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ABSTRACT 

Transcription factors activated by exogenous or endogenous stimuli alter gene expression 

with major effects on chromatin accessibility and the epigenome. This thesis investigates 

that impact of environmental chemical and hormonal exposure on liver chromatin 

accessibility in a mouse liver model. Exposure to the constitutive androstane receptor 

(CAR)-specific agonist ligand 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) 

induces localized changes in chromatin accessibility at several thousand DNase 

hypersensitive sites (DHS). Activating histone marks, associated with enhancers and 

promoters, were induced by TCPOBOP and were highly enriched at opening DHS. 

Opening DHS were highly enriched for CAR binding sites and nuclear receptor direct 

repeat-4 motifs. These DHS were also enriched for the CAR heterodimeric partner 

RXRA, binding by CEBPA and CEBPB, and motifs for other liver-specific factors. Thus, 

TCPOBOP alters the enhancer landscape through changes in histone marks and by 
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mechanisms linked to induced CAR binding. In other studies, the impact of pituitary 

growth hormone (GH) secretion patterns on chromatin accessibility changes associated 

with sex-biased liver gene expression was examined. In adult male liver, the transcription 

factor STAT5 is directly activated by each successive plasma GH pulse. In female liver, 

STAT5 is persistently activated by the near-continuous stimulation by plasma GH. A 

majority of the ~4,000 GH-regulated, sex-biased DHS have chromatin marks 

characteristic of enhancers and were enriched for proximity to sex-biased gene 

promoters. Chromatin accessibility is thus a key feature of sex-differential gene 

expression. Two major classes of male-biased DHS were identified: dynamic male-biased 

DHS, almost all bound by STAT5, which undergo repeated cycles of chromatin opening 

and closing induced by each GH pulse; and static male-biased DHS, whose accessibility 

is unaffected GH/STAT5 pulses and whose sex bias results from these chromatin sites 

being more closed in female liver. Sites with STAT5 binding showed greater chromatin 

opening, many of which also contain the STAT5 motif. Finally, the effect of a single GH 

pulse on hypophysectomized male mouse liver was investigated to identify DHS 

responsive to the male, pulsatile-GH, secretion pattern. These studies demonstrate that 

widespread epigenetic changes associated with target gene expression are induced by 

xenobiotics and hormones regulating liver gene expression. 
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CHAPTER 1 - Introduction 

1.1  Abstract 

Regulation of liver gene expression is important for detoxification, metabolism and 

maintaining homeostasis. Various stimuli, either from environmental chemicals or 

endogenous circulating hormones, can influence gene regulation in the liver. 

Environmental chemicals pose a health risk to humans and wildlife through their 

multitude of exposure routes and subsequent alterations of gene expression. Their 

mechanism of action following exposure is poorly understood. One hypothesis is that 

these chemicals directly bind to nuclear receptors, primary found in the liver, to exert 

their effects on gene transcription. Constitutive androstane receptor (CAR), studied here, 

is a member of the nuclear receptor superfamily, which contains several other receptors 

including those that function as xenobiotic and steroid hormone receptors. Aside from 

exogenous stimuli, growth hormone (GH) is a major regulator of sex-specific gene 

expression in mouse liver. GH secretion profiles are regulated by the pituitary gland and 

show fundamental differences between male and female liver. Signal transducer and 

activator of transcription (STAT)5, also studied here, is activated by GH and plays a key 

role in maintaining and establishing sexual dimorphic gene expression. Little is known 

about how sex-specific GH secretion establishes and maintains sex-specific chromatin 

accessibility. One hypothesis is that GH activated STAT5 directly binds to genomic 

regions responsible for regulating sex-specific gene expression. In my thesis work, I have 

explored the impact of environmental chemical exposure and levels of endogenous 
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hormone on mouse liver chromatin accessibility and the corresponding changes in the 

epigenetic landscape.  

 

1.2 The impact of TCPOBOP exposure on the epigenetic landscape in 

mouse liver 

Humans are exposed to thousands of environmental chemicals found in the soil, water, 

air or the manufacturing process of consumer products. It is important to understand how 

these foreign chemicals induce changes in liver gene expression and corresponding 

changes in chromatin accessibility and the epigenome. We have chosen to study the 

constitutive androstane receptor (CAR) and its potent, receptor-specific ligand 1,4-Bis[2-

(3,5-Dichloropyridyloxy)]Benzene (TCPOBOP). CAR, once known to be an orphan 

receptor with no known endogenous ligands or function, is now known to directly bind 

several steroid hormones (Hernandez et al., 2009) and regulate bile acid (Lickteig et al., 

2016), glucose and lipid homeostasis (Wada et al., 2009)in the liver. The main function 

of CAR is to facilitate the clearance of xenobiotics through direct binding with the 

chemical ligand (Suino et al., 2004)or indirect activation through the epidermal growth 

factor receptor (EGFR) signaling (Kobayashi et al., 2015), and induction of genes 

involved in drug metabolism. Although CAR activation is associated with positive 

physiological benefits (i.e. xenobiotic clearance), there are several negative effects linked 

to prolong CAR activation. For instance, CAR activation has been linked to liver 

steatosis (Mellor et al., 2016)and tumor promotion in mouse liver (Yamamoto et al., 

2004).  
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One of the defining characteristics of CAR among all other nuclear receptors is its 

constitutive activity in the absence of ligand binding. In the absence of direct ligand 

binding, CAR can be indirectly activated. CAR activation by phenobarbital (PB) is 

achieved this indirect mechanism mediated by the EGFR (Kobayashi et al., 2015). To 

prevent persistent and aberrant CAR activity due to its constitutive function, the liver cell 

sequesters CAR in the cytoplasm by complexing CAR with heat shock protein 90 

(HSP90), the cytoplasmic CAR retention protein (CCRP) (Timsit and Negishi, 2014)and 

by phosphorylating CAR at Thr-38 (Osabe and Negishi, 2011). Direct ligand binding 

causes conformational changes that free CAR from the protein complex with HSP90 and 

CCRP, leads to dephosphorylation of Thr-38 by the phosphatase PP2a, and exposes a 

nuclear localization signal (NLS) (Kanno et al., 2005). Dephosphorylation of CAR at 

Thr-38 is also a critical step in the indirect activation of CAR with PB; however, this is 

dephosphorylation is achieved through RACK and MEK/ERK signaling (Yang and 

Wang, 2014). Once activated by exogenous xenobiotics or endogenous steroid hormones 

in the cytoplasm, CAR translocates to the nucleus where it binds to and regulates 

transcription of genes involved in drug metabolism and excretion.  

Cytochrome P450 genes are well known protein coding targets of CAR regulation in the 

liver. The effects of PB and TCPOBOP on the liver showed that cytochrome P450s are 

highly induced following drug treatment (Poland A, 1980), and eventually led to the 

discovery of CAR as a receptor and transcription factor. Since then, the Cyp2 family of 

genes has been extensively studied for their robust response to CAR activation in mouse 

and human liver; specifically Cyp2b10 in mice and its human orthologue CYP2B6 
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(Kobayashi et al., 2015). Increasing evidence also suggests that CAR regulates its gene 

targets by directly binding to response elements upstream of mouse Cyp2b10 or human 

CY2B6 (Tian et al., 2011). CAR activation of Cyp2b10 in mice is regulated by a 51 bp 

sequence, conserved in mouse, rat, and human, that contains two nuclear receptor binding 

sites (defined by DR4 motifs) and was later named a phenobarbital responsive enhancer 

module (PBREM) (Honkakoski et al., 1998). Additional CAR inducible Cyp2 genes 

include Cyp2c39 and Cyp2c55 (Jackson et al., 2006), thus highlighting the need to 

identify activated CAR binding sites genome-wide. 

Many groups have attempted to characterize the genome-wide transcriptional changes in 

the liver by CAR activation. We successfully used RNA-seq to characterize global 

changes in the mouse liver transcriptome following exposure to the CAR-specific agonist 

ligand TCPOBOP. Analysis of dysregulated protein coding genes showed strong 

enrichment for KEGG pathways of xenobiotic and drug metabolism including upstream 

regulators associated with cell cycle dysregulation and hepatocellular carcinoma 

progression (Lodato et al., 2017). Although CAR activation is associated with 

dysregulation of protein coding and long non-coding RNA (lncRNA) genes, the 

chromatin accessibility and epigenetic changes that regulate CAR-induced gene 

expression were unknown. We investigated the distribution of TCPOBOP-responsive 

genes in topologically associating domains (TADs) and show that subsets of genes cluster 

within TADs. Further, TCPOBOP induces localized changes in mouse liver chromatin 

accessibility, many of which cluster in TADs together with TCPOBOP-responsive genes. 

Sites of chromatin opening were highly enriched for proximity to induced genes and 
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mediated facilitation of HCC depend on transcription factors Foxa1/2 (Li et al., 2012), 

which also function as important pioneer factors in modulation chromatin accessibility. 

1.3.1 GH activation of STAT5 and its role in sexually dimorphic gene expression 

Sexually dimorphic gene expression in rodents is controlled by the sex-specific pattern of 

release of GH from the pituitary gland. In rats, the male GH profile is regular and 

pulsatile, with sharp peaks of GH released at ~3.5 hour intervals with intervening periods 

of low or absent circulating GH. In female rats, GH release is more frequent, resulting in 

a near continuous presence of GH in circulation with the absence of GH-free intervals 

(Jansson et al., 1985). To examine the effects of GH regulation, hypophysectomy, the 

surgical removal of the pituitary gland, has been utilized to assess changes due to loss of 

GH along with other pituitary hormones (Wauthier and Waxman, 2008). 

