specifically at its sites of highest occupancy called
Chromatin Entry Sites (CES) [7]. This study additionally found that the three-dimensional
chromosome organization of the X-chromosome is similar in males and females and forms
independently of MSL complex. Furthermore, induction of the MSL complex in females leads
to recognition of the same X-chromosome binding sites that are occupied in males [8].
Together, these observations led us to hypothesize that a non-sex-specific factor functions
upstream of MSL complex to establish the enhanced chromatin accessibility that allows MSL
complex to distinguish the male X-chromosome from autosomes.

We previously discovered that a non-sex-specific transcription factor, which we named
Chromatin-linked adapter for MSL Proteins (CLAMP), is required for MSL complex recruit-
ment to the male X-chromosome [9,10]. CLAMP directly binds to GA-rich cis-elements
located within CES, both in the presence and absence of MSL complex [9,11]. On the X-chro-
mosome, evolutionary expansion of GA-repeats increased the number and affinity of CLAMP
binding sites [11]. These expanded GA-rich cis-elements are more clustered within CES than
anywhere else in the genome [11]. Together, the increased number and density of GA-rich cis-
elements elevate CLAMP occupancy on the X-chromosome compared with autosomes [9,11].
MSL complex further increases CLAMP occupancy at approximately 2/3 of CES, suggesting
that CLAMP and MSL complex bind synergistically at a subset of their binding sites [9].

In both males and females, CLAMP binds more frequently within gene bodies on the X-
chromosome than autosomes [11] because CES are located toward the 3" end of active X-
linked gene bodies [12]. In contrast, autosomes have lower CLAMP occupancy levels and pri-
marily single binding sites that are enriched within promoters [9]. Furthermore, polytene
chromosomes from clamp null mutant larvae exhibit disrupted chromatin structure [10], sug-
gesting a possible role for CLAMP in establishing patterns of chromatin accessibility. Based on
these observations, we hypothesized that the clusters of CLAMP binding sites that exist more
frequently over gene bodies on the X-chromosome than autosomes make CLAMP a strong
candidate for promoting the enhanced chromatin accessibility that targets MSL complex to
the X-chromosome.

Here, we use genomic approaches to demonstrate that CLAMP can act over substantial
genomic distances (~14 kb) to promote the formation of a broad domain of enhanced chroma-
tin accessibility on the male X-chromosome. In contrast, MSL complex functions to increase
chromatin accessibility specifically at CES peak centers, which are its sites of highest occu-
pancy. Interestingly, CLAMP modulates chromatin accessibility over significant distances
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beyond the center of CES independent of MSL complex. At a subset of CES where CLAMP
and MSL complex promote each other’s occupancy [9], CLAMP increases recruitment of the
Nucleosome Remodeling Factor (NURF) complex and reduces histone occupancy. In contrast,
we demonstrate that CLAMP influences the position of chromatin accessibility near transcrip-
tion start sites through a mechanism that does not involve the NURF complex or modulating
histone occupancy. Overall, we identify two separable context-specific roles for a single tran-
scription factor: 1) CLAMP functions via MSL-dependent and independent mechanisms to
promote the formation of a specialized chromatin domain on the male X-chromosome; 2)
CLAMP regulates chromatin accessibility at promoters and transcription termination sites
genome-wide using a different mechanism that does not involve altering NURF or histone
occupancy.

Results

CLAMP promotes globally enhanced chromatin accessibility of the male
X-chromosome

To examine whether CLAMP regulates chromatin accessibility, we identified nuclease-accessi-
ble regions genome-wide using a recently developed assay that is based on chromatin digestion
in a MNase titration series followed by high-throughput sequencing [13] (Fig 1A). Using a
range of concentrations of MNase enzyme provides richer information as compared to diges-
tion with a single concentration [13-18]. After sequencing of digested fragments, the number
of reads for any specific region of the genome is computed for each MNase titration point
(four points arranged from highest to lowest concentration) and a linear regression line is fit
to the data. The normalized slope of the line provides a metric called the MNase accessibility
(MACC) score that represents how readily an individual region of the genome is digested with
MNase. Regions of open chromatin are easily accessible to MNase at low enzyme concentra-
tions (which results in high read counts) and become over-digested at higher MNase concen-
trations (low read counts). This produces a positive slope of the regression line, resulting in
positive MACC scores (Fig 1A). In contrast, regions that are less accessible require increased
amounts of MNase enzyme to produce high read counts for nucleosome-size fragments,
resulting in negative MACC scores (Fig 1A). In this way, the MACC assay quantitatively pro-
files both open and closed regions of chromatin simultaneously, an advantage compared with
other currently available methods for profiling chromatin accessibility [19].

To test our hypothesis that CLAMP promotes global opening of the chromatin on the male
X-chromosome, we performed MNase-seq titrations in Drosophila male (S2) and female (Kc)
tissue culture cells. S2 and Kc tissue culture cells are often compared to study Drosophila dos-
age compensation [20,21] because they provide a more uniform cell population than whole
animals or tissues. Moreover, the MSL complex binding sites in cell culture are almost identi-
cal to those in the whole organism [21]. We reduced protein levels of CLAMP or the core MSL
complex component, MSL2, in S2 cells using an RNAI strategy reported to be highly efficient
in several previous studies [9,20,22]. Furthermore, we performed clamp RNAi but not msl2
RNAi in Kc cells because MSL complex is not present in these female cells. As a control, we
used a gfp RNAI treatment that activates the RNAi pathway but does not target any gene in the
Drosophila genome [9].

We first tested clamp RNAI efficiency using immuno-blotting and determined that no
detectable CLAMP protein remains after clamp RNAi as we have previously reported (S1A
Fig) [9]. To test efficiency of msi2 RNAi, we used qRT-PCR because MSL2 is an unstable pro-
tein (S1B Fig). In addition, we quantified residual MSL complex function by measuring abun-
dance of r0X2, which is transcriptionally activated and stabilized by MSL complex (S1C Fig).
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Fig 1. CLAMP establishes the global open chromatin environment on the male X-chromosome. A) Chromatin is separated into four samples
which are digested under differing concentrations of MNase. The digested samples are prepared for high-throughput sequencing and the number
of reads obtained within a region of the genome is plotted for all MNase concentrations from highest to lowest. A linear regression line is fit to the
data points, and the slope of the line derives the MNase accessibility (MACC) score. B) The overall distribution of accessibility scores measured by
the MACC value is shown for the X-chromosome (blue) and autosomes (red) of Control (gfp), clamp, and ms/2 RNAi treated male (S2) and female
(Kc) cells. The male X-chromosome has overall higher MACC values than the autosomes. This accessibility is reduced after clamp RNA.. In
females, MACC values for the X-chromosomes and autosomes are similar and are reduced slightly following clamp RNAi treatment. For all box and
whisker plots, the 95% confidence interval is shown with a notch around the median line. C) For both the X-chromosomes and autosomes, the
difference in MACC value (A MACC) between control and RNAi treatment for an individual 100bp bin was calculated to account for differences in
chromosome number. In males, the change in MACC scores indicates a reduction in X-chromosome accessibility following clamp RNAi but not
msl/2 RNAI. D) The location of significant changes in accessibility (p-value < 0.01) was classified as either within a gene body (blue), at TSSor TTS
(red), at enhancers (green), or in unannotated regions (purple). Details for region definitions are in the Methods. For all RNAi treatments, the largest
proportion of accessibility changes is located within gene bodies. E) Average MACC values were plotted over a 20kb window centered on a CLAMP
ChlP-seq peak [9] for both control RNAi (blue) and clamp RNAI (green) conditions. The lighter shading surrounding the darker average line
represents the 95% confidence interval. On both male and female X-chromosomes there is a strong reduction in accessibility that extends
approximates +/- 7kb from the peak center. A similar, but less pronounced effect is also seen on autosomes in males and females.

https://doi.org/10.1371/journal.pone.0186855.9001

We determined that in addition to reduced msI2 transcript, little roX2 remained, consistent
with strong MSL complex depletion (S1B and S1C Fig) [23].

After validating RNA| efficiency, we proceeded to investigate how chromatin accessibility
changes in response to depletion of CLAMP or MSL complex. We first examined the overall
distribution of MNase accessibility (MACC) scores within an experiment to compare cell
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types and conditions on a global level (S2A Fig). Additionally, we plotted MACC scores for
biological replicates separately and determined that our replicates were in agreement with
each other (S2B Fig). We next separated MACC values for the X-chromosome and autosomes
in male (S2) and female (Kc) cells to investigate differences in accessibility between chromo-
somes (Fig 1B, S2C and S2D Fig). The 95% confidence intervals are shown with notches
around the median lines in all box plots and therefore the lack of overlap between notches or
reference lines indicates that differences between samples are statistically significant. The sig-
nificance levels of MACC score differences were further evaluated by a Mann-Whitney test
(see S1 Table for p-values). On average, we observed higher accessibility scores for the male X-
chromosome compared to autosomes in our control RNAi condition, consistent with the
hyper-transcription of this chromosome (Fig 1B and S2C Fig, control RNAI).

Relative to the control RNAi, msi2 RNAi had no effect on the average chromatin accessibil-
ity scores of the X-chromosome or autosomes in agreement with a recent study [7] (Fig 1B
and S2C Fig, msl2 RNAI). In contrast, clamp RNAi reduced accessibility scores of the male X-
chromosome to levels below that of autosomes (Fig 1B and S2C Fig, clamp RNAI). In females,
clamp RNAi had no average effect on autosomes or the X-chromosomes relative to control
RNAI (Fig 1B and S2D Fig). We further performed a direct pair-wise comparison of the acces-
sibility scores within 100-bp bins between the control and clamp or msl2 depleted samples.
This approach showed that clamp RNAi treatment resulted in significantly more genomic loca-
tions (bins) with decreased accessibility than an increased accessibility on the male X-chromo-
some compared with the autosomes (Fig 1C and S2E Fig). Therefore, CLAMP and not MSL
complex promotes the globally enhanced accessibility of chromatin on the male X-chromo-
some compared with autosomes.

Next, we performed additional analyses that further validated our observation that clamp
RNAI specifically decreases chromatin accessibility of the male X-chromosome. First, to rule
out a possibility of global differences in MACC values between samples, we determined that
the average MACC profiles around a random set of genomic locations are similar for different
RNAI conditions (S5B Fig). Second, we determined that clamp RNAi treatment decreases
accessibility of the male X-chromosome when MACC values were median-shifted to zero for
each sample independently (S2F Fig). Third, to check if the presence of a single male X-chro-
mosome in male cells compared to two female X-chromosomes and two copies of each auto-
some can be a source of artifacts in the MACC analysis, we recomputed MACC values
counting each X-linked read twice to compensate for the single X-chromosome in males (S2G
Fig).

Even though global shifts in chromatin accessibility were only observed on the male X-
chromosome after clamp RNAI (Fig 1B), many changes in chromatin accessibility occur
throughout the genome after clamp and msi2 RNAi treatments. To further characterize these
changes in accessibility, we categorized genomic loci with significant (p-value < 0.01) changes
in accessibility based on their location: within gene bodies, at transcription start or termination
sites (TSS/TTS), at enhancers, or in unannotated regions (see Methods for details on region
definitions). We found that the majority of accessibility changes for both clamp and msl2
RNAI treatments occur within gene bodies (>65% for both treatments), consistent with the
most frequent genomic location of CLAMP and MSL complex binding sites (Fig 1D). To
account for differences in size of each genomic feature investigated, we also normalized counts
of loci with accessibility changes by the percentage of the genome covered by each feature. Fol-
lowing clamp RNAI treatment in females, there is a roughly equal distribution of accessibility
changes amongst the different genomic features (S3A Fig). In males, clamp RNAI results in an
over-representation of changes at enhancers, indicating that CLAMP may have a role in
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regulating chromatin organization at these sites (S3A Fig). We conclude that CLAMP alters
chromatin accessibility at a diverse set of genomic loci.

