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Abstract

Sex-differences in plasma growth hormone (GH) profiles, pulsatile in males and persistent in
females, regulate sex differences in hepatic STATS5 activation linked to sex differences in gene
expression and liver disease susceptibility, but little is understood about the fundamental
underlying, GH pattern-dependent regulatory mechanisms. Here, DNase hypersensitivity site
(DHS) analysis of liver chromatin accessibility in a cohort of 18 individual male mice
established that the endogenous male rhythm of plasma GH pulse-stimulated liver STAT5
activation induces dynamic, repeated cycles of chromatin opening and closing at several
thousand liver DHS and comprises a novel mechanism conferring male bias to liver
chromatin accessibility. Strikingly, a single physiological replacement dose of GH given to
hypophysectomized male mice restored, within 30 min, liver STAT5 activity and chromatin
accessibility at 83% of the pituitary hormone-dependent dynamic male-biased DHS. Sex-
dependent transcription factor binding patterns and chromatin state analysis identified key
genomic and epigenetic features distinguishing this dynamic, STAT5-driven mechanism of
male-biased chromatin opening from a second GH-dependent mechanism operative at static
male-biased DHS, which are constitutively open in male liver. Dynamic but not static male-
biased DHS adopt a bivalent-like epigenetic state in female liver, as do static female-biased
DHS in male liver, albeit using distinct repressive histone marks in each sex, namely,
H3K27me3 at female-biased DHS in male liver, and H3K9me3 at male-biased DHS in female
liver. Moreover, sex-biased H3K36me3 marks are uniquely enriched at static sex-biased DHS,
which may serve to keep these sex-dependent hepatocyte enhancers free of H3K27me3
repressive marks and thus constitutively open. Pulsatile chromatin opening stimulated by
endogenous, physiological hormone pulses is thus one of two distinct GH-determined
mechanisms for establishing widespread sex differences in hepatic chromatin accessibility
and epigenetic regulation, both closely linked to sex-biased gene transcription and the sexual
dimorphism of liver function.
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This important study offers new and convincing support for the idea that about a
third of mouse liver DNAse hypersensitivity sites (DHS) showing male-biased
chromatin opening are sex-biased because of the male-specific cyclic action of
growth hormone pulses to alter chromatin accessibility, as compared to the relative
ineffectiveness of the more static pattern of growth hormone secretion in females.
Supporting evidence is found in the impact of hypophysectomy and growth hormone
treatment on chromatin accessibility, and the binding of specific transcription factors
and epigenetic marks at STAT5-sensitive sites. This work uncovers mechanisms
underlying sex differences in liver function and will be of broad interest to
endocrinologists and hepatologists.

Introduction

Growth hormone (GH) regulates hepatic expression of enzymes and transporters that play critical
roles in lipid metabolism and in the detoxification of many drugs and other lipophilic foreign
chemicals [1Z, 22 ]. Dysregulation of hepatic GH signaling can lead to liver metabolic disorders,

regulates many liver-expressed genes in a sex-dependent manner, enabling each sex to meet its
specific metabolic and hormonal requirements [6 2 ]. This program of sex-dependent gene

intermittent (pulsatile) in pubertal and adult males, whereas they are near-continuous (persistent)
in pubertal and adult females, as seen in rats, mice and humans [12 4 ]. These plasma GH profiles,
in turn, regulate sex-specific gene transcription in the liver through both positive regulatory
mechanisms (class I sex-biased genes) and negative regulatory mechanisms (class II sex-biased

genes) [62].

activated by phosphorylation on a single tyrosine residue catalyzed by the GH receptor-associated
tyrosine kinase JAK2 [14 (% ]. Each successive male plasma GH pulse induces a cycle of STAT5
tyrosine phosphorylation, dimerization and nuclear translocation, followed by tyrosine
dephosphorylation and recycling of STAT5 back to the cytosol in time to reset the overall signaling
pathway for the subsequent plasma GH pulse [1 2 ]. In male mouse liver, GH pulse-activated
STATS5 binds to the DNA motif TTCNNNGAA at genomic sites strongly enriched for proximity to
male-biased genes, but the mechanistic relationship between STATS5 binding and sex differences in
chromatin accessibility and epigenetic marks is unknown. In female liver, persistent activation of
STATS5 by the near-continuous presence of circulating GH is associated with a significant
enrichment of STATS binding nearby female-biased genes [15 (%], however, the underlying

mechanisms, including chromatin features that distinguish these STAT5 binding sites from male-
biased STATS5 binding sites are poorly understood.

Liver STATS5 is activated by male plasma GH pulses within minutes, enabling STAT5 to rapidly
induce the transcription of several male-biased genes [16(% ]; however, a majority of male-biased

required for secondary changes, including changes in histone modifications and the underlying
chromatin state [18 % ]. Continuous infusion of GH in male mice overrides the endogenous plasma
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GH pulses and substantially feminizes liver gene expression over a period of days, with female-
biased genes already in an active chromatin state in male liver often responding earlier than
genes in an inactive chromatin state [17 2 ]. Changes in chromatin accessibility occur at genomic
regions discovered as DNase-I hypersensitive sites (DHS), a hallmark of epigenetic regulation.
These DHS can be assayed by DNase-seq, which identified ~70,000 DHS in male and female mouse
liver [19 (7], including thousands of enhancers, promoters, and insulator regions [20 % ]. More

than 4,000 of the 70,000 liver DHS show sex differences in chromatin accessibility, as well as sex-
biased binding of STAT5 and other GH-regulated transcription factors. Together, these factors

7 eLife

binding is strongly enriched at male-biased DHS located nearby male-biased genes, and female-
biased transcription factor binding is strongly enriched at female-biased DHS found nearby
female-biased genes. Sex differences in chromatin structure and accessibility are thus key features
of sex-differential liver gene expression [17 %, 18(% ]. However, little is understood about the
mechanisms linking the sex-dependent temporal GH secretion patterns to the robust sex
differences in chromatin accessibility and transcription factor binding that regulate liver gene

expression.

Here, we elucidate the relationship between the sex-dependent patterns of plasma GH stimulation
of hepatocytes and sex differences in liver chromatin accessibility. We identify more than 800
male-biased enhancer DHS regions, where the direct binding of plasma GH pulse-activated STAT5
induces a dynamic cycle of male liver chromatin opening and closing at sites that comprise 31% of
all male-biased DHS. Thus, the pulsatility of plasma GH stimulation per se confers significant male
bias in chromatin accessibility and STAT5 binding at a substantial fraction of the genomic sites
linked to sex-biased liver gene expression and liver disease.

Furthermore, we establish that a single physiological replacement dose of GH given as a pulse to
hypophysectomized (hypox) mice recapitulates, within 30 min, the pulsatile re-opening of
chromatin seen in pituitary-intact male mouse liver. We elucidate key epigenetic features
distinguishing this dynamic, STAT5-driven mechanism of male-biased chromatin opening from
that operative at a second, distinct class comprised of static male-biased DHS, which are
constitutively open in male liver but closed in female liver. Finally, our analysis of histone marks
enriched at each class of sex-biased DHS indicates that distinct epigenetic mechanisms mediate
sex-specific gene repression in each sex. Together, these studies identify pulsatile chromatin
opening as a novel mechanism controlling sex differences in chromatin accessibility and
transcription factor binding closely linked to sex differences in gene expression and liver disease.

Results

Sex-biased DHS are primarily distal enhancers that target sex-

biased genes

Open (accessible) chromatin regions identified in mouse liver by DNase-seq analysis have been
classified as enhancers, insulators and promoters based on their chromatin mark patterns and
thousand of these DHS show greater chromatin accessibility in rr.lgi.éuihan female liver (n = 2,729
male-biased DHS) or greater accessibility in female than male liver (n = 1,366 female-biased DHS)
enhancers or weak enhancers in mouse liver, as compared to 66% for all sex-independent DHS
(Fig. 1A).
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Fig. 1.

Classification of liver DHS and mapping to liver-expressed genes.

Enrichments of sex-biased DHS for being an enhancer or weak enhancer, an insulator, or a promoter region were determined
by comparing to a background set of sex-independent DHS (66,116 sites). Significance was determined by Fisher Exact Test
with Benjamini-Hochberg p-value adjustment: *, p<0.01; **, p<1E-10; ***, p<1E-50. Black asterisks, enrichment; red asterisks,
depletion as compared to background DHS set. B. Cumulative frequency distribution of the distance to the nearest
transcription start site in the same TAD for male-biased and female-biased enhancer (e), insulator (i), and promoter (p) DHS.
C. ChromHMM emission probabilities for each of the 14 chromatin states developed for male and female mouse liver [18C5],
which serves as a reference for data shown in panel D and in Fig. 7. Summary descriptions of the characteristics of each
state are shown at the left and below. D. Chromatin state distributions for each sex-biased or sex-independent DHS sets.
Chromatin state datasets for male and female liver (Table S5) were used for male-biased and female-biased DHS, respectively
(Table S2A).
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D eLl fe Assignment of the sex-biased liver DHS to their putative gene targets (closest RefSeq gene or multi-

L exonic IncRNA gene transcription start site in the same topologically associating domain (TAD))
[20Z] revealed that sex-biased DHS were highly enriched for mapping to genes showing the
corresponding sex bias in the level transcription, but not for genes whose expression shows the
opposite sex bias (Table S2B, Table S3). Cumulative plots of the distance from each DHS to its target
gene revealed that a majority of sex-biased DHS classified as enhancers or insulators are distal to
their target genes. Sex-biased DHS with H3K4me3 marks, which comprise only 1-2% of all sex-
biased DHS, are proximal to their target genes, validating their classification as promoter DHS
(Fig. 1B®). Thus, a majority of sex-biased DHS have the marks of positively acting distal
enhancers, consistent with our finding that sex-dependent DNA looping at an intra-TAD scale is
common in mouse liver [24Z].
No major differences in chromatin state distributions between male-biased, female-biased and
sex-independent enhancer DHS were seen based on separate chromatin state maps developed for
male and female liver [18 2 ]. Thus, all three sets of enhancer DHS showed a high frequency (50-
66%) of chromatin state E6, whose emission probabilities (Fig. 1C) indicate a high frequency of
DHS in combination with the activating chromatin marks H3K27ac and H3K4mel, and a lower
frequency (12-16%) of chromatin state E5 (high frequency of DHS but low frequency of H3K27ac
and H3K4me1) (Fig. 1D @). Sex-biased and sex-independent insulator DHS also showed similar
chromatin state distributions (state E5 ~ state E6), as did sex-biased and sex-independent promoter
DHS, which were primarily in state E7, characterized by a high frequency of H3K4me3 and

H3K4me1l marks (Fig. 1D (@).

The absence of major differences in overall chromatin state distributions between male-biased
and female-biased liver DHS prompted us to investigate other factors that may provide insight into
underlying mechanisms regulating sex-differences in hepatic chromatin accessibility and their
link to sex differences in gene expression.

Impact of endogenous pulses of GH and STAT5 activity in male liver

Sex differences in pituitary GH secretion — pulsatile in males vs. near continuous (persistent) in
females - regulate the sex-dependent expression of hundreds of genes in adult mouse liver. This
regulation requires the GH-activated transcription factor STAT5 [25 (%, 26 (2 ]. We hypothesize that
the pulsatile activation of STATS5 seen in male liver in direct response to plasma GH stimulation
[15C, 163, 27 2] dynamically alters the chromatin accessibility landscape of male mouse liver.
More specifically, we propose that the repeated activation of STAT5 in male mouse liver by plasma
GH pulses induces dynamic cycles of chromatin opening and closing at a subset of liver DHS, and
that this response can be discovered by comparing chromatin accessibility profiles in livers of
individual male mice euthanized at a peak vs. at a trough of hepatic STAT5 activity (Fig. 2A (3, top).
To test this hypothesis, we analyzed DNase-seq libraries prepared from liver nuclei purified from
21 individual adult male mice. In parallel, we determined the STAT5 DNA-binding activity of each

liver by EMSA (electrophoretic mobility shift analysis) of whole liver extracts.

Ten of the 21 livers had high STAT5 EMSA activity (STAT5-high activity livers) and 11 livers had
very low or no detectable STAT5 EMSA activity (STAT5-low activity livers) (Fig. 2B, Fig. S13).
Next, we performed DNase-seq analysis on genomic DNA fragments released by light DNase-I
digestion of nuclei purified from each liver, followed by diffReps analysis [28 (2] comparing the
DNase-seq-released DNA fragments from each group of livers. We thus discovered genomic
regions showing significant differential chromatin accessibility between STAT5-high and STATS5-
low male livers. Principal component analysis using either the top 200 or the top 600 most
significant diffReps-identified differentially accessible regions revealed that 18 of the 21 livers
gave patterns of DNase-released fragments that correlate with STATS5 activity. Two of the STAT5-
high livers and one of the STAT5-low livers were outliers (Fig. 2C (3). These outliers were also
identified by their discordant DNase-seq read count distributions (Fig. 2D %) and were excluded

from all downstream analyses.
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Fig. 2.

Discovery and characterization of dynamic and static male-biased DHS.

A. Model showing pulsatile male plasma GH pattern, with mice sampled between GH pulses, when STAT5 is inactive and
cytoplasmic (STAT5-low, blue), or at a peak of plasma GH, when liver STATS5 is activated to its homodimeric, nuclear DNA-
binding form, which enables STATS to open chromatin and bind to its consensus motif, TTCNNNGAA (STAT5-high, red). This
intermittent (pulsatile) activation STAT5 leads to chromatin opening and closing at dynamic DHS (top). Static DHS also bind
STATS intermittently but remain open between plasma GH pulses (bottom). B. EMSA of STAT5 DNA-binding activity in liver
extracts prepared from individual male mice. These data represent liver extracts from 1 of 3 separate cohorts of mice; the
other 2 cohorts are shown in Fig. S1. Labels at top indicate the DNase-seq library ID for each liver sample (Table S1). Red
labels at top indicate STAT5-high activity based on the EMSA patterns displayed, and blue labels indicate STAT5-low activity
livers. Numbers at bottom: number of each mouse whose liver was analyzed. Samples were all run on the same gel. See also
Fig. S1 2. C. Principal component (PC) analysis of the distributions of DNase-seq reads per kilobase per million mapped
reads for the top 600 or top 200 diffReps-identified sites that are more open in STAT5-high as compared to STAT5-low livers.
Eigenvector values for principal component 1 are shown for the individual STAT5-high and STAT5-low liver samples. Dotted
red line: empirical cutoff separating STAT5-high from STAT5-low DNase-seq samples; dotted black circles: outlier samples in
each dataset. D. Boxplots of DNase-seq activity, in log2(reads per kilobase per million mapped reads), across the top 200
diffReps differential sites that open (as in C) for the STAT5-high DNase-seq libraries (red bars), for the STAT5-low DNase-seq
libraries (blue bars), and for DNase-seq libraries for 9 individual male mouse liver ENCODE consortium samples (green bars,
replicates 5 to 13, marked on x-axis). Thick dashed black line: arbitrary cutoff used to separate STAT5-high and STAT5-low liver
samples. Samples from each group that did not pass the cutoff (red asterisks at bottom) are the same outlier livers circled in
panel C. E. Normalized DNase-I cut site aggregate plots for STAT5-high (red) and STAT5-low male livers (blue), and for female
livers (black). Peak cut site values are shown. Cut sites were aggregated across the sets of diffReps-identified DHS that open
(feft) or close (right) in response to endogenous STATS5 pulses in male liver, i.e., sites that show greater diffReps normalized
DNase-seq signal intensity in STAT5-high compared to STAT5-low male livers. F. Venn diagram indicating overlap between
endogenous STAT5 pulse-opened DHS sets identified by diffReps (2,832 sites that respond to liver STATS5 activity in a dynamic
manner, which map to a total of 2,373 of the 70,211 DHS comprising the standard reference DHS set) and the indicated sets
of sex-biased and sex-independent DHS that do not respond to a change in liver STATS activity, i.e., are static DHS. See Table
S2A, columns H and I for full listings.
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We re-analyzed the remaining 18 STAT5-high and STAT5-low livers using diffReps then filtered the
output list to retain regions identified as DHS peak regions by MACS2 analysis of the same 18
DNase-seq datasets. We thus identified n=2,832 genomic sites where chromatin opening is
associated with high liver STATS5 activity and n=123 other sites where chromatin opening is
associated with low liver STATS5 activity (Table S4A). As each liver represents a time point of peak
(STAT5-high livers) or trough (STAT5-low livers) levels of GH pulse-activated liver STAT5 activity
(Fig. 2A @), the STAT5-high/STAT5-low differential sites identify genomic regions where chromatin
dynamically opens or closes in male mouse liver in close association with GH pulse activation of
STATS. The greater chromatin opening in STAT5-high livers as compared to STAT5-low male livers
(and as compared to female livers) was visualized in aggregate plots of normalized DNase-seq cuts
across the 2,832 genomic regions (Fig. 2E (2, left). Chromatin accessibility was greater in the
STAT5-low livers at the 123 STAT5-low diffReps-identified genomic sites, where STAT5 activation is
associated with chromatin closing (Fig. 2E(2, right). This pattern, where individual male mouse
livers largely show either high or low DNase-seq read count distributions at the top differential
genomic sites, was also seen in an independent set of nine male liver DNase-seq samples from a
second mouse strain generated by the ENCODE consortium: 4 of the 9 livers showed read
distributions very similar to the STAT5-high livers, while 5 of the 9 livers were similar to the
STAT5-low livers (Fig. 2D &2, green bars).

7 eLife

Dynamic vs static liver DHS

Comparison of the set of 2,832 STAT5-high genomic sites with our standard reference set of 70,211
liver DHS revealed that 31% (n=834) of the 2,729 male-biased liver DHS described above are
STAT5-high sites, i.e., they respond dynamically to endogenous male plasma GH pulses of liver
STATS, whereas only 0.5% of female-biased liver DHS and 2% of sex-independent liver DHS
showed this dynamic STATS5 response (Fig. 2F2, green). This strong enrichment of GH/STAT5
pulse-induced chromatin opening at male-biased DHS as compared to sex-independent DHS (ES =
12.9; p < 1E-05) identifies intermittent chromatin opening induced by male plasma GH pulses as a
mechanism that can explain the male bias in chromatin accessibility for a significant subset (31%)
of male-biased DHS.