Hypophysectomy (hypox) has widespread effects on the liver transcriptome, in particular, 

abolishing sex-differences in gene expression. Microarray analysis of genome-wide gene 

expression showed that 90-94% of liver sex-biased gene expression in rats (Wauthier and 

Waxman, 2008) and mice (Wauthier et al., 2010) is lost following hypophysectomy. 

These gene expression changes could be the result of GH ablation by hypophysectomy 

but could also be due to the loss of other pituitary-dependent hormones. Studies of GH 

replacement, either by pulsatile hormone administration (Wauthier et al., 2010; Wauthier 

and Waxman, 2008) or by continuous hormone infusion (Holloway et al., 2006), have 

shown that the majority of sex differences in mouse and rat liver gene expression are in 

fact regulated by the sex-dependent plasma GH patterns. 
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sex-specific gene expression regulated by endogenous GH. To assess the role of GH in 

regulating gene expression and chromatin accessibility, I analyze datasets from intact 

male, hypox male and female, and hypox male mice given a single injection of GH. I 

examine the effect of hypophysectomy on chromatin accessibility in male and female 

mouse liver and show that a single pulse of GH is sufficient for temporary restoration of 

chromatin openness to levels seen in intact male mouse liver. Further, I show that STAT5 

binding at GH-responsive DHS is associated with higher levels of open chromatin, which 

suggests that STAT5-mediate mechanisms for chromatin remodeling are an important 

aspect of sexually dimorphic gene expression. 
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CHAPTER 2 - Widespread epigenetic changes to the enhancer landscape of mouse 

liver induced by xenobiotic agonist ligand of nuclear receptor CAR  

 

2.1 Abstract 

Background: Many environmental chemicals induce hepatic drug, steroid and lipid 

metabolism and dysregulate genes linked to hepatocellular carcinogenesis by interacting 

with nuclear receptors; however, the epigenetic effects of such exposures and their 

relationship to gene dysregulation are poorly understood. Here, we used the model 

environmental chemical TCPOBOP, a highly specific halogenated agonist ligand of the 

nuclear receptor and xenobiotic sensor CAR (Nr1i3), to investigate early effects of 

xenobiotic exposure on the epigenome and chromatin states in mouse liver. Results: 

Global epigenetic maps were obtained for activating and repressive histone marks, and 

TCPOBOP-responsive liver transcription factor binding sites were identified and used to 

characterize changes to the liver epigenome and chromatin states following TCPOBOP 

exposure. TCPOBOP stimulated time-dependent chromatin opening or closing at a few 

thousand enhancer-marked genomic regions enriched at TCPOBOP-responsive genes and 

identified by differential DNase-hypersensitive site (DHS) analysis. DHS opened by 

TCPOBOP were significantly enriched for induced enhancer marks, CAR binding and 

CAR DR4 motifs, indicating CAR is likely to bind directly to these TCPOBOP-activated 

enhancers. CAR binding was also enriched at many constitutively open DHS nearby the 

inducible enhancer DHS. DNA replication/hepatocyte proliferation genes co-dependent 

on MET and EGF receptor signaling for induction by TCPOBOP were also enriched for 
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Changes in local chromatin accessibility, a key point of epigenetic regulation, can be 

identified by DNase hypersensitivity analysis, which we used to discover ~60,000-70,000 

DNase hypersensitive sites (DHS) in mouse liver (Ling et al., 2010; Lodato et al., 2018). 

DHS include promoters, enhancers and insulators (Shu et al., 2011) and encompass ~90% 

of all binding sites for many liver transcription factors (Ling et al., 2010; Thurman et al., 

2012). Chromatin states can be learned by combinatorial analysis of DHS with other 

epigenetic marks to identify functional genomic features, including active, poised and 

repressed promoters and enhancers (Ernst and Kellis, 2017; Libbrecht et al., 2015). Thus, 

lysine-27 acetylated histone-H3 (H3K27ac) marks active enhancer DHS (Creyghton et 

al., 2010), while lysine-4 trimethylated histone-H3 (H3K4me3) in combination with 

H3K27ac marks active promoter DHS (Shlyueva et al., 2014). In a study of mouse liver 

chromatin states (Sugathan and Waxman, 2013), we found that a subset of target genes of 

CAR, and of PXR, are in a poised state prior to nuclear receptor activation, as indicated 

by the combination of H3K27me3 (repressive) marks with H3K4me1 (activating) marks 

(Creyghton et al., 2010; Zentner et al., 2011). Furthermore, CAR target genes switch 

from a poised to an active state after persistent activation of CAR for several weeks 

(Chen et al., 2012; Lempiainen et al., 2011; Thomson et al., 2012). This epigenetic switch 

may predispose hepatocytes to the cancer-causing mutations associated with exposure to 

TCPOBOP and other non-genotoxic carcinogens (Dong et al., 2015; Phillips et al., 2009; 

Thomson et al., 2013a; Thomson et al., 2013b). However, comparatively little is known 

about the early epigenetic changes induced by CAR activation. One early response, for 

both CAR and PXR, is the rapid (within 3-h) induction of localized changes in chromatin 
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2.3 Methods 

2.3.1 Animal studies 

All animal work was performed in compliance with procedures approved by the Boston 

University Institutional Animal Care and Use Committee. Exposure of 7-week old male 

and female CD-1 mice (ICR strain) to TCPOBOP (3 mg/kg body weight, single i.p. 

injection in 1% DMSO in corn oil, or with vehicle control, tissue collection either 3-h or 

27-h later, isolation of liver nuclei, DNase-I treatment to release DNA fragments from 

DHS regions followed by high throughput sequence analysis to identify liver DNase 

hypersensitive sites (DHS) were carried out as described elsewhere (Lodato et al., 2018). 

Liver nuclei and frozen liver tissue isolated from control and either 3-h or 27-h 

TCPOBOP-treated male mice were also used for ChIP-seq analysis of chromatin marks 

(histone marks) and transcription factor binding, as described below. 

 

2.3.2 Cross linking and sonication of liver chromatin 

Chromatin immunoprecipitation (ChIP) analysis of histone marks and transcription factor 

binding sites was carried out using sonicated liver chromatin, prepared in one of two 

ways: Method A, sonication of cross-linked liver nuclei; or Method B, sonication of 

whole liver tissue that was initially snap-frozen in liquid nitrogen and then cross-linked 

with formaldehyde. For Method A, to cross-link nuclei, ~100 million nuclei freshly 

isolated from male mouse livers were resuspended in 1 mL of cross-linking buffer (10 

mM HEPES [pH 7.6], 25 mM KCl, 0.34 M sucrose, 2 mM MgCl2, 0.15 mM 2-
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mercaptoethanol) preheated to 30°C. Formaldehyde (37% stock solution) was added to 

give a final concentration of 0.8% (v/v), followed by incubation at 30°C for 9 min with 

periodic mixing to cross-link the nuclei. Glycine was then added to a final concentration 

of 0.1 M to quench the cross-linking reaction at room temperature. Cross-linked nuclei 

were layered on 3 mL of fresh homogenization buffer and centrifuged at 4°C for 30 min 

at 25,000 rpm. Cross-linked nuclear pellets were resuspended in RIPA buffer (50 mM 

Tris-HCl pH 8.1, 150 mM NaCl, 1% (v/v) NP-40, 0.5% (v/v) deoxycholic acid, Na salt; 

0.1% (v/v) sodium dodecyl sulfate, and one Roche cOmplete Protease Inhibitor 

CocktailTM tablet per 50 mL (Sigma, catalog number 11697498001). Nuclei were then 

sonicated in a Bioruptor Twin sonicator on the high setting until chromatin was ~100-300 

bp in length (80 to 100 cycles; 1 cycle = 30 s on and 30 s off). Sonicated material from 

vehicle and 3-h TCPOBOP-treated livers was then used for ChIP analysis. 

 

For Method B, to cross-link whole liver tissue, a third of each liver (previously snap-

frozen in liquid nitrogen and stored at -80ºC) was retrieved and placed on ice for 5 min, 

followed by tissue disruption in a glass Dounce homogenizer with 4 mL of cross-linking 

buffer (50 mM HEPES [pH 7.5], 100 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA) 

containing protease inhibitors (Thermo Scientific Pierce Protease Inhibitor Tablets, 

EDTA-free). The tissue homogenate was passed through a 70-micron cell strainer in a 

petri dish. Additional cross-linking buffer was added to the homogenizer to rinse out the 

remaining tissue and passed through the cell strainer. Formaldehyde was added to the 

homogenate to a final concentration of 1% and mixed rapidly in a conical tube. The 
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CEBPA, and CEBPB. Sequencing statistics for each sample are summarized in 

Table_S1A. All genomic coordinates used in this study are based on mouse genome 

assembly mm9. 