CLAMP and MSL complex both mediate chromatin accessibility changes
at CES

Diverse locus-specific changes are often masked when investigating global effects in a genome-
or chromosome-wide manner. Therefore, we next investigated how accessibility changes
locally at specific sites in response to clamp RNAi. We first generated average profiles to exam-
ine MACC scores around previously defined CLAMP ChIP-seq peaks [9] (Fig 1E, the average
MACC value is shown with a thick line and 95% confidence intervals are shown as lighter
shading around it). Targeting clamp by RNAi has a long distance effect on chromatin accessi-
bility that extends approximately +/-7kb from the peak center. This influence on chromatin
accessibility over long distances occurs independent of MSL complex because we observe simi-
lar effects on male autosomes and in females. Additionally, CLAMP functions more strongly
at regions surrounding CLAMP peaks on the X-chromosome compared with autosomes,
which is consistent with the non-sex-specific enrichment of CLAMP on this chromosome [9].
Interestingly, in females, the long-distance effect does not mirror the effect directly at the
CLAMP peak. While CLAMP enhances chromatin accessibility beyond peak centers, it mod-
estly represses chromatin accessibility at its peak centers, suggesting that CLAMP differentially
regulates chromatin depending on the distance from the peak center. It is possible that
CLAMP acts with different cofactors to modulate its function at peak centers compared with
its longer range effects on chromatin accessibility [24,25].

To test whether changes in accessibility correlate with CLAMP occupancy levels, we further
integrated our previously generated CLAMP ChIP-seq data [9] with the MACC data. We
found that in general, regions with the greatest CLAMP occupancy tended to have higher
accessibility values (S3B Fig). This property is not unique to CLAMP because the correlation
between factor occupancy level and degree of chromatin accessibility has been previously dem-
onstrated in Drosophila embryos [26]. However, we observed this trend in both males and
females and found it was not specific to the X-chromosome (S3B Fig). Overall, the correlation
between increased CLAMP occupancy and increased MACC scores on all chromosomes in
both males and females suggests that this relationship is present genome-wide.

Due to their high levels of enrichment for CLAMP and MSL complex, we examined chro-
matin accessibility changes at CES in response to clamp and msl2 RNAI treatments. Using
MACC scores from 264 CES [9], we plotted the average MACC value +/- 500bp around the
CES center (dark lines in all plots in Fig 2). We also calculated the 95% confidence intervals for
all profiles, which are represented by the lighter shading surrounding the central average lines.
We compared the effects of CLAMP on chromatin accessibility at CES to a randomized con-
trol data set (S3C Fig) to determine the specificity of the observed effects. In male cells treated
with control RNAi, chromatin was most accessible at CES centers compared to neighboring
regions and this accessibility was reduced after either clamp or msi2 RNAi (Fig 2A and 2B, see
S1 Table for p-values). There was a focused reduction in accessibility directly at CES centers
following msI2 RNAi treatment, suggesting a specific role for MSL complex in promoting
chromatin accessibility at CES centers (Fig 2B). In contrast, we observed decreases in accessi-
bility after clamp RNAi in male cells at and beyond CES centers, consistent with the ability of
CLAMP to promote chromatin accessibility changes over long distances from its site of occu-
pancy (Fig 1E).

In female cells, clamp RNAi reduced chromatin accessibility outside of CES but not at CES
centers, suggesting an MSL-independent function for CLAMP in promoting chromatin
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Fig 2. CLAMP and MSL complex promote accessibility at CES. A) MACC values at Chromatin Entry Sites
(CES) in male (S2) cells are greatest at the peak center (control RNAI, blue). RNAi treatment of clamp
reduces accessibility at the CES peak and +/- 500 bp beyond the peak (green). For all panels, the lighter color
indicates 95% confidence intervals, while the darker line represents the average MACC value. B.) A reduction
in MSL complex following ms/2 RNAi only reduces accessibility directly at the CES peak (purple). C) The
average MACC scores around CES in female Kc cells indicates a reduction in MACC values distal to the CES
center, extending +/- 500bp beyond the peak. D) MACC scores at the three subgroups of CES indicate clamp
RNAi (green) results in a decrease in accessibility in CES Groups A and B, but not in Group C. E) RNAI
targeting ms/2 (purple) results in a loss of accessibility at Group A CES only at the CES peak. There is a small
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reduction in accessibility in Group B sites and no effect of ms/2 RNAi treatment at Group C sites. F) MACC
scores from Kc cells are plotted for the three subgroups of CES. In females, clamp RNAi (green) results in a
decrease in MACC values around CES in Group A, and to a lesser extent Group B. CES in Group C exhibit an
increase in MACC values following clamp RNA..

https://doi.org/10.1371/journal.pone.0186855.9002

accessibility beyond the CES center (Fig 2A and 2C). The effect of clamp RNAi at CES in
female cells is similar to what we observed on average for all CLAMP peaks (Fig 1E). Our data
suggest that while MSL complex functions to promote chromatin accessibility at CES centers,
CLAMP functions independently of MSL complex to promote accessibility outside of CES
peak centers.

Next, we investigated the effect of clamp and msi2 RNAI at previously established subclasses
of CES that differ with respect to the inter-dependent binding relationship between CLAMP
and MSL complex [9]. CES were previously categorized into three subgroups based on the
dependence of CLAMP occupancy on MSL complex [9]: 1) At Group A CES (176 sites),
CLAMP occupancy is fully dependent on the presence of MSL complex; 2) At Group B CES
(43 sites), CLAMP occupancy is partially dependent on MSL complex; 3) At Group C CES (45
sites), CLAMP occupancy is independent of MSL complex. To determine differences in acces-
sibility between the three subclasses of CES, we examined how either clamp or msl2 RNAi
affects average CES chromatin accessibility for each group.

We found that both clamp and msl2 RNAi reduced chromatin accessibility at Group A CES
most strongly followed by Group B CES (Fig 2D and 2E, Groups A and B, see S1 Table for p-
values). While msl2 RNAi reduced accessibility directly at the CES center, clamp RNAi reduced
accessibility extending at least 500-bp beyond the center for both Group A and Group B CES.
This effect is consistent with our earlier observation that CLAMP promotes chromatin accessi-
bility over long distances (Fig 1E). Furthermore, the enhanced ability of CLAMP and MSL
complex to promote chromatin accessibility at Group A and B CES is consistent with our pre-
vious hypothesis that establishing chromatin accessibility at CES requires the coordinated
recruitment of CLAMP and MSL complex [9]. In contrast to Group A and B CES, chromatin
accessibility at Group C CES was largely unaffected by either clamp or msi2 RNAIi (Fig 2D and
2E, Group C). Therefore, in the absence of MSL complex, CLAMP does not affect chromatin
accessibility at Group C sites, possibly due to redundancy with another similar factor. We con-
clude that while both CLAMP and MSL complex promote chromatin accessibility at the
majority of CES in male cells, there is a small subset of CES (Group C) that regulate their acces-
sibility via CLAMP- and MSL-independent mechanisms.

In female cells, clamp RNAI affected chromatin accessibility at CES relative to control RNAi
treatment, but the changes in accessibility differed from those observed in male cells. At the
CES that largely require MSL complex for enhanced CLAMP occupancy (Group A CES),
clamp RNAi reduced chromatin accessibility outside of the CES peak but not at the peak (Fig
2F, Group A). This suggests that in males MSL complex and CLAMP function together at
Group A CES to promote chromatin accessibility, but in females CLAMP functions in an
MSL-independent manner outside of CES centers. In contrast to other classes of CES, clamp
RNAIi enhanced chromatin accessibility at Group C CES in females (Fig 2F, Group C), similar
to the average effect observed at all CLAMP peaks in females (Fig 1E). It is likely that CLAMP
interacts with different co-factors in males and females, such as MSL complex, to differentially
regulate chromatin accessibility at the same locus. Consistent with this hypothesis, we previ-
ously reported that CLAMP can have opposing roles in gene regulation at the same locus in
males versus females [10]. Overall, we conclude that in males, MSL complex regulates
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chromatin accessibility precisely at CES centers, whereas CLAMP has a broader role in regu-
lating accessibility beyond the centers of CES that is independent of MSL complex.

Recently, a new subgroup of pioneer CES called PionX sites was identified at which MSL
complex is hypothesized to directly contact DNA [27]. Out of 43 PionX sites located on the X-
chromosome, 23 are Group A CES. We found that at PionX sites, there was a modest decrease
in accessibility that was stronger after clamp RNAi than msl2 RNAi (S3B Fig, see S1 Table for
p-value). These results suggest that CLAMP promotes an open chromatin environment at
PionX sites that may allow MSL complex to directly contact DNA.

CLAMP promotes changes in chromatin accessibility over X-linked gene
bodies

To define how CLAMP and MSL complex contribute to chromatin accessibility within and
surrounding genes, we rank-ordered all annotated genes by CLAMP ChIP-seq occupancy lev-
els and generated heat maps of MACC scores across gene bodies (S4A Fig). We found that
regions with higher CLAMP occupancy exhibited enhanced chromatin accessibility at TSS
and TTS under control RNAi conditions in both males and females (S4A Fig, Control).

To better define changes in accessibility between the control and RNAi treatments, we plot-
ted the difference in accessibility between RNAi conditions (RNAi—control). These heat maps
were rank-ordered based on the magnitude of accessibility change over the gene body follow-
ing either clamp or msl2 RNAi treatment (Fig 3A). We also determined the percentage of
genes that either increase (RNAi—control > 0) or decrease (RNAi—control < 0) in accessibil-
ity (numbers shown next to the corresponding heat maps). We found only modest changes in
chromatin accessibility on the X-chromosome and autosomes after msl2 RNAi in males (Fig
3A and S4A Fig, msl2 RNAI). In contrast, clamp RNAi resulted in a broad loss of chromatin
accessibility over the majority (86%) of male X-linked genes (Fig 3A and S4A Fig, clamp
RNAI), while male autosomes and female chromosomes exhibited nearly equal percentages of
genes with increased vs. decreased accessibility (Fig 3A and S4A Fig).

Next, we analyzed the average effect of clamp RNAI over gene bodies after separating genes
based on the enrichment of CLAMP within their TSS region. We determined groups by rank-
ing CLAMP ChIP-seq enrichment from highest to lowest and dividing genes into two groups,
“high” and “low” (see Methods). For genes highly enriched for CLAMP, clamp RNAi reduced
chromatin accessibility over gene bodies on the X-chromosome more strongly than autosomes
in both males and females (Fig 3B). This effect was specific to genes that are highly enriched
for CLAMP because lowly enriched genes exhibited little difference in accessibility over gene
bodies between the control and clamp RNAI treatments (S4B Fig). Taken together these results
show that regions with a high enrichment of CLAMP have stronger changes in accessibility
over gene bodies after clamp RNAi than those that are lowly enriched for CLAMP.

Consistent with the enrichment of CLAMP occupancy over X-linked gene bodies in both
males and females [11], female cells exhibited an average X-specific decrease in accessibility
over gene bodies that is similar to males (Fig 3B). Unlike male cells where 86% of X-linked
genes decrease in accessibility following clamp RNAI, females have only a modestly larger per-
centage of genes with a decrease in accessibility compared to autosomes (Fig 3A, compare 53%
to 46%). We asked how female cells could have a strong average X-specific reduction in acces-
sibility after clamp RNAi when markedly fewer genes decrease in accessibility compared to
males (compare 53% in females to 86% in males. To address this, we calculated the change in
MACC scores along gene bodies between the control and RNAI treatments and plotted the dis-
tribution of these differences for all chromosomes combined, and the X-chromosome and
autosomes separately (Fig 3C, see S1 Table for p-values). We found that genes on the female
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https://doi.org/10.1371/journal.pone.0186855.g003

X-chromosome exhibited a stronger magnitude of decrease in chromatin accessibility over
gene bodies compared to female autosomes. Therefore, the X-specific decrease seen on the
average gene profiles in females (Fig 3B) is likely driven by a subset of X-linked genes (56%)
that have a strong decrease in accessibility. The observation that CLAMP binds and alters
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chromatin accessibility more strongly on X-linked gene bodies than autosomal gene bodies in
both males and females [9,11], suggests an MSL-independent function for CLAMP in promot-
ing an open chromatin environment at a subset of X-linked gene bodies.