To determine whether STATS binding per se is an important feature of the observed pulsatile
changes in chromatin accessibility, we examined normalized DNase-I cut site aggregate plots for
the subset comprised of n=1,307 male-biased DHS that bind STAT5 in ChIP-seq analyses. STAT5-
high livers showed the highest level of chromatin opening, followed by up to a 2.8-fold lower level
of chromatin opening at those same genomic regions in STAT5-low male livers and in female livers
(Fig. 3A2, plot 1). In contrast, male-biased DHS that did not bind STAT5 (n=1,422 DHS) showed
nearly equal chromatin accessibility in STAT5-high vs. STAT5-low male livers but ~2-fold lower
accessibility in female livers (Fig. 3A @, plot 2). Thus, the male bias in accessibility at the STAT5-
bound but not at the non-STAT5 bound male-biased DHS can be explained by STAT5-induced
pulsatile chromatin opening in male liver. It is also apparent that the male bias of the non-STAT5
bound DHS set is associated with chromatin closing in female liver (Fig. 3A 2, plot 2, black). The
conclusion that chromatin is relatively closed at these 1,422 DHS in female liver is also supported
by comparing their mean normalized DNase cutting frequency to that of the full genome-wide set
of 53,404 STAT5-unbound, sex-independent DHS (Fig. 3A 2, plot 2, black versus plot 4). Chromatin
accessibility was much higher at the subset of sex-independent DHS that bound STAT5 (n=12,712
DHS, plot 3). Importantly, the high chromatin accessibility at these sex-independent DHS was seen
in livers of both sexes and was largely invariant between STAT5-high and STAT5-low male livers.
We conclude that STATS5 binding is associated with increased chromatin opening, and that
dynamic chromatin opening and closing associated with STATS5 binding is a defining characteristic
of a distinct subset of male-biased DHS but occurs infrequently at female-biased and sex-
independent DHS.
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across the genomic regions included in the sets of male-biased DHS (plots 1, 2) and sex-independent DHS (plots 3, 4),
separated into subsets of DHS that either do (plots 1, 3) or do not bind STAT5 by ChIP-seq analysis (plots 2, 4). Plots 5-8 show
corresponding plots for each of the indicated dynamic and static DHS sets. See Table S6 for peak normalized DNase-I site
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occurrences of the indicated STAT5 motif (box), based on FIMO scan of the 70,211 standard reference DHS sequences.
Dashed horizontal line: background, genome-wide level of STAT5 motifs at static sex-independent DHS. C. Percentage of
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motifs. Patterns for dynamic female-biased DHS represent a total of only 7 DHS and are thus not reliable.
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The above findings allow us to identify two distinct subsets of male-biased DHS, which differ in
their responsiveness to liver STAT5 activation: 1) dynamic male-biased DHS are characterized by a
male bias in chromatin accessibility linked to an increase in chromatin opening following the
binding of STAT5 when activated by a plasma GH pulse in male liver every 3-4 h [13, 16 2]
(n=834 dynamic male-biased DHS, 31%); and 2) static male-biased DHS are open in male liver
constitutively, i.e., throughout the pulsatile, on/off cycles of GH-induced STATS5 activity, and are
comparatively closed in female liver (n=1,895 static male-biased DHS, 69%). Supporting this
conclusion, mean chromatin opening at the set of 834 dynamic male-biased DHS was 3.8-fold
higher in STAT5-high male livers than in STAT5-low male livers or in female livers (Fig. 3A %, plot
5). In contrast, the higher chromatin accessibility in male than female liver at the set of 1,895 static
male-biased DHS was largely independent of the male liver’s STATS5 activity status. Of note, the
mean level of male liver chromatin opening at those 1,895 sites was 2.6-fold lower than the peak
level of accessibility seen at the dynamic male-biased DHS regions in STAT5-high male livers (Fig.
3A 3, plot 6 vs. plot 5) (Table 1A®).

7 eLife

The mean level of chromatin accessibility at the set of static female-biased DHS (1,359 sites, Fig.
2F %) was 2.7 to 2.9-fold higher in female liver than in male liver, where accessibility was
independent of male plasma GH/STATS5 pulses (Fig. 3A 2, plot 7). Overall, the accessibility of the
static female-biased DHS in female liver was very similar to that of the genome-wide set of 64,584
static sex-independent DHS (Fig. 3A 2, plot 8 vs. plot 7; peak normalized DNase-I activity value of
699 vs 683, Table S6).

STATS5 binding is closely associated with dynamic male-biased DHS
The presence of a canonical STAT5 motif, TTCNNNGAA, is a distinguishing feature of dynamic
male-biased DHS: 81% of 834 dynamic male-biased DHS contained a STAT5 motif versus only 38%
of 1,895 static male-biased DHS (c.f., 25% background motif frequency at 64,584 sex-independent
static DHS) (Fig. 3B(®). In addition, multiple STAT5 motifs are more frequently found at dynamic
DHS than at static DHS (Fig. 3C (%). Consistent with this, STAT5 binding, determined
experimentally by ChIP-seq, occurs at a greater fraction of dynamic than static male-biased DHS
(85% versus 32%; Fig. S2A @), and the level of STAT5 binding (normalized STAT5 ChIP-seq read
counts) was significantly higher at the STAT5-bound subsets of the dynamic vs. static DHS sets (Fig.
S2B@). De novo motif discovery supported these findings, with top scoring motifs matching the
STAT5B motif found in dynamic DHS (Fig. S3AZ, Fig. S3B (@) but not in static DHS sets (Fig.

S3C (2-S3E). A close association between STAT5 binding and chromatin opening is also indicated
by the higher chromatin accessibility at the DHS subsets associated with STAT5 binding (Fig.

S2C (@, top row vs. bottom row).

These findings establish a close link between STAT5 binding, which is pulsatile in male liver
pulsatile chromatin opening was also found at 124 male-biased DHS (15% of all dynamic male-
biased DHS) that did not bind STAT5 (Fig. S2C @, plot 1B). Moreover, STAT5 binding alone is not
sufficient to insure dynamic, male-biased chromatin opening and closing, insofar as 90% of all sex-
independent DHS that bind STAT5 do not undergo dynamic chromatin opening and closing (Fig.
S2C (@, plot 5A (11,473 sites, 90.3%) vs plot 4A (1,239 sites, 9.7%)). Furthermore, only 54% of male-
biased DHS that bind STATS are dynamic DHS (710 sites), the other 46% (597 sites) being static
male-biased DHS, even though they bind STATS5 (Fig. S2C 2, plot 1A vs 2A), albeit at a lower level
than the dynamic male-biased DHS and similar to the STAT5-bound static sex-independent DHS
(Fig. S2B®). Thus, factors other than pulsatile STATS5 binding per se are required for dynamic
chromatin opening and closing to occur. Finally, dynamic DHS showed a strong preference for
male-biased chromatin accessibility, with the frequency of dynamic chromatin opening and
closing being 5.6-fold higher at male-biased DHS with STAT5 bound (54%) than at the sex-
independent DHS with STAT5 bound (9.7%).

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2 9 of 57


https://doi.org/10.7554/eLife.91367.2

Dynamic male- Static male- Static female-
biased DHS biased DHS biased DHS
(n=834,31%) (n=1895, 69%) (n=1359)
A. DHS activity (chromatin opening)
STATS5-high male liver +H + -
STATS5-low maleliver + + -
Female liver + - +
B. Sex-biased TF binding sites
STATS (binding in maleliver) ++ + <
CUX2 (bindingin female liver) + ++ -
FOXA1 (male-biased sites) + + :
FOXA2 (male-biased sites) +++ +H++ =
FOXAZ2 (female-biased sites) - - +H
C. Enriched H3 histone marks and chromatin states
K27ac, K4mel, with DHS (male liver) [State E6] + ++ -
K27ac and/or K4mel DHS (male-liver) [States E10, E11] - - ++
K36me3 (male-biased) - ++ =
K36me3 (female-biased) - - ++
K27me3 (male-biased) - - +++
K9me3 (female-biased) +H ++ -

Table 1

Sex-biased DHS
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% eLife Enrichment of other GH-regulated liver transcription factors at

dynamic vs static DHS

We used published ChIP-seq data to investigate whether dynamic and static male-biased DHS
differ with respect to the binding of other, sex-biased transcription factors (Table 1B 2, Table
S7A). We examined two GH/STAT5-regulated transcriptional repressors that reinforce STAT5
regulation of liver sex differences. One factor, BCL6, is a male-biased protein that can compete for
STATS5 binding to chromatin and preferentially represses expression of female-biased genes in
male liver [15(, 182, 22(7, 292 ]. The second factor, CUX2, is a female-specific repressor
protein whose binding sites in female liver are enriched nearby male-biased genes, which enables
CUX2 to repress those genes in female liver [30 2, 31 %]. Both repressors showed significant
enrichment for binding to genomic regions defined by male-biased DHS as compared to a
background set of static sex-independent DHS. Thus, male-biased BCL6 binding was significantly
enriched at the set of dynamic male-biased DHS (ES=2.0, p=E-14) but showed minimal enrichment
at static male-biased DHS (ES=1.3, p=1.6E-04). BCL6 binding was also enriched at dynamic sex-
independent DHS (Table S7B). In contrast, CUX2 was most highly enriched for binding in female
liver at genomic sites that correspond to static male-biased DHS (ES=4.6, p=E-40), and de novo
motif discovery identified a CUX2 motif as the top enriched motif in this, but not the other DHS
sets (Fig. S3C). This binding of CUX2 may contribute to the greater closure of those DHS in
female as compared to male liver (c.f,, Fig. 3A @, plot 6). Finally, male-biased STAT5 binding sites
showed 2.5-fold greater enrichment at dynamic than at static male-biased DHS (ES=58, p=E-301 vs
ES=24, p=E-190) (Table S7B), consistent with our findings, above, implicating pulsatile STAT5
binding in dynamic chromatin opening at those sites.

factor. Male-biased binding sites discovered for each FOXA factor showed strong enrichment for
binding at male-biased DHS, with ~2-fold higher enrichment seen at the static male-biased DHS
(for FOXA1: ES=6.1 (static DHS) vs. ES=3.7 (dynamic DHS); for FOXA2: ES=44 (static DHS) vs. ES=21
(dynamic DHS) (Table 1B 2, Table S7B, Table S8). Consistent with this, de novo motif discovery
identified a Fox family factor, FOXI1, as a close match for one of the top enriched motifs in the set
of static but not in the set of dynamic male-biased DHS (Fig. S3C 2 vs Fig. S3A%, p-value 9.2E-06
vs. 2.0E-03). Finally, female-biased FOXA2 binding sites, but not female-biased FOXA1 binding sites,
showed strong enrichment for static female-biased DHS (ES=18, p=E-75; Table S7B). Taken
together, these findings support the proposal that FOXA2, and to a lesser extent FOXA1, contribute
to sex-dependent chromatin opening, in particular at static DHS.

Impact of hypophysectomy on liver chromatin accessibility
Surgical removal of the pituitary gland (hypophysectomy) ablates pituitary GH secretion and
thereby abolishes liver STAT5 activation [16 (©], leading to widespread loss of sex-specific liver

binding, hypophysectomy will lead to closure of many of the open chromatin regions that regulate
sex-specific gene expression. Furthermore, we proposed that restoration of a pulsatile GH signal,
in the form of a single exogenous GH pulse given by i.p. injection, will reopen chromatin at many
of those sites (Fig. 4A2). To test this hypothesis, we used DNase-seq to compare the chromatin
accessibility profiles of liver nuclei from hypox male and hypox female mice to those of pituitary-
intact control liver nuclei. Hypophysectomy induced changes in chromatin accessibility at several
thousand sites, including large numbers of sex-independent DHS, with many more genomic
regions undergoing chromatin closing than chromatin opening in male liver, but not in female
liver (Fig. 4B, Table S4). Importantly, male-biased DHS that responded to hypophysectomy were
almost exclusively closed in male liver following hypophysectomy (Fig. 4C (2, first two rows, %
opening vs % closing). A much smaller percentage of static female-biased DHS responded to
hypophysectomy, and the responses observed generally involved chromatin opening in male liver
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and chromatin closing in female liver (Fig. 4C 2, Table S4H). Thus, sex-biased DHS are subject to
both positive and negative pituitary hormone regulation and respond differently between the
sexes.

7 eLife

DHS responses to pituitary ablation link to class I and class II sex-

biased gene regulatory responses

Hypophysectomy abolishes GH-regulated liver sex differences via two distinct mechanisms, which
identify two classes of sex-biased genes [6 (2 ]: hypophysectomy leads to down regulation of class I
sex-biased genes in the sex where the gene is more highly expressed, and it leads to up regulation
of class II sex-biased genes in the sex where the gene shows lower expression (Fig. S4A (%3, model).
Building on this classification, we hypothesized that DHS that close following hypophysectomy are
enhancers mapping to sex-biased genes subject to either positive regulation by GH (class I sex-
biased genes) or negative regulation by GH (class II sex-biased genes). Supporting this proposal,
the DHS that close in male liver following hypophysectomy showed strong, specific enrichment
(ES=5.7, p=1.3E-69) for mapping to class I male-specific genes, which are down regulated in hypox
male liver; whereas the DHS that close in hypox female liver showed strong, specific enrichment
(ES=7.8, p=6.6E-46) for mapping to class I female-specific genes, which are down regulated in
hypox female liver (Fig. 4D (@). In contrast, the DHS that open in hypox male liver were
specifically enriched for mapping to class II female-specific genes (ES=3.6, p=1.8E-15), which are
up regulated (de-repressed) in male liver following hypophysectomy; whereas the DHS that open
in hypox female liver were specifically enriched albeit only moderately (ES=1.9, p=4.8E-04) for
mapping to class II male-specific genes, which are up regulated in female liver following
hypophysectomy (Fig. S4B%). The enrichment patterns exhibited by these four sets of
hypophysectomy-responsive DHS mirror the corresponding sex-specific gene response patterns
(Fig. 4D (2, bottom). Thus, all four DHS sets respond to hypophysectomy in a manner consistent
with positively-acting regulatory elements linked to sex-biased genes. DHS that are linked to class I
sex-biased genes, and whose chromatin closes following hypophysectomy, require pituitary
hormone to maintain open chromatin; when pituitary hormones are ablated by hypophysectomy,
chromatin closes and their class I sex-biased target genes are repressed. In contrast, DHS that are
linked to class II sex-biased genes of the opposite sex bias, and whose chromatin opens following
hypophysectomy, are kept in a closed chromatin state by pituitary hormone; when pituitary
hormones are ablated, chromatin opens locally at those DHS and their class II sex-biased target
genes are de-repressed: expression of female-biased class II genes increases in hypox male liver
and expression of male-biased class II genes increases in hypox female liver.

A single exogenous GH pulse rapidly reopens chromatin at

dynamic DHS in hypox male liver

Next, we investigated whether GH is the pituitary factor whose loss accounts for the widespread
chromatin closing seen in hypox male liver. Fig. 4B shows that exogenous GH treatment
induces chromatin opening within 30 min at more than 3,500 DHS, including 71% of the 1,487
dynamic DHS that closed in male liver following hypophysectomy (Fig. 4E2). The fraction of
reopening chromatin regions increased to 83% when considering the set of male-biased dynamic
DHS that closed following hypophysectomy (Table S2A, column AK). Chromatin reopening was
sustained for at least 90 min and then decreased substantially back toward baseline by 240 min
(Fig. 4B Z; Fig. 5A(Z, plot 1), at which time liver STATS5 signaling has terminated [16 (2 ].
Importantly, the mean level of chromatin re-opening induced by an exogenous GH pulse at
dynamic male-biased DHS was very similar to that of the same DHS set in STAT5-high male liver
(Fig. 5A2, plot 1 vs. Fig. 3A(3, plot 5; peak DNase-I activity value 1886 vs. 1848). Thus, the rapid
chromatin opening induced by a single exogenous pulse of GH recapitulates the effects of an
endogenous GH pulse in opening dynamic male-biased DHS.
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Fig. 4.

DHS responsive to hypophysectomy, their enrichment for class I and II sex-biased gene targets
and responses to GH pulse replacement.

A. Model for impact of ablation of pulsatile GH secretion by hypophysectomy on STAT5-induced chromatin opening. DHS that
close following hypophysectomy due to the loss of STAT5 binding reopen within 30 min of exogenous GH treatment, which
rapidly reactivates STATS5. B. Numbers of liver DHS that open or close following hypophysectomy (Hx) and in response to a
single injection of GH given to hypox male (M) or female (F) mice and euthanized 30, 90 or 240 min later. DHS opening and
closing were determined compared to the indicated controls. C. Distributions of sex-biased and sex-independent DHS that
open, close or are unchanged (static) by hypophysectomy (Hx) in male and female mouse liver. See Table S4H for full details.
D. Enrichment of hypophysectomy-responsive DHS as compared to DHS whose accessibility is unchanged by
hypophysectomy for mapping to the four indicated classes of sex-biased genes (see Fig. S42). Class I and II sex-biased
genes were identified from RNA-seq gene expression data collected from intact and hypox male and female liver samples
(Table S3). The bottom section of the table shows the total number and percentage of sex-biased genes in each of the four
indicated sex-biased gene classes that respond to hypophysectomy, as marked (Table S4A, Table S41). E. Subset of all dynamic
DHS (Fig. 2F @) that close following hypophysectomy in male mouse liver (n=1,487) and then respond to GH pulse
replacement at the indicated time points. Total number of dynamic DHS shown here is lower than the full set of 2,373
dynamic DHS (Fig. 2F(2 ), as 70 of these DHS were not identified as DHS in the hypophysectomy study (Table S4H).
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Fig. 5.

DHS activity aggregate plots for hypophysectomy and GH pulse treatment time course.

A. Normalized DNase-I cut site aggregate plots for each of the indicated sets of static and dynamic DHS showing the effects
of hypophysectomy of male (MHx) and female mice (FHx) and of GH pulse treatment (MHx+GH) for 30, 90 and 240 min as
compared to intact females (c.f.,, Fig. 3A ). Reference values for normalized DNase-I cut site activity in intact male liver are
from Fig. 32 and Table S6. B. Plots as in A are shown for the indicated subsets of 2,729 male-biased DHS (plots 1 and 2) and
for the indicated subsets of the set of 66,116 sex-independent DHS (plots 3 and 4), i.e., DHS subsets with STAT5 bound (plots 1
and 3) or without STAT5 bound (plots 2 and 4), based on ChIP-seq data for STAT5 in male mouse liver from [153].
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Hypophysectomy led to closure of many fewer static male-biased DHS than dynamic male-biased
DHS (Fig. 4C®). Exogenous GH treatment partially reversed chromatin closing at static male-
biased DHS within 30 min, with the effect persisting, even after 240 min (Fig. 5A 2, plot 2). This
persistence is consistent with static male-biased DHS remaining constitutively open in male liver
when liver STAT5 activity dissipates between endogenous plasma GH pulses. Static female-biased
DHS also showed a decrease in mean chromatin opening following hypophysectomy, with further
decreases in accessibility seen following GH pulse treatment (Fig. 5A (2, plot 3). Finally, in an
important control, the mean chromatin accessibility at the set of 64,584 static sex-independent
DHS was unchanged following hypophysectomy or GH pulse stimulation (Fig. 5A, plot 4).