 

2.3.5 Chromatin mark ChIP-seq data analysis 

ChIP-seq peaks were identified for the activating histone-H3 marks K4me1, K4me3 and 

K27ac using MACS2 (v2.1.0.20150731) with the option (--keep-dup); all other 

parameters were set to the default option. ChIP-seq peaks were identified for the 

repressive mark H3K27me3 using SICER (v1.1) (Xu et al., 2014) with the following 

parameters: fragment size 200 bp, window size 400 bp, gap size 2,400 bp and E-value 

threshold 100 (Sugathan and Waxman, 2013). MACS2 peaks discovered for H3K27ac, 

H3K4me1 and H3K4me3, and SICER regions identified for H3K27me3, were processed 

separately for the 3-h and for the 27-h TCPOBOP treatment and corresponding vehicle 

control datasets, using the methods described for H3K27ac peaks, as follows: First, a 

peak union list was generated by merging the peak calls from individual biological 

replicates for the corresponding treatment group. For example, a single peak union list for 

3-h H3K27ac peaks was generated by merging all MACS2 peaks from each of the n = 6 

male mouse liver ChIP-seq samples (n = 3 vehicle control and n = 3 TCPOBOP 

exposures livers). Genomic regions that showed significantly differential ChIP-seq signal 

between TCPOBOP-exposed and vehicle control samples were discovered separately for 

each time point using diffReps (Shen et al., 2013), using the nucleosome option (200 bp 

window) and thresholds of TCPOBOP vs. vehicle control, with significance based on a 
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the closest gene transcription start site within the same TAD (topologically associating 

domain) (Supplementary Table_S1B from (Lodato et al., 2018)). Similarly, each CAR 

ChIP-seq peak was assigned to a single putative gene target based on the closest gene 

transcription start site within the same TAD as the CAR binding site. 

 

2.3.8 Chromatin mark responses at DHS 

For each of the 60,739 liver DHS regions, we characterized the impact of TCPOBOP 

exposure on each activating chromatin mark (H3K27ac, H3K4me1, H3K4me3) and 

repressive chromatin mark (H3K27me3) in male mouse liver, as shown in Table_S4. 

Each DHS was labeled as either induced, repressed, static (unchanged), or absent with 

respect to each chromatin mark, based on the presence or absence of the mark within 400 

bp of the DHS, and then by considering the effect of TCPOBOP exposure on the DHS-

associated mark, as determined by diffReps analysis (see above). A DHS was labeled 

induced with respect to a given chromatin mark if the diffReps-normalized signal 

intensity for the associated mark was significantly increased at one or both TCPOBOP 

time points. Similarly, a DHS was labeled repressed if the associated chromatin mark 

showed a significant decrease in intensity at one or both time points; and a DHS was 

labeled static (unchanged) with regard to an associated chromatin mark if the mark 

intensity was not significantly changed at either time point, or if it was unchanged at one 

time point and the mark was not detected by MACS2 (or SICER), i.e., was absent, at the 

other time point. A DHS was labeled absent with respect to a given chromatin mark if 

there were no overlapping or nearby (within 400 bp) MACS2 chromatin mark peaks at 
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site in the same TAD; the H3K4me3 peak could be either induced, repressed or static, at 

either or both TCPOBOP time points. Induced, repressed, static, and poised promoter 

DHS were designated based on the responses of the DHS-associated H3K27ac and 

H3K4me1 marks using the same definitions as the corresponding sets of enhancer DHS 

described above. A total of 18 H3K4me3-marked DHS that were < 3 kb from a gene 

transcription start site, but were without a H3K27ac mark, were excluded from the 

definition of promoter DHS. Thus, the promoter DHS examined here correspond to DHS 

with enhancer-like properties (i.e., presence of H3K27ac marks) but with the additional 

features of being proximal to a gene transcription start site and marked by H3K4me3. 

DHS marked by both H3K27ac and H3K4me3 that were > 3 kb from a transcription start 

site were designated enhancer DHS, as outlined above. DHS with no chromatin marks are 

those without a MACS2 peak within 400 bp, for all three activating chromatin marks 

(H3K27ac, H3K4me1, H3K4me3 peak) and at both TCPOBOP time points. 4,041 of the 

60,739 liver DHS lacked these chromatin marks; a subset of these may be insulator DHS, 

as indicated by their overlap with binding sites for CTCF and cohesin (see Table_S4) 

(Matthews and Waxman, 2018). 

 

An opening DHS was defined as a DHS showing significant chromatin opening at both 

time points of TCPOBOP exposure, or at one time point only, provided that the 

chromatin response was static at the other time point. Similarly, a closing DHS was one 

that showed significant chromatin closing at one or both time points. A DHS was 

designated as a static DHS with regard to chromatin opening/closing if there was no 
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GEO, accession GSE112199. Thus, we obtained CAR binding site coordinates (BED 

files) and corresponding signal tracks (bigWig files) for ChIP-seq analysis of mouse CAR 

and human CAR protein expressed in livers of mice deficient in CAR after treatment with 

the direct activators of CAR (TCPOBOP for mouse CAR, and the human CAR agonist 

CITCO (6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-O-(3,4-

dichlorobenzyl)oxime) for human CAR), or after treatment with the indirect CAR 

activator phenobarbital (Niu et al., 2018). The UCSC Genome Browser 

(http://genome.ucsc.edu/) Utility liftOver command was used to convert BED and 

bigWig files from mouse genome assembly mm10 to mm9. Overlap analysis between 

these four sets of CAR binding site data and the set of 60,739 liver DHS (above) was 

performed using BEDTools to identify subsets of CAR binding sites at DHS, which are 

shown in Table_S5A, columns R-U. Significant differences between MACS14 score 

distributions among subsets of CAR binding sites (e.g. those outside vs. inside DHS) 

were calculated using a Wilcoxon Rank Sum test with a Benjamini-Hochberg p-value 

correction, as implemented in R. 

 

Raw sequencing data from a second CAR ChIP-seq study (Tian et al., 2018) was 

downloaded from the Sequence Read Archive (accession SRP125957, sample 

SRR6337710 and samples SRR6337727-SRR63377236), to obtain CAR binding data for 

8 week old female mouse liver exposed to vehicle control (n = 4) and 3-h TCPOBOP 

treatment (n = 7) livers. The custom ChIP-seq pipeline described above was used to 

process this data. MACS2 (v2.1.0.20150731) using the option (--keep-dup) and with all 
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do not map to a gene that responded to 3-h TCPOBOP exposure (61/300 = 0.2033), 

whereas 493 static DHS that lack a CAR binding site map to a 3-h TCPOBOP-induced 

gene, and 48,461 static DHS that lack a CAR binding site do not map to a TCPOBOP-

responsive gene (493/48461 = 0.0102), which gives ES = 19.9 (A/B = 0.2033/0.0102). 

Corresponding enrichment calculations were performed using the subset of CAR binding 

sites that also contain either a de novo discovered NR half-site motif, a DR4-like motif, 

or both motifs. Similar methods were used to calculate enrichments for the frequency at 

which robust CAR-bound opening DHS and stringent CAR-free opening DHS mapped to 

TCPOBOP-induced genes, as compared to the corresponding sets of robust CAR-bound 

and stringent CAR-free static DHS.   

 

2.3.15 Enrichment of TCPOBOP-responsive genes for nearby CAR binding sites 

Enrichments of TCPOBOP-responsive RefSeq and multi-exonic lncRNA genes for 

containing a CAR binding site in the same TAD were calculated for each TCPOBOP 

time point, as follows: ES = (ratio A / ratio B), where ratio A = the number of 

differentially-expressed genes that respond to a given TCPOBOP exposure that contain a 

CAR binding site, divided by the number of differentially-expressed genes that lack a 

CAR binding site; and ratio B = the subset of TCPOBOP-unresponsive genes that contain 

a CAR binding site, divided by the number of unresponsive genes that lack a CAR 

binding site. For example, in male mice exposed to TCPOBOP for 3-h, 97 induced genes 

contain a binding site for TCPOBOP-activated mouse CAR, and 41 other induced genes 

lack a CAR binding site (97/41 = 2.37), whereas 6,599 unresponsive genes each contain a 
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CAR binding site, and 20,577 genes lack CAR binding (6,599/20,577 = 0.3207), which 

gives ES = 7.4 (A/B = 2.37/0.3207). 

 

2.3.16 TCPOBOP-responsive genes dependent on MET/EGFR signaling 

DAVID Conversion tool was used to convert 1,248 Affymetrix probe IDs associated with 

genes that were either induced or repressed after 2 days TCPOBOP exposure (GEO 

dataset accession #GSE110695) (Bhushan et al., 2018) to 1,029 unique gene symbols, of 

which 962 genes were represented on our RefSeq gene list and used for downstream 

analyses. 369 of these TCPOBOP-responsive genes (38%) were differentially expressed 

in livers of 2 day TCPOBOP-exposed mice deficient in the MET proto-oncogene and 

inhibited with respect to EGF receptor signaling (MET/EGFR deficient livers) (Bhushan 

et al., 2018) compared to TCPOBOP-exposed control mice (top DAVID enriched terms: 

cell cycle, cell division, ES = 9.27, FDR = 1.54E-09), and 593 genes (62%), including 

essentially all the classic Cyp and other TCPOBOP-responsive drug-metabolizing 

enzyme genes, showed MET and EGFR-independent responses to TCPOBOP (top 

DAVID enriched term: Endoplasmic reticulum, ES = 10.0, FDR = 2.55E-08); these 

findings are fully consistent with (Bhushan et al., 2018). Further, 187 of the 369 genes 

were induced >2-fold by TCPOBOP, and further, their responses to TCPOBOP were 

reduced >2-fold in MET and EGFR signaling-deficient liver; 320 of the 593 gene set 

were induced >2-fold by TCPOBOP, but did not show a >2-fold decrease in response in 

the absence of MET/EGFR signaling. The enrichment of CAR binding sites mapping to 

both the 187 and the 320 gene sets was calculated as follows: ES = (ratio A / ratio B), 
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marks within 3-h of TCPOBOP exposure; thus, they are early TCPOBOP-activated 

enhancers, consistent with the early, robust increase in Cyp2b10 transcription (Lodato et 

al., 2017). The presence of both CAR-free and CAR-bound opening DHS nearby the 

same TCPOBOP-inducible gene, as seen for Cyp2b10 (Fig. 2.5A), was common, as this 

pattern was also seen for 70 out of 84 stringently CAR-free opening DHS that map to a 

TCPOBOP-inducible gene. Conceivably, the CAR-free opening DHS may cooperate 

with nearby CAR-bound opening DHS to stimulate TCPOBOP-induced transcriptional 

responses (model, Fig. 2.7D). Motif analysis revealed that the CAR-free opening DHS 

were depleted of CAR DR4 and NR half-site motifs, as expected, but additionally, 

showed motif enrichment for several liver-enriched transcription factors, notably HNF1 

and HNF6, which was not seen at CAR-bound opening DHS. Conceivably, factors such 

as HNF1 and HNF6 may preferentially interact with the CAR-free opening DHS to 

increase liver-specificity of transcription via interactions with the nearby CAR-bound 

opening DHS (Fig. 2.7D). The mechanism whereby TCPOBOP opens the CAR-free DHS 

in the absence of direct CAR binding is unknown. 