CLAMP promotes chromatin accessibility at transcription start and
termination sites genome-wide

In addition to gene bodies, CLAMP is highly enriched at TSS [9], where we observed CLAMP-
mediated changes in accessibility at genes with the greatest CLAMP occupancy (S4A Fig). To
investigate changes in accessibility around TSS in greater detail, we plotted average MACC val-
ues around TSS for genes with either a high or low enrichment of CLAMP defined as described
as above (Fig 4). Following clamp RNAi, we observed a reduction in accessibility upstream of
the TSS, approximately within the nucleosome-depleted region and the -1 nucleosome posi-
tion, for genes where CLAMP is highly enriched independent of whether the genes are located
on the X-chromosome or autosomes in males or females (Fig 4A). This change in accessibility
after clamp RNAi was not observed at TSS with low CLAMP enrichment (S5A Fig). Further,
these changes are specific to TSS because a randomized TSS control data set does not produce
the same result (S5B Fig). We additionally observed some increase in accessibility immediately
downstream of TSS in female cells after clamp RNAIi treatment, which does not extend beyond
400 bp into the gene body (Fig 4A).

To further investigate this shift in the position of chromatin accessibility after clamp RNAi
treatment, we generated average read frequency profiles around genes displaying the shift pat-
tern. We selected 150 bp sized sequence fragments for our analysis under the assumption that
these are enriched for mononucleosome-associated DNA. While these profiles largely repre-
sent nucleosome occupancy, MNase-seq data contain up to several percent of fragments asso-
ciated with other chromatin-bound factors [13]. Importantly, such non-nucleosomal DNA
fragments often originate from the regulatory loci including nucleosome-depleted regions at
the TSS of active genes. Our results indicate that after clamp RNAI, there is a loss of precise
positioning of occupancy peaks, specifically those that flank nucleosome-depleted region
upstream of the TSS on both the X-chromosome and autosomes in both male and female cells
(Fig 4B, S5C and S5D Fig). Furthermore, we observed the largest changes in read frequency
using the lowest 1.5 Unit MNase concentration, indicating that the position of accessible
nucleosomes and other chromatin-associated factors associated with accessible chromatin
regions are most dependent on CLAMP (S5C and S5D Fig). Therefore, CLAMP functions to
promote the specific localization of chromatin accessibility upstream of the TSS throughout
the genome in both male and female cells.

In addition to TSS, we also investigated chromatin changes over TTS because CES are
biased towards the 3’ ends of genes [12]. We observed CLAMP-mediated changes in accessibil-
ity at TTS for genes with the greatest CLAMP occupancy (S4A Fig). Similar to TSS and gene
bodies, TTS exhibited a reduction in accessibility following clamp RNAi on the male X-chro-
mosome (S5E Fig), which we also observed on the male autosomes, as well as all female chro-
mosomes (S5E Fig). We conclude that like TSS, CLAMP promotes accessibility at TTS
genome-wide.

CLAMP differentially regulates transcription on the male X-chromosome
compared with autosomes
To analyze the relationship between transcriptional and chromatin changes upon CLAMP

depletion, we used the Start-seq technique [28]. The Start-seq technique specifically measures
nascent RNAs produced by engaged RNA Polymerase II (Pol II) near transcription start sites,
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https://doi.org/10.1371/journal.pone.0186855.9g004

or Start-RNAs. Start-seq is a more precise measure of promoter Pol IT activity than mRNA-
seq, which also measures elongation, mRNA export, and stability. Using our Start-seq data, we
redefined TSS based on the location where Pol II is engaged to generate a new subgroup of
TSS called observed TSS (obsTSS) (S2 obsTSS: 9,740; Kc obsTSS: 10,067; TSS in FBv5.57:
13,903) [28]. We found that after clamp RNAI, approximately 10% of obsTSS were significantly
changed (p<0.05) in their Start-RNA abundance in male cells, while approximately 7% were
significantly changed in female cells (S2: 1,007 out of 9740: 10.3%; Kc: 680 out of 10,067:

6.8%).

We next determined the chromosomal distribution of significantly (p<0.05) changed Start-
RNAs after clamp RNAi. We found that the significantly changed Start-RNAs were evenly dis-
tributed amongst all chromosomes in females, and modestly biased towards the X-chromo-
some in male cells, suggesting a role for CLAMP in transcriptional regulation on all
chromosomes (Fig 5A and S5F Fig). For each chromosome, we then further examined the
genes that displayed significantly increased (hatching) or decreased (no hatching) Start-RNA
levels after clamp RNAIi (Fig 5B and S5G Fig).

The male X-chromosome had the greatest percentage of transcripts positively regulated by
CLAMP (62%), which was expected given the role of CLAMP in male X-chromosome dosage
compensation which increases transcript levels (Fig 5B and S5G Fig). While transcription lev-
els and chromatin accessibility tend to be highly correlated, we cannot fully determine whether
the observed transcriptional changes following clamp RNAi are due to changes in accessibility
or vice versa. However, in the case of the male X-chromosome, it is likely that changes in chro-
matin accessibility are separable from the transcriptional changes associated with MSL-
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Fig 5. CLAMP functions to regulate transcription genome wide through regulating nucleosome
positioning. A) Of the total number of transcripts aligned to the genome in males, approximately 12% (X-
chromosome, blue) and 10% (autosomes, red) are significantly (p<0.05) changed following clamp RNAi treatment.
The percentage of significantly changed transcripts in females is roughly equivalent for the X-chromosome and
autosomes and is ~7%. B) The percent of significantly changed transcripts (p<0.05) that decrease in abundance
after clamp RNAI (Positive regulation, un-hatched) or increase in abundance after clamp RNAi (Negative regulation,
hatched) is plotted. CLAMP functions predominantly to promote transcription on the male X-chromosome, while on
the male autosomes, it functions more frequently as a negative regulator. In females, CLAMP functions positively
and negatively on all chromosomes at approximately equal frequencies. C) Average read frequency from all MNase
titrations was plotted +/- 1 kb centered around obsTSS on the X and autosomes for genes with a CLAMP peak
within +/- 200 bp of the obsTSS. There is a decrease in nucleosome positioning upstream of the TSS and an
increase downstream of TSS on all chromosomes in both males (left) and females (right). D and E) X-chromosome
and autosome obsTSS were categorized into quartiles based on the change in transcript abundance following
clamp RNAi as measured by Start-seq. The two graphs on the left are for males while the graphs on the right are for
females. Shown are average MNase-seq read frequency profiles for the quartiles with the largest decrease in
transcription after clamp RNAi (D) (positively regulated) and largest increase in transcription after clamp RNAI (E)
(negatively regulated).

https://doi.org/10.1371/journal.pone.0186855.9005
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dependent dosage compensation even if they are not separable from other transcription
changes for the following reason: While MSL complex mediates the transcriptional changes
associated with dosage compensation [20,22], it does not promote the same chromosome-
wide changes in chromatin accessibility that are facilitated by CLAMP (Fig 1B and 1C) [7].
Furthermore, Start-seq measures transcription initiation and early elongation, which is less
regulated by MSL complex than elongation over gene bodies [22,29]. Therefore, the CLAMP-
mediated transcriptional changes observed are more likely to be linked to changes in chroma-
tin accessibility than to a loss of dosage compensation.

In contrast to the male X-chromosome, CLAMP negatively regulates approximately 65% of
genes on all autosomal arms with an even stronger effect on the heterochromatic 4™ chromo-
some (Fig 5B and S5G Fig). In females, CLAMP functions at approximately equal frequencies
as both a positive and negative regulator of transcription on all chromosomes (Fig 5B and S5G
Fig). Overall, CLAMP functions to promote gene activation more frequently on the male X-
chromosome compared to male autosomes (Fig 5A and 5B).

To define how CLAMP-regulated transcriptional changes correlate with its role in chroma-
tin accessibility, we compared average MNase-seq read frequencies over X-linked and autoso-
mal genes that were either positively or negatively regulated by CLAMP as we did previously
for TSS (Figs 4B and 5C). We analyzed genes that are highly bound by CLAMP as determined
by ChIP-seq analysis and regulated by CLAMP as determined by Start-seq analysis (Fig 5) to
define effects that are most likely to be directly mediated by CLAMP, presumably in combina-
tion with different co-factors within different genomic contexts. Genes that are positively regu-
lated by CLAMP exhibited strong positioning over 5’ ends and gene bodies independently of
genomic location (Fig 5D, S6A and S6B Fig). This pattern is similar to the pattern observed
along the male X-chromosome (Fig 4B). In contrast, genes negatively regulated by CLAMP
exhibited reduced nucleosome positioning after clamp RNAi treatment (Fig 5E, S6A and S6B
Fig). For these genes, changes occur specifically over the nucleosome-depleted region at pro-
moters and not along gene bodies.

To examine whether changes in MNase-seq read frequency after clamp RNAI differ when
genes are expressed at different levels, we generated similar read frequency profiles for quar-
tiles of genes ranked from lowest to highest expression level based on Start-seq read abundance
in the control RNAi condition. Genes were further separated into additional classes based on
whether they were located on the X-chromosome or autosome and if they were positively or
negatively regulated by CLAMP (S7 and S8 Figs). In general, genes within the lowest three
quartiles of gene expression exhibit similar changes in occupancy profiles after clamp RNAi. In
contrast, the chromatin structural changes after clamp RNAi at genes in the top quartile are
the strongest. We conclude that CLAMP regulates the chromatin organization of the most
highly expressed genes more strongly than lowly expressed genes, with similar effects on the
X-chromosome and autosomes. Overall, genes positively regulated by CLAMP exhibit changes
in chromatin accessibility more similar to the average profile for genes on the male X-chromo-
some compared with those negatively regulated by CLAMP. In addition, we observed the
same chromatin accessibility changes at CLAMP-regulated genes in both male and female
cells, suggesting that the mechanisms by which CLAMP regulates chromatin and transcription
at promoters are shared between the sexes.

CLAMP promotes NURF recruitment to CES but not promoters in males

Thus far, our analysis does not specifically distinguish between changes in chromatin accessi-
bility that result from changes in nucleosome occupancy or occupancy of other factors that
interact with chromatin. To measure changes in nucleosome occupancy, we performed
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Chromatin Immunoprecipitation followed by qRT-PCR (ChIP qRT-PCR) for the core Histone
3 (H3). We first measured the effect of clamp RNAi on H3 enrichment within the nucleosome-
depleted region of four promoters differentially regulated by CLAMP at the level of chromatin
accessibility and transcription (two positively regulated and two negatively regulated) (S9A
and S9B Fig). We observed no statistically significant difference in H3 enrichment in either
males or females between the control and clamp RNAi treatment at any of the tested promoters
(Fig 6A, S2 Table). This suggests that regulation of accessibility at TSS by CLAMP does not
involve changes in nucleosome occupancy. We therefore conclude that the mechanism by
which CLAMP regulates accessibility within the upstream TSS region occurs independent of
histone occupancy. Instead, accessibility may be regulated by the recruitment of other factors
known to influence chromatin accessibility at TSS such as pausing factors like the Negative
Elongation Factor (NELF) complex or even the Pol IT complex itself [30-32].

We also measured H3 occupancy at CES to test whether changes in accessibility at these
sites after clamp RNAI result from changes in nucleosome occupancy. We selected CES that
exhibit CLAMP-dependent decreases in chromatin accessibility (S9B and S9C Fig). In contrast
to candidate promoters, we found that clamp RNAi increases histone occupancy at the two-
tested Group A CES in males, where CES5C2 was determined to exhibit the most significant
change (p-value <0.05) (Fig 6B and S2 Table). Thus, CLAMP can regulate chromatin accessi-
bility either by depleting histones or affecting interactions of non-histone factors with
chromatin.