7 eLife

Stratification of the full set of 2,729 male-biased DHS by the presence or absence of STATS5 binding,
as determined by ChIP-seq, highlighted the STAT5 dependence of the rapid increases in chromatin
accessibility stimulated by GH treatment (Fig. 5B, plot 1 vs plot 2). GH stimulated chromatin
reopening at the static male-biased DHS was also primarily associated with the STAT5-bound DHS
subset (Fig. S5Z, plot 2A vs 2B). In contrast, GH induced a much smaller increase in chromatin
opening at the STAT5-bound subset of sex-independent DHS (Fig. 5B (2, plot 3 vs plot 1), where
chromatin is already open and largely independent of plasma GH pulses (Fig. 3A 2, plot 3). GH
decreased chromatin accessibility within 30 min at the 123 genomic sites with lower chromatin
accessibility in STAT5-high liver as compared to STAT5-low liver (c.f., Fig. 2E(?), followed by a
return to baseline by 240 min (Fig. 5C @); this response pattern is consistent with the repression
of chromatin accessibility at these sites by endogenous GH/STAT5 pulses (Fig. 2E ). Finally, sex-
independent DHS that do not bind STAT5 were unresponsive to both hypophysectomy and GH
pulse treatment (Fig. 5B, plot 4).

A subset comprised of 354 dynamic, STAT5-high responsive DHS that close following
hypophysectomy did not reopen even 240 min after GH pulse treatment (Fig. 4E 2, Fig. S6 ().
These 354 DHS showed significantly lower differential chromatin accessibility between STAT5-
high and STAT5-low livers than did the dynamic STAT5-high DHS subset that responded to an
exogenous GH pulse (Fig. S6C (7, set 4 vs set 5). Conceivably, these 354 dynamic DHS may require
multiple GH pulses to reopen or may be co-dependent on other pituitary-regulated hormones
ablated by hypophysectomy.

Distinct sex-biased histone mark patterns at static and dynamic
sex-biased DHS

Our initial analyses revealed no major differences between dynamic and static male-biased DHS
regarding the distribution of enhancer vs insulator vs promoter classifications (Fig. S7A ) or
their overall chromatin state distributions (Fig. S7B (@). We therefore examined both classes of
male-biased DHS for differences in sex-biased histone marks (Table 1C(%). Male-biased enhancer
marks (H3K27ac and H3K4me1) showed strong enrichment at both dynamic and static male-
biased DHS when compared to a background set of 64,584 static, sex-independent DHS (Fig. 6A2,
Table S7B). In contrast, male-biased H3K36me3 marks, which are characteristic of transcribed
regions but have also been shown to inhibit the spread of PRC2-catalyzed H3K27me3 repressive
marks [35 (%], were enriched at static but not at dynamic male-biased DHS. In addition, static but
not dynamic male-biased DHS were significantly depleted of female-biased enhancer marks
(H3K27ac and H3K4me1) (Fig. 6B (@). This result is consistent with the above finding that static
male-biased sites are in a comparatively closed state in female liver (Fig. 3A(Z, plot 2; model in
Fig. 6C ). Static female-biased DHS showed strong enrichments for female-biased enhancer
marks (H3K27ac and H3K4mel), for female-biased H3K4me3 promoter marks, and for female-
biased H3K36me3 transcribed region marks (Fig. 6B 2), a pattern that was very similar to the
enrichments seen at static male-biased DHS (Fig. 6A ).
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Enrichments of sex-biased histone marks at dynamic and static DHS sets.

A. Enrichments of male-biased histone marks, and B. enrichments of female-biased histone marks. Data is presented as bar
graphs showing significant enrichments and significant depletions (negative Y-axis values) for the 6 indicated liver histone
marks for each of four DHS sets (see Fig. 2F 2). Enrichment data are graphed as 6 sets of four bars each, separated by
vertical blue lines and ordered from 1 to 4, as shown in the box in A and as marked above select bars. The set of 64,584 static
sex-independent DHS was used as the background for the enrichment calculations. Fisher Exact test significance values (log
p-values, indicated by bar color) are shown for all values that are significant at p<E-03. Values that did not meet this
significance threshold are graphed as ES = 1 (horizontal dashed green line); thus, all bars shown, except those graphed at ES
= 1.0, represent statistically significant enrichment or depletion. Full details on the numbers of sites, the source publications
used to identify these genomic regions, and corresponding BED files are shown in Table S7. C. Proposed model for chromatin
states adopted by dynamic male-biased DHS, by static male-biased DHS, and by static female-biased DHS in male liver (left)
and in female liver (right) in response to the stimulatory and/or repressive actions of plasma GH pulses (in male liver) and
persistent GH exposure (in female liver). Histone H3 marks are shown by small colored ovals attached to histone tails (see
legend in box). H3K27me3 is specifically used to repress chromatin at female-biased DHS in male liver, and H3K9me3 is
specifically used to repress chromatin at both classes of male-biased DHS in female liver. Sex-biased H3K36me3 marks are
uniquely associated with static male-biased DHS in male liver and with static female-biased DHS in female liver and may serve
to keep these DHS constitutively open by inhibiting the introduction of H3K27me3 repressive marks [35C2, 51 (2] at static
female marks in female liver, and perhaps also the introduction of H3K9me3 repressive marks at static male-biased DHS in
male liver. Continuous GH infusion in males overrides the stimulatory, chromatin opening effects of GH/STAT5 pulses on
dynamic male-biased DHS, leading to extensive closing of dynamic male-biased DHS (Table S2E). DHS with a combination of
activating and repressive histone marks in one but not both sexes (i.e., sex-dependent bivalent character) are indicated. The
degree of chromatin accessibility is indicated by the relative distance between nucleosomes. Black arrows indicate DHS
stimulation of gene transcription upon interaction with a nearby or distal gene promoter.
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Examination of two repressive histone marks, H3K27me3 and H3K9me3, revealed their use in a
unique way in each sex to enforce sex differences in chromatin states at sex-biased DHS (Fig.

6C ). Male-biased H3K27me3 marks were specifically associated with static female-biased DHS
(Fig. 6A @), consistent with our prior work showing deposition of these marks by the Ezh1/Ezh2
enzymatic component of PRC2 as a specific mechanism to repress many female-biased genes in
male liver [36 2 ]. In contrast, female-biased H3K9me3 repressive marks were significantly
enriched at both dynamic and static male-biased DHS (Fig. 6B (% ); however, we did not find any
corresponding enrichment of male-biased H3K9me3 marks at female-biased DHS. This novel
finding suggests that H3K9me3 marks are specifically used to repress male-biased genes in female
liver, contrasting with the specific use of H3K27me3 marks to repress female-biased genes in male
liver.

7 eLife

Chromatin state analysis uncovers bivalent-like states at closed
sex-biased DHS

We sought to delineate chromatin state differences at sex-biased DHS in each sex by computing
the enrichment (or depletion) of each of 14 distinct chromatin states for each DHS set. These 14
chromatin states are defined by a panel of activating and repressive histone-H3 marks and by the
presence of open chromatin (Fig. 1C %) and were determined separately for male and female
mouse liver [18 Z]. Enrichments were calculated using a genome-wide background set comprised
of all 64,584 static sex-independent DHS (Fig. 7%). In male liver, enhancer state E6 (characterized
by the presence of DHS, H3K27ac and H3K4mel; Fig. 1C %) was enriched at both dynamic and
static male-biased DHS, and at dynamic sex-independent DHS. Promoter states E7 and E8 were
significantly depleted, consistent with the paucity of promoter states in the full set of male-biased
DHS (Fig. 1A ). Dynamic but not static male-biased DHS showed strong depletion in male liver of
the inactive chromatin states E1 (H3K27me3 marks) and E2 (major marks not identified) and of
state E14 (H3K36me3 marks) (Fig. 7A@). Finally, we observed strong enrichment of the inactive
state E2 at both dynamic and static male-biased DHS in female liver (Fig. 7B2).

Dynamic male-biased DHS were enriched for the enhancer state E9 in female liver (ES=2.42,
p=1.6E-69; Fig. 7B (¥) but not male liver (Fig. 7A(@). The emission parameters of state E9 are very
similar to those of state E6, namely, it shows a high frequency of the activating chromatin marks
H3K27ac and H3K4me1 but lacks the open chromatin (DHS) feature characteristic of state E6 (Fig.
1C@). Thus, in female liver, dynamic male-biased DHS contain histone marks that typify an active
enhancer but are inactive due to the comparatively closed state of their chromatin. Indeed, the
extent of chromatin opening at these DHS in female liver is equivalent to the level of chromatin
opening seen at the same set of sites in male liver between GH/STATS5 activity pulses (Fig. 3A2,
plot 5; model in Fig. 6C#). Dynamic male-biased DHS were also enriched for chromatin state E10
in female liver (ES=2.89, p=1.9E-18) but not male liver. State E10 shows a high frequency of
H3K27ac marks, but not H3K4me1 marks, and lacks DHS. This pattern of chromatin state E9 and
E10 enrichment at dynamic male-biased DHS in female liver, combined with the strong
enrichment of H3K9me3 repressive marks (Fig. 6B(2), indicates that the genomic regions
encompassing dynamic male-biased DHS are in a bivalent-like chromatin state in female liver (Fig.
6C ). Such a bivalent state could facilitate chromatin opening under certain pathological
conditions, e.g., chemical exposure or biological stress.

Static female-biased DHS showed little or no enrichment of specific chromatin states in female
liver when compared to the genome-wide background set of static sex-independent DHS (Fig.

7B @). This supports a model whereby their female bias in accessibility is largely due to active
suppression in male liver (Fig. 6C ). Indeed, the genomic regions encompassing static female-
biased DHS were strongly enriched in male liver for inactive chromatin states E1 (repressive mark
H3K27me3), E2 and E4 (Fig. 7A (). Static female-biased DHS showed weak enrichment for
enhancer states E10 and E11 in male liver, which are respectively characterized by the active
enhancer marks H3K27ac and H3K4me1 but devoid of DHS. This is analogous to the finding,
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Enrichments of chromatin states at sex-biased and sex-independent dynamic and static DHS.

A. Enrichments of male liver chromatin states at each of the 4 indicated DHS sets, and B. enrichments of female liver
chromatin states at each of the 4 indicated DHS sets. Data are presented as described in Fig. 6 &, with the set of 64,584 static
sex-independent DHS used as background for the enrichment calculations. Many of the background set of DHS are active
regulatory regions replete with enhancer marks, hence it is to be expected that the dynamic and static sex-biased DHS sets
would show low, albeit significant enrichments for enhancer states E5, E6 and E9-E11. Full details on these analyses including
DHS chromatin states and source publications used to identify these genomic regions are provided in Table S7.
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above, that male-biased DHS are enriched for chromatin states replete with active histone marks
but deficient in DHS in female liver. Static female-biased DHS also showed modest enrichment in
male liver for bivalent state E12, which is characterized by a mixture of activating histone marks
and the presence of repressive H3K27me3 marks, consistent with the strong enrichment of the
latter marks seen in Fig. 6A (7, above, and the overall conclusion that at least a subset of static
female-biased DHS is in a bivalent-like state in male liver. This pattern is analogous to the bivalent
state adopted by dynamic male-biased DHS in female liver, except for the use of distinct marks to
effect sex-specific repression in each sex, namely: H3K9me3 in female liver and H3K27me3 in
male liver (Fig. 6C ). Finally, promoter-like states E7 and E8 were significantly depleted from
static female-biased DHS (Fig. 7@), consistent with female-biased DHS largely being gene distal
sex-biased enhancers.

7 eLife

Distinct gene targets and enriched biological processes of dynamic

and static sex-biased DHS

Dynamic and static male-biased DHS both showed strong enrichment for mapping to male-biased
gene targets (8-fold and 11.7-fold enrichments, respectively), as did static female-biased DHS for
female-biased gene targets (12.5-fold enrichment) when DHS were mapped to the single nearest
transcription start site in the same TAD (Table S2B). Further, mapping DHS to putative target genes
using GREAT, which typically maps each DHS to two genes, revealed examples where many male-
biased genes may be regulated by multiple male-biased DHS. In some cases, all of the associated
male-biased DHS were static male-biased DHS (e.g., Cyp4al2a, with 7 static male-biased DHS),
while in other cases they were a mixture of dynamic and static male-biased DHS (e.g., Cyp7b1, with
7 dynamic and 8 static male-biased DHS) (Table S9A). Top female-biased genes enriched for nearby
static female-biased DHS included Cux2 and three Cyp3a genes, with 10-15 female-biased DHS each
(Table S10C). Sex-independent genes that are well-established direct targets of STAT5 [37 (3]
include Igf1, a target of 12 dynamic sex-independent DHS and 3 dynamic male-biased DHS, and
Socs2, a target of 8 dynamic sex-independent DHS (Table S10D, Table S10A). Other analyses
revealed that all three sets of sex-biased DHS were significantly enriched for mapping to
hypophysectomy class I-responsive sex-biased genes as compared to hypophysectomy class II-
responsive sex-biased genes (Table S2B). This finding indicates that the sex-biased DHS sets are
enriched for positively-acting enhancers that close following hypophysectomy, which leads to
decreased expression of their class I (i.e., hypophysectomy repressed) sex-biased gene targets.

The gene targets of each sex-biased DHS set were enriched for distinct but partially overlapping
Gene Ontology (GO) Biological Processes, as determined by GREAT analysis. Top enriched GO
terms common to both dynamic and static male-biased DHS included lipid metabolic process and
steroid metabolic process, consistent with the major role that GH plays in the male-prevalence of
fatty liver development and liver metabolic disease [3 -5 2 ]. Unique enriched terms for
dynamic male-biased DHS included cell adhesion, gland development and hepaticobiliary
development, whereas gene targets of static male-biased DHS were uniquely enriched for cellular
response to glucocorticoid stimulus and EGF receptor signaling, among others (Fig. S8 2, Table
S10, bottom).

Static female-biased DHS gene targets were uniquely enriched for long chain fatty acid metabolic
pathway and related terms. Finally, the set of dynamic sex-independent DHS mapped to gene
targets enriched for terms related to glucose transport and metabolism, IGF receptor signaling and
fibroblast proliferation (Fig. S8 ). This finding is consistent with the widespread metabolic
effects that GH has in both sexes, including complex effects on glucose uptake and glucose
oxidation, and on hepatic gluconeogenesis and glycogenolysis [38 (2].
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% elLife Discussion

Sex differences in chromatin accessibility are a central epigenetic feature that enables regulatory
proteins, such as the GH-activated transcription factor STAT5, to bind chromatin and regulate
hepatocyte gene transcription in a sex-specific manner. However, the underlying mechanisms
controlling sex differences in liver chromatin accessibility, which occur at more than 4,000 distinct
sites across the mouse genome, are poorly understood. GH, working through its sex-dependent
temporal patterns of secretion by the pituitary gland, is the major hormonal factor controlling
STAT5-dependent sex differences in liver gene transcription, but little is known about the potential
of GH to directly regulate sex differences in the epigenetic landscape required for sex-dependent
transcriptional outputs. To address this question, we elucidated the impact of male plasma GH
pulses on global patterns of liver chromatin accessibility by analyzing livers from a population of
18 individual male mice euthanized at either a peak or a trough of plasma GH pulse-stimulated
hepatic STAT5 DNA-binding activity.

Our findings establish that the naturally occurring, endogenous plasma GH pulses characteristic of
males induce dynamic cycles of chromatin opening and closing at several thousand DNase-I
hypersensitive sites (DHS) in male mouse liver and that these events comprise one of two major
mechanisms regulating the male bias in liver chromatin accessibility. Analysis of sex-dependent
transcription factor binding patterns, histone marks and chromatin states elucidated key features
distinguishing this dynamic mechanism of male-biased enhancer activation from that of static, GH
pulse-unresponsive male-biased DHS and from female-biased DHS (see model, Fig. 6C ). GH thus
acts at three distinct steps to regulate sex-dependent hepatocyte gene expression, all three
involving the GH-activated transcription factor STAT5 (Fig. 8 @): GH pulse-induced chromatin
opening at dynamic male-biased DHS driven by pulsatile GH activation of STAT5, as discussed
further, below; direct transcriptional activation of sex-biased genes by GH-activated STAT5; and
GH/STAT5-dependent transcriptional regulation of downstream repressors, such as the female-
specific CUX2, which binds to male-biased enhancers in female liver to reinforce sex differences in
gene transcription.

Endogenous GH/STAT5 pulses activate dynamic male-biased DHS

GH pulse-induced chromatin opening in male mouse liver is shown to be directly controlled by the
endogenous male rhythm of plasma GH stimulation of hepatocytes, the major liver cell type
contributing to sex-biased liver gene expression [39 (2 ]. The GH pulse-regulated chromatin regions
identified here responded to changes in plasma GH levels in a rapid and dynamic manner, with
extensive GH-induced chromatin opening occurring within 30 min, as seen when
hypophysectomized male mice were given a physiological replacement dose of GH pulse by
intraperitoneal injection (Fig. 4A ). This time course is consistent with the rapid activation of GH

receptor signaling to STAT5, which occurs within 5 min in cell culture [40 %] and within 15 min in

identified here (710 of 834 dynamic male-biased DHS) were bound by STAT5, which appears to be
a key driver of these GH pulse-induced chromatin opening events.

Chromatin closing followed the termination of nuclear STATS5 signaling, which is complete within
4h [16Z] and occurs in sufficient time to reset the GH receptor-JAK2 signaling complex and

chromatin opening at dynamic male-biased DHS were both significantly lower in livers of female
mice, where plasma GH levels and liver STATS5 activity are persistent (near-continuous) yet
ineffective at maintaining an open chromatin state. Indeed, the extent of chromatin opening at
these male-biased DHS in female liver is very similar to the level in livers from male mice
euthanized when liver STAT5 activity is low, a time inferred to be between plasma GH pulses
(STAT5-low male livers; Fig. 3A %, panel 5). Pulsatile chromatin opening stimulated by
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Fig. 8.

STATS regulates sex-dependent hepatocyte gene expression at three distinct step.

(1) Sex-biased chromatin opening: GH pulse-induced chromatin opening at dynamic male-biased DHS is driven by pulsatile
GH activation of STAT5 in male liver, whereas persistent activation of STAT5 in female liver is associated with static female-
biased chromatin opening. (2) Sex-biased transcriptional activation: Sex differences in open chromatin regions and their
accessibility enable GH-activated STATS to bind chromatin in a sex-biased manner and induce the transcriptional activation of
sex-biased genes. (3) Sex-based transcriptional repression: The sex-biased regulatory genes regulated in step (2) include the
GH/STAT5-dependent repressor proteins BCL6 (male-biased) and CUX2 (female-specific), which reinforce sex differences in
transcription by preferentially suppressing the expression of female-biased and male-biased genes, respectively, as indicated.
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o7 L f endogenous plasma GH pulses is thus a unique mechanism for establishing and maintaining male-

OAY]

zieLire biased chromatin accessibility and transcription factor binding at 834 male-biased DHS,
corresponding to 31% of all male-biased DHS in the liver.