 

TCPOBOP stimulated chromatin closing at many genomic sites. Chromatin closing was 

enriched for loss of H3K27ac activating marks, but was rarely accompanied by an 

increase in H3K27me3 repressive marks. While closing DHS show significant 

enrichment for mapping to genes repressed by TCPOBOP, closing DHS were not 

enriched for CAR binding. Given the high specificity of TCPOBOP for binding to CAR, 

it is likely that TCPOBOP-stimulated chromatin closing is dependent on CAR action, 
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enhancer mark are not an obligatory, mechanistic driver of chromatin opening or closing 

at TCPOBOP-responsive enhancer DHS. Furthermore, as noted, changes in chromatin 

opening and closing cannot be explained by a loss or gain in H3K27me3 (repressive) 

marks, respectively, as such changes were rarely found at TCPOBOP-responsive DHS. 

 

Two distinct sets of TCPOBOP-responsive genes were recently identified based on a 

differential requirement of liver growth factor signaling for their TCPOBOP-stimulated 

gene responses (Bhushan et al., 2018). Specifically, induction or repression of ~40% of 

all TCPOBOP-responsive genes, including many genes active in DNA replication and 

cell cycle regulation, but not the major TCPOBOP-responsive Cyp or other drug-

metabolizing enzyme genes, was blocked upon inactivation of the functionally redundant 

(Paranjpe et al., 2016) liver growth factor receptors MET and EGFR (Bhushan et al., 

2018). Thus, MET and/or EGFR signaling is specifically required for CAR-activated 

transcription of genes such as TCPOBOP-responsive transcription factors implicated in 

hepatocyte proliferation (Delgado et al., 2011; Hu et al., 2014; Yang et al., 2015; Yu et 

al., 2016). Given the delayed response to TCPOBOP that is seen for many of the DNA 

replication/cell cycle genes required for induction of hepatocyte proliferation (Lodato et 

al., 2017), the findings of (Bhushan et al., 2018) had suggested that induction of the 

proliferation response is an indirect response to CAR activation, perhaps a secondary 

response downstream of CAR activation of MET and/or EGFR signaling (Bhushan et al., 

2018). Our findings strongly suggest, however, that many TCPOBOP-induced 

proliferation genes are direct targets of CAR, as indicated by CAR ChIP-seq binding to 
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proximal DHS. Further study is needed to identify the precise role of CAR and how it 

interfaces with MET/EGFR signaling to increase TCPOBOP-stimulated transcription, 

which may give unique insights into the proliferative actions of CAR linked to 

hepatocellular carcinoma.  

 
2.6 Conclusions 

We used the model environmental chemical TCPOBOP, a highly specific agonist ligand 

of CAR, to investigate early effects of xenobiotic exposure on the epigenome and 

chromatin states in mouse liver. This study highlights the need to better understand the 

complexity of gene regulatory mechanisms in the context of chromatin accessibility, 

histone marks, and transcription factor binding. Global epigenetic maps were obtained for 

activating (H3K27ac, H3K4me1, H3K4me3) and repressive histone marks (H3K27me3), 

and TCPOBOP-responsive binding sites for several liver transcription factors were 

identified and used to characterize changes to the liver epigenome and chromatin states 

following TCPOBOP exposure. We found that exposure to TCPOBOP substantially 

alters the enhancer landscape of mouse liver, inducing time-dependent chromatin opening 

or closing at several thousand sites identified as differential DNase-hypersensitive sites 

(DHS) with enhancer marks, many of which map to TCPOBOP-responsive genes. DHS 

opened by TCPOBOP were significantly enriched for CAR binding and for CAR DR4 

motifs, indicating CAR is likely to bind directly to these enhancer DHS sequences. We 

also found that a subset of opening DHS proximal to the CAR-bound enhancer DHS, as 

well as many closing DHS mapping to TCPOBOP-responsive genes, did not bind CAR, 

evidencing an indirect mechanism for those changes in chromatin accessibility. These 
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findings directly link TCPOBOP exposure to widespread changes in chromatin 

accessibility associated with CAR binding and altered gene transcription. The global 

maps of dysregulated sites of chromatin accessibility and other epigenetic changes 

described here constitute a rich resource for further research on environmental chemical 

effects on the epigenome. 
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Fig. 2.7 CAR binding to opening and to static DHS.  

A-Model showing four DHS sets: TCPOBOP-induced opening DHS and static DHS that 

are stringently CAR-free or show robust CAR binding (see Methods). B-Left: Boxplots 

of magnitude of TCPOBOP-induced DHS opening (fold-change DHS signal) for each 

DHS set, based on RiPPM-normalized DNase-seq reads for TCPOBOP/control male liver 

after 27-h TCPOBOP. Right: Boxplots showing normalized DNase-seq signal for the 

DHS subsets. The four DHS groups are designated A-D (see panel A). C-% DHS with 

NR half-site and DR4 motifs. Motifs scans by FIMO using female 3-h DR4 and NR half 

site motifs (Fig. 3A). X-axis: number of motif occurrences in each DHS (n=0-6). Y-axis: 

% DHS in each group with corresponding number of motifs. Stringent CAR-free static 

DHS showed highest percentage without a motif, followed by CAR-free opening DHS. 

Group B showed similar distribution of NR half-site motifs as group D, but fewer DR4 

motifs: 51% 0 and 1 motif occurrences and 23% 3-5 motif occurrences for group B (not 

shown) vs. 36.5% and 34%, respectively, for group D. D-Model for TCPOBOP-activated 

CAR inducing chromatin opening, both at a DHS with a DR4 motif, where CAR binds 

strongly, and at nearby DHS which are stringently CAR-free but are enriched for binding 

sites for several liver-enriched transcription factors (see text), which may cooperate with 

the nearby CAR-bound sites to induce target gene expression, as shown at bottom. 
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specific manner (black dots) showed a wide-range of responsiveness and degree of 

openness at both time points. 
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Fig. S2.8 Comparison of MACS14 score distributions for mouse (mCAR) and 

human (hCAR) CAR binding sites 

A, Boxplots showing the MACS14 score distribution for CAR binding site data from 

(Niu et al., 2018) for human CAR activated by CITCO (hCAR_CIT), phenobarbital 

(hCAR_PB) or mouse CAR activated by TCPOBOP (mCAR_TCP) or phenobarbital 

(mCAR_PB) separated into those that are overlapping a DHS (salmon) or outside a DHS 

(blue). Activated CAR binding sites inside a DHS showed significantly greater MACS14 

score than those outside of a DHS. Median values for each distribution are shown. 

B, The same CAR binding sites shown in (A) were separated into those that are at a DHS 

that opens (green), a DHS that closes (red), or a static DHS (blue) following TCPOBOP 

exposure of male liver at either the 3 h or the 27 h time point. Significantly greater 

MACS14 score was seen for CAR binding at DHS that open compared to those at sDHS 

or DHS that close. 
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Fig. S2.10 Enrichment for TCPOBOP-responsive genes (differentially expressed 

genes, DEGs) for containing a CAR binding site (ChIP-exo) in the same TAD 

A, B, C, Enrichments of TCPOBOP-induced genes (A), TCPOBOP-repressed genes (B), 

and MET/EGFR-dependent TCPOBOP-inducible genes (see Methods) (C) for proximal 

mouse CAR binding, based on CAR binding sites mapped to the closest RefSeq or multi-

exonic lncRNA gene TSS in the same TAD (CAR target genes). TCPOBOP-

induced/repressed genes, identified in male liver after 3 h or 27 h TCPOBOP exposure, 

were compared to TCPBOP-unresponsive genes for being a CAR target. TCPOBOP-

induced genes at both time points and repressed genes at 27 h showed enrichment for 

containing proximal CAR binding sites. Similar patterns of enrichment were seen 

between the gene sets that were independent or dependent on MET/EGFR signaling. The 

percentage of TCPOBOP-unresponsive (background) genes targeted by each set of CAR 

binding sites was 24% and 35% for mCAR activated by TCPOBOP and phenobarbital 

(PB), respectively; and was 46% and 51% for hCAR activated by CITCO and PB, 

respectively. 