To define a possible mechanism by which CLAMP decreases histone occupancy at CES, we
measured how CLAMP regulates recruitment of the Nucleosome Remodeling Factor (NURF)
chromatin-remodeling complex. Several lines of evidence suggest a possible functional link
between CLAMP and NUREF. First, NURF has been previously implicated in regulating the
chromatin organization of the male X-chromosome [33]. Second, CLAMP and the NURF301
chromatin remodeler both repress the expression of the male-specific non-coding RNA on the
X (roX) RNAs in females [10,34]. Third, independent proteomic analyses of the MSL complex
and dREAM chromatin-modifying complex identified both CLAMP and NURF301 as inter-
acting factors [35,36]. Fourth, the well-studied transcription factor, GAGA Factor (GAF)
shares a similar GA-rich binding motif with CLAMP and is known to promote the recruitment
of the NURF complex [37-41]. Therefore, we investigated whether CLAMP recruits NURF to
regulate the chromatin accessibility of the X-chromosome.

To test whether CLAMP promotes NURF recruitment to CES, we examined the same CES
that we profiled for H3 occupancy and performed ChIP-qRT-PCR using an antibody specific
for the NURF301 protein after control or clamp RNAi treatment. Co-occupancy of CLAMP
and NURF301 was confirmed at each of these sites using previously published CLAMP ChIP-
seq and NURF301 ChIP-chip data from the modENCODE project (S9 Fig) [42]. At all CES
tested, we observed that CLAMP promotes NURF301 recruitment in males but not in females
(Fig 6D and S2 Table), suggesting a potential mechanism for mediating changes in chromatin
accessibility of the male X-chromosome. Because the ability of CLAMP to recruit NUREF is spe-
cific to MSL-dependent Group A and B CES in males, it is possible that cooperation with MSL
complex is important for this process. In contrast, clamp RNAIi does not alter NURF occu-
pancy at most promoters tested in males or females (Fig 6C) suggesting that mechanisms by
which CLAMP alters chromatin accessibility at CES and TSS are different, comprising two dis-
tinct context-specific roles for the same protein. Overall, our data suggest that an X-chromo-
some enriched ubiquitous transcription factor that can act over long distances (CLAMP) and a
sex-specific protein complex that acts locally (MSL complex) function together to generate a
highly specialized chromatin domain that coordinates gene activation on the male X-
chromosome.
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between CLAMP and MSL complex (Group A) exhibit the strongest increase in H3 occupancy following clamp RNAI. The different in
enrichment at CES5C2 was determined to be significant (* = p-value <0.05) by using a student’s T-test to compare differences between the
clamp and control RNAi conditions. C) Enrichment of the NURF complex component NURF301 was measured at the same promoters as H3
occupancy. No significant differences were detected between the control and clamp RNAI treatments with the exception of cg1815in
females (* = p-value <0.05). D) The effect of clamp RNAi on NURF occupancy was measured different subgroups of CES. There are
observed reductions in NURF occupancy in males at CES within all groups with the exception of Group C CES.

https://doi.org/10.1371/journal.pone.0186855.g006

Discussion

Specifically identifying the X-chromosome to distinguish it from autosomes is the key initial
step in dosage compensation across species. A specialized chromatin environment is present
on the dosage compensated X-chromosome to allow it to be distinguished from autosomes
and balance gene expression. However, the mechanism by which this specialized chromatin
environment is established remained poorly understood. Here, we demonstrate that the non-
sex-specific CLAMP protein functions to increase overall chromatin accessibility levels on the
D. melanogaster male X-chromosome but not autosomes. We hypothesize that this chromo-
some-wide regulation results from clustered long GA-rich repeats within CES that increase
CLAMP occupancy specifically on the X-chromosome [11]. CLAMP increases accessibility of
chromatin over long genomic distances (~14 kb) surrounding its peak center (Fig 1E), suggest-
ing a mechanism by which modest enrichment of the density of CLAMP binding sites pro-
motes changes in chromatin accessibility across an entire chromosome. The ability of CLAMP
to act at a kilo-base distance range may be linked to its presence in an insulator protein
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complex called the Late Boundary Complex (LBC) that was recently shown to function at CES
that associate with each other in three-dimensions [7,24,43]. Because insulator complexes such
as the LBC contribute to the overall three-dimensional organization of the genome [44], it is
possible that the long-range chromatin effects we observe at CLAMP peaks are related to its
role in the non-sex specific LBC.

In the early embryo, CLAMP transcript is maternally supplied [45], whereas expression of
most MSL complex component-encoding transcripts does not occur until after activation of
the zygotic genome [45]. It is possible that CLAMP functions early in development prior to
MSL complex assembly to specifically open chromatin across the entire X-chromosome, prim-
ing it for MSL complex recruitment. In fact, the elevated density of CLAMP binding sites over
gene bodies on the X-chromosome in both males and females [11] and the ability of CLAMP
to function over long genomic distances independently of MSL complex (Fig 1E) supports this
early function for CLAMP. Following the onset of zygotic transcription, MSL complex is
assembled [46] and recruited to CES by CLAMP [9]. It is likely that CLAMP increases the
local concentration of MSL complex at CES through opening chromatin and physically associ-
ating with the MSL complex [36]. In addition to CLAMP, direct binding of the MSL2 compo-
nent to DNA through its CXC domain and Proline-rich domains at PionX sites [27] is
important for MSL complex recruitment to CES. It is possible that MSL2 competes with
CLAMP for the same GA-rich binding site or binds to a similar adjacent site within the clus-
ters of GA-rich CLAMP binding sites that are present at CES. Once localized to CES, we
hypothesize MSL complex opens chromatin locally (Fig 2), allowing for recruitment of addi-
tional CLAMP, generating a positive feedback loop [9] that results in the final open chromatin
pattern along the entire male X-chromosome.

Interestingly, we found that CLAMP does not regulate accessibility at all CES similarly. For
example, while CLAMP promotes chromatin accessibility at Group A CES, clamp RNAI results
in enhanced accessibility at Group C CES in females and has no effect at these same sites in
males. In females where dosage compensation does not occur it is possible that CLAMP inter-
acts with additional effector complexes to prevent enhanced accessibility at Group C CES. In
males, it is possible that CLAMP functions redundantly with other similar factors to assure
that highly accessible locations such as the Group C CES remain open to promote dosage com-
pensation. One candidate protein that may function redundantly or in competition with
CLAMP is the well-studied GAGA transcription factor (GAF), a GA-repeat zinc finger protein
with a similar domain structure and sequence recognition element to CLAMP [38]. Like
CLAMP, GAF can also promote recruitment of the NURF301 protein complex [37-41]. We
have recently determined that both CLAMP and GAF are members of the same LBC insulator
complex [24], indicating that the two proteins can function cooperatively and possibly even
redundantly. Future analysis of the relationship between CLAMP and GAF will allow us to bet-
ter understand how their functional relationship modulates the recruitment of effector
proteins.

CLAMP is a zinc finger protein that promotes the recruitment of different effector com-
plexes that regulate chromatin accessibility including the MSL complex and NURF. Previous
work has implicated the NURF chromatin remodeler complex in regulating the chromatin
organization of the male X-chromosome [33]. Indeed, our results indicate that CLAMP pro-
motes recruitment of the NURF chromatin-remodeling complex to a subset of the same CES
where CLAMP occupancy is most influenced by MSL complex (Group A). We speculate that
the synergy between CLAMP and MSL complex promotes NURF recruitment to a subset of
CES where it contributes to the open chromatin environment by preventing the accumulation
of nucleosomes.
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In addition to regulating chromatin accessibility of the X-chromosome, CLAMP alters
chromatin accessibility at TSS throughout the genome in both males and females. However,
this occurs independently of NURF or changing histone occupancy levels at a subset of sites
tested (Fig 6). At promoters, it is possible that CLAMP modifies chromatin accessibility
through the recruitment of other factors known to promote the formation of open chromatin
in this region. One potential factor is the Negative Elongation Factor (NELF) complex that reg-
ulates chromatin accessibility within the nucleosome-depleted region [47], and has been
recently shown to interact with CLAMP (Urban et al., submitted). In this way, CLAMP-medi-
ated changes in accessibility at TSS could be mediated by transcriptional regulation through a
functional association between CLAMP and NELF. Future work will be required to examine
the link between CLAMP and NELF occupancy genome-wide to determine if and how this
relationship facilitates chromatin accessibility at transcription start sites.

While many transcription factors bind to thousands of locations throughout the genome,
they often function differently depending on their genomic contexts [48-50]. For example,
GAF performs diverse roles in gene regulation as well as chromatin accessibility. How does a
single transcription factor regulate several distinct functions at different genomic locations in
a context-specific manner? It is unlikely that most transcription factors are a part of a single
stoichiometric complex. GAF, for example, functionally interacts with NURF [37,40], NELF
[51,52], insulators [43,53], and the Polycomb complex [53-55]. CLAMP also functionally
interacts with NELF and NUREF, and is also a component of an insulator complex [24], making
it plausible that CLAMP promotes diverse functions across the genome through associations
with different effector complexes.

We suggest that CLAMP functions as an adapter protein that associates with different com-
plexes at distinct genomic locations to perform diverse context-specific functions. Because
CLAMP is a highly conserved [11] and maternally supplied protein, it is possible that CLAMP
primarily functions as an adapter protein that over evolutionary time has been co-opted by dif-
ferent regulatory complexes to perform diverse functions. For example, as the GA-rich cis-ele-
ments that target CLAMP became enriched on the X-chromosome due to the activity of
transposons [56], MSL complex likely evolved to interact with CLAMP because of its ability to
enhance chromatin accessibility near active genes that require dosage compensation. Future
analysis of the mechanism by which CLAMP interacts with specific effector complexes at dif-
ferent genomic locations will reveal how CLAMP performs its diverse context-specific roles.
Overall, our work provides new insight into how a non-sex-specific factor can function
together with a sex-specific complex to perform sex-specific and chromosome-specific func-
tions that mediate specialized chromatin environments.

Materials and methods
Cell culture conditions

Drosophila S2 and Kc cells were maintained at 25°C in Gibco Schnieder’s Drosophila media
(ThermoFisher Scientific) supplemented with 10% heat-inactivated Fetal Bovine Serum and
1.4X Antibiotic-Antimycotic (ThermoFisher Scientific). Cells were passaged every 2-3 days to
maintain appropriate cell density.

RNAI treatment of Drosophila cells

Generation of dsRNA targeting gfp (control), clamp, and msi2 for RNAi has been previously
validated and described [9,20,57]. In this study, the templates for clamp and msl2 dsSRNA were
generated using PCR amplification from bacterial artificial chromosomes (BAC) available
from the BACPAC resources program (clamp = Ch322 20C06, msl2 = Ch321 59003) [58].
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PCR products were used as templates to generate dsRNA with the T7 Megascript kit (Ambion,
Inc.), followed by purification with the Qiagen RNeasy kit (Qiagen).

RNAi was performed in T75 tissue culture flasks. A total of 1.2x10” S2 or Kc cells suspended
in 6mLs of Gibco Schenieder’s Drosophila media without FBS were added to a T75 tissue cul-
ture flask containing 135ug gfp, clamp, or msl2 dsRNA in 3mL ultra pure water. The cells were
serum starved at room temperature for 45 minutes before adding 6mLs of Gibco Schneider’s
Drosophila media supplemented with 10% FBS to the flask containing the dsRNA and cells.
Cells were incubated for 6 days and upon collection efficiency of the RNAi treatment was
determined before performing the desired experiment.

Validation of RNAI efficiency

Sample preparation and Immuno-blotting of CLAMP. Following 6 days of RNAi treat-
ment, cells were scraped and 500uL was collected for immuno-blotting. To extract protein,
cells were first pelleted at 5,000xg for 3 minutes at 4°C. Cell pellets were next washed in 100pL
1X phosphate buffered saline before a second centrifugation. The supernatant was removed
and the cell pellets were resuspended in 40pL of lysis buffer (50mM Tris-HCl pH 6.8, 150mM
NaCl, 0.5% SDS, and 0.5X protease inhibitors (Roche)). After a 5-minute incubation at room
temperature, the lysates were vortexed briefly. The samples were then cleared by centrifugation
at room temperature at 14,000xg for 10 minutes. The supernatant was transferred to a new
tube and the protein abundance was quantified using a Qubit Fluorometer (ThermoFisher
Scientific).