GH pulse-responsive DHS were discovered by comparing global chromatin accessibility patterns
in a set of 8 livers collected from mice euthanized at a peak of GH-activated STAT5 DNA-binding
activity (STAT5-high livers) to those of 10 other livers from mice euthanized between pulses of
STATS5 DNA-binding activity, i.e., when liver STATS5 activity is very low or undetectable (STAT5-low
livers). Three other male livers gave DNase-seq profiles inconsistent with their EMSA-determined
STATS5 DNA-binding activity. These outlier livers may have come from male mice euthanized just
after the onset of a STAT5 pulse [27 2 ], when more time is needed to induce chromatin opening (2

the reversal of chromatin opening (1 outlier). Importantly, the top 200 genomic regions showing
differential chromatin opening between STAT5-high and STAT5-low livers also separated a group
of nine C57Bl/6 male mouse liver DNase-seq samples from the ENCODE consortium into two
distinct classes, corresponding to the accessibility patterns of STAT5-high activity livers (n=4) and
STATS5-low activity livers (n=5), respectively. Thus, the overall GH-induced signaling pathways and
downstream epigenetic events leading to dynamic chromatin opening and closing at these specific
genomic regions is robust across studies and mouse strains.

STAT5-high male livers showed the highest levels of chromatin accessibility among the male-
biased DHS that bind STATS5. Similarly, a higher level of chromatin opening was seen at sex-
independent DHS that bind STAT5 compared to those that do not bind STAT5 (Fig. 3A2, panel 3 vs
4). There is thus a close linkage between STAT5 binding and the extent of chromatin opening. This
finding is consistent with the proposal that STATS acts as a pioneer factor to enable chromatin
noted, however, that pulsatile chromatin opening also occurred at the small subset (15%) of
dynamic male-biased DHS that do not bind STATS, suggesting other GH receptor signaling
pulsatile STAT5 activation and pulsatile STAT5 DNA binding alone are not sufficient to insure
pulsatile chromatin opening, insofar as many sex-independent DHS do bind STATS5, yet are
constitutively open in both male and female liver (Fig. S2C, plot 5A). Finally, plasma GH pulse
stimulation decreased chromatin accessibility at a small number of liver DHS, most of which were
sex-independent. The mechanism for this GH-stimulated decrease in accessibility and its
physiological significance are unknown.

Sex-dependent regulation of static male-biased DHS

We identified a second, but less well-defined mechanism that controls the male bias in chromatin
accessibility at a distinct DHS set, comprised of 1,895 static male-biased DHS. These DHS represent
69% of all male-biased DHS and mapped to a set of target genes and enriched biological processes
distinct from but overlapping with those of the dynamic male-biased DHS. Static male-biased DHS
are constitutively open in male liver, with chromatin accessibility largely unchanged across the
peaks and valleys of GH-induced liver STAT5 activity. Nevertheless, GH regulates the sex bias of
these static DHS, as evidenced by their extensive closure in livers of male mice given a continuous
infusion of GH (Table S2E), which mimics the female plasma GH pattern and substantially
feminizes liver gene expression [17(5, 453 ].

Thus, in contrast to dynamic male-biased DHS, the sex biased chromatin accessibility of static
male-biased DHS is primarily due to their closed chromatin state in the persistent GH signaling
environment of female liver. Static male-biased DHS are relatively deficient in STAT5 binding
when compared to dynamic male-biased DHS, but showed significant enrichment for binding the
female-specific repressor protein CUX2 [30(% ], which we infer contributes to their closure in both

female liver and in continuous GH-infused male liver (where CUX2 is induced to female-like levels
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biased DHS showed strong enrichment of male-biased binding sites for the pioneer factors FOXA1
and FOXA2, which may help maintain their constitutively open chromatin state in male liver.

Novel insights into underlying mechanisms from chromatin state

analysis

Both dynamic and static male-biased DHS are largely (~95%) promoter-distal enhancer DHS, as
indicated by their flanking histone modifications. This supports our prior finding that sex-
dependent intra-TAD DNA looping mechanisms are common in mouse liver [24 Z] and indicates
such looping mechanisms likely bring both sets of male-biased DHS into closer proximity with
their sex-biased promoter targets. Dynamic male-biased DHS were enriched for the active

enhancer state E6 in male liver but were enriched for enhancer states E9 and E10 in female liver.

Enhancer states E9 and E10 are characterized by a high frequency of same activating chromatin
marks as chromatin state E6, namely H3K27ac and H3K4me1 (E9) or H3K27ac alone (E10), but
unlike E6 they are both deficient in open chromatin (DHS) (Fig. 1C2). Thus, in female liver,
dynamic male-biased DHS regions contain active histone marks but are in a comparatively closed
chromatin state. This may in part be due to their enrichment for female-biased H3K9me3
(repressive) histone marks, which gives them bivalent character (Fig. 6C (2). A bivalent chromatin
state may protect dynamic male-biased DHS from irreversible silencing [48 5] and give them the
potential for chromatin opening and activation of their latent enhancer activity in female liver,
e.g., in response to chemical exposure or biological stress [49 (2 ]. In contrast, static male-biased
DHS are depleted of female-biased enhancer marks (H3K27ac and H3K4me1) and are in an
inactive chromatin state in female liver. Notably, the bivalent female chromatin state of dynamic
male-biased DHS is distinct from the poised state these genomic regions apparently adopt in male
liver between plasma GH pulses (i.e., in STAT5-low male liver) (Fig. 6C) and in
hypophysectomized male liver, where a single GH pulse is all that is required to induce rapid

chromatin opening, even after several weeks of pituitary hormone ablation.

The set of female-biased DHS identified here is almost entirely (99%) static, i.e., GH pulse-
unresponsive, and showed strong enrichment for three female-biased activating chromatin marks,
H3K27ac, H3K4mel and H3K4me3. These DHS also showed strong enrichment for female-biased
FOXA2 binding, which likely contributes to their high chromatin accessibility in female compared
to male liver (Fig. 6C%). The static female-biased DHS also showed strong enrichment for the
repressive histone mark H3K27me3 in male liver, which is expected to contribute directly to their
closed, inactive chromatin state. Moderate enrichments for several chromatin states characterized
by the presence of activating chromatin marks but lacking in DHS (states E10, E11 and E12) was
also observed. This indicates heterogeneity within the set of static female-biased DHS, some of
which have bivalent chromatin character in male liver. Evidence for heterogeneity of these
female-biased DHS also comes from their varied time-dependent loss of H3K27me3 marks and
from their differential time courses for chromatin opening when male mice are given GH as a
continuous infusion [17 & ]. Heterogeneity was also seen in the extent of female-biased target gene
de-repression when H3K27me3 marks are lost from livers of male mice deficient in the H3K27-
trimethylase enzyme complex PRC2 [36 (2 ]. Further study is needed to elucidate the mechanistic
basis for these time-dependent epigenetic responses and their associated sex-biased gene
expression changes [17 2 ].

Novel insight into the fundamental underlying epigenetic mechanisms of sex-biased gene
regulation comes from our discovery that distinct repressive histone marks, H3K27me3 and
H3K9me3, are used in a unique way in each sex to enforce sex differences in chromatin states at
sex-biased DHS. Whereas male-biased H3K27me3 repressive marks are highly enriched at, and are

specifically associated with, static female-biased DHS, in agreement with our prior work [18 (2,
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both dynamic and static male-biased DHS, without a corresponding enrichment of male-biased
H3K9me3 marks at static female-biased DHS. This unexpected finding supports the proposal that
sex-specific gene repression is mediated by two distinct mechanisms, with H3K9me3 marks
specifically used to repress certain male-biased regulatory sites in female liver, and H3K27me3
marks specifically used to repress female-biased regulatory sites in male liver.

7 eLife

Finally, we discovered that sex-biased H3K36me3 marks are a unique distinguishing feature of
static sex-biased DHS, with male-biased H3K36me3 marks being highly enriched at static male-
biased DHS but not at dynamic male-biased DHS, and female-biased H3K36me3 marks highly
enriched at static female-biased DHS (Fig. 6C ). H3K36me3 marks are classically associated with
the demarcation of actively transcribed genes [50 ] but are also used to maintain cell type
identity by inhibiting the spread of H3K27me3 repressive marks at cell type-specific enhancers
[35C, 51 (2]. The enrichment of H3K36me3 marks at static male-biased DHS described here could
thus be an important mechanism to maintain sex-dependent hepatocyte identity by keeping static
male-biased enhancers constitutively open and free of H3K27me3 repressive marks in male liver,
and similarly for H3K36me3 marks enriched at static female-biased DHS in female liver. Further
study is needed to elucidate the underlying mechanisms whereby these and the other sex-specific
histone marks discussed above are deposited on chromatin in a sex-dependent and site-specific

manner and the roles that GH plays in regulating these epigenetic events.

Discovery of regulatory elements associated with class I and class

II sex-biased genes

DNase-seq profiling identified more than 5,000 liver DHS that open or close following
hypophysectomy. Strikingly, a single physiological replacement dose of GH restored, within 30
min, liver STAT5 activity and chromatin accessibility at 83% of dynamic male-biased DHS that
closed following hypophysectomy. These chromatin sites are maintained in a primed (poised) state
in hypox male liver over a period of several weeks, despite the prolonged deficiency of GH and
other pituitary hormones, including gonadal steroids, and the dysregulation of several thousand
liver-expressed genes [6(7, 16 2 ]. DHS that close in male liver following hypophysectomy were
enriched for proximity to class I male-specific genes, which are down regulated in hypox male
liver, whereas DHS that close in hypox female liver showed the strongest enrichment for class I
female-specific gene targets, which are down regulated in hypox female liver (Fig. S4 ™, model).
Furthermore, DHS that open in male liver following hypophysectomy were enriched for proximity
to class II female-specific genes and DHS that open in female liver were enriched for proximity to
class II male-specific genes (Fig. 4D (@). These enrichments are consistent with the definition of
class II sex-biased genes, i.e., genes that are up regulated by hypophysectomy in the sex where
they show lower expression in intact mice. Together, these findings lend strong support for the
functional role of each class of sex-biased and pituitary hormone-dependent DHS as regulatory
elements with intrinsic, positively acting enhancer potential, keeping gene expression on in intact
liver by maintaining open chromatin, e.g., at male-biased DHS repressed in hypox male liver in the
case of class I male-biased genes, or keeping gene expression off by maintaining a closed
chromatin state, e.g., at female-biased DHS induced in hypox male liver in the case of class I
female-biased genes. Further study will be required to elucidate the underlying regulatory factors
and molecular mechanisms governing these gene regulatory circuits, in particular those
controlling the de-repression of class II sex-biased genes following pituitary hormone ablation.

Pituitary GH secretory patterns vs. gonadal steroids as regulators

of sex-biased liver chromatin accessibility and gene expression

While testosterone has a well-established role in programming hypothalamic control of pituitary
GH secretory patterns [9 @ -11 (2], it is also possible that androgens and estrogens could regulate

sex differences in hepatocytes directly at the epigenetic or transcriptional level. However, our
findings support the proposal that plasma GH patterns, and not gonadal steroids, dominate
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epigenetic control of liver sex differences. First, the ability of a single exogenous plasma GH pulse
to rapidly reopen dynamic male-biased DHS closed by hypophysectomy - in the face of ongoing
ablation of pituitary stimulated gonadal steroid production and secretion — implicates GH
signaling per se in the direct regulation of chromatin accessibility for this class of male-biased
DHS. Second, GH regulates the sex bias of static male-biased DHS as well, as evidenced by their
widespread closure in male liver following continuous GH infusion (Table S2E). It is important to
note, however, that hepatocyte-specific knockout of androgen receptor (AR) does, in fact,
dysregulate ~15% of sex-biased genes, albeit with a much lower effect size than global AR

7 eLife

mechanism, acting either alone or in concert with GH-activated STAT5 to keep chromatin open
constitutively at a subset of static male-biased DHS, of which 32% undergo at least partial closure
in male liver following hypophysectomy (Fig. 4C ). Estrogen receptor (ERa) likely plays only a
minor role in regulating sex-biased liver DHS enhancers, given the lack of effect of hepatocyte-
specific ERa knockout on sex-biased liver gene expression [22 @] and our finding that only 12% of

Methods

Animal treatments and DNase-seq analysis

study design, sample size, randomization, experimental animals and procedures, and statistical
methods, and with approval of the Boston University Institutional Animal Care and Use
Committee. Male and female CD1 mice (ICR strain, strain code # 022), 7-weeks old and purchased
from Charles River Laboratories (Wilmington, MA), were kept on a 12-hour light/dark cycle with
food and water without restriction. Livers were collected from individual untreated mice between
8 and 10 weeks of age. Where indicated, male and female mice were hypophysectomized (hypox)
by the supplier at ~7-8 weeks of age.

Completeness of hypophysectomy was verified by the absence of weight gain over a 2-3 week
period and by the lack of Mup protein in urine samples (SDS-PAGE analysis) [16 (2 ]. Hypox male
mice were treated with recombinant rat GH (purchased from Prof. Arieh Gertler, Protein
Laboratories Rehovot Ltd, Rehovot, Israel), given as a single intraperitoneal injection at 125 ng of

GH per gram body weight [6 (7 ], or vehicle (control), and were euthanized by cervical dislocation

widely used to study reactivation of hepatic Igf1 following hypophysectomy {Alzhanov, 2015 #77}.
A protein extract prepared from a small piece of each liver to be used for DNase-seq analysis (see
below) was assayed for liver STAT5 DNA-binding activity by EMSA, as described [16 (Z]. Results of
this assay allowed us to classify each individual male mouse as STAT5-high activity (n=10) or
STATS5-low activity (n=11) at the time of euthanasia and liver collection. EMSA was also used to
verify the ablation of liver STAT5 activity following hypophysectomy and the effectiveness of
exogenous GH administration at restoring endogenous STAT5-high liver levels of STAT5 EMSA

activity within 30 min.

DNase-seq libraries, Illumina sequencing, and data processing
Livers used for these analyses were obtained from intact male and female mice, from hypox male
and hypox female mice, and from hypox male mice given a single injection of GH and euthanized
30, 90 or 240 min later (n=6-12 livers per group). Nuclei were purified from individual fresh livers
as described [19(% ] and stored at -80 °C. Nuclei were subsequently treated with DNase I to release
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D eLl fe give n=2 to n=4 independent pooled samples, which were used to prepare DNase-seq libraries for

KA each mouse group (Table S1). In the case of STAT5-high and STAT5-low liver DHS analysis,
however, DNase-seq libraries were prepared directly from DNase-I digested fragments released
from each individual liver without pooling, as described below. DNase-seq libraries were prepared
using the NEBNext Ultra Library Prep Kit for Illumina (New England Biolabs). Illumina sequencing
was performed on an Illumina HiSeq instrument to a depth of 12 to 33 million mapped 40-50 bp
single-end sequence reads per sample. Detailed sequencing statistics are shown in Table S1. Raw
and processed data are available at www.ncbi.nIm.nih.gov/gds @ under accession numbers
GSE131848 and GSE131852 (SuperSeries GSE131853).

Sequencing data was analyzed using a custom in-house DNase-seq pipeline [49 (2 ]. Briefly, the
pipeline processes raw FASTQ files and outputs various control metrics, including FASTQC reports,
confirmation of read length, verification of the absence of read strand bias, and identification of
contaminating adaptor sequences using Trim Galore (https://github.com/FelixKrueger/TrimGalore 2).

Reads were mapped to mouse genome mm9 using Bowtie2 (v2.2.6) [57 2 ]. Regions of DNase

using the option (-nomodel -shift -100 —extsize 200) to inhibit read shifting, and the option (-keep-
dup) to retain all reads that contribute to the peak signal. Peaks were discovered for each
individual DNase-seq library then filtered to remove peaks that overlap ENCODE blacklisted
regions [59 (2] as well as peaks comprised of 5 or more identical reads that do not overlap any
other read (“straight peaks”). Nine additional individual male mouse liver DNase-seq datasets
generated by the ENCODE consortium (FASTQ files downloaded at http://genome.ucsc.edu/cgi-bin
/hgFileUizdb=mm9&g=wgEncodeUwDnase ™ ; GEO accession: GSM1014195, liver replicates #5 to #13)
were analyzed using the same DNase-seq pipeline (cell line, liver; strain, C57BL/6; age, adult 8
weeks; sex, male). These DNase-seq datasets were single end sequencing reads, 36 bp in length,

with a sequencing depth of 19 to 37 million total mapped reads per sample.