D, Enrichments of TCPOBOP-induced genes for containing proximal mouse CAR 

binding (as defined in A, B, C) for various subsets of DHS with the set of 2,901 induced 

CAR binding sites based on the ChIP-seq data of (Tian et al., 2018) and shown in Table 

S5A, column I. Either the full list of 60,739 DHS (rows 1, 2) or the set of DHS that open 

in male liver (rows 3-5) were used for these enrichment calculations. Enrichments 

indicate the effect of any DHS (rows 1, 2) with an induced CAR binding site with a 

motif. TCPOBOP induced genes showed stronger enrichments for containing a proximal 
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induced CAR binding site with a motif compared to those without a motif. DHS that open 

with an induced CAR binding site with a motif showed the strongest enrichment for 

being proximal to TCPOBOP induced genes (Enrichments numbered 3-5). 
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was sufficient for rapid and temporary restoration of chromatin accessibility at ~60% of 

DHS that are opened by endogenous GH/STAT5 pulses. Our findings also indicate that 

direct binding of STAT5 is associated with increased chromatin opening at these GH-

responsive DHS. Conclusions: GH secretion patterns play a direct role in regulating sex-

specific differences in chromatin accessibility in mouse liver. We identify two distinct 

mechanisms for explaining male-biased DHS: those that are dynamic vs. static. 

Chromatin state and transcription factor binding data suggest that dynamic male-biased 

DHS are active enhancer regions and are preferentially bound by STAT5. Together, these 

studies reveal that endogenous rhythms of male plasma GH pulsation dynamically open 

and close chromatin at localized regulatory regions and provide a better understanding of 

male-biased chromatin accessibility. 

 

3.2 Introduction 

Growth hormone (GH) regulates liver metabolizing enzymes and transporters that play 

critical roles in detoxification in mammalian liver following exposure to many lipophilic 

foreign chemicals (Vijayakumar et al., 2011). These enzymes are also intricately involved 

in regulating liver physiology by metabolizing cholesterol, steroid hormones, and other 

endogenous lipophiles. Dysregulation of GH-regulated enzymes can lead to major 

disorders (Ayuk and Sheppard, 2006)and development of disease, such as obesity 

(Scacchi et al., 1999). Cytochromes P450 (Cyps) and other steroid-metabolizing gene 

families show striking sex-biased gene expression in mouse and rat liver, thereby 

enabling each sex to meet their respective metabolic requirements (Waxman and 
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2012), and CUX2, a female-specific repressor (Conforto et al., 2012). STAT5 and other 

GH-regulated liver TF genome-wide binding sites, identified by ChIP-seq, show male-

biased binding enriched at open chromatin regions (DNase-I hypersensitive sites, DHS) 

(Ling et al., 2010)enriched nearby male-biased genes, and female-biased binding 

enriched nearby female-biased genes (Conforto et al., 2012; Zhang et al., 2012). These 

robust liver sex differences are, in part, achieved by a complex interplay of multiple GH-

regulated TFs. A subset of sex-biased genes respond rapidly to pulses of GH and liver 

STAT5 activity(Connerney et al., 2017); however, most sex-biased genes respond slowly 

(over the course of days) (Lau-Corona et al., 2017) to a change in plasma GH status, in 

part due to a requirement for secondary changes, which include changes in histone 

modifications and the underlying chromatin state (Sugathan and Waxman, 2013). 

Changes in chromatin accessibility, a hallmark of epigenetic regulation, can be measured 

by global DHS analysis using DNase-seq, which we used to identify ~70,000 in male and 

female liver (Ling et al. 2010) that were classified as enhancer (e), promoter (p), or 

insulator (i) regions (Matthews and Waxman, 2018). We identified ~4,000 GH regulated 

and sex-biased DHS, ~95% of which are enhancer DHS (eDHS) based on data for 

activating and repressive chromatin marks and ChIP-seq binding profiles of insulator 

complex proteins CTCF and cohesin (Matthews and Waxman, 2018). These sets of sex-

biased DHS are significantly depleted of promoter and insulator DHS, show strong 

enrichment for correspondingly sex-biased binding sites for STAT5 and other GH-

regulated TFs, and are strongly enriched for proximity to sex-biased gene promoters 

(Ling et al., 2010; Sugathan and Waxman, 2013). Thus, GH-regulated sex differences in 
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chromatin structure are a key feature of sex-differential liver gene expression. However, 

little is known about the mechanisms by which sex-dependent temporal GH secretion 

patterns dictate robust sex differences in chromatin accessibility to regulate liver gene 

expression. 

Here, we used DNase-seq to identify genomic regions that open and/or close in response 

to endogenous pulses of STAT5 activity in male liver. These sites were used to identify 

834 dynamic male-biased eDHS, where direct STAT5 binding induced by each plasma 

GH pulse repeatedly induces liver chromatin to open and then close in direct response to 

each plasma GH pulse. Further, we show that this rhythmic chromatin opening induces 

pulsatile transcription of a subset of STAT5-dependent male-biased genes. Pulsatile 

opening of these dynamic eDHS in male liver accounts for the male bias of 31% of all 

male-biased eDHS. Thus, we show that male plasma GH stimulation directly establishes 

the sex difference in accessibility at these DHS, which underlies sex-dependent binding 

of STAT5 and other TFs linked to sex-biased liver gene expression. Further, we use a 

hypophysectomized (hypox) male mouse model to investigate the chromatin accessibility 

changes due a single pulse of GH and evaluate the relative levels of chromatin opening at 

these GH responsive sites at biologically relevant time points. Finally, we investigate the 

ability of a single GH pulse given to hypox mice to recapitulate the changes in chromatin 

accessibility seen in pituitary-intact male mice liver. 
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3.3 Materials and Methods 

3.3.1 Animal treatments and DNase-seq analysis 

All animal work was carried out in accordance with the accepted standards of humane 

animal care, in compliance with the procedures and protocols approved by the Boston 

University Institutional Animal Care and Use Committee. Animal handling and 

treatments and other wet laboratory work was performed as described previously 

(Connerney et al., 2017) and was carried out by Dr. Jeannette Connerney of this 

laboratory. Briefly, male and female CD1 mice (ICR strain), 7-weeks old, were 

purchased from Charles River Laboratories (Wilmington, MA) and kept on a 12-hour 

light/dark cycle with food and water without restriction. Mice were intact or were 

hypophysectomized by the supplier with the absence of weight gain and the lack of Mup 

protein in mouse urine as indicators of complete hypophysectomy (hypox). 

Hypophysectomized male mice were given a single intraperitoneal injection of vehicle 

(control) with or without recombinant rat GH at 125 ng of growth hormone (GH) per 

gram body weight and were euthanized by cervical dislocation 30, 90, or 240 min after 

GH injection (Connerney et al., 2017). In addition, fresh livers were collected from 

individual untreated, intact male mice (between 8 to 10 weeks of age). Portions of each 

liver were used to prepare a protein extract for analysis of liver STAT5 activity by 

electrophoretic mobility shift assay (EMSA) (Connerney et al., 2017) to identify 

individual mouse livers as STAT5-high activity (n = 10) and STAT5-low activity DNase-

seq samples (n = 11) at the time the mice were euthanized. DNase-I treatment to release 
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DNA fragments from DHS regions to identify liver DNase hypersensitive sites (DHS) 

were carried out as described elsewhere (Connerney et al., 2017).  

3.3.2 DNase-seq libraries, sequencing, and data analysis 

DNase-seq was performed for intact or hypophysectomized (hypox) male and female 

mouse liver, and livers of hypox male mice given a single injection of GH and euthanized 

either 30, 90, or 240 min later. DNase-seq libraries were prepared for each treatment 

group by Dr. Jeannette Connerney of this laboratory, with each library representing a 

pool of independent liver DNase-seq samples, as follows. For each treatment or control 

group, DNase-I-released fragments were purified from nuclei obtained from each 

individual liver, and then combined to give a single pooled sample, which was used to 

prepare a single sequencing library using the NEBNext Ultra Library Prep Kit for 

Illumina (New England Biolabs). Sequencing was performed on an Illumina HiSeq 

instrument, and single-end sequence reads, 40 to 50 bp in length, were obtained at a 

sequencing depth ranging from 12 to 33 million total mapped reads for each sample. 

More detailed sequencing statistics are shown in Supplementary Table_S1. Raw and 

processed data are available at www.ncbi.nlm.nih.gov/gds under accession GSE131848 

and GSE131852 (SuperSeries GSE131853).  

Sequencing data was analyzed using a custom DNase-seq pipeline, as described 

elsewhere (Lodato et al., 2018). Briefly, the pipeline processes raw FASTQ files and 

outputs various control metrics, including FASTQC reports (FastQC v0.11.7), 

confirmation of read length, verification of the absence of read strand bias, and 

quantification of contaminating adaptor sequence (Trim_galore v0.4.2). Reads were 
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independent eDHS that map to sex-independent genes. For example, among the male-

biased DHS classified as enhancers, 404 male-biased eDHS map to male-specific genes, 

and 525 male-biased eDHS map to sex-independent genes (404/525 = 0.77), whereas 

1,495 sex-independent eDHS that map to male-specific genes, and 15,457 sex-

independent eDHS map to sex-independent genes (1,495/15,457 = 0.10), which gives an 

enrichment score A/B = 0.77/0.10 = 7.7. The set of 66,116 sex-independent DHS were 

used as the background for these enrichment calculations.  