To immuno-blot, a total of 5ug of protein was loaded on a pre-cast Tris Glycine gel (Ther-
moFisher Scientific) and immobilized on PVDF membrane using the iBlot transfer system
(ThermoFisher Scientific). CLAMP (1:1000, rabbit, SDIX) and Actin (1:400,000, mouse, Milli-
pore) proteins were detected using the Western Breeze kit (ThermoFisher Scientific) following
the manufacturer’s instructions.

Sample preparation and quantitative Real-Time PCR for analysis of transcript abun-
dance. To determine transcript abundance of msl2 and roX2 following RNAI treatment,
500pL of cells were collected following the 6-day incubation period. After pelleting cells and
removing the media, total RNA was extracted using the RNeasy Plus RNA extraction kit (Qia-
gen). A total of 1ug of RNA was reverse-transcribed to cDNA using the SuperScript Vilo
c¢DNA Synthesis kit (ThermoFisher Scientific) by following the manufacturer’s instructions.
Targets were amplified from cDNA using validated primers at a concentration of 200nM.
Primer sequences for qRT-PCR are available upon request. Three technical replicates for each
sample were amplified using SYBR Green on an Applied Biosystems StepOnePlus™ Real-Time
PCR System. The obtained relative abundance values were averaged and used to calculate ACt
relative to PKA as an internal control.

MNase-titration and sequencing

Preparation of two biological replicates of Drosophila S2 and Kc cells for RNAi treatment with
gfp, clamp, or msl2 was performed in T75 flasks. MNase titration was performed after 6 days of
RNAI treatment as previously described [13].

Start-sequencing sample preparation and analysis

Start-sequencing was performed from three biological replicates of S2 and Kc cells that were
treated for 6 days with either gfp (control) or clamp dsRNA. RNAi for Start-seq was performed
as described above for MNase-seq with the exception that T150 flasks were used instead of
T75. This resulted in a doubling of all reagents to perform the RNAi treatment. Total RNA was
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extracted from nuclei using Trizol reagent (Invitrogen) and transcription start site RNAs were
isolated and prepared for sequencing as previously described [28]. Analysis for Start-seq was
performed as previously described [28].

Chromatin immunoprecipitation of NURF301 and H3

Chromatin was prepared from gfp (control) and clamp dsRNA treated cells prepared in T150
flasks after 6 days of incubation. To prepare for chromatin immunoprecipitaton, cells were
first scraped from the bottom of the flask to resuspend adhered cells. Formaldehyde (37%
stock) was added to a final concentration of 1% and the cells were crosslinked for 10 minutes
by shaking at room temperature at 110 rpm. The crosslinking reaction was quenched with the
addition of 2.5M glycine to a final concentration of 125mM. Fixed cells were transferred to a
15mL falcon tube and placed on ice.

Following crosslinking and quenching, the media containing formaldehyde and glycine
was removed after pelleting cells by centrifugation at 4°C for 5 minutes at 1,500xg. The cells
were washed briefly by resuspending in 15mL of PBS-EDTA (1X PBS, 0.5mM EDTA pH 8.0,
0.2mM PMSEF). Cells were pelleted as before and the supernatant removed. Next, the cells were
resuspended in 6mL of ChIP wash A (10mM HEPES pH 7.6, 10mM EDTA pH 8.0, 0.5mM
EGTA pH 8.0, 0.25% Triton X-100, 1X PI, 0.2mM PMSEF, filter sterilized) and rotated for 10
minutes at 4°C. After rotation, the cells were pelleted once again and the supernatant removed.
The cell pellet was then resuspended in 6mL ChIP wash B (10mM HEPES pH 7.6, 100mM
NaCl, ImM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 0.01% Triton X-100, 1X PI, 0.2mM PMSF,
filter sterilized). The cells were rotated for 5 minutes at 4°C. A small aliquot was removed to
determine total cell quantity using Trypan Blue (ThermoFisher Scientific). After washing the
cells in ChIP wash B, the cells were pelleted flash frozen in liquid nitrogen for storage at -80°C.

Using the total cell count, cell pellets were resuspended in an appropriate amount of lysis
buffer (0.1% SDS, 50mM Tris-HCL pH 8.0, 10mM EDTA pH 8.0) to obtain a cell concentra-
tion of 1x10° cells/mL. The cells were lysed for 10 minutes by rotating at 4°C before aliquoting
equal volumes (between 100-300uL) into Protein LoBind Safelock tubes (Eppendorf). The cell
lysates were then sonicated for 3 cycles totaling 5 minutes each on high setting using a water
bath sonicator (Bioruptor, Diagenode) programmed to pulse 30 sec on, 30 sec off. After soni-
cation, replicate samples were pooled and centrifuged at 4°C for 10 minutes at a speed of
13,000 rpm to pellet the insoluble chromatin. Solubilized chromatin was transferred to a 15mL
falcon tube, to which 9 volumes of ChIP dilution buffer was added (0.01% SDS, 16.7mM Tris-
HCL pHS8.0, 1.2mM EDTA pH 8.0, 1.1% Triton X-100, 167mM NaCl). Diluted chromatin was
filtered on a PolyPrep chromatography column (BioRad) before aliquoting 1mL into Protein
LoBind safelock tubes. Additionally, 400uL was removed for Input DNA. Chromatin aliquots
were flash frozen for storage at -80°C until after Input was checked for chromatin size
distribution.

Cleanup of Input DNA. In order to determine the size distribution of chromatin frag-
ments, the 400uL of Input DNA was reverse crosslinked by incubation overnight at 65°C after
the addition of 21.5ul 20% SDS (final concentration 1%), 15uL of 5M NaCl (final concentra-
tion 170mM NaCl) and 1uL of RNase A (Roche). Next, an additional 1uL of RNase A was
added for 30 minutes at an incubation temperature of 37°C. After this, protein was digested
from the chromatin by adding 20uL of 1M Tris-HCL pH 6.8 (final concentration 42mM Tris-
HCL), 10uL EDTA pH 8.0 (final concentration 10mM EDTA), and 3uL 20mg/mL Proteinase
K (final concentration 0.13 mg/mL Proteinase K) and incubating for 90 minutes at 45°C. Fol-
lowing protein digestion, a standard phenol-chloroform extraction was performed followed by
ethanol precipitation. DNA pellets were resuspended in 100uL ultra pure water and quantified.
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To determine fragmentation distribution was between 100-500bp, 200ng of chromatin was
visualized on a 2% agarose gel.

Immunoprecipitation and DNA cleanup. To begin the immunprecipitation, either 2.5ug
of NURF-301 antibody (Novus Biologicals #40360002) or 2ug of Histone H3 (Abcam
#ab1791) was added to 1mL of previously prepared chromatin and rotated overnight at 4°C.
The next day, 60uL of salmon sperm blocked Protein A agarose beads (Millipore) were added
and the samples rotated for an additional 2 hours at 4_C. After incubation, the beads were pel-
leted by centrifugation at 4°C for 3 minutes at 1,000xg. The beads were washed a total of 6
times in a series of wash solutions. For each wash, first the beads were resuspended in ImL
solution, then rotated for 5 minutes at 4°C. Beads were then pelleted by centrifugation at
1,000xg for 3 minutes at 4°C, the supernatant was removed, and the beads resuspended in the
next wash solution. The washes include: 1.) two washes in RIPA 150 Buffer (50mM Tris-HCL
pH 8.0, 1% NP-40, 2mM EDTA pH 8.0, 0.1% Sodium Deoxycholate, 0.1% SDS, 150mM NaCl,
1X protease inhibitors, 0.2mM PMSF, ImM DTT, filter sterilized); 2.) one wash in RIPA 300
buffer (50mM Tris-HCL pH8.0, 1% NP-40, 2mM EDTA pH 8.0, 0.1% Sodium Deoxycholate,
0.1% SDS, 300mM NaCl, filter sterilized), 3.) one wash in LiCl/TE buffer (0.25M LiCl, 1% NP-
40, 1% Sodium Deoxycholate, 10mM Tris-HCL pH 8.0, ImM EDTA pH 8.0, filter sterilized),
and 4.) two washes in TE buffer (10mM Tris-HCL pH 8.0, iImM EDTA pH 8.0, 0.01% SDS, 1X
protease inhibitors, 0.2mM PMSF, filter sterilized). After the final TE buffer wash, the beads
were eluted twice in 250uL sodium bicarbonate Elution Buffer (1% SDS, 0.1M Sodium Bicar-
bonate) by rotating at room temperature for 15 minutes and pelleting by centrifugation at
room temperature for 3 minutes at 1,000xg to collect the eluate. The 500uL of immunoprecipi-
tated samples were reversecrosslinked overnight at 65°C after the addition of 20uL 5M NaCl
(final concentration 200mM NaCl). After reverse crosslinking the immunoprecipitated sam-
ples overnight, 1uL of RNase A (Roche) was added and the samples incubated for 30 minutes
at 37°C. Next, 20uL 1M Tris-HCL pH 6.8 (final 40mM Tris-HCL), 10uL 0.5M EDTA pH 8.0
(final concentration 10mM EDTA), and 3uL 20mg/mL Proteinase K were added to the sam-
ples and incubated for 90 minutes at 42°C. After digesting proteins, the DNA from the
immunprecipiated samples was cleaned by using a standard phenol:chloroform extraction fol-
lowed by ethanol precipitation. The immunoprecipitated DNA pellet was then resuspended in
100uL ultra pure water for downstream analysis by qRT-PCR.

Quantitative Real-Time PCR for analysis of enrichment

To determine enrichment of NURF301 or H3 to chromatin entry sites and promoters, three
independent biological ChIP replicates were performed. Targets were amplified from 2uL of
Input (1%) and immunoprecipitated DNA using validated primers at a concentration of
200nM. Primer sequences for QRT-PCR are in S3 Table. Two technical replicates for each sam-
ple were amplified using SYBR Green on an Applied Biosystems StepOnePlus™ Real-Time
PCR System. The obtained relative abundance values were then averaged and used for calcula-
tion of enrichment.

Internal normalization was performed using primers located within the cg15570 control
gene, which is a genomic locus unbound by CLAMP as determined by ChIP-seq. Internally
normalized values were then normalized to the 1% Input sample to determine log,-fold
enrichment of the immunoprecipitated sample compared to Input. Subsequently, the enrich-
ment values from the three biological replicates were averaged and standard error of the mean
was calculated.
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Datasets

CLAMP ChIP-seq data and MSL CES coordinates were taken from GSE39271. To determine

overlap between CLAMP and NURF301, browser tracks were taken from GSE20829 (S2 cells)
and GSE32845 (Kc cells). Data from this study is deposited to NCBI GEO with GEO number

GSE99894.

Data analysis

Chromatin accessibility (MACC) evaluation. Chromatin accessibility was evaluated as
described previously [13]. In short, sequenced reads were aligned to the D. melanogaster refer-
ence genome (dm3) using Bowtie aligner [59]. Genomic positions with abnormally high num-
bers of mapped reads (Z-score = 7) were identified, and the tags mapped to such positions
were discarded [60]. Frequencies of the mapped reads were computed in 100bp non-overlap-
ping bins and normalized for the library size. Slopes of linear regression lines fitted on the nor-
malized read frequencies obtained for each titration point (1.5U, 6.25U, 25U, and 100U
MNase concentrations) were calculated for each bin. Log-scale was used for the MNase con-
centrations in the fitting procedure. The GC-content correction was applied to obtain the final
accessibility scores (MACC values). Accessibility estimations were further validated with the
following analyses: 1) to rule out a possible cross-sample bias, we confirmed that the average
MACC profiles around a random set of genomic locations are similar for different RNAi con-
ditions (S5B Fig). We also confirmed our main observation that the loss of chromatin accessi-
bility on the male X-chromosome specifically occurs after clamp RNAIi treatment is
reproduced when MACC values were median-shifted to zero for each sample independently
(S2F Fig). Finally, to rule out a potential bias due to different numbers of X-chromosomes and
autosomes in the male cells, we recomputed MACC values counting each X-linked read twice
and confirmed the CLAMP-specificity of the change in chromatin accessibility on male X-
chromosome (S2G Fig).