Liver DHS classification and DHS gene target expression data

A set of 72,862 mouse liver DHS regions previously identified by DNase-seq analysis of male and
female mouse liver [19 (%] was filtered to remove 515 DHS regions that overlapped ENCODE
blacklisted regions. 2,136 DHS regions that could not be classified according to a 5-class DHS model
defined previously [20 2 ] were also removed to obtain a standard reference set comprised of
70,211 mouse liver DHS. Each DHS was designated as a promoter, weak promoter, enhancer, weak
enhancer, or insulator DHS based on the 5-class model, which is primarily based on ChIP-seq
signals for the H3 histone marks H3K4meland H3K4me3, combined with CTCF ChIP-seq binding in
adult male mouse liver [20 ™ ]. Weak enhancers were identified by their low levels of H3K27ac
ChIP-seq signal compared to DHS classified as enhancers, combined with a distance from RefSeq
gene transcription start sites inconsistent with a weak promoter designation [20 X2 ]. Further,
individual DHS were designated male-biased (n=2,729), female-biased (n=1,366), or sex-
independent (n= 66,116) based on significant differences in chromatin accessibility between male
and female mouse liver [19 X ]. Each DHS was assigned a single putative gene target (RefSeq gene

or multi-exonic IncRNA gene {Melia, 2019 #21}) corresponding to the closest transcription start site
within the same TAD [20 & ], except as noted. Table S2A lists DHS target genes, their overlap with

accessibility) in male and female mouse liver, and their responses to hypophysectomy and to
hypophysectomy + GH treatment. For some analyses, including Gene Ontology (GO) enrichments,
target genes using default settings for the Basal + extension gene association rule, which typically
assigns two genes to each DHS. GREAT output is provided in Table S9 and Table S10.
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7 eLife Differential DHS between STAT5-high and STAT5-low activity livers
Nuclei purified from each individual STAT5-high activity (n=10) and STAT5 low-activity mouse
liver (n=11) (Table S1), classified based on EMSA as described above, were analyzed by DNase-seq
to discover genomic regions (i.e., DHS) that responded dynamically to endogenous plasma GH
pulses and the associated changes in liver STAT5 DNA-binding activity, as follows. diffReps analysis
[28 2] was used to discover genomic sites that were more open or were more closed (DNase-seq
normalized intensity |fold-change| > 2 and FDR < 0.05 [Benjamini-Hochberg adjusted p-value]) for
the set of EMSA-identified STAT5-high activity livers as compared to the set of EMSA-identified
STAT5-low activity livers. The diffReps nucleosome option (200 bp window size) was used and the
option (-frag) was set to zero for all comparisons. The differential sites that diffReps identified as
significant were further analyzed by two methods, principal component analysis and boxplot
analysis, to determine the distributions of normalized sequence read counts (reads per kilobase
per million mapped reads) for each individual DNase-seq library. Three outlier DNase-seq samples
were thus identified: two from livers designated STAT5-high activity based on EMSA (samples
G74A_M1 and G74A_M2), which gave DNase-seq read count distributions (top 200 and top 600
diffReps-identified differential sites, ordered by decreasing fold-change in chromatin opening)
more similar to STAT5-low activity livers; and one from a STAT5-low EMSA activity liver (sample
G92_M5), which gave a DNase-seq read count distribution more similar to STAT5-high activity
livers. These 3 outlier liver DNase-seq libraries were excluded from all downstream analysis. Next,
we implemented diffReps analysis using the same cutoffs described above to compare the DNase-
seq activity profiles of the remaining EMSA-identified STAT5-high activity (n=8) and STAT5-low
activity (n=10) DNase-seq samples. The resultant set of diffReps differential sites was overlapped
with a MACS2 DHS peak union list, which was obtained by merging the MACS2 DHS peak calls
from all 18 male mouse liver DNase-seq samples using the BEDTools Merge command. This
overlap analysis yielded a final set of 70,767 MACS2 DHS peak union sites (Table S4B), of which
2,832 MACS2-identified DHS that were more open (more accessible chromatin state) and 123 DHS
were in a more closed chromatin state based on their overlap with the diffReps-identified STAT5-
high vs. STAT5-low livers differential regions (Fig. 2E?). The other 67,812 DHS regions were
designated static DHS, as they did not overlap a diffReps-identified STAT5-high vs. STAT5-low
differential region.

Comparison of these 70,767 MACS2-identified DHS peak union sites with our standard reference
set of 70,211 mouse liver DHS identified n=2,373 reference set DHS that overlapped a STAT5-high
differential site (Fig. 2F @3), n=98 reference set DHS that overlapped a STAT5-low differential site,
and n=45,754 liver DHS that overlapped a static DHS site (Table S2A, columns H and I). The
remaining 21,986 standard reference set DHS did not overlap the 70,767 DHS peak union list and
namely, male-biased, female-biased, or sex-independent, to each DHS that overlapped the
reference set 70,211 liver DHS (Table S2A, column F). The standard reference set liver DHS were
further designated dynamic DHS if they overlapped a STAT5-high > STAT5-low differential DHS
(i.e., a GH/STATS5 pulse-opened DHS). Liver DHS not identified as dynamic (including the 98 STATS5-
low > STAT5-high DHS peak union sites that overlap a standard reference set DHS) were
designated static with respect to chromatin accessibility changes induced by endogenous GH-
induced STATS pulses. Sex-specific DHS were thus designated dynamic male-biased DHS, static
male-biased DHS, dynamic female-biased DHS, or static female-biased DHS with respect to
GH/STAT5-induced chromatin opening (Table S2A, column I). Sex-independent DHS were similarly
designated dynamic or static sex-independent DHS (Fig. 2F2).

DNase-I cut site aggregate plots

Normalized DNase-I cut site aggregate plots were generated using an input DNase-seq dataset and
the set of input genomic regions (DHS sequences) to be analyzed by sequence read counting. First,
FASTQ files from DNase-seq biological replicates were concatenated to obtain a single combined
replicates file for each treatment group. For example, for male liver, we generated a single
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combined STATS5-high DNase-seq FASTQ file by merging the n=8 biological replicate STAT5-high
liver FASTQ files, and separately, we generated a single combined STAT5-low sample by merging
the n=10 biological replicate STAT5-low DNase-seq FASTQ files (Table S1). Combined replicate
FASTQ files were generated for intact female, hypox female, hypox male, and each of the hypox
male + GH treatment time point DNase-seq samples in the same manner. Second, for each
combined replicate file, a BED file comprised of positive and negative strand reads was processed
to determine the DNase-I cut site, which corresponds to the 5’-end of each sequence read. Third,
the set of input genomic regions was processed to generate a list of 2 kb regions centered at the
midpoint of each DHS. The BEDTools Coverage command using the (-d) option was used to count
the number of DNase-I cut sites at each nt position of the 2 kb midpoint-centered regions, thus
producing a read count matrix composed of 2,000 read counts for each input genomic region.
Fourth, a custom R script was used to load the read count matrix, calculate the sum of read counts
at each nt position, normalize the raw read counts by the number of reads in the subset of 70,211
standard reference DHS to be analyzed, normalize by the number of input genomic regions, and
then generate a plot of the DNase-I signal across the input genomic regions. The resultant
normalized DNase-I cutting profiles were then smoothed using a LOWESS smoother as
implemented in R (package: gplots v3.0.1.1). An offset was applied to the profile by subtracting an
average read count (calculated from the first 200 nt positions) from the normalized read count
intensity to standardize the baseline of each profile. Profiles for other, related DNase-seq datasets
were processed in the same manner and were plotted on the same set of axes to enable direct
comparisons across all such plots in Figs. 22,3 and 5 and Figs. S2, S5 and S6.

7 eLife

Impact of hypophysectomy and GH injection on chromatin

opening and closing

MACS2 was used to discover differential DHS peaks in DNase-seq samples prepared from intact
male and intact female mouse liver, hypox male and hypox female mouse liver, and from livers of
hypox male mice given a single injection of GH and euthanized either 30, 90, or 240 min later
(Table S1). The effects of hypophysectomy on chromatin accessibility were determined by
comparing hypox liver DNase-seq samples to the corresponding samples prepared from intact
liver (control) samples in male liver and separately in female liver. The effects of a single injection
of GH were determined by comparing DNase-seq samples from livers of hypox male mice treated
with GH to the untreated hypox male liver controls at each time point. For each comparison, a
DHS peak union list was generated by merging the MACS2 DHS peak calls from all individual
biological replicates for the corresponding treatment group. For example, a single peak union list
for the hypox male compared to intact male liver samples was generated by merging all the
MACS2 peaks from each of the n=8 individual male mouse liver DNase-seq samples (n=6 intact
male control livers and n=2 hypox male livers; Table S1). Genomic regions that showed
significantly differential DNase-seq signal between hypox and intact control livers, or between
hypox male + GH and hypox male livers were discovered separately for each comparison using
diffReps, using the nucleosome option (200 bp window). Significance was based on |fold-change |
> 2 and FDR < 0.05 (Benjamini-Hochberg adjusted p-value) for diffReps-normalized signal intensity
values. The diffReps-identified differential sites were then filtered by their overlap with the peak
union list for all 8 samples to obtain the sets of differential DHS (e.g., 2,142 DHS that open and
4,856 DHS that close in male liver following hypophysectomy; Table S4A). MACS2 peak union DHS
that did not overlap a diffReps region were annotated as static DHS peaks (50,055 sites).
Concatenation of the diffReps-identified differential DHS with this set of static DHS yielded the full
set of 57,053 DHS peak union sites for this dataset. Each of the 70,211 standard reference set liver
DHS (see above) was then labeled based on whether it overlapped a diffReps-identified differential
DHS that opened following hypophysectomy, a diffReps differential DHS that closed following
hypophysectomy, a static DHS, or “none”, for those reference set DHS that did not overlap any of
the set of 57,053 hypophysectomy study DHS peak union sites. Corresponding analyses were
performed for the intact and hypox female liver samples, and for the hypox male + GH time-
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course comparisons mentioned above. Table S4 summarizes the numbers of hypophysectomy and
hypophysectomy + GH responsive differential DHS for each of these comparisons, and the subsets
that overlap the reference set of 70,211 liver DHS.

7 eLife

Sex-biased genes and hypophysectomy response classification
RNA-seq data from intact male and intact female mouse liver was previously used to identify sex-

to include both RefSeq and multi-exonic sex-specific IncRNA genes, as follows. Sex-specific RefSeq
genes were identified from polyA-selected total liver RNA-seq samples from intact male and intact
female liver using the “genebody” method of sequence read counting [162 ] at a threshold of

| fold-change| > 1.5, adjusted p-value < 0.05 and FPKM > 0.25 for the sex with a greater signal
intensity, which yielded 387 male-specific and 517 female-specific RefSeq genes. Sex-specific multi-
exonic IncRNA genes were identified from polyA-selected liver nuclear RNA-seq samples in male

| fold-change| > 2, adjusted p-value < 0.05 and FPKM > 0.25 for the sex with a higher signal
intensity, which yielded 121 male-specific and 102 female-specific multi-exonic IncRNA genes, for a
total of 508 male-specific and 619 female-specific genes (Table S3). A stringent set of sex-
independent genes was defined by FPKM > 1 in both male and female liver, |fold-change| < 1.2,
and adjusted p-value > 0.1, which yielded a total of 7,253 stringently sex-independent genes,
including IncRNA genes (Table S3, column N). Sex-biased genes responsive to hypophysectomy
were defined by |fold-change| > 2 and adjusted p-value < 0.05 for hypox mouse liver versus intact
mouse liver, determined separately for male liver and for female liver. Using these thresholds,
RNA-seq data from intact and hypox male and female liver samples were used to assign sex-biased
genes into classes I and IT and their corresponding subclasses (IA, IB, IC, IIA, and IIB) [6 (3, 16 (2 ].
Class I sex-biased genes are those sex-biased genes that are down regulated by hypophysectomy in
the sex where they show higher expression in intact mice. Class II sex-biased genes are those that
are up regulated by hypophysectomy in the sex where they show lower expression in intact mice
(see model in Fig. S4A (7). Subclasses A, B, and C indicate the response to hypophysectomy in the
dominant sex (class II genes) or in the opposite sex (class I genes), as defined in Table 3 of [6(Z ].

The number of sex-biased genes in each hypophysectomy response class is shown in Table S3.

STATS binding and motif analysis

ChIP-seq analysis of STAT5 binding in male and female mouse liver identified 15,094 merged peaks
comprised of male-enriched and female-enriched, and male-female common STATS5 binding sites
[15C2]. A small subset of these STATS5 binding sites, 75 peaks, overlapped ENCODE blacklisted
regions and was excluded from downstream analysis. BEDTools overlap analysis of these STAT5
binding sites allowed us to designate each of the 70,211 reference DHS as STAT5-bound if a STATS
binding site was present, or as ‘not bound’. Table S2A (columns J-N) provides full details, including
the STATS binding site, the sex-specificity of STATS binding (male-enriched, female-enriched, or
common to both sexes), the normalized ChIP-seq read counts for STAT5 binding in STAT5-high
activity male livers (MH) and in STAT5-high activity female livers (FH), and the average of these
two sets of sequence read counts. The STAT5B motif M00459 from the TRANSFAC motif database
(Release 2011.1) [63 2] was used to determine the frequency of STAT5 motif occurrence in each set

using the option (--thres 0.0005) to improve detection of short length motifs. The number of
STAT5B motif occurrences in each of the 70,211 reference set DHS sequences is shown in Table
S2A, column O.

Enrichment analysis

For all enrichment calculations described below, the significance of the enrichment was
determined by a Benjamini and Hochberg adjusted Fisher’s Exact test p-value as implemented in
R. Enrichments with adjusted p-value < 1E-03 were considered statistically significant.
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Enrichments of sex-biased DHS for being enhancer, promoter, or insulator regions (e.g., male-
biased DHS for being enhancers compared to the background set of sex-independent DHS) were
calculated, as follows: Enrichment score = (ratio A) / (ratio B), where: ratio A = the number of sex-
biased DHS that are enhancers, divided by the number of sex-biased DHS that are not enhancers;
and ratio B = the number of sex-independent DHS that are enhancers, divided by the number of
sex-independent DHS that are not enhancers. For example, 2,551 male-biased DHS were classified
as enhancers, and 178 other male-biased DHS were not enhancers (2,551/178=14.3), whereas
43,591 sex-independent DHS were classified as enhancers, and 22,525 sex-independent DHS were
not enhancers (43,591/22,525=1.93), which gives an enrichment score A/B=14.3/1.93=7.41. The set
of 66,116 sex-independent DHS was used as the background for these enrichment calculations.

7 eLife

Enrichments of sex-biased DHS subsets (enhancer, insulator, or promoter) for mapping to sex-
biased genes were calculated (e.g. male-biased enhancer DHS mapping to male-specific genes) as
follows (Table S2B): Enrichment score = (ratio A) / (ratio B), where: ratio A = the number of male-
biased enhancer DHS that map to male-specific genes, divided by the number of male-biased
enhancer DHS that map to sex-independent genes; and ratio B = the number sex-independent
enhancer DHS that map to male-specific genes, divided by the number of sex-independent
enhancer DHS that map to sex-independent genes. For example, among the male-biased DHS
classified as enhancers, 404 male-biased enhancer DHS map to male-specific genes, and 525 male-
biased enhancer DHS map to sex-independent genes (404/525 = 0.77), whereas 1,495 sex-
independent enhancer DHS map to male-specific genes, and 15,457 sex-independent enhancer
DHS map to sex-independent genes (1,495/15,457 = 0.097), which gives an enrichment score A/B =
0.77/0.097 = 8.0. The set of 66,116 sex-independent DHS was used as the background for these
enrichment calculations.

Enrichments of hypophysectomy-responsive DHS for mapping to class I or class II sex-biased genes
(e.g. DHS that close in response to hypophysectomy in male liver and that map to male class I
genes) were calculated for male and female liver as follows: Enrichment score = ratio A/ ratio B,
where: ratio A = the number of DHS that open (or that close) following hypophysectomy and that
map to class I (or to class II) sex-biased genes, divided by the number of DHS that open (or that
close) following hypophysectomy and that map to sex-independent genes; and ratio B = the
number of hypophysectomy-unresponsive DHS (static DHS) that map to class I or class II sex-
biased genes, divided by the number of static DHS that map to sex-independent genes. For
example, in male liver, 217 DHS that close following hypophysectomy map to a male class I sex-
specific gene, and 1,203 other DHS that close map to sex-independent genes (217/1,203=0.1803),
whereas 444 static DHS map to a male class I sex-specific gene, and 14,053 static DHS map to a sex-
independent gene (444/14,053 = 0.0316), which gives an enrichment score A/B = 0.1803/0.0316 = 5.7.
The static DHS used for these enrichment calculations correspond to the set of 35,562 static DHS in
male liver and 30,394 static DHS in female liver.

Enrichments for overlap with genomic regions containing biologically relevant sets of
transcription factor binding sites, chromatin marks and combinations of epigenetic features
(chromatin states) were calculated for each of the following 4 sets of DHS: (1) dynamic male-biased
DHS (834 sites), (2) static male-biased DHS (1,895 sites), (3) dynamic sex-independent DHS (1,532
sites), and (4) static female-biased DHS (1,359 sites) relative to a background set of static sex-
independent DHS (64,584 sites) (see Fig. 2F (@). Briefly, these sets of DHS were identified based on
their sex-specificity [19C4] and were classified as “dynamic” if they overlapped a STAT5-high vs.
STAT5-low differential DHS, otherwise they were classified as “static”. Characterization of the
70,211 reference set DHS members as static or dynamic and their sex-specificity designations are
listed in Table S2A. Biologically relevant regions annotated include sex-biased transcription factor
examined DHS enrichment for sex-biased chromatin marks and chromatin states defined for male
and female liver [18 @ ]. FOXA1 and FOXA2 ChIP-seq data [32(% ] was processed and reanalyzed
with MAnorm [65
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':-..,‘ eLl fe sex-biased FOXA1 and sex-biased FOXA2 binding sites in mouse liver. Data from the MAnorm

L analysis of FOXA1 and FOXA2 ChIP-seq peaks (Table S8) was filtered by log2(fold-change) value
(i.e., M-value) to define male-biased and female-biased binding sites. Genomic coordinates for each
of the sex-biased transcription factor binding sites, chromatin marks, and chromatin states are
provided (Table S5, Table S7).

Enrichments of DHS for overlapping biologically relevant regions were calculated (e.g., dynamic
male-biased DHS for containing STAT5-High (Male) binding sites compared to the background set
of static sex-independent DHS) as follows: Enrichment score = ratio A/ ratio B, where: ratio A = the
percentage of dynamic male-biased DHS with a STATS5 binding site; and ratio B = the percentage of
static sex-independent DHS with the same type of binding site. For example, 235 dynamic male-
biased DHS contain a STAT5-High (Male) binding site (235/834 = 0.2818), whereas 311 static sex-
independent DHS contain a binding site (311/64,584 = 0.0048), which gives an enrichment score
A/B =0.2818/0.0048 = 58.7. The set of 64,584 static sex-independent DHS (Fig. 2F (@) was used as the
background for these enrichment calculations.

Chromatin state map analysis

Chromatin state maps (14 state model), developed for male mouse liver, and separately for female
mouse liver, are based on epigenetic data from a panel of six histone marks and DHS data in each
sex [18(4]. These maps were used to identify sex differences in chromatin state and chromatin
structure at each DHS region and their relationships to sex-biased gene expression, as follows.
BEDTools was used to assign one of the 14 chromatin states to each of the 70,211 reference DHS
based on the overlap of the DHS with the male liver chromatin state map, and separately, based on
its overlap with the female liver chromatin state map (Table S2A, columns AN-AQ). DHS whose
genomic coordinates span two or more different chromatin states were assigned to the state with
the largest number of overlapping base pairs, or in case of equal numbers of base pairs, the
chromatin state with the smaller genomic coordinates. Enrichments of sets of static and dynamic
male-biased DHS for being in one of the 14 chromatin states in male liver (e.g., dynamic male-
biased DHS for being in chromatin state E6, which is an enhancer-like state) were calculated as
follows: Enrichment score = (ratio A) / (ratio B), where: ratio A = the number of male-biased DHS
that are in a particular chromatin state, divided by the number of male-biased DHS not in that
chromatin state; and ratio B = the number of static sex-independent DHS in that chromatin state,
divided by the number of static sex-independent DHS not in that chromatin state. For example,
604 dynamic male-biased DHS are classified as chromatin state E6, and 230 other dynamic male-
biased DHS are not classified as chromatin state E6 (604/230 = 2.626), whereas 24,082 static sex-
independent DHS are classified as chromatin state E6, and 40,502 static sex-independent DHS are
not classified as chromatin state E6 (24,082/40,502 = 0.5946), which gives an enrichment score A/B
=2.626/0.5946 = 4.4. The set of 64,584 static sex-independent DHS was used as the background set
for these enrichment calculations.