Enrichments of hypox-responsive DHS for mapping to class I or class II sex-specific 

genes were calculated (e.g. DHS that close in response to hypox in male liver and 

mapping to male class I genes) 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 

hypox and that map to class I (or to class II) sex-specific genes, divided by the number of 

DHS that open (or that close) following hypox and that map to sex-independent genes; 

and ratio B = the number of hypox-unresponsive DHS (static DHS) that map to class I or 

class II sex-specific genes, divided by the number of static DHS that map to sex-

independent genes. For example, in male liver, 217 DHS that close following hypox 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. 
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of DHS for being in one of the 14 chromatin states in male liver were calculated  (e.g. 

dynamic male-biased DHS for being in chromatin state E6, which is an enhancer-like 

state) for the set of static and dynamic male-biased DHS 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 background used for these enrichment calculations correspond to the set of 64,584 

static sex-independent DHS.  

3.3.11 DNase-I cut site aggregate plots 

Normalized DNase-I cut site aggregate plots were generated using the relevant input 

DNase-seq dataset and a set of input genomic regions (DHS sequences) used for 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 STAT5-high combined DNase-seq FASTQ file by merging 

the n = 8 biological replicate FASTQ files, and separately, we generated a single STAT5-

low combined sample by merging the n = 10 biological replicates. Combined replicate 
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enrichments were seen for all sets of sex-biased enhancer DHS, with 15 - 24% of eDHS 

mapping to a sex-specific gene, suggesting distal regulation of gene expression (Fig. 

3.1B). The strongest enrichments were obtained for sex-biased DHS classified as 

promoter DHS; however, only 1-2% of those DHS mapped to a sex-biased gene. 

Examination of distance between each DHS and its target gene revealed that promoter 

DHS are the closest in proximity to their target gene TSS, as expected, followed by sex-

biased insulator DHS and enhancer DHS, which likely regulate gene expression through 

distal mechanisms (Fig. 3.1C). 

3.4.2 DHS responsive to endogenous pulses of GH and STAT5 in male liver 

Sex differences in pituitary GH secretion (pulsatile in males vs. near continuous in 

females) regulate the sex-dependent expression of hundreds of genes in adult mouse 

liver. We hypothesized that the pulsatile activation of STAT5 by GH in male liver 

dynamically alters the chromatin accessibility landscape in male mouse liver. More 

specifically, pulsatile activation of STAT5 is expected to induce differential chromatin 

opening and closing at a subset of liver DHS in male mice euthanized at a peak vs. at a 

trough of liver STAT5 activity. To investigate this hypothesis, we collected DNase-seq 

data from n = 21 individual male mouse liver samples whose STAT5 DNA-binding 

activity was determined by EMSA analysis of whole liver extracts. EMSA identified n 

=10 individual mouse liver samples that have strong STAT5 activity (STAT5-high 

activity livers) and n = 11 livers with little to no detectable STAT5 activity (STAT5-low 

activity livers) (Connerney et al., 2017). Principal component analysis of the DNase-seq 

data using either the top 200 or the top 600 diffReps-discovered differential sites, 
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investigate this hypothesis, normalized DNase-I cut site aggregate plots were generated 

for male-biased DHS that bind STAT5 (1,307 male-biased DHS). These analyses 

revealed that STAT5-high livers have the highest level of chromatin opening, with 

STAT5-low males and female liver samples both having ~3-fold lower level of chromatin 

opening at the set of 1,307 STAT5-bound male-biased DHS (Fig. 3.2D, plot 1). In 

contrast, the set of 1,422 male-biased DHS that do not bind STAT5 showed near equal 

chromatin accessibility in STAT5-high compared to STAT5-low male livers, but gave 

~2-fold lower accessibility in female liver (Fig. 3.2D, plot 2). Thus, the male-bias of the 

STAT5-bound male-biased DHS can be explained by the increase in chromatin opening 

that occurs when STAT5 has been activated by a recent plasma GH pulse. In contrast, the 

male-biased DHS that do not bind STAT5 are unresponsive to the temporal changes in 

liver STAT5 activity. Rather, their male bias is apparently due to other factors that lead to 

relative closing of chromatin of those sites in female liver. This closing of chromatin in 

female liver for the STAT5-unbound male-biased DHS becomes apparent when the 

normalized DNase cutting frequency is compared to that of the large number of STAT5-

unbound sex-independent DHS (n = 53,404 DHS; Fig. 3.2D, plot 4). Sex-independent 

DHS that bind STAT5 showed much greater chromatin accessibility than sex-

independent DHS without STAT5 bound, as seen in both female and male liver samples, 

independent of the STAT5-high vs. STAT5-low liver status of individual males (Fig. 

3.2D, plots 3 vs plot 4). 

These findings suggests two distinct subsets of male-biased DHS can be distinguished by 

their STAT5 binding status: one subset displays male-biased chromatin accessibility due 
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(Fig. 3.3A, plot 3). Of note, the aggregate chromatin accessibility of the 1,359 static 

female-biased DHS in female liver was very similar to that of the bulk of 64,584 sex-

independent static DHS (Fig. 3.3A, plot 4 vs. plot 3). This strongly suggests that the 

female bias of these 1,359 sites is due to chromatin closing in male liver, rather than 

chromatin opening. Chromatin closing at these sites in male liver is not directly affected 

by STAT5 binding (Fig. 3.3A, plot 3, STAT5-high vs. STAT5-low livers).  

We hypothesize that STAT5 binding to its motif, TTC-NNN-GAA, is a key feature that 

distinguishes dynamic from static male-biased DHS. To investigate this hypothesis, we 

used FIMO to scan the dynamic and static DHS sequences for the occurrence of the 

TRANSFAC STAT5 motif (see Methods). A larger percentage of the dynamic DHS (73-

86%) contain the STAT5 motif when compared to static DHS (19-38%) (Fig. 3.3B). 

Closer examination of the motif occurrences revealed that a majority (60-80%) of static 

DHS do not have a STAT5 motif, whereas, the majority of dynamic DHS have at least 

one motif occurrence (Fig. 3.3C). MEME-ChIP (using the MEME and DREME 

algorithms) was used to discover de-novo motifs in the set of dynamic and static DHS. 

Dynamic male-biased (Fig. S3.2A) and dynamic sex-independent DHS (Fig. S3.2D) each 

show examples of de-novo motifs with strong sequence similarity to the STAT5B motif. 

In contrast, none of the motifs discovered from static DHS (male-biased, female-biased, 

or sex-independent) (Fig. S3.2B, C, E) showed matches for a STAT5B motif. 
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3.4.5 Dynamic DHS are associated with stronger STAT5 binding and associated 

chromatin opening 

We hypothesize that direct STAT5 binding at dynamic DHS distinguishes them from 

static DHS and is associated with greater levels of chromatin accessibility. Genome-wide 

STAT5 binding sites identified in male and female mouse liver (Zhang et al., 2012) were 

overlapped with the set of 70,211 DHS used in this study. A large majority (81- 86%) of 

the dynamic DHS contain a STAT5 binding site versus only 18-32% for static DHS (Fig. 

3.4A). Further, for male-specific, female-specific, and sex-independent DHS, the subsets 

of dynamic DHS showed significantly greater STAT5 binding (normalized STAT5 ChIP-

seq read counts) than static DHS. These results support the conclusion that direct binding 

of STAT5 is an important distinguishing feature of dynamic vs static DHS (Fig. 3.4B). 

Male-enriched STAT5 binding intensity was greater in the set of dynamic than the set of 

static male-biased DHS. Similarly, female enriched STAT5 binding intensity is greater in 

the set of dynamic than the set of static female-biased DHS. Dynamic sex-biased and 

dynamic sex-independent DHS showed greater STAT5 binding intensity than those that 

are static (Fig. S3.1).  

Further examination of normalized DNase-I cut site aggregate plots revealed that 

STAT5-high livers show the highest degree of chromatin opening in the set of dynamic 

male-biased DHS with STAT5-low and female samples showing the same baseline level 

of openness. Dynamic male-biased DHS with STAT5 bound (710 sites) showed greater 

chromatin opening than the subset of DHS without STAT5 bound (124 sites) (Fig. 3.4C, 

plot 1A vs. 1B). Male liver samples showed greater chromatin accessibility than female 
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liver samples in the set of static male-biased DHS. Static male-biased DHS with STAT5 

bound (597 sites) (Fig. 3.4C, plot 2A) showed STAT5-high samples with the highest 

level of chromatin opening, whereas DHS without STAT5 binding (1,298 sites) (Fig. 

3.4C, plot 2A vs. 2B) showed no difference between STAT5-high and STAT5-low male 

liver samples. Female liver samples showed the largest degree of chromatin opening 

compared to male liver samples in the set of female-biased DHS, as expected. Static 

female-biased DHS with STAT5 bound (258 sites) (Fig. 3.4C, plot 3A) showed greater 

levels of chromatin opening than the subset of DHS without STAT5 bound (1,101 sites) 

(Fig. 3.4C, plot 3B). STAT5-high samples show the greatest chromatin opening, followed 

by female and STAT5-low samples in the set of dynamic sex-independent DHS. 

Dynamic sex-independent DHS with STAT5 bound (1,239 sites) (Fig. 3.4C, plot 4A) 

showed greater levels of chromatin opening than the subset of DHS without STAT5 

bound (293 sites) (Fig. 3.4C, plot 4B). Female liver samples show slightly greater levels 

of chromatin accessibility compared to the male liver samples in the set static sex-

independent DHS with STAT5 bound (11,473 sites) (Fig. 3.4C, plot 5A); however, male 

and female samples show the same level of baseline chromatin openness in the set of 

static sex-independent DHS without STAT5 bound (53,111 sites) (Fig. 3.4C, plot 5B). 