Analysis of MACC profiles and estimation of statistical significance. Gene coordinates
were taken according to the dm3 annotation. The modENCODE annotation of the enhancers
that are active in S2 cells were used in the analysis [61]. TSS (TTS) proximal regions used in
Fig 1 were defined as 500 bp upstream (downstream) of the gene start (end). Enhancer regions
in the same analysis were defined as loci +/-500 bp around reported enhancer centers. The
profiles around specified sets of sites were computed by using linear interpolation of MACC
or read frequency values associated with 100-bp bins. The resulting average profiles were addi-
tionally smoothed in the 10-bp running window. The TSS proximal regions were defined as
those within 1kb of gene starts. TSS-proximal regions overlapping with other genes were
excluded from consideration. Assessment of statistical significance and other analyses were
performed in R programming environment (http://r-project.org). Significance of accessibility
or transcription change was calculated in R using the ‘limma’ package. Mann-Whitney test
was used to estimate the significance of the observed effects.

Supporting information

S1 Fig. A) An anti-CLAMP and anti-Actin western blot was performed to confirm

efficient reduction of CLAMP (62 kDa). Actin (42 kDa) is used as a loading control. B) Tran-
script abundance of msl2 was tested using QRT-PCR to validate efficiency of the RNAi treat-
ment. Transcript levels of msi2 were reduced to levels similar to that in females following msl2
RNAI in males. Error bars for transcript abundance represent +/- 1 Standard Error of the
Mean (S.E.M.). C) Transcript abundance of roX2 following msI2 RNAi was measured as a
functional test for efficiency of the RNAI treatment. Following msl2 RNAi treatment, roX2
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abundance was significantly reduced in male cells, indicating functional reduction of MSL

complex.
(PDF)

S2 Fig. A) The distribution of MACC values from all experimental conditions shows no effect
on overall MACC scores after msi2 RNAi in males compared to control. In both males and
females, treatment with clamp RNAI results in an overall decrease in MACC values. For all
box and whisker plots, the median MACC value is plotted with the notch at the median line
representing the 95% confidence interval. B) The distribution of MACC values from all experi-
mental conditions is shown as in A for each of the replicates separately. MACC scores from
the replicates are in strong agreement. C and D) The overall distribution of MACC scores is
shown separately for each replicate for the X-chromosome (blue) and autosomes (red) of Con-
trol (gfp), clamp and msi2 RNAI treated male (C) and female (D) cells. E) The difference in
MACC value (A MACC) between control and RNAI treatment for an individual locus on
either the X-chromosome or autosomes was calculated for both replicates separately. In males,
the change in MACC scores indicates a reduction in X-chromosome accessibility following
clamp RNAi but not msl2 RNAI. F) Analysis of the per-bin pair-wise difference in the chroma-
tin accessibility (MACC) between RNAI conditions. The computed MACC valued were addi-
tionally median-shifted to zero in each sample independently prior to cross-sample
comparison. G) To compensate for different number of X and autosomes, the reads that
aligned to the X-chromosome were counted twice. The MACC values were additionally
median-shifted to zero as in (F).

(PDF)

S3 Fig. A) Accessibility changes for different classes of genomic regions were normalized by
the percentage of the genome covered by each feature. A change in accessibility was classified
as either within a gene body (blue), at TSS/TTS (red), at an enhancer (green), or unannotated
(purple). B) CLAMP ChIP-seq peaks [9] were separated into quartiles of increasing CLAMP
occupancy, Q1 being the lowest enrichment and Q4 the highest. The corresponding MACC
values for each quartile were plotted. Also shown are regions where there is no CLAMP peak
(no peak). In general, regions enriched with CLAMP are more accessible independent of chro-
mosomal location or sex. C) The distribution of MACC scores around CES obtained from ran-
domized MACC scores in non-repetitive regions are shown for male (S2) cells. The darker line
represents the average MACC value, while the lighter shading indicates the 95% confidence
intervals. D) The distribution of MACC values in males after control (blue), clamp (green),
and msl2 (purple) RNAi are plotted centered on PionX sites.

(PDF)

S4 Fig. A) Heatmaps of MACC scores over gene bodies are shown for all annotated genes
upon control, clamp or msl2 RNAI in male (S2) cells, and clamp RNAI in female (Kc) cells.
Below, the difference in accessibility between control and RNAi treatment on the X-chromo-
some and autosomes is shown in the second row. Each heat map is rank-ordered by the level
of CLAMP enrichment from ChIP-seq occupancy (shown on the left in green). B) Average
MACGC profiles along gene bodies are shown for male and female cells separated into X-chro-
mosome and autosome plots. Shown are MACC profiles for genes that are lowly enriched for
CLAMP with clamp RNAi treatment in green and control in blue. The dark line represents the
average MACC value, while 95% confidence intervals are represented by the lighter colors.
(PDF)

S5 Fig. A) Average MACC profiles for genes with low enrichment of CLAMP are shown cen-
tered on transcription start sites (TSS) and separated into X-chromosome and autosome plots
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for male and female cells. RNAi treatment of clamp (green) and control (blue) is indicated,
where the dark line represents the average MACC value, while 95% confidence intervals are
represented by the lighter colors. B) The distribution of average MACC values around ran-
domized TSS in non-repetitive regions is plotted for male (S2) cells. The darker line represents
the average MACC value and the lighter shading indicates the 95% confidence interval. C and
D) The nucleosome read counts obtained for each concentration of MNase are shown under
control (blue) and clamp (green) RNAI conditions and centered over annotated TSS. Each
concentration is shown as a gradient color of the RNAI treatment. Nucleosome profiles are
shown for the male X-chromosome and autosomes separately for both males (C) and females
(D). E) Average MACC values (darker line) were plotted +/- 500bp centered on transcription
termination sites (TTS) separated by the X-chromosome and autosomes in males and females.
There is a reduction in accessibility after clamp RNAi (green) compared to the control (blue).
The lighter shading surrounding the mean line on all plots represents the 95% confidence
interval. F) The percentages of significantly changed transcripts (p<0.05) in males (left) and
females (right) are shown for each chromosomal arm. The blue bar indicates the X-chromo-
some and autosomes are in red/pink. G) The percentages of significantly changed transcripts
(p<0.05) that decrease in abundance after clamp RNAi (un-hatched) or increase in abundance
after clamp RNAI (hatched) are shown for each chromosomal arm in males (left) and females
(right).

(PDF)

S6 Fig. A and B) Average MNase-seq read frequency profiles +/- 1 kb centered around
obsTSS on the X and autosomes were generated for genes with a CLAMP peak within +/-
200 bp of the obsTSS. Profiles were generated for both males (A) and females (B). X-chromo-
some and autosome obsTSS were categorized into quartiles based on the ability of CLAMP to
positively or negatively regulate transcription as measured by Start-seq. Shown are the profiles
for each quartile.

(PDF)

S7 Fig. Average MNase-seq read frequency profiles centered +/- 1 kb around obsTSS were
generated for genes with a CLAMP peak within +/- 200 bp of the obsTSS. X-chromosome
and autosome obsTSS were categorized into quartiles of increasing expression level as deter-
mined by transcript abundance in the control RNAi condition and separated by whether they
are positively or negatively regulated by CLAMP.

(PDF)

S8 Fig. Average MNase-seq read frequency profiles centered +/- 1 kb around obsTSS were
generated for genes with a CLAMP peak within +/- 200 bp of the obsTSS. X-chromosome
and autosome obsTSS were categorized into quartiles of increasing expression level as deter-
mined by transcript abundance in the control RNAi condition and separated by whether they
are positively or negatively regulated by CLAMP.

(PDF)

$9 Fig. Four promoter regions (A and B) and five CES (C and D) were tested for NURF301
recruitment in males and females. For each, enrichment for NURF301 (orange) and CLAMP
(green) is shown. The MACC values after control, clamp, and msl2 RNAi treatment are shown
in blue where dark blue indicates positive values and light blue are negative. The average num-
ber of sequencing reads from the four MNase-seq experiments generated a nucleosome profile
that is shown in purple for Control, clamp, and msl2 RNAi. NURF301 recruitment was tested
following clamp RNAI treatment by ChIP qRT-PCR at four promoters in males (A) and
females (B), where the red bar underneath the gene is scaled to 100 bp. Similarly five CES were
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tested in males (C) and females (D). The black bar underneath the red CES bar indicates the
location of the QRT-PCR product for the ChIP qPCR experiments.
(PDF)

§1 Table. MACC score p-values.
(PDF)

$2 Table. Chromatin immunoprecipitation p-values for NURF301 and H3.
(PDF)

$3 Table. Primers sequences used in this study.
(PDF)

Author Contributions

Conceptualization: Jennifer Urban, Michael Tolstorukov, Erica Larschan.

Formal analysis: Jennifer Urban, Guray Kuzu, Benjamin Scruggs, Michael Tolstorukov.
Funding acquisition: Robert Kingston, Erica Larschan.

Investigation: Jennifer Urban, Guray Kuzu, Sarah Bowman, Telmo Henriques, Karen Adel-
man, Erica Larschan.

Methodology: Sarah Bowman, Michael Tolstorukov.
Project administration: Erica Larschan.

Supervision: Michael Tolstorukov.

Writing - original draft: Jennifer Urban, Erica Larschan.

Writing - review & editing: Jennifer Urban, Karen Adelman, Michael Tolstorukov, Erica
Larschan.

References

1. Disteche CM. Dosage compensation of the sex chromosomes. Annu Rev Genet. 2012; 46: 537—-60.
https://doi.org/10.1146/annurev-genet-110711-155454 PMID: 22974302

2. LucchesiJ. Gene dosage compensation and the evolution of sex chromosomes. Science (80-). 1978;
202: 711-716. https://doi.org/10.1126/science.715437

3. Belote J, Lucchesi J. Male-specific lethal mutations of Drosophila melanogaster. Genetics. 1980; 165—
185. PMID: 6781985

4. Vicoso B, Bachtrog D. Numerous Transitions of Sex Chromosomes in Diptera. Malik HS, editor. PLOS
Biol. 2015; 13: €1002078. https://doi.org/10.1371/journal.pbio.1002078 PMID: 25879221

5. Smith ER, Pannuti A, Gu W, Steurnagel A, Cook RG, Allis CD, et al. The drosophila MSL complex acet-
ylates histone H4 at lysine 16, a chromatin modification linked to dosage compensation. Mol Cell Biol.
American Society for Microbiology; 2000; 20: 312-8. https://doi.org/10.1128/MCB.20.1.312-318.2000

6. Wells MB, Csankovszki G, Custer LM. Finding a balance: how diverse dosage compensation strategies
modify histone h4 to regulate transcription. Genet Res Int. 2012; 2012: 795069. https://doi.org/10.1155/
2012/795069 PMID: 22567401

7. RamirezF, Lingg T, Toscano S, Lam KC, Georgiev P, Chung H-R, et al. High-Affinity Sites Form an
Interaction Network to Facilitate Spreading of the MSL Complex across the X Chromosome in Drosoph-
ila. Mol Cell. 2015; 60: 146—162. https://doi.org/10.1016/j.molcel.2015.08.024 PMID: 26431028

8. Kelley RL, Solovyeva |, Lyman LM, Richman R, Solovyev V, Kuroda MI. Expression of msl|-2 causes
assembly of dosage compensation regulators on the X chromosomes and female lethality in Drosoph-
ila. Cell. 1995; 81: 867—77. Available: http://www.ncbi.nlm.nih.gov/pubmed/7781064 PMID: 7781064