DHS peak normalization

DNase-seq data to be visualized in the UCSC Genome browser (https://genome.ucsc.edu/(@) was
normalized using the number of sequence reads in each DHS peak region per million mapped
carried out using a comprehensive list of DHS peak regions merged across each dataset (peak
union list), obtained by concatenating FASTQ files for biological replicates of each control and
treatment group, as described above. DHS peak regions identified in both individual liver samples
and by analysis of the combined samples were concatenated into a single list, and then the
BEDTools Merge command was used to combine overlapping features to generate a single list of
non-overlapping DHS peaks. The fraction of reads in peaks for each sample was then calculated to
obtain a scaling factor. Raw sequence read counts were divided by this per-million scaling factor
to obtain RiPPM normalized read counts.
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Fig. S1.

EMSA analysis of STAT5 DNA-binding activity in liver extracts prepared from individual male mice.

Shown here are EMSA data for 2 of 3 separate cohorts of mice; the 3rd cohort is shown in Fig. 2B . Livers whose nuclei were
used for DNase-seq analysis are marked at the top (Table S1); red labels at top indicate STAT5-high activity based on the
EMSA patterns displayed, and blue labels indicate STAT5-low activity livers. Also shown here are EMSA activity for 8 other
livers, which have low to intermediate STAT5 EMSA activity and were not included in downstream analysis. Numbers at
bottom: liver sample numbers from each mouse cohort.
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Fig. S2.

STATS binding is associated with chromatin opening.

A. Bar graph of the number and percentage of dynamic and static DHS that have one or more STATS5 binding sites, based on
STATS5 ChIP-seq data for mouse liver. BEDTools was used to determine the overlap between the merged list of 15,094 STAT5
binding sites [1] and the standard reference set of 70,211 liver DHS used in this study. Dashed horizontal line: background,

genome-wide level of STATS binding at static sex-independent DHS. B. Distribution of STAT5 ChIP-seq signal intensity values

for the sets of dynamic and static DHS. For each DHS that contains a STAT5 binding site (numbers shown in A), the

corresponding normalized STAT5 ChIP-seq read count (average of STAT5 male-high samples and STAT5 female-high liver
samples; [1]) was obtained and used to calculate the indicated distributions. C. Normalized DNase-I cut site aggregate plots
for male livers at STAT5-high, STAT5-low, and female liver for the indicated sets of male-biased, female-biased, and sex-
independent DHS, analyzed separately for dynamic DHS subsets (plots 1A, 1B, 4A, 4B) and static DHS subsets (plots 2A, 2B,
3A, 3B, 5A. 5B). Top row: STAT5-bound subsets; bottom row: non-STAT5-bound subsets. See Table S6 for DNase-seq aggregate

plot peak values.
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Male biased dynamic DHS (834 sites)

E-value for motif
Motif Logo discovery
(MEME/DREME)

Closest matching motif
(Tomtom p-value)

motif72 (IRF2) (5.44e-04)

é&aAéA..AéAAAﬁAéAAAAAAA,A 2.1e-30 (MEME) motif45 (FOXI1) (2.00e-03)
"""""" PEEPELE R T motif78 (FOXD1) (2.08e-03)

JITTCE AA 4.1e-23 (MEME) motif29 (STAT5B) (2.84e-06)

g.JTTCT A A 3.7e-12 (MEME) motif29 (STATSB) (6.63e-03)

motifl5 (Pax4) (1.05e-05)
4.3e-12 (MEME) motif39 (MZF1_5-13) (5.14e-04)
EAY. T KR X T2 A motif47 (SP1:SP3) (6.03e-04)

'''''''

motif48 (SF1) (1.39e-03)

J‘LA §c$ CCIA, -3 c 2.2¢-12(MEME) | \if68 (Hand1-Tcfe2) (4.38¢-03)

motif29 (STAT5B) (1.20e-04)

SJCCA DM 1.2e-15 (DREME) motif80 (c-Ets-2) (7.50e-03)
T motif79 (ELF5) (9.13e-03)

Fig. S3.

TF motifs discovered de novo from sets of DHS sequences.

De-novo motif discovery was carried out on the sets of dynamic and static DHS sequences using the MEME and DREME
algorithms of MEME-ChIP [2]. Listed are the de-novo discovered motifs and their associated p-values for: A, dynamic male-

biased DHS (834 sites); B, dynamic sex-independent DHS (1,532 sites); C, static male-biased DHS (1,895 sites); D, static female-

biased DHS (1,359 sites); and E, static sex-independent DHS (64,584 sites). Shown are the top most significant motifs. No
motifs were discovered from the very small number of dynamic female-biased DHS (7 sites). The presence of the STAT5B
motif is a distinguishing characteristic that separates the dynamic from static DHS, which supports our hypothesis that direct
binding of STAT5 plays a key role in chromatin opening in response to GH pulses at these dynamic DHS.
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Sex independent dynamic DHS (1,532 sites)
E-value for motif . .
Motif Logo —— Closest matching motif
(MEME/DREME) (Tomtom p-value)
5 y motif29 (STAT5B) (2.76e-09)
ﬂ CT B (MEME) motif38 (DEAF1) (3.69e-03)
L1YToA UL =
o 3.5e-10 (MEME) No motif match reported
Itk Alscatue
I ~(;'- ET?T‘E‘ 2
motif45 (FOXI1) (8.73e-04)
L TT THT 7.8e-10 (MEME) motif78 (FOXD1) (4.69e-03)
SN s I x motif88 (Elf-1) (6.39e-03)
‘ ) motif2 (NR1H2-RXRA) (2.01e-06)
g,AAAxTCA;ATCA 13e-12 (MEME) motif71 (NR2F1) (3.10e-06)
L 1.1e-27 (DREME) motif29 (STATSB) (1.52e-04)
C
ixy i
. ) motif45 (FOXI1) (3.34e-04)
’ AACA 1.4e-14 (DREME) motif78 (FOXD1) (7.76e-03)
Y

Fig. S3. (continued)
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Male biased static DHS (1,895 sites)

E-value for motif

Closest matching motif

Motif Logo discovery
(MEME/DREME) (Tomtom p-value)
i motif92 (SP1) (1.28e-05)
i CA A 6.3e-21 (MEME) | motif39 (MzF1_5-13) (1.72e-04)
SRV RPYEaEe motif47 (SP1:5P3) (8.89e-04)
Jl I Ta T T TAIAT"TAT To| 7.2e-13(MEME) No motif match reported
motif2 (NR1H2-RXRA) (1.26e-06)
J CT T CCT 1.4e-12 (MEME) motif71 (NR2F1) (3.25e-05)
T ? ........ motif48 (SF1) (1.08e-03)

TTOTOMMAT AR AL == | =25

motifl9 (PBX1) (7.33e-04)
;MTI ATT 9.4e-28 (DREME) motif24 (Clox) (1.04e-03)
,,,,,, c motif31 (CDP) (3.37e-03)
motif71 (NR2F1) (7.43e-06)
]CAAA TTC 3.9e-17 (DREME) motif2 (NR1H2-RXRA) (5.52e-05)
_________ motif48 (SF1) (8.75e-03)
2 motif45 (FOXI1) (9.20e-06)
EJ CAAA A 4.0e-12 (DREME) motif78 (FOXD1) (3.28e-03)
T $ motif97 (TEF-1) (5.15e-03)

ATCART, -~

ChIP-seq motif for Cux2 [Conforto et al, Molecular Endocrinology 29: 1286-1302,
2015], whose reverse complement (ATtGAT) is a perfect match for the
male-biased static DHS motif, above, with the strongest E-value, 9.4E-28.
CUX2 motifs were not enriched in the other DHS sets examined (see
panels A, B, D, E).

Fig. S3. (continued)
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Female biased static DHS (1,359 sites)

Motif Logo

E-value for motif
discovery
(MEME/DREME)

Closest matching motif
(Tomtom p-value)

4.3e-17 (MEME)

motif39 (MZF1_5-13) (1.28e-03)
motifl5 (Pax4) (2.79e-03)
motif92 (SP1) (5.47e-03)

2.6e-10 (MEME)

No motif match reported

2.8e-013 (MEME)

motif13 (TP53) (7.26e-03)
motif48 (SF1) (7.26e-03)
motif51 (NRSF) (7.27e-03)

3.8e-017 (DREME)

No motif match reported

Fig. S3. (continued)
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Sex independent static DHS (64,584 sites)

E-value for motif
Motif Logo discovery
(MEME/DREME)

Closest matching motif
(Tomtom p-value)

1.8e-35 (MEME) No motif match reported

motif78 (FOXD1) (4.22e-05)
1.4e-12 (MEME) motif45 (FOXI1) (2.20e-03)
motif72 (IRF2) (2.81e-03)

motif88 (EIf-1) (3.97e-05)

3.3e-458 (DREME) motif79 (ELF5) (5.49e-05)
A Iy motif80 (c-Ets-2) (3.61e-04)

: Tl motif78 (FOXD1) (3.27e-05)
2 4.7e-286 (DREME) motif45 (FOXI1) (3.72e-04)
g motif76 (Lhx3) (7.75e-03)

motif48 (SF1) (2.15e-05)
1.3e-281 (DREME) | motif2 (NR1H2-RXRA) (2.90e-04)
motif18 (RORA_1) (3.10e-04)

motif92 (SP1) (3.95e-06)
2.5e-212 (DREME) motif39 (MZF1_5-13) (3.18e-03)
motif87 (Egr) (6.29e-03)

motif62 (TLX1-NFIC) (1.24e-03)

4.2e-172 (DREME
( ) motif68 (Hand1-Tcfe2) (4.94e-03)

1.0e-142 (DREME) motifd5 (FOXI1) (4.29e-03)
motif78 (FOXD1) (7.79e-03)

A motif72 (IRF2) (3.46e-03)

' motif17 (Myc) (1.09e-07)
7.1e-108 (DREME) motifé (MYC-MAX) (1.34e-07)
7N

motifd2 (Myf) (2.73e-04)

motif29 (STATSB) (3.56e-03)

ﬁl 2.7e-104 (DREME) motif34 (LUN-1) (6.09e-04)
Ve | VAl

Fig. S3. (continued)
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A. Hypophysectomy-response classes of sex-biased genes
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B. Pituitary hormone-dependent sex-biased genes
Class Number of Genes (%)| Response to MHx | Response to FHx | Gene Subclass NuGr: l;:rsof
Male class | 202 (69) Down - 1A 110
Down Down 1B 89
Down Up IC 3
Male class Il | 90 (31) - Up A 50
Up Up 1B 40
Female class | | 134 (43) - Down IA 90
Down Down 1B 35
Up Down IC 9
Female class Il 178 (57) Up c IIA 108
Up Up 1IB 70

Fig. S4.

Sex-biased genes can be classified based on their pituitary hormone-dependence.

A. Model for plasma GH profile dependence and responses of class I and class II male-biased and female-biased genes to
pituitary hormone ablation in each sex by hypophysectomy (‘hypox’). Figure from [3]. B. Sex-specific genes were identified
from RNA-seq data from intact male and female mouse liver based on a gene list comprised of 24,197 RefSeq and 3,152 multi-
exonic INcRNA genes. First, sex-specific genes were identified with |fold-change| > 1.5, adjusted p-value < 0.05 (for RefSeq
genes), and |fold-change| > 2.0, adjusted p-value < 0.05 (for INcRNA genes), with FPKM > 0.25 for the sex with greater signal
intensity for both RefSeq and IncRNA datasets (see Methods). Sex-specific genes that were responsive to hypophysectomy
(|fold-change| > 2 and an adjusted p-value < 0.05) were further classified into class I, IT and corresponding subclasses (IA, IB,
IC, IIA, and IIB) based on RNA-seq data from intact and hypox male and female liver samples. Shown are the full list of RefSeq
and IncRNA genes. See Table S3 for full gene listings.
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Comparison of chromatin accessibility changes between STAT5-bound (top
row) and non-STAT5-bound DHS subsets (bottom row)
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Fig. S5.

DNase cut site aggregate plots for the GH time course DHS data.

Shown are normalized DNase-I cut site aggregate plots for livers from hypophysectomized male mice (MHXx),
hypophysectomized male mice treated with GH (MHx+GH) then euthanized after 30, 90 or 240 min, and intact female and
hypophysectomized female mice (FHx) across various sets of dynamic and static male-biased DHS, static female-biased DHS,
and static sex-independent DHS (see Fig. S1C). Each DHS set was separated into subsets based on STAT5 binding, as
determined by Chip-seq (top row: STAT5-bound DHS subsets; bottom row: corresponding non-STAT5-bound DHS subsets).
Key results: MHx mice treated with GH for either 30 or 90 min show the largest degree of chromatin opening in the set of 710
dynamic male-biased DHS that bind STAT5. Chromatin opening decreased substantially after 240 min (plot 1A), at which time
the activation of liver STATS DNA binding activity is fully reversed [4]. Smaller increases in chromatin opening were observed
with GH pulse treatment at the subset of 124 dynamic male-biased DHS that did not bind STAT5 (plot 1B), consistent with
their dynamic responses to endogenous GH pulsation, and suggesting that chromatin opening at these sites proceeds by a
distinct mechanism than at the STAT5-bound dynamic male-biased sites. Static male-biased DHS with STAT5 bound (597 sites)
showed a more modest increase in chromatin opening with GH pulse treatment (c.f., higher basal level in MHx control and
lower induced level with GH pulse; plot 2A), while static male-biased DHS without STAT5 binding (1,298 sites) showed little or
no GH pulse responsiveness (plot 2B). Importantly, the increase in chromatin opening at the STAT5-bound static male-biased
DHS largely persists at 240 min (plot 2A), in contrast to the more substantial decline in chromatin opening seen for at STAT5-
bound dynamic male-biased DHS (plot 1A). This suggests that, while STAT5 can open chromatin at the static male-biased DHS,
it is not required to maintain chromatin accessibility between the naturally occurring endogenous plasma GH pulses.
Chromatin opening at female-biased DHS was decreased by hypophysectomy, both at the 258 sites bound by STAT5 and at
the 1101 sites that did not show STAT5 binding (plots 3A and 3B). Further, GH pulse treatment of MHx mice stimulated a
modest decrease in liver chromatin accessibility at both sets of female-biased DHS. Finally, the dynamic, but not the static
sex-independent DHS showed large increases in chromatin opening following GH pulse treatment (plot 4A and plot 5A),
similar to the dynamic male-biased DHS. Overall, DHS that bind STATS showed higher levels of chromatin opening than DHS
that do not bind STATS5 (top row vs. bottom row). Notably, this difference in chromatin accessibility is preserved in
hypophysectomized male and female liver, even though liver STATS is inactive and cannot bind DHS under these conditions
due to the absence of GH stimulation, indicating a role for other pituitary-determined factors in chromatin opening.
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A [MHX+GH 30 min/MHx] [MHX+GH 90 min/MHx]
DHS that open (1,475 sites) DHS that open (1,393 sites)  [MHX+GH 240
[MHX/Male Control] min/MHx]
DHS that close DHS that open
(1,487 sites) 547 sites)

Note: Total sum of genes in the above Venn diagram = 1,974. In addition, 399 other DHS did not undergo
chromatin closing in response to hypox (salmon oval) and lacked chromatin opening in any of the GH time-
course data sets (green and blue ovals). The sum of the above 1,974 DHS plus these 399 other DHS = the
full set of 2,373 DHS that are more open in STATS-high than in STATS-low livers (i.e., dynamic DHS).

i <
z 1. DHS that open due to an
endogenous GH pulse (2,373 sites)

3. DHS that close due to hypox and/or
are opened by an exogenous GH pulse
(1,974 sites: 83%)

2. DHS that do not close due to hypox and
are not opened by an exogenous GH pulse
(399 sites: 17%)

4. DHS that are closed by hypox || 5. DHS opened by an exogenous )
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6. DHS that not closed by hypox but
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7. DHS that are closed by hypox and
are opened by an exogenous GH pulse
(1,133 sites: 70%)

Fig. S6.

Impact of hypophysectomy and GH pulse replacement on set of 2,373 dynamic DHS.

S6A. Four-oval Venn diagram showing the number of STAT5-high DHS that were close following hypophysectomy and/or
open in response to a single exogenous GH pulse given to hypophysectomized male mice. The set of STAT5-high (dynamic)
DHS (n = 2,373 sites; Fig. 2E(2) was analyzed to determine their overlap with the set of DHS that close following
hypophysectomy (n = 1,487 sites) or DHS that open when a single exogenous GH pulse is given to hypophysectomized male
mice and liver tissue collected after 30 min (n = 1, 475 sites), 90 min (n = 1,393 sites) or 240 min (n= 547 sites) (see Fig. 42
and Table S2: column I = “dynamic” combined with columns AK-AM = “dDHS_open”). S6B. Flowchart of STAT5-high DHS (i.e., n
= 2,373 dynamic DHS) identifying hypox-responsive and exogenous GH pulse-responsive DHS in male mouse liver.
Subsections of the 4-oval Venn diagram (shown in A) are used to illustrate the DHS subsets defined by the flowchart (7
subsets), including a set of 399 DHS that do not undergo chromatin closing following hypophysectomy and also do not
undergo chromatin opening following an exogenous GH pulse. S6C. Boxplot analysis showing the magnitude of chromatin
opening between STAT5-high and STAT5-low male livers for the 7 DHS subsets. The x-axis shows the DHS subsets numbered
1-7 with the corresponding number of DHS sites (as defined in B). RiPPM normalized DNase-seq read counts were obtained
from the STAT5-high and STAT5-low male liver samples for the standard reference set of 70,211 DHS (Table S2). The relative
magnitude of chromatin opening (i.e., fold-change value) was calculated from the ratio of STAT5-high/STAT5-low RiPPM-
normalized DNase-seq read counts in the DHS region. Shown are the distributions of fold-change values for DHS subsets
numbered 1-7 defined from the flowchart in B. A Wilcoxon rank-sum test with Benjamini-Hochberg p-value adjustment was
used to determine significant differences between distributions of fold-change values (*P < 0.05, **P < 1e-03, ***P < 1e-10).
See Table S6 for DNase-seq aggregate plot peak values. S6D. DNase-I cut site aggregate plots for the 7 DHS subsets defined
in B. See Table S6 for DNase-seq aggregate plot peak values. Key findings shown in B, C and D: Another dynamic DHS subset,

comprised of 399 DHS, was unresponsive to hypophysectomy and to GH pulse treatment (B). These DHS showed weaker
mean chromatin accessibility and lower differential accessibility between STAT5-high and STAT5-low livers than the
hypophysectomy and exogenous GH responsive sites (C, D). Of the STAT5-high DHS (n=2,373 sites), the subset that
responded to hypox and/or a single exogenous GH pulse (set 3, n=1,974) showed significantly greater chromatin opening
induced by an endogenous GH/STATS5 pulse than the non-responsive subset (n=399) in pituitary-intact male livers (set 3 vs.
set 2). Data in D validate the large increase in chromatin accessibility in the set of responsive DHS compared to non-
responsive DHS (set 3 vs. set 2). Of the responsive DHS (n=1,974 sites), the subset that was opened by an exogenous GH pulse
(set 5, n=1,620 DHS) showed greater chromatin opening induced by an endogenous GH/STATS5 pulse than the DHS subset not
opened by a single exogenous GH pulse (n=354) (set 4), a finding that was confirmed by the DNase-I aggregate cutting
profiles shown in D. Of the GH pulse opened DHS (n=1,620 sites), the subset that was closed following hypophysectomy
(n=1,133 sites) showed greater chromatin opening due to an endogenous GH/STAT5 pulse than the subset that was not
closed following hypophysectomy (n=487 sites) (set 7 vs. set 6), as was also confirmed by DNase-I aggregate cutting profiles
in D. Further, the DHS that closed after hypophysectomy and then reopen following an exogenous GH pulse at any of the
three time points (30, 90, or 240 min) (n=1,133 sites; see Fig. 4D @) showed the largest magnitude (C) and relative levels of
chromatin opening (D) due an endogenous GH/STAT5 pulse when compared to the other DHS subsets (set 7 vs. sets 1-6).
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C Relative magnitude of chromatin opening between STATS high and STATS low male livers
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A Static and dynamic male-biased DHS
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Fig. S7.