These results show that dynamic male-biased sites are more open than static male biased 

sites and the relative levels of chromatin accessibility for female liver distinguishes sex-

independent dynamic sites from those that are male-biased. 
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vs. set 5). Of the GH pulse opened DHS (n = 1,620 sites), the subset that are closed by 

hypophysectomy (n = 1,133 sites) show greater chromatin opening due to an endogenous 

GH/STAT5 pulse than the subset that do not close by hypophysectomy (n = 487 sites) 

(Fig.3.11A, set 6 vs. set 7), also confirmed by DNase-I aggregate cutting profiles (Fig. 

3.11B, set 6 vs. set 7). Further, the DHS that are closed by hypophysectomy and are 

opened by an exogenous GH pulse at any of the three time points (30, 90, or 240 

minutes) (n = 1,133 sites) show the largest magnitude (Fig. 3.11A) and relative levels of 

chromatin opening (Fig. 3.11B) due an endogenous GH/STAT5 pulse when compared to 

the other DHS subsets (sets 1-6 vs. set 7). 

 

3.4.8 A single GH pulse is sufficient for opening chromatin in hypophysectomized 

male mice 

Given the majority of DHS that open by an endogenous GH pulse are also opened by a 

single pulse of GH in hypox male liver, we examined the relative intensity of chromatin 

opening for intact female, hypox female (FHx), hypox male (MHx), and hypox male liver 

following GH pulse treatment. For the DHS that open (2,831 sites), male hypox samples 

treated with GH either 30 or 90 min show the greatest intensity of chromatin opening, 

followed by baseline levels of chromatin opening for MHx+GH 240 min, and lower 

levels for hypox female and hypox male livers, respectively (Fig. 3.7A, left). For DHS 

that close (123 sites), male hypox liver samples treated with GH either 30 or 90 min 

showed the lowest levels of chromatin accessibility, while all other samples showed 

baseline levels of chromatin opening (Fig. 3.7A, right). Thus, an exogenous GH pulse 
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given to hypox male mice is sufficient to induce chromatin opening within 30 min to a 

level similar to that of intact male mouse liver experiencing a natural, endogenous GH 

pulse (Fig. 3.2C). The effects of GH decrease after 90 min, leading to the lower level of 

chromatin accessibility seen in MHx+GH 240 treatment.  

Relative levels of chromatin accessibility were also examined in the set of male-biased 

and sex-independent DHS separated by those with or without STAT5 bound. For male-

biased DHS with STAT5 bound (1,307 sites), male hypox samples treated with GH either 

30 or 90 min show the most chromatin opening intensity followed by baseline levels of 

chromatin opening for MHx+GH 240 min later, intact-female, and lower levels for hypox 

female and hypox male livers respectively (Fig. 3.7B, top-left). These samples indicate 

the chromatin to be essentially closed at the set of male-biased DHS without STAT5 

bound (1,422 sites) (Fig. 3.7B, bottom-left). Sex-independent DHS with STAT5 bound 

(12,712 sites) show high levels of chromatin opening for the intact female and hypox 

male samples treated with GH with decreased accessibility seen for hypox female and 

hypox male samples respectively (Fig. 3.7B, top-right). For sex-independent DHS 

without STAT5 bound, baseline levels of chromatin opening was seen for all samples 

(Fig. 3.7B, bottom-right). 

3.4.9 A single GH pulse induces robust chromatin at dynamic DHS in 

hypophysectomized male mouse liver 

The relative levels of chromatin accessibility were examined in the set of dynamic and 

static DHS for the GH time course study dataset. In the set of dynamic male-biased DHS 

(834 sites): male hypox mice treated with GH either 30 or 90 min show the largest degree 



 

 

154 

of chromatin opening, followed by a decrease back toward baseline levels of chromatin 

opening after 240 min (Fig. 3.8A, plot 1). Importantly, the level of chromatin opening 

achieved in the GH pulse-treated MHx livers was indistinguishable from that seen for the 

same set of 834 DHS in STAT5-high male liver (see Fig. 3.3, plot 1). This indicates that 

a single exogenous pulse of GH recapitulates the effects of an endogenous GH pulse on 

chromatin opening in male mouse liver, and further, establishes that liver chromatin at 

these 834 sites is primed, and can respond rapidly (within 30 min) to a GH pulse even 

after several weeks of GH deficiency conferred by hypox. In contrast to the dramatic 

effects of GH pulse stimulation seen at the set of 834 dynamic male-biased DHS, the set 

of 1,895 static male-biased DHS showed only small increase in chromatin opening (Fig. 

3.8A, plot 2), while the set of 1,359 female-biased DHS showed small decreases in 

chromatin opening in GH-treated hypox male liver (Fig. 3.8A, plot 3). Further, the set of 

64,584 static sex-independent DHS were unresponsive to plasma GH stimulation (Fig. 

3.8A, plot 4).  

Next, we investigated the hypothesis that STAT5 binding is directly linked to the 

increased chromatin accessibility at the dynamic male-biased DHS. Male hypox mice 

treated with GH either 30 or 90 min showed the largest degree of chromatin opening in 

the set of 710 dynamic male-biased DHS that bind STAT5. Moreover, chromatin opening 

decreased substantially after 240 min (Fig. 3.8B, plot 1A), at which time the activation of 

liver STAT5 DNA binding activity is fully reversed (Connerney et al., 2017). 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 (Fig. 3.8B, plot 1B), consistent 
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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 sites. 

Static male-biased DHS with STAT5 bound (597 sites) showed a more modest increase 

in chromatin opening with GH pulse treatment (higher basal level in MHx control and 

lower induced level with GH pulse; Fig. 3.8B, plot 2A), while static male-biased DHS 

without STAT5 binding (1,298 sites) showed little or no GH pulse responsiveness (Fig. 

3.8B, plot 2B).  

Chromatin opening at female-biased DHS was decreased by hypox, both at the 258 sites 

bound by STAT5 and at the 1101 sites that did not show STAT5 binding (Fig. 3.8B, plots 

3A and 3B). Further, GH pulse treatment of MHx mice stimulated a modest decrease in 

chromatin opening at both sets of female-biased DHS. Finally, the dynamic, but not the 

static sex-independent DHS showed large increases in chromatin opening with GH pulse 

treatment (Fig. 3.8B, plots 4A and 5A), similar to the dynamic male-biased DHS.  

Overall, DHS that bind STAT5 showed higher levels of chromatin opening than DHS 

that do not bind STAT5 (Fig. 3.8B, top row vs. bottom row). Notably, this difference in 

chromatin accessibility is preserved in hypox male and female liver, even though liver 

STAT5 is inactive and cannot bind DHS under these conditions due to the absence of GH 

stimulation. 

3.4.10 Chromatin state differences between static and dynamic male-biased DHS 

Next, we investigated the hypothesis that the underlying chromatin state, defined by 

activating and repressive chromatin marks and open chromatin regions, is different 
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between dynamic and static DHS, particularly for male-biased DHS. Using the chromatin 

mark and CTCF-based classification of liver DHS described previously (Matthews and 

Waxman, 2018), 92-96% of dynamic and static male-biased DHS were classified as 

enhancers, which a somewhat larger fraction of weak enhancers in the case of static 

male-biased DHS (Fig. 3.9A). Promoter DHS and insulator DHS comprise the balance of 

each male-biased DHS set (2-5% each). Similarly, 86% of female-biased DHS and 90%  

of dynamic sex-independent DHS were enhancers or weak enhancers. By contrast, a 

much larger set of static sex-independent DHS are insulator or promoter regions (15-

20%) compared to dynamic sex-independent DHS (3-8%) (Fig. 3.9A).  

Next, we examined the chromatin state distribution of the dynamic and static male-biased 

DHS using the 14-emission chromatin state map developed for male mouse liver 

(Sugathan and Waxman, 2013). The majority (59-72%) of dynamic and static male-

biased DHS were classified as being in chromatin state E6, whose emission parameters 

indicate high frequency of DHS with the activating chromatin marks H3K27ac and 

H3K4me1 (Fig. 3.9B). Much smaller percentages of both male-biased DHS sets were in: 

state E5, an enhancer state largely marked by DHS without activating enhancer marks; 

state E7, a promoter state; E11, an enhancer state characterized by H3K4Me1 but not 

other marks; and E12, a bivalent state associated with both activating (H3K4me1) and 

repressive marks (H2K27me3). No major differences in chromatin state distributions 

were seen for dynamic vs. static male-biased DHS. 

Next, we investigated potential differences between dynamic and static male-biased 

DHS, dynamic sex-independent DHS, and static female-biased DHS, with respect to sex-
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sets of DHS showed depletion of promoter-like states (E7 and E8) in both male and 

female liver, which further supports the notion of these sites being enhancer regions (Fig. 

3.9F, Fig. 3.9G). 