9. Soruco MML, Chery J, Bishop EP, Siggers T, Tolstorukov MY, Leydon AR, et al. The CLAMP protein
links the MSL complex to the X chromosome during Drosophila dosage compensation. Genes Dev.
2013; 27: 1551-6. https://doi.org/10.1101/gad.214585.113 PMID: 23873939

PLOS ONE | https://doi.org/10.1371/journal.pone.0186855 October 27, 2017 25/28


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186855.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186855.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186855.s012
https://doi.org/10.1146/annurev-genet-110711-155454
http://www.ncbi.nlm.nih.gov/pubmed/22974302
https://doi.org/10.1126/science.715437
http://www.ncbi.nlm.nih.gov/pubmed/6781985
https://doi.org/10.1371/journal.pbio.1002078
http://www.ncbi.nlm.nih.gov/pubmed/25879221
https://doi.org/10.1128/MCB.20.1.312-318.2000
https://doi.org/10.1155/2012/795069
https://doi.org/10.1155/2012/795069
http://www.ncbi.nlm.nih.gov/pubmed/22567401
https://doi.org/10.1016/j.molcel.2015.08.024
http://www.ncbi.nlm.nih.gov/pubmed/26431028
http://www.ncbi.nlm.nih.gov/pubmed/7781064
http://www.ncbi.nlm.nih.gov/pubmed/7781064
https://doi.org/10.1101/gad.214585.113
http://www.ncbi.nlm.nih.gov/pubmed/23873939
https://doi.org/10.1371/journal.pone.0186855

@° PLOS | ONE

Drosophila male X-chromosome chromatin accessibility requires CLAMP

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Urban JA, Doherty CA, Jordan WT, Bliss JE, Feng J, Soruco MM, et al. The essential Drosophila
CLAMP protein differentially regulates non-coding roX RNAs in male and females. Chromosom Res.
2016; 1-13. https://doi.org/10.1007/s10577-016-9541-9 PMID: 27995349

Kuzu G, Kaye EG, Chery J, Siggers T, Yang L, Dobson JR, et al. Expansion of GA Dinucleotide
Repeats Increases the Density of CLAMP Binding Sites on the X-Chromosome to Promote Drosophila
Dosage Compensation. PLoS Genet. 2016; 12: 1006120. https://doi.org/10.1371/journal.pgen.
1006120 PMID: 27414415

Alekseyenko AA, Ho JWK, Peng S, Gelbart M, Tolstorukov MY, Plachetka A, et al. Sequence-Specific
Targeting of Dosage Compensation in Drosophila Favors an Active Chromatin Context. Ferguson-
Smith AC, editor. PLoS Genet. 2012; 8: €1002646. https://doi.org/10.1371/journal.pgen.1002646
PMID: 22570616

Mieczkowski J, Cook A, Bowman SK, Mueller B, Alver BH, Kundu S, et al. MNase titration reveals differ-
ences between nucleosome occupancy and chromatin accessibility. Nat Commun. 2016; 7: 11485.
https://doi.org/10.1038/ncomms11485 PMID: 27151365

Xi'Y, Yao J, Chen R, Li W, He X. Nucleosome fragility reveals novel functional states of chromatin and
poises genes for activation. Genome Res. 2011; 21: 718-24. https://doi.org/10.1101/gr.117101.110
PMID: 21363969

Teif VB, Beshnova DA, Vainshtein Y, Marth C, Mallm J-P, Hofer T, et al. Nucleosome repositioning links
DNA (de)methylation and differential CTCF binding during stem cell development. Genome Res. Cold
Spring Harbor Laboratory Press; 2014; 24: 1285-95. https://doi.org/10.1101/gr.164418.113 PMID:
24812327

Chereji RV, Kan T-W, Grudniewska MK, Romashchenko A V, Berezikov E, Zhimulev IF, et al.
Genome-wide profiling of nucleosome sensitivity and chromatin accessibility in Drosophila melanoga-
ster. Nucleic Acids Res. 2016; 44: 1036-51. https://doi.org/10.1093/nar/gkv978 PMID: 26429969

Knight B, Kubik S, Ghosh B, Bruzzone MJ, Geertz M, Martin V, et al. Two distinct promoter architec-
tures centered on dynamic nucleosomes control ribosomal protein gene transcription. Genes Dev. Cold
Spring Harbor Laboratory Press; 2014; 28: 1695-709. https://doi.org/10.1101/gad.244434.114 PMID:
25085421

Iwafuchi-Doi M, Donahue G, Kakumanu A, Watts JA, Mahony S, Pugh BF, et al. The Pioneer Transcrip-
tion Factor FoxA Maintains an Accessible Nucleosome Configuration at Enhancers for Tissue-Specific
Gene Activation. Mol Cell. 2016; 62: 79-91. https://doi.org/10.1016/j.molcel.2016.03.001 PMID:
27058788

Tsompana M, Buck MJ. Chromatin accessibility: a window into the genome. Epigenetics Chromatin.
BioMed Central; 2014; 7: 33. https://doi.org/10.1186/1756-8935-7-33 PMID: 25473421

Hamada FN, Park PJ, Gordadze PR, Kuroda MI. Global regulation of X chromosomal genes by the
MSL complex in Drosophila melanogaster. Genes Dev. 2005; 19: 2289-94. https://doi.org/10.1101/
gad.1343705 PMID: 16204180

Alekseyenko AA, Larschan E, Lai WR, Park PJ, Kuroda MI. High-resolution ChlP-chip analysis reveals
that the Drosophila MSL complex selectively identifies active genes on the male X chromosome. Genes
Dev. Cold Spring Harbor Laboratory Press; 2006; 20: 848-57. https://doi.org/10.1101/gad.1400206
PMID: 16547173

Larschan E, Bishop EP, Kharchenko P V, Core LJ, Lis JT, Park PJ, et al. X chromosome dosage com-
pensation via enhanced transcriptional elongation in Drosophila. Nature. 2011; 471: 115-8. https://doi.
org/10.1038/nature09757 PMID: 21368835

Bai X, Alekseyenko AA, Kuroda MI. Sequence-specific targeting of MSL complex regulates transcrip-
tion of the roX RNA genes. EMBO J. 2004; 23: 2853-61. https://doi.org/10.1038/sj.emboj.7600299
PMID: 15229655

Kaye E, Kurbidaeva A, Wolle D, Tsutomu A, Schedl P, Larschan E. Drosophila dosage compensation
loci associate with a boundary forming insulator complex. Mol Cell Biol. 2017;

Wolle D, Cleard F, Aoki T, Deshpande G, Schedl P, Karch F. Functional Requirements for Fab-7
Boundary Activity in the Bithorax Complex. Mol Cell Biol. 2015; 35: 3739-3752. https://doi.org/10.1128/
MCB.00456-15 PMID: 26303531

Li X-Y, Thomas S, Sabo PJ, Eisen MB, Stamatoyannopoulos JA, Biggin MD, et al. The role of chromatin
accessibility in directing the widespread, overlapping patterns of Drosophila transcription factor binding.
Genome Biol. BioMed Central; 2011; 12: R34. https://doi.org/10.1186/gb-2011-12-4-r34 PMID:
21473766

Villa R, Schauer T, Smialowski P, Straub T, Becker PB. PionX sites mark the X chromosome for dosage
compensation. Nature. Nature Research; 2016; 537: 244—248. https://doi.org/10.1038/nature 19338
PMID: 27580037

PLOS ONE | https://doi.org/10.1371/journal.pone.0186855 October 27, 2017 26/28


https://doi.org/10.1007/s10577-016-9541-9
http://www.ncbi.nlm.nih.gov/pubmed/27995349
https://doi.org/10.1371/journal.pgen.1006120
https://doi.org/10.1371/journal.pgen.1006120
http://www.ncbi.nlm.nih.gov/pubmed/27414415
https://doi.org/10.1371/journal.pgen.1002646
http://www.ncbi.nlm.nih.gov/pubmed/22570616
https://doi.org/10.1038/ncomms11485
http://www.ncbi.nlm.nih.gov/pubmed/27151365
https://doi.org/10.1101/gr.117101.110
http://www.ncbi.nlm.nih.gov/pubmed/21363969
https://doi.org/10.1101/gr.164418.113
http://www.ncbi.nlm.nih.gov/pubmed/24812327
https://doi.org/10.1093/nar/gkv978
http://www.ncbi.nlm.nih.gov/pubmed/26429969
https://doi.org/10.1101/gad.244434.114
http://www.ncbi.nlm.nih.gov/pubmed/25085421
https://doi.org/10.1016/j.molcel.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27058788
https://doi.org/10.1186/1756-8935-7-33
http://www.ncbi.nlm.nih.gov/pubmed/25473421
https://doi.org/10.1101/gad.1343705
https://doi.org/10.1101/gad.1343705
http://www.ncbi.nlm.nih.gov/pubmed/16204180
https://doi.org/10.1101/gad.1400206
http://www.ncbi.nlm.nih.gov/pubmed/16547173
https://doi.org/10.1038/nature09757
https://doi.org/10.1038/nature09757
http://www.ncbi.nlm.nih.gov/pubmed/21368835
https://doi.org/10.1038/sj.emboj.7600299
http://www.ncbi.nlm.nih.gov/pubmed/15229655
https://doi.org/10.1128/MCB.00456-15
https://doi.org/10.1128/MCB.00456-15
http://www.ncbi.nlm.nih.gov/pubmed/26303531
https://doi.org/10.1186/gb-2011-12-4-r34
http://www.ncbi.nlm.nih.gov/pubmed/21473766
https://doi.org/10.1038/nature19338
http://www.ncbi.nlm.nih.gov/pubmed/27580037
https://doi.org/10.1371/journal.pone.0186855

@° PLOS | ONE

Drosophila male X-chromosome chromatin accessibility requires CLAMP

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

Nechaev S, Fargo DC, dos Santos G, Liu L, Gao Y, Adelman K. Global analysis of short RNAs reveals
widespread promoter-proximal stalling and arrest of Pol Il in Drosophila. Science. 2010; 327: 335-8.
https://doi.org/10.1126/science.1181421 PMID: 20007866

Ferrari F, Plachetka A, Alekseyenko AA, Jung YL, Ozsolak F, Kharchenko P V, et al. “Jump start and
gain” model for dosage compensation in Drosophila based on direct sequencing of nascent transcripts.
Cell Rep. NIH Public Access; 2013; 5: 629-36. https://doi.org/10.1016/j.celrep.2013.09.037 PMID:
24183666

Gilchrist DA, Dos Santos G, Fargo DC, Xie B, Gao Y, LiL, et al. Pausing of RNA polymerase Il disrupts
DNA-specified nucleosome organization to enable precise gene regulation. Cell. NIH Public Access;
2010; 143: 540-51. https://doi.org/10.1016/j.cell.2010.10.004 PMID: 21074046

Adelman K| Lis JT. Promoter-proximal pausing of RNA polymerase II: emerging roles in metazoans.
Nat Rev Genet. NIH Public Access; 2012; 13: 720-31. https://doi.org/10.1038/nrg3293 PMID:
22986266

Tsai S-Y, Chang Y-L, Swamy KBS, Chiang R-L, Huang D-H. GAGA factor, a positive regulator of global
gene expression, modulates transcriptional pausing and organization of upstream nucleosomes. Epige-
netics Chromatin. 2016; 9: 32. https://doi.org/10.1186/s13072-016-0082-4 PMID: 27468311

Corona DF V, Siriaco G, Armstrong JA, Snarskaya N, McClymont SA, Scott MP, et al. ISWI Regulates
Higher-Order Chromatin Structure and Histone H1 Assembly In Vivo. Kadonaga J, editor. PLoS Biol.
Public Library of Science; 2007; 5: €232. https://doi.org/10.1371/journal.pbio.0050232 PMID: 17760505

Bai X, Larschan E, Kwon SY, Badenhorst P, Kuroda MI. Regional control of chromatin organization by
noncoding roX RNAs and the NURF remodeling complex in Drosophila melanogaster. Genetics. 2007;
176: 1491-9. https://doi.org/10.1534/genetics.107.071571 PMID: 17507677