Chromatin state analysis of static and dynamic male-biased DHS.

A. Distribution of static and dynamic DHS in the defined classes of enhancer DHS, weak enhancer DHS, insulator DHS and
promoter DHS, based on histone mark patterns [5]. B. Chromatin state distributions in male mouse liver of dynamic and
static male-biased DHS, based on the 14 chromatin state model developed from the combination of six active and repressive
histone marks and DHS, which segment the mouse genome into inactive, bivalent, enhancer-like, promoter-like, or
transcribed-like states [6]. Chromatin state data are shown in Table S5. Right side of figure shows the emission probabilities
for the six histone marks and DHS for each of the 14 chromatin states (reproduced from Fig. 1C(2). Key results: Overall, 92-
96% of dynamic and static male-biased DHS were classified as enhancers, with a larger fraction being weak enhancers [5] in
the case of static male-biased DHS. Promoter DHS and insulator DHS comprised the balance of each male-biased DHS set (2-
5% each) (A). Similarly, 86% of female-biased DHS and 90% of dynamic sex-independent DHS were classified as enhancers or
weak enhancers, unlike static sex-independent DHS, where insulator and promoter DHS designations were much more
common (15-20% each versus 3-8% for dynamic sex-independent DHS (A; also see Fig. 1A ). We also did not observe major
differences in chromatin state distributions between dynamic and static male-biased DHS based on a 14-state map developed
for male and female mouse liver [6]. Thus, dynamic and static male-biased DHS both showed a high frequency (59-72%) of
chromatin state E6, whose emission parameters indicate a high frequency of DHS and of the activating chromatin marks
H3K27ac and H3K4me1 (B). Much smaller percentages of both male-biased DHS subsets were in other chromatin states,
primarily enhancer states E5 and E11, promoter state E7, and bivalent state E12, which is characterized by the presence of
both activating marks (H3K4me1) and repressive marks (H2K27me3).
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Fig. S8.

Top enriched Gene Ontology (GO) terms identified by GREAT analysis of the predicted gene

targets of each of the indicated 4 DHS sets.

Mouse mm9 genomic coordinates for each DHS set were entered into the web-based tool GREAT (v.4.0.4) (http://great
.stanford.edu/public/html/@) and target genes identified under default conditions (Association rule: Basal+extension: 5000 bp
upstream, 1000 bp downstream, 1 million bp max extension). Shown are the top enriched GO Biological Process terms for
each DHS set using the whole genome background setting, with -log10 Binomial p-values shown. Complete data output from

GREAT, including listings of gene targets and the DHS associated with each DHS are shown in Table S8.

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2

45 of 57


https://doi.org/10.7554/eLife.91367.2
http://great.stanford.edu/public/html/

7 eLife

[4]

[5]

[7]

[11]

[12]

References

Waxman D.J., Holloway M.G. (2009) Sex differences in the expression of hepatic drug
metabolizing enzymes Mo/ Pharmacol 76:215-228

Vazquez-Borrego M.C., Del Rio-Moreno M., Kineman R.D. (2021) Towards Understanding the
Direct and Indirect Actions of Growth Hormone in Controlling Hepatocyte Carbohydrate
and Lipid Metabolism Cells 10

Dichtel L.E., Cordoba-Chacon J., Kineman R.D. (2022) Growth Hormone and Insulin-Like
Growth Factor 1 Regulation of Nonalcoholic Fatty Liver Disease J Clin Endocrinol Metab
107:1812-1824

Kaltenecker D. et al. (2019) Hepatic growth hormone - JAK2 - STATS signalling: Metabolic
function, non-alcoholic fatty liver disease and hepatocellular carcinoma progression
Cytokine 124

Oxley M., Francis H., Sato K. (2023) Growth Hormone Signaling in Liver Diseases:
Therapeutic Potentials and Controversies Semin Liver Dis 43:24-30

Wauthier V., Sugathan A., Meyer R.D., Dombkowski A.A., Waxman D.J. (2010) Intrinsic sex
differences in the early growth hormone responsiveness of sex-biased genes in mouse
liver Mol Endocrinol 24:667-678

Brie B., Ramirez M.C., De Winne C., Lopez Vicchi F., Villarruel L., Sorianello E., Catalano P.,
Ornstein A.M., Becu-Villalobos D. (2019) Brain Control of Sexually Dimorphic Liver Function
and Disease: The Endocrine Connection Cell Mol Neurobiol 39:169-180

Farhy L.S., Bowers C.Y., Veldhuis J.D. (2007) Model-projected mechanistic bases for sex
differences in growth hormone regulation in humans Am J Physiol Regul Integr Comp Physiol
292:R1577-1593

Chowen J.A., Garcia-Segura L.M., Gonzalez-Parra S., Argente J. (1996) Sex steroid effects on
the development and functioning of the growth hormone axis Cel/l Mo/ Neurobiol 16:297-
310

Ramirez M.C., Luque G.M., Ornstein A.M., Becu-Villalobos D. (2010) Differential neonatal
testosterone imprinting of GH-dependent liver proteins and genes in female mice J
Endocrinol 207:301-308

Waxman DJJ., Dannan G.A., Guengerich F.P. (1985) Regulation of rat hepatic cytochrome P-
450: age-dependent expression, hormonal imprinting, and xenobiotic inducibility of sex-
specific isoenzymes Biochemistry 24:4409-4417

Waxman D.J., O'Connor C. (2006) Growth hormone regulation of sex-dependent liver gene
expression Mol Endocrinol 20:2613-2629

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2 46 of 57


https://doi.org/10.7554/eLife.91367.2

7 eLife

[19]

Clodfelter K.H., Holloway M.G., Hodor P., Park S.H., Ray W.J., Waxman D.J. (2006) Sex-
dependent liver gene expression is extensive and largely dependent upon signal
transducer and activator of transcription 5b (STAT5b): STAT5b-dependent activation of
male genes and repression of female genes revealed by microarray analysis Mo/
Endocrinol 20:1333-1351

Waters M.J. (2016) The growth hormone receptor Growth Horm IGF Res 28:6-10

Zhang Y., Laz E.V., Waxman D.J. (2012) Dynamic, sex-differential STAT5 and BCL6 binding to
sex-biased, growth hormone-regulated genes in adult mouse liver Mo/ Cell Biol 32:880-896

Connerney J., Lau-Corona D., Rampersaud A., Waxman D.J. (2017) Activation of Male Liver
Chromatin Accessibility and STAT5-Dependent Gene Transcription by Plasma Growth
Hormone Pulses Endocrinology 158:1386-1405

Lau-Corona D., Suvorov A., Waxman D.J. (2017) Feminization of Male Mouse Liver by
Persistent Growth Hormone Stimulation: Activation of Sex-Biased Transcriptional
Networks and Dynamic Changes in Chromatin States Mo/ Cell Biol 37

Sugathan A., Waxman D.J. (2013) Genome-wide analysis of chromatin states reveals
distinct mechanisms of sex-dependent gene regulation in male and female mouse liver
Mol Cell Biol 33:3594-3610

Ling G., Sugathan A., Mazor T., Fraenkel E., Waxman D.J. (2010) Unbiased, genome-wide in
vivo mapping of transcriptional regulatory elements reveals sex differences in chromatin
structure associated with sex-specific liver gene expression Mo/ Cell Biol 30:5531-5544

Matthews B.J., Waxman D.J. (2018) Computational prediction of CTCF/cohesin-based intra-
TAD loops that insulate chromatin contacts and gene expression in mouse liver Elife 7

Waxman D.J., Kineman R.D. (2022) Sex matters in liver fat regulation Science 378:252-253

Nikkanen J. et al. (2022) An evolutionary trade-off between host immunity and metabolism
drives fatty liver in male mice Science 378:290-295

Baik M., Yu J.H., Hennighausen L. (2011) Growth hormone-STATS5 regulation of growth,
hepatocellular carcinoma, and liver metabolism Ann N Y Acad Sci 1229:29-37

Matthews B.J., Waxman D.J. (2020) Impact of 3D genome organization, guided by cohesin
and CTCF looping, on sex-biased chromatin interactions and gene expression in mouse
liver Epigenetics Chromatin 13

Hao P., Waxman D.J. (2021) STAT5 Regulation of Sex-Dependent Hepatic CpG Methylation
at Distal Regulatory Elements Mapping to Sex-Biased Genes Mo/ Cell Biol 41

Holloway M.G., Cui Y., Laz E.V., Hosui A., Hennighausen L., Waxman D.J. (2007) Loss of sexually
dimorphic liver gene expression upon hepatocyte-specific deletion of Stat5a-Stat5b locus
Endocrinology 148:1977-1986

Tannenbaum G.S., Choi H.K., Gurd W., Waxman D.J. (2001) Temporal relationship between
the sexually dimorphic spontaneous GH secretory profiles and hepatic STATS activity
Endocrinology 142:4599-4606

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2 47 of 57


https://doi.org/10.7554/eLife.91367.2

7 eLife

[30]

[44]

Shen L., Shao N.Y., Liu X., Maze L, Feng J., Nestler E.J. (2013) diffReps: detecting differential
chromatin modification sites from ChIP-seq data with biological replicates PLoS One 8

Meyer R.D., Laz E.V., Su T., Waxman D.J. (2009) Male-specific hepatic Bcl6: growth hormone-
induced block of transcription elongation in females and binding to target genes
inversely coordinated with STAT5 Mo/ Endocrinol 23:1914-1926

Conforto T.L., Zhang Y., Sherman J., Waxman D.J. (2012) Impact of CUX2 on the female mouse
liver transcriptome: activation of female-biased genes and repression of male-biased
genes Mol Cell Biol 32:4611-4627

Conforto T.L., Steinhardt G.F.t., Waxman D.J. (2015) Cross Talk Between GH-Regulated
Transcription Factors HNF6 and CUX2 in Adult Mouse Liver Mol Endocrinol 29:1286-1302

Li Z., Tuteja G., Schug J., Kaestner K.H. (2012) Foxa1 and Foxa2 are essential for sexual
dimorphism in liver cancer Cel/ 148:72-83

Balsalobre A., Drouin J. (2022) Pioneer factors as master regulators of the epigenome and
cell fate Nat Rev Mol Cell Biol 23:449-464

Zaret K.S. (2020) Pioneer Transcription Factors Initiating Gene Network Changes Annu Rev
Genet 54:367-385

Yuan W., Xu M., Huang C,, Liu N., Chen S., Zhu B. (2011) H3K36 methylation antagonizes
PRC2-mediated H3K27 methylation J Bio/ Chem 286:7983-7989

Lau-Corona D., Bae W.K., Hennighausen L., Waxman D.J. (2020) Sex-biased genetic programs
in liver metabolism and liver fibrosis are controlled by EZH1 and EZH2 PLoS Genet 16

Rotwein P. (2020) Regulation of gene expression by growth hormone Mo/ Cell Endocrinol 507

Kim S.H., Park M.J. (2017) Effects of growth hormone on glucose metabolism and insulin
resistance in human Ann Pediatr Endocrinol Metab 22:145-152

Goldfarb C.N., Karri K., Pyatkov M., Waxman D.J. (2022) Interplay Between GH-regulated, Sex-
biased Liver Transcriptome and Hepatic Zonation Revealed by Single-Nucleus RNA
Sequencing Endocrinology 163

Gebert C.A., Park S.H., Waxman D.J. (1997) Regulation of signal transducer and activator of
transcription (STAT) 5b activation by the temporal pattern of growth hormone
stimulation Mol Endocrinol 11:400-414

Waxman D.J., Ram P.A,, Park S.H., Choi H.K. (1995) Intermittent plasma growth hormone
triggers tyrosine phosphorylation and nuclear translocation of a liver-expressed, Stat 5-
related DNA binding protein. Proposed role as an intracellular regulator of male-specific
liver gene transcription J Biol Chem 270:13262-13270

Able A.A., Burrell J.A., Stephens J.M. (2017) STAT5-Interacting Proteins: A Synopsis of
Proteins that Regulate STAT5 Activity Biology (Basel 6

Fu Y. et al. (2020) STAT5 promotes accessibility and is required for BATF-mediated plasticity
at the I19 locus Nat Commun 11

Frank S.J. (2020) Classical and novel GH receptor signaling pathways Mo/ Cell Endocrinol 518

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2 48 of 57


https://doi.org/10.7554/eLife.91367.2

7 eLife

[54]

[55]

Lau-Corona D., Ma H., Vergato C., Sarmento-Cabral A., Del Rio-Moreno M., Kineman R.D.,
Waxman D.J. (2022) Constitutively Active STAT5b Feminizes Mouse Liver Gene Expression
Endocrinology 163

Laz E.V., Holloway M.G., Chen C.S., Waxman D.J. (2007) Characterization of three growth
hormone-responsive transcription factors preferentially expressed in adult female liver
Endocrinology 148:3327-3337

Gingras H., Cases O., Krasilnikova M., Bérubé G., Nepveu A. (2005) Biochemical
characterization of the mammalian Cux2 protein Gene 344:273-285

Kumar D., Cinghu S., Oldfield AJ., Yang P., Jothi R. (2021) Decoding the function of bivalent
chromatin in development and cancer Genome Res 31:2170-2184

Lodato N.J.,, Rampersaud A., Waxman D.J. (2018) Impact of CAR Agonist Ligand TCPOBOP on
Mouse Liver Chromatin Accessibility Toxicol Sci 164:115-128

LiJ., Ahn J.H., Wang G.G. (2019) Understanding histone H3 lysine 36 methylation and its
deregulation in disease Cell Mol Life Sci 76:2899-2916

Hoetker M.S. et al. (2023) H3K36 methylation maintains cell identity by regulating
opposing lineage programmes Nat Cell Biol 25:1121-1134

Xiong L. et al. (2023) Direct androgen receptor control of sexually dimorphic gene
expression in the mammalian kidney Dev Cell

Garcia-Galiano D., Cara A.L., Tata Z, Allen S.J., Myers M.G., Schipani E., Elias C.F. (2020) ERa
Signaling in GHRH/Kiss1 Dual-Phenotype Neurons Plays Sex-Specific Roles in Growth and
Puberty J Neurosci 40:9455-9466

Yan M., Jones M.E., Hernandez M., Liu D., Simpson E.R., Chen C. (2005) Oestrogen
replacement in vivo rescues the dysfunction of pituitary somatotropes in ovariectomised
aromatase knockout mice Neuroendocrinology 81:158-166

Wang X.N., Greenwald G.S. (1993) Hypophysectomy of the cyclic mouse. II. Effects of
follicle-stimulating hormone (FSH) and luteinizing hormone on folliculogenesis, FSH and
human chorionic gonadotropin receptors, and steroidogenesis Bio/ Reprod 48:595-605

Percie du Sert N. et al. (2020) Reporting animal research: Explanation and elaboration for
the ARRIVE guidelines 2.0 PLoS Biol 18

Langmead B., Salzberg S.L. (2012) Fast gapped-read alignment with Bowtie 2 Nat Method's
9:357-359

Feng )., LiuT., Qin B., Zhang Y., Liu X.S. (2012) Identifying ChIP-seq enrichment using MACS
Nat Protoc 7:1728-1740

Landt S.G. et al. (2012) ChIP-seq guidelines and practices of the ENCODE and modENCODE
consortia Genome Res 22:1813-1831

McLean C.Y., Bristor D., Hiller M., Clarke S.L., Schaar B.T., Lowe C.B., Wenger A.M., Bejerano G.
(2010) GREAT improves functional interpretation of cis-regulatory regions Nat Biotechnol
28:495-501

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2 49 of 57


https://doi.org/10.7554/eLife.91367.2

[61] Tanigawa Y., Dyer E.S., Bejerano G. (2022) WhichTF is functionally important in your open

':'.o. H
v eLife chromatin data? PLoS Comput Biol 18

[62] Melia T., Waxman D.J. (2019) Sex-Biased IncRNAs Inversely Correlate With Sex-Opposite
Gene Coexpression Networks in Diversity Outbred Mouse Liver Endocrinology 160:989-1007

[63] Matys V. et al. (2006) TRANSFAC and its module TRANSCompel: transcriptional gene
regulation in eukaryotes Nucleic Acids Res 34:D108-110

[64] Grant C.E., Bailey T.L., Noble W.S. (2011) FIMO: scanning for occurrences of a given motif
Bioinformatics 27:1017-1018

[65] Shao Z.,Zhang ., Yuan G.C., Orkin S.H., Waxman D.J. (2012) MAnorm: a robust model for
quantitative comparison of ChIP-Seq data sets Genome Biol 13

[1] ZhangY., Laz E.V., Waxman D.J. (2012) Dynamic, sex-differential STAT5 and BCL6 binding to
sex-biased, growth hormone-regulated genes in adult mouse liver Mo/ Cell Biol 32:380-896

[2] MaW., Noble W.S,, Bailey T.L. (2014) Motif-based analysis of large nucleotide data sets
using MEME-ChIP Nat Protoc 9:1428-1450

[3] Melia T., Waxman D.J. (2019) Sex-Biased IncRNAs Inversely Correlate With Sex-Opposite
Gene Coexpression Networks in Diversity Outbred Mouse Liver Endocrinology 160:989-1007

[4] Connerney]., Lau-Corona D., Rampersaud A., Waxman D.J. (2017) Activation of Male Liver
Chromatin Accessibility and STAT5-Dependent Gene Transcription by Plasma Growth
Hormone Pulses Endocrinology 158:1386-1405

[5] Matthews B.J., Waxman D.J. (2018) Computational prediction of CTCF/cohesin-based intra-
TAD loops that insulate chromatin contacts and gene expression in mouse liver Elife 7

[6] Sugathan A., Waxman D.J. (2013) Genome-wide analysis of chromatin states reveals
distinct mechanisms of sex-dependent gene regulation in male and female mouse liver
Mol Cell Biol 33:3594-3610

Article and author information

Andy Rampersaud
Department of Biology and Bioinformatics Program Boston University, Boston, MA 02215 USA

Jeannette Connerney
Department of Biology and Bioinformatics Program Boston University, Boston, MA 02215 USA

David J. Waxman

Department of Biology and Bioinformatics Program Boston University, Boston, MA 02215 USA
For correspondence: djiw@bu.edu
ORCID iD: 0000-0001-7982-9206

Copyright

© 2023, Rampersaud et al.