Lewis PW, Beall EL, Fleischer TC, Georlette D, Link AJ, Botchan MR. Identification of a Drosophila
Myb-E2F2/RBF transcriptional repressor complex. Genes Dev. 2004; 18: 2929—40. https://doi.org/10.
1101/gad.1255204 PMID: 15545624

Wang Cl, Alekseyenko A a, Leroy G, Elia AE, Gorchakov A a, Britton L-MP, et al. Chromatin proteins
captured by ChIP-mass spectrometry are linked to dosage compensation in Drosophila. Nat Struct Mol
Biol. Nature Publishing Group; 2013; 20: 202-9. https://doi.org/10.1038/nsmb.2477 PMID: 23295261

Tsukiyama T, Wu C. Purification and properties of an ATP-dependent nucleosome remodeling factor.
Cell. Cell Press; 1995; 83: 1011-1020. https://doi.org/10.1016/0092-8674(95)90216-3

Omichinski JG, Pedone P V., Felsenfeld G, Gronenborn AM, Clore GM. The solution structure of a spe-
cific GAGA factor—DNA complex reveals a modular binding mode. Nat Struct Biol. Nature Publishing
Group; 1997; 4: 122—132. https://doi.org/10.1038/nsb0297-122

Fuda NJ, Guertin MJ, Sharma S, Danko CG, Martins AL, Siepel A, et al. GAGA factor maintains nucleo-
some-free regions and has a role in RNA polymerase Il recruitment to promoters. PLoS Genet. 2015;
11: e1005108. https://doi.org/10.1371/journal.pgen.1005108 PMID: 25815464

Xiao H, Sandaltzopoulos R, Wang H-M, Hamiche A, Ranallo R, Lee K-M, et al. Dual Functions of Larg-
est NURF Subunit NURF301 in Nucleosome Sliding and Transcription Factor Interactions. Mol Cell.
2001; 8: 531-543. https://doi.org/10.1016/S1097-2765(01)00345-8 PMID: 11583616

Lomaev D, Mikhailova A, Erokhin M, Shaposhnikov A V., Moresco JJ, Blokhina T, et al. The GAGA fac-
tor regulatory network: Identification of GAGA factor associated proteins. Cavalli G, editor. PLoS One.
2017; 12: e0173602. https://doi.org/10.1371/journal.pone.0173602 PMID: 28296955

Celniker SE, Dillon LAL, Gerstein MB, Gunsalus KC, Henikoff S, Karpen GH, et al. Unlocking the
secrets of the genome. Nature. 2009; 459: 927—-30. https://doi.org/10.1038/459927a PMID: 19536255

Wolle D, Cleard F, Aoki T, Deshpande G, Schedl P, Karch F. Functional requirements for Fab-7 bound-
ary activity in the Bithorax Complex 1 2. Mol Cell Biol. 2016; https://doi.org/10.1128/MCB.00456-15
PMID: 26303531

Matzat LH, Lei EP. Surviving an identity crisis: a revised view of chromatin insulators in the genomics
era. Biochim Biophys Acta. NIH Public Access; 2014; 1839: 203—14. https://doi.org/10.1016/j.bbagrm.
2013.10.007 PMID: 24189492

Gelbart WM, Emmert DB. Flybase High-Throughput Expression Pattern Data. In: Flybase [Internet].
2013. http://flybase.org/reports/FBrf0221009.html.

Lott SE, Villalta JE, Schroth GP, Luo S, Tonkin LA, Eisen MB. Noncanonical compensation of zygotic X
transcription in early Drosophila melanogaster development revealed through single-embryo RNA-seq.
Hawley RS, editor. PLoS Biol. Public Library of Science; 2011; 9: €1000590. https://doi.org/10.1371/
journal.pbio.1000590 PMID: 21346796

Gilchrist DA, Nechaev S, Lee C, Ghosh SKB, Collins JB, Li L, et al. NELF-mediated stalling of Pol Il can
enhance gene expression by blocking promoter-proximal nucleosome assembly. Genes Dev. 2008; 22:
1921-33. https://doi.org/10.1101/gad.1643208 PMID: 18628398

PLOS ONE | https://doi.org/10.1371/journal.pone.0186855 October 27, 2017 27/28


https://doi.org/10.1126/science.1181421
http://www.ncbi.nlm.nih.gov/pubmed/20007866
https://doi.org/10.1016/j.celrep.2013.09.037
http://www.ncbi.nlm.nih.gov/pubmed/24183666
https://doi.org/10.1016/j.cell.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21074046
https://doi.org/10.1038/nrg3293
http://www.ncbi.nlm.nih.gov/pubmed/22986266
https://doi.org/10.1186/s13072-016-0082-4
http://www.ncbi.nlm.nih.gov/pubmed/27468311
https://doi.org/10.1371/journal.pbio.0050232
http://www.ncbi.nlm.nih.gov/pubmed/17760505
https://doi.org/10.1534/genetics.107.071571
http://www.ncbi.nlm.nih.gov/pubmed/17507677
https://doi.org/10.1101/gad.1255204
https://doi.org/10.1101/gad.1255204
http://www.ncbi.nlm.nih.gov/pubmed/15545624
https://doi.org/10.1038/nsmb.2477
http://www.ncbi.nlm.nih.gov/pubmed/23295261
https://doi.org/10.1016/0092-8674(95)90216-3
https://doi.org/10.1038/nsb0297-122
https://doi.org/10.1371/journal.pgen.1005108
http://www.ncbi.nlm.nih.gov/pubmed/25815464
https://doi.org/10.1016/S1097-2765(01)00345-8
http://www.ncbi.nlm.nih.gov/pubmed/11583616
https://doi.org/10.1371/journal.pone.0173602
http://www.ncbi.nlm.nih.gov/pubmed/28296955
https://doi.org/10.1038/459927a
http://www.ncbi.nlm.nih.gov/pubmed/19536255
https://doi.org/10.1128/MCB.00456-15
http://www.ncbi.nlm.nih.gov/pubmed/26303531
https://doi.org/10.1016/j.bbagrm.2013.10.007
https://doi.org/10.1016/j.bbagrm.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24189492
http://flybase.org/reports/FBrf0221009.html
https://doi.org/10.1371/journal.pbio.1000590
https://doi.org/10.1371/journal.pbio.1000590
http://www.ncbi.nlm.nih.gov/pubmed/21346796
https://doi.org/10.1101/gad.1643208
http://www.ncbi.nlm.nih.gov/pubmed/18628398
https://doi.org/10.1371/journal.pone.0186855

@° PLOS | ONE

Drosophila male X-chromosome chromatin accessibility requires CLAMP

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

Fry CJ, Farnham PJ. Context-dependent transcriptional regulation. J Biol Chem. American Society for
Biochemistry and Molecular Biology; 1999; 274: 29583-6. https://doi.org/10.1074/JBC.274.42.29583

Eeckhoute J, Métivier R, Salbert G. Defining specificity of transcription factor regulatory activities. J Cell
Sci. 2009; 122.

Spitz F, Furlong EEM. Transcription factors: from enhancer binding to developmental control. Nat Rev
Genet. Nature Publishing Group; 2012; 13: 613-626. https://doi.org/10.1038/nrg3207 PMID: 22868264

LiJ, LiuY, Rhee HS, Ghosh SKB, Bai L, Pugh BF, et al. Kinetic Competition between Elongation Rate
and Binding of NELF Controls Promoter-Proximal Pausing. Mol Cell. 2013; 50: 711-722. https://doi.org/
10.1016/j.molcel.2013.05.016 PMID: 23746353

Lee C, Li X, Hechmer A, Eisen M, Biggin MD, Venters BJ, et al. NELF and GAGA factor are linked to
promoter-proximal pausing at many genes in Drosophila. Mol Cell Biol. American Society for Microbiol-
ogy (ASM); 2008; 28: 3290-300. https://doi.org/10.1128/MCB.02224-07 PMID: 18332113

Melnikova L, Juge F, Gruzdeva N, Mazur A, Cavalli G, Georgiev P. Interaction between the GAGA fac-
tor and Mod(mdg4) proteins promotes insulator bypass in Drosophila. Proc Natl Acad SciU S A.
National Academy of Sciences; 2004; 101: 14806—11. https://doi.org/10.1073/pnas.0403959101 PMID:
15465920

Strutt H, Cavalli G, Paro R. Co-localization of Polycomb protein and GAGA factor on regulatory ele-
ments responsible for the maintenance of homeotic gene expression. EMBO J. 1997; 16: 3621-32.
https://doi.org/10.1093/emboj/16.12.3621 PMID: 9218803

Cavalli G, Paro R. Chromo-domain proteins: linking chromatin structure to epigenetic regulation. Curr
Opin Cell Biol. 1998; 10: 354—60. Available: http://www.ncbi.nim.nih.gov/pubmed/9640536 PMID:
9640536

Ellison CE, Bachtrog D. Dosage Compensation via Transposable Element Mediated Rewiring of a Reg-
ulatory Network. Science (80-). 2013; 342: 846—850. https://doi.org/10.1126/science. 1239552 PMID:
24233721

Larschan E, Soruco MML, Lee O-K, Peng S, Bishop E, Chery J, et al. Identification of chromatin-associ-
ated regulators of MSL complex targeting in Drosophila dosage compensation. PLoS Genet. 2012; 8:
€1002830. https://doi.org/10.1371/journal.pgen.1002830 PMID: 22844249

Venken KJT, Carlson JW, Schulze KL, Pan H, He Y, Spokony R, et al. Versatile Placman] BAC libraries
for transgenesis studies in Drosophila melanogaster. Nat Methods. Nature Publishing Group; 2009; 6:
431-434. https://doi.org/10.1038/nmeth.1331 PMID: 19465919

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol. 2009; 10: R25. https://doi.org/10.1186/gb-2009-10-3-
r25 PMID: 19261174

Kharchenko P V, Tolstorukov MY, Park PJ. Design and analysis of ChlP-seq experiments for DNA-
binding proteins. Nat Biotechnol. 2008; 26: 1351—1359. https://doi.org/10.1038/nbt.1508 PMID:
19029915

Ho JWK, Jung YL, Liu T, Alver BH, Lee S, Ikegami K, et al. Comparative analysis of metazoan chroma-
tin organization. Nature. 2014; 512: 449-452. hitps://doi.org/10.1038/nature13415 PMID: 25164756

PLOS ONE | https://doi.org/10.1371/journal.pone.0186855 October 27, 2017 28/28


https://doi.org/10.1074/JBC.274.42.29583
https://doi.org/10.1038/nrg3207
http://www.ncbi.nlm.nih.gov/pubmed/22868264
https://doi.org/10.1016/j.molcel.2013.05.016
https://doi.org/10.1016/j.molcel.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23746353
https://doi.org/10.1128/MCB.02224-07
http://www.ncbi.nlm.nih.gov/pubmed/18332113
https://doi.org/10.1073/pnas.0403959101
http://www.ncbi.nlm.nih.gov/pubmed/15465920
https://doi.org/10.1093/emboj/16.12.3621
http://www.ncbi.nlm.nih.gov/pubmed/9218803
http://www.ncbi.nlm.nih.gov/pubmed/9640536
http://www.ncbi.nlm.nih.gov/pubmed/9640536
https://doi.org/10.1126/science.1239552
http://www.ncbi.nlm.nih.gov/pubmed/24233721
https://doi.org/10.1371/journal.pgen.1002830
http://www.ncbi.nlm.nih.gov/pubmed/22844249
https://doi.org/10.1038/nmeth.1331
http://www.ncbi.nlm.nih.gov/pubmed/19465919
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
https://doi.org/10.1038/nbt.1508
http://www.ncbi.nlm.nih.gov/pubmed/19029915
https://doi.org/10.1038/nature13415
http://www.ncbi.nlm.nih.gov/pubmed/25164756
https://doi.org/10.1371/journal.pone.0186855