Andy Rampersaud et al., 2023 eLife. https://doi.org/10.7554/eLife.91367.2 50 of 57


https://doi.org/10.7554/eLife.91367.2
http://orcid.org/0000-0001-7982-9206

e °

R ELIfe This article is distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use and redistribution provided that the original author and
source are credited.

Editors

Reviewing Editor
Margaret McCarthy
University of Maryland School of Medicine, United States of America

Senior Editor
Detlef Weigel
Max Planck Institute for Biology Tubingen, Germany

Reviewer #1 (Public Review):
Summary:

Sex differences in the liver gene expression and function have previously been proposed to
be caused by sex differences in the pattern growth hormone (GH) secretion by the pituitary,
which are established by the effects of testicular hormones that act on the hypothalamus
perinatally to masculinize control of pituitary GH secretion beginning at puberty and for the
rest of the animal's life. The Waxman lab has previously implicated GH control of STATS5 as a
critical event leading to a masculine pattern of gene expression. The present study separates
male-biased regulatory sites associated with the male-biased genes into different classes
based on their responsiveness to the cyclic male pattern of STAT5 activity, and investigates
DNAse hypersensitivity sites (DHS) of different classes showing cyclic sex-bias or not. It
further reports on the binding of transcription factors to STAT5-sensitive DHS, and
involvement of specific histone marks at these sites. The study argues that STATS is the
proximate factor regulating chromatin accessibility in about 1/3 of male-biased DHS that are
sexually differentiated by GH secretion. The authors propose the pulsatile GH secretion as a
novel proximate mechanism of regulating chromatin accessibility to cause sex differences.

Strengths:

The study offers new insight into the effects of hypophysectomy and injection of GH on
different classes of sex-biased genes in mouse liver. The results support the general
conclusion of the authors. Cyclic secretion of other hormones (for example, estrous secretion
of estrogens and progesterone) are well known to cause sex differences in multiple organs in
rodents, and it will be interesting to assess if these cyclic secretions induce similar changes in
chromatin accessibility causing female tissue gene expression to differ from that of males.

Weaknesses:

The authors argue for two major mechanisms controlling sexual bias in liver gene
expression, and analyze in depth one of these mechanisms. The focus is on the group of DHS
(about 1/3 of all male-biased DHS) in which the sex bias is controlled by cyclic secretion of
growth hormone (GH) in males, compared to static and low growth hormone in adult
females. The sex difference in pituitary secretion of GH is induced by permanent effects of
androgens acting on the hypothalamus perinatally. The manuscript study would be improved
by further discussion of the mechanistic relationship between this class of sex-biased DHS
and the other 2/3 of liver DHS that also show male-biased accessibility but whose chromatin
does not respond directly to GH-stimulated STAT5. Previous studies, including those in the
Waxman lab (PMIDs: 26959237, 18974276, 35396276) suggest castration of males or
gonadectomy of both sexes eliminates most sex differences in mRNA expression in mouse
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liver, and/or that androgens such as DHT or testosterone administered in adulthood
potentially reverses the effects of gonadectomy and/or masculinizes liver gene expression. It
is not clear from the present discussion whether the GH/STATS5 cyclic effects to masculinize
chromatin status require the presence of androgens in adulthood to masculinize pituitary GH
secretion. Are there analyses of the present (or past) data that might provide evidence about
a dual role for GH and androgen acting on the same genes? For example, are sex-biased DHS
bound by androgen-dependent factors or show other signs of androgen sensitivity? Are
histone marks associated with DHS regulated by androgens? Moreover, it would help if the
authors indicate whether they believe that the "constitutive"” static sex differences in the
larger 2/3 set of male-biased DHS are the result of "constitutive" (but variable) action of
testicular androgens in adulthood. Although the present study is nicely focused on the GH
pulse-sensitive DHS, is there mechanistic overlap in sex-biasing mechanisms with the larger
static class of sex-biased liver DHS?

7 eLife

Reviewer #2 (Public Review):

Summary:

The present work addresses the mechanisms linking the sex-dependent temporal GH
secretion patterns to the robust sex differences in chromatin accessibility and transcription
factor binding that ultimately regulate sexually dimorphic liver gene expression. Using
DNAseq analysis genomic sites hypersensitive to cleavage by DNase I, DNase hypersensitive
sites [DHS] were studied in hepatocytes from male and female mice. DHS in the genome
correspond to accessible chromatin regions and encompass key regulatory elements,
including enhancers, promoters, insulators, and silencers, often flanked by specific histone
modifications, and all of these players were described in different settings of GH action.
Importantly, the dynamics of sex-dependent and independent chromatin accessibility linked
to STATS5 binding were evaluated. For that purpose, hepatic samples from mice were divided
into STAT high and STAT low binding by EMSA screening. With this information changes in
DHS related to STAT binding were calculated in both sexes, giving an approximation of
chromatin opening in response to STATS5, or alternatively to hypophsectomy, or a single GH
pulse. More the 800 male-biased DHS (from a total of more than 70000 DHS) regions were
identified in the STATS high groups, implying that the binding of a plasma GH pulse activates
STATS5, and evokes a dynamic cycle of male liver chromatin opening and closing at sites that
comprised 31% of all male-biased DHS. This proves that the pulsatility of plasma GH
stimulation confers significant male bias in chromatin accessibility, and STAT5 binding at a
fraction of the genomic sites linked to sex-biased liver gene expression and liver disease. As a
proof of concept, authors show that a single physiological replacement dose or pulse of GH
given to hypophysectomized mice recapitulate, within 30 min, the pulsatile re-opening of
chromatin seen in pituitary-intact male mouse liver.

In another male-biased DHS set (69% of male-biased DHS), chromatin accessibility was static,
that is unchanged across the peaks and valleys of GH-induced liver STATS5 activity and
mapped to a set of target genes and processes distinct though sometimes overlapping those of
the dynamic male-biased DHS.

In view of these distinct dynamic and static DHS in males, authors evaluated key epigenetic
features distinguishing the dynamic STAT5-driven mechanism of chromatin opening from
that of static male-biased DHS, which are constitutively open in the male liver but closed in
the female liver. The analysis of histone marks enriched at each class of sex-biased DHS
indicated exquisite differences in the epigenetic mechanisms that mediate sex-specific gene
repression in each sex. For example, H3K27me3 and H3K9me3, two widely used repressive
histone marks, are used in a unique way in each sex to enforce sex differences in chromatin
states at sex-biased DHS.

Finally, the work recapitulates and explains the classifications of sex dimorphic genes made
in previous works. Sex-biased and pituitary hormone-dependent DHS act as regulatory
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elements with a positive enhancer potential, to induce or maintain gene expression in the
intact liver by sustaining an open chromatin in the case of class I male-biased DHS and class I
male-biased genes in the male liver. Contrariwise DHS may participate in the inhibition of
gene expression by maintaining a closed chromatin state, as in the case of class I male-biased
DHS and class II female-biased genes in male liver.

7 eLife

These results as a whole present a complex mechanism by which GH regulates the sexual
dimorphism of liver genes in order to cope with the metabolic needs of each sex. In a
complete story, the information on chromatin accessibility, histone modification, and
transcription factor binding was integrated to elucidate the complex patterns of
transcriptional regulation, which is sexually dimorphic in the liver.

Strengths:

The work presents a novel insight into the fundamental underlying epigenetic mechanisms of
sex-biased gene regulation.

Results are supported by numerous Tables, and Supplementary Tables with the raw data,
which present the advantage that they may be reanalyzed in the future to prove new
hypotheses.

Weaknesses
It is a complicated work to analyze, even though the main messages are clearly conveyed.

Author Response

The following is the authors’ response to the original reviews.

Reviewer #1 (Public Review):

1. The manuscript study would be improved by further discussion of the mechanistic
relationship between this class of sex-biased DHS and the other 2/3 of liver DHS that also
show male-biased accessibility but whose chromatin does not respond directly to GH-
stimulated STATS.

Response: We added a new paragraph to the Discussion (lines 608-618) discussing our novel
finding that sex-biased H3K36me3 marks uniquely distinguish Static sex-biased DHS from
Dynamic sex-biased DHS (see Fig. 6C) in light of a recent study in a different biological system
showing that H3K36me3 marks comprise an important mechanism for maintaining cell type-
specific identity by inhibiting the spread of H3K27me3 repressive marks at cell type-specific
enhancers [Nat Cell Biol, 25 (2023) 1121-1134]. Further, we now discuss the potential
mechanistic significance of this mark in insuring the sex-biased chromatin accessibility at
Static sex-biased DHS:

“Finally, we discovered that sex-biased H3K36me3 marks are a unique distinguishing feature
of static sex-biased DHS, with male-biased H3K36me3 marks being highly enriched at static
male-biased DHS but not at dynamic male-biased DHS, and female-biased H3K36me3 marks
highly enriched at static female-biased DHS (Fig. 6C). H3K36me3 marks are classically
associated with the demarcation of actively transcribed genes [50] but are also used to
maintain cell type identity by inhibiting the spread of H3K27me3 repressive marks at cell
type-specific enhancers [35, 51]. The enrichment of H3K36me3 marks at static male-biased
DHS described here could thus be an important mechanism to maintain sex-dependent
hepatocyte identity by keeping static male-biased enhancers constitutively open and free of
H3K27me3 repressive marks in male liver, and similarly for H3K36me3 marks enriched at
static female-biased DHS in female liver. Further study is needed to elucidate the underlying
mechanisms whereby these and the other sex-specific histone marks discussed above are
deposited on chromatin in a sex-dependent and site-specific manner and the roles that GH
plays in regulating these epigenetic events”.
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1. Previous studies, including those in the Waxman lab (PMIDs: 26959237, 18974276,
35396276) suggest castration of males or gonadectomy of both sexes eliminates most
sex differences in mRNA expression in mouse liver, and/or that androgens such as DHT
or testosterone administered in adulthood potentially reverses the effects of
gonadectomy and/or masculinizes liver gene expression. It is not clear from the present
discussion whether the GH/STAT5 cyclic effects to masculinize chromatin status require
the presence of androgens in adulthood to masculinize pituitary GH secretion. Are there
analyses of the present (or past) data that might provide evidence about a dual role for
GH and androgen acting on the same genes? For example, are sex-biased DHS bound by
androgen-dependent factors or show other signs of androgen sensitivity? Are histone
marks associated with DHS regulated by androgens? Moreover, it would help if the
authors indicate whether they believe that the "constitutive" static sex differences in the
larger 2/3 set of male-biased DHS are the result of "constitutive" (but variable) action of
testicular androgens in adulthood. Although the present study is nicely focused on the
GH pulse-sensitive DHS, is there mechanistic overlap in sex-biasing mechanisms with the
larger static class of sex-biased liver DHS?

Response: The Reviewer poses an intriguing set of question regarding the potential role of
androgens in directly regulating, perhaps by working together with GH or GH-activated
STATS at the level of chromatin, to co-regulate the set of Static male-biased DHS. We have now
addressed these questions in full in a new Discussion paragraph, entitled, “Pituitary GH
secretory patterns vs. gonadal steroids as regulators of sex-biased liver chromatin
accessibility and gene expression” (lines 640-661), as follows:

“While testosterone has a well-established role in programming hypothalamic control of
pituitary GH secretory patterns [9-11], it is also possible that androgens and estrogens could
regulate sex differences in hepatocytes directly at the epigenetic or transcriptional level.
However, our findings support the proposal that plasma GH patterns, and not gonadal
steroids, dominate epigenetic control of liver sex differences. First, the ability of a single
exogenous plasma GH pulse to rapidly reopen dynamic male-biased DHS closed by
hypophysectomy — in the face of ongoing ablation of pituitary stimulated gonadal steroid
production and secretion — implicates GH signaling per se in the direct regulation of
chromatin accessibility for this class of male-biased DHS. Second, GH regulates the sex bias of
static male-biased DHS as well, as evidenced by their widespread closure in male liver
following continuous GH infusion (Table S2E). It is important to note, however, that
hepatocyte-specific knockout of androgen receptor (AR) does, in fact, dysregulate ~15% of
sex-biased genes, albeit with a much lower effect size than global AR knockout [52] due to the
systemic disruption of the somatotropic axis and circulating GH secretory profiles [53, 54].
Conceivably, AR could regulate these genes by a direct binding mechanism, acting either
alone or in concert with GH-activated STATS5 to keep chromatin open constitutively at a subset
of static male-biased DHS, of which 32% undergo at least partial closure in male liver
following hypophysectomy (Fig. 4C). Estrogen receptor (ERa) likely plays only a minor role in
regulating sex-biased liver DHS enhancers, given the lack of effect of hepatocyte-specific ERa
knockout on sex-biased liver gene expression [22] and our finding that only 12% of static
female-biased DHS close in female liver following hypophysectomy, which decreases
circulating estradiol levels [55].”.

The Reviewer did not raise any points of criticism.
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The Reviewer did not raise any points of criticism.

Reviewer #2 Recommendations:

Line 121. "highly enriched for genes of the corresponding sex bias" is unclear. Does this
mean that the genes near the DHS have the same bias in level of transcription as the bias
in open chromatin? Please clarify.

Response: Text was changed to: “were highly enriched for mapping to genes showing the
corresponding sex bias in the level transcription, but not for genes whose expression shows
the opposite sex bias”.

Line 161. "STATS5 activity-dependent patterns” seems not to be supported by the data. The
patterns correlate with STAT5 activity, but the authors can't conclude that they depend on
STAT5 activity based on these data alone.

Response: Text was changed to: “patterns of DNase-released fragments that correlate with
STATS activity”

Line 171. "identify genomic regions where chromatin dynamically opens or closes in
male mouse liver in response to GH pulse activation of STAT5" This statement assumes a
causal relationship between STAT5 and the status of differential sites. The data do not
support this assumption of causality, because the data correlate STAT5 with status of the
differential sites.

Response: Text was changed to: “identify genomic regions where chromatin dynamically
opens or closes in male mouse liver in close association with GH pulse activation of STAT5”.

Line 176. The "binary pattern” in figure 2D seems not to be as binary as the authors
suggest. The blue and red samples overlap in their distribution, and the lower green
samples are intermediate between most of the blue and red samples. The "arbitrary”
dotted line suggests the binary status, but this line is less convincing because it is
arbitrary and drawn by eye; some samples don't obey the binary dichotomy.

Response: Text was changed to: “This pattern, where individual male mouse livers largely
show either high or low DNase-seq read count distributions at the top differential genomic
sites, was also seen...”.

Line 224 "independent” also implies causality.
Response: No changes were made.

Line 284. The effects of hypophysectomy on liver chromatin accessibility is attributed
here to the loss of GH secretions. Hypophysectomy will also reduce testicular androgen
secretion. To what extent can the results of Hypox be attributed to STAT5-dependent
mechanisms as opposed to the loss of androgens?

Response: This question is now discussed in full in the new Discussion section, entitled,
“Pituitary GH secretory patterns vs. gonadal steroids as regulators of sex-biased liver
chromatin accessibility and gene expression” (lines 640-661), as noted above.
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2 eLIfe Line 505. "euthanized between plasma GH pulses". The authors are making an inference
here because I do not think they measured GH levels. It would be more accurate to say
that the time of euthanasia is inferred to be between GH pulses based on the

measurement of STAT5 which is GH-dependent.
Response: Text was changed to: “a time inferred to be between plasma GH pulses™.

Reviewer #3 Recommendations:

In Figure 1A the differences between female-biased enhancers and sex-independent
enhancers seem greater than those comparing female-biased insulators and sex-
independent insulators, and yet only the latter are significant. Please could you clarify?

Response: Figure legend was corrected to indicate that Enhancers + Weak Enhancers were
analyzed as a single group. Furthermore, the location of the Enhancer asterisks above the
bars on the figure was adjusted to reflect this.

Line 257, I could not find Table S1B.
Response: Text in Figure legend was corrected to specify Table S7A as the source of this data.

Line 265 "BCL6 binding was also enriched at dynamic sex-independent DHS (Table S7B)."
The p-value of this enrichment was particularly high. Could this have a biological
correlation?

Response: We cannot rule out that possibility.

Line 277 "identified a Fox family factor as a close match for one of the top enriched
motifs in the set of 278 static but not in the set of dynamic male-biased DHS", Maybe
authors could add that this holds true for FOXIT and not for FOXD1.

Response: Text was changed to specify FOXI1 as the factor.

Line 368, please clarify the affirmation because in Table 1A we do not see the data of
dynamic and static male-biased DHS, but only male-biased, female-biased, and sex-
independent DHS subsets.

Response: Text was corrected to read: “Our initial analyses revealed no major differences
between dynamic and static male-biased DHS regarding the distribution of enhancer vs
insulator vs promoter classifications (Fig. S7A) or their overall chromatin state distributions
(Fig. S7B)”.

Figure 7A and 7B. It would visually help the reader if in E1, E2, etc. you could include the
short definitions (as in Figure 1B: Inactive, Inactive, Low signal, etc.)

Response: We thank the reviewer for this suggestion, and have now added the X-axis labels

suggested by the Reviewer.

Line 570 The sentence was difficult to read "similar to E6, but unlike E6," Maybe removing
the comma after "unlike E6" would help.

Response: Text has been edited to avoid this cumbersome construct. It now reads: “...
characterized by a high frequency of same activating chromatin marks as chromatin state E6,
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7 . i.e,, H3K27ac and H3K4me1 (E9) or H3K27ac alone (E10), but unlike E6 they are both deficient
wieLife o

Other changes include revisions to the Abstract to take into account the new discussion
concerning the impact of sex-biased H3K36me3 marks along with related and other revisions
to the Discussion, and a revision to the manuscript Title to better capture its main message.
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