3.5 Discussion 

GH secretion profiles and corresponding activation of STAT5 is an important driver of 

sex-specific gene expression and sex-biased chromatin accessibility. In male liver, 

pulsatile GH activation of STAT5 is responsible for male-biased gene expression, but 

little is known about mechanisms controlling male-biased DHS. Studies of individual 

genes (Connerney et al., 2017)provide some insight into chromatin accessibility changes 

at specific genomic loci in response to GH stimulation; however, little is known about 

genome-wide epigenetic changes in mouse liver. Here, we used a mouse liver model to 

identify several thousand genomic regions whose chromatin accessibility responds to 

either an endogenous or exogenous GH pulse, which was given by injection to hypox 

(i.e., GH-deficient) young adult male mice. We discovered two distinct mechanisms for 

GH regulation of male-biased DHS. Dynamic male-biased DHS (n=834) are almost all 

bound by STAT5; they were shown to undergo repeated cycles of chromatin opening and 

closing stimulated by each GH pulse as the primary determinant of their male-biased 

accessibility. In contrast, chromatin accessibility at static male-biased DHS (n=1,895) 

does not vary with each pulse of GH/STAT5; rather, the male bias of those DHS is due to 

their being more constitutively closed in female liver, as shown by DNase cutting 

frequency analysis. Both male-biased DHS classes are ~95% enhancer DHS. Preliminary 
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male bias in accessibility is apparently due to these sites being more closed in female 

liver (Fig. 3.3A). 

3.5.4 STAT5 binds directly to dynamic DHS 

Dynamic DHS are genomic regions which open/close in response to each GH pulse; 

however, it was not known whether GH activation of STAT5 contributes to the observed 

changes in chromatin structure, or whether those changes are due to STAT5-independent 

mechanisms. We hypothesized that STAT5 binding at these dynamic DHS, which 

undergo repeated cycles of chromatin opening and closing following each GH pulse, is a 

key characteristic of these sites. We investigated this hypothesis by scanning the DHS 

sequences for the TRANSFAC STAT5 motif. The majority of dynamic DHS contain one 

or more instances of the STAT5 motif, whereas, the majority of static DHS lack the 

STAT5 motif. We also performed de-novo motif analysis of these DHS sequences and 

found that dynamic DHS yielded motifs with strong sequence similarity to the STAT5 

motif, while no motif matches for STAT5 were found among the static DHS sequences 

(Fig. S3.2). Given these differences between the dynamic and static DHS sequences, we 

anticipated finding preferential binding of STAT5 at the dynamically-responsive DHS. 

Indeed, using genome-wide binding site data for STAT5 (Zhang et al., 2012), we found 

that the majority of dynamic DHS are STAT5 bound ,while the majority of static DHS 

lack STAT5 binding sites. Further, the overall intensity of STAT5 binding is significantly 

greater at the set of dynamic vs. static DHS (Fig. 3.4B and Fig. S3.1). Thus, STAT5 

binding is a key distinguishing characteristic that separates dynamic from static DHS. 

Furthermore, the presence of STAT5 binding is associated with greater levels of 
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endogenous GH/STAT5 pulses were also opened by a GH pulse (Fig. 3.7A). A similar 

pattern was observed for the subset of male-biased DHS with STAT5 bound (1,307 DHS, 

Fig. 3.7B) which closely resembles the profile of chromatin opening of STAT5-

high/STAT5-low male livers (Fig. 3.2D). A single GH pulse was sufficient for restoring 

chromatin accessibility after 30 or 90 min in the set of dynamic male-biased DHS (834 

DHS), with similar profiles seen among intact-male liver samples (Fig. 3.3A). A similar 

pattern was seen for the subset of dynamic male-biased DHS with STAT5 bound (Fig. 

3.8B, plot 1A) compared to intact male liver samples (Fig. 3.4C, plot 1A). Interestingly, 

the highest level of chromatin opening was seen for the set of dynamic sex-independent 

DHS 30 or 90 min after a single GH pulse. As described for intact male liver samples, 

hypox male liver samples treated with GH showed greater chromatin accessibility in 

genomic regions with STAT5 bound compared to those without STAT5 bound (Fig. 3.8B 

top vs. bottom). These findings show that a single, physiological pulse of GH is sufficient 

to restore chromatin opening at GH-responsive DHS with an eventual loss of chromatin 

accessibility seen at 240 min later, which coincides with the deactivation of liver STAT5 

seen in the same set of livers (Connerney et al., 2017), and mimics the closing of 

dynamic DHS seen in STAT-low compared to STAT5-high livers. Notably, a subset of 

DHS that open due to endogenous GH/STAT5 pulses are not opened by a single pulse of 

GH. This indicates that these genomic regions may require additional GH pulses and 

potentially other epigenetic changes to restore regulatory function. 
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seen for the sets of dynamic sex-independent DHS and static female-biased DHS. Thus, 

male-biased STAT5 binding is closely associated with dynamic male-biased DHS, 

consistent with the greater prevalence of a STAT5 motif and STAT5 binding at dynamic 

compared to static DHS (Fig. 3.3 and Fig. 3.4). Interestingly, GH/STAT5-regulated 

repressors BCL6 and CUX2 showed varying levels of enrichment in the set of male and 

dynamic sex-independent DHS. STAT5 and BCL6 play counteractive roles in regulating 

sex-specific gene expression in mouse liver; BCL6 binding is preferentially associated 

with repression of female-biased STAT5 targets in male liver (Zhang et al., 2012), but 

here we did not see enrichment at female-biased DHS.  

Dynamic male-biased and dynamic sex-independent DHS showed the largest magnitude 

of enrichment for containing male-specific BLC6 binding sites. Although these sites are 

opening/closing in response to GH/STAT5 pulses, BCL6 binding at these sites maybe a 

mechanism for repressing female-specific genes in male liver. Analogously, CUX2 is a 

highly female-specific liver transcription factor, further, its binding in female liver is 

enriched at male-biased DHS and nearby male-enriched STAT5 binding sites (Conforto 

et al., 2012). Dynamic and static male-biased DHS showed enrichment for female-

specific CUX2 binding sites, consistent with CUX2 functioning as a repressor of male-

biased genes in female liver. We also investigated the role of the pioneer factors FOXA1 

and FOXA2 at these DHS. Both FOXA factors showed ~2-fold greater enrichment of 

their male-biased binding sites at static male-biased compared dynamic male-biased DHS 

(for FOXA1: ES = 6.09 vs. 3.74; and for FOXA2: ES = 44.3 vs. 21.2, for static compared 

to dynamic male-biased DHS). Although dynamic male-biased DHS may require FOX 
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factor binding for chromatin remodeling in response to GH/STAT5 pulses, static male-

biased DHS may require FOX factor binding for maintaining open chromatin at these 

sites. Similarly, static female-biased DHS showed the largest enrichment for containing 

female-specific FOXA binding sites. In terms of sex-specific chromatin marks, dynamic 

and static male-biased DHS show similar patterns of enrichment. Static male-biased DHS 

showed greater enrichment for containing H3K27ac (ES: 25.3 for dynamic DHS vs. ES: 

41.5 for static DHS) and H3K36me3 (ES: 3.87 for dynamic DHS vs. ES: 25.6 for static 

DHS) in male liver. These results may, in part, be a consequence of different chromatin 

structure at dynamic vs. static male-biased DHS or maybe due to differential levels of 

target gene expression of these DHS. Among chromatin marks in female liver, dynamic 

male-biased DHS showed a ~2-greater enrichment for containing H3K9me3 sites (ES: 

21.68 for dynamic DHS vs. ES: 10.91 for static DHS). These results indicate that the 

H3K9me3 mark is preferentially used in female liver to repress male-biased DHS activity 

in female liver. This pattern is opposite to that of H3K27me3, whose male-biased binding 

is strongly enriched at female-biased DHS in male liver, and is used to repress female-

biased gene expression in male liver.  Finally, in terms of chromatin states, dynamic and 

static male-biased DHS showed similar patterns of enrichments when compared to the set 

of static sex-independent DHS. This result is consistent with the chromatin state profiles 

described in male liver above (Fig. 3.9B). 
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Fig. 3.1 Classification of liver DHS and mapping to liver-expressed genes.  

A. Shown are the percentages of each indicated liver DHS subset (x-axis) that are 

classified as weak enhancer, enhancer, insulator or promoter regions (Matthews and 

Waxman, 2018). Robust male-biased and robust female-biased DHS (Ling et al., 2010), 

are subsets of all male-biased and female-biased DHS, respectfully. Enrichments of sex-

biased DHS for being enhancer, insulator or promoter regions were compared to a 

background set comprised of sex-independent DHS (66,116 sites). Significance of 

enrichments were determined by Fisher Exact Test with Benjamini-Hochberg p-value 

adjustment: *, P<0.01; **, P<1e-10; ***, P<1e-50. Asterisks in black indicate 

enrichment, and asterisks in red indicate depletion compared to sex-independent DHS. B. 

Enrichment of sex-biased DHS sets (as shown in A) for mapping to sex-specific genes in 

the same TAD, as compared to a background set of sex-independent DHS mapping to the 

same gene set. Bar height indicates enrichment score (ES); numbers above bars specify 

the percentage of each sex-biased DHS set that maps to a male-specific or a female-

specific gene, respectively. 15-24% of sex-biased enhancer DHS, but only 1-3% of sex-

biased promoter and insulator DHS map to sex-biased genes. C. Cumulative frequency 

distribution of the distance to the nearest TSS on the same TAD for male-biased and 

female-biased enhancer (e), insulator (i), and promoter (p) DHS.  
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Fig. 3.2 Discovery and characterization of dynamic and static male-biased 

DHS.  

A. Principal component analysis of the distributions of DNase-seq reads per kilobase per 

million (RPKM) for the set of diffReps differential sites that are more open in STAT5-

high compared to STAT5-low livers. Eigenvector values for principal component 1 (PC1) 

are shown for the individual STAT5-high (blue) and STAT5-low liver samples (green) 

calculated for the 600 (left) or the 200 (right) diffReps differential sites showing the 

largest fold-change in chromatin opening. The dotted red line indicates an empirical 

cutoff used to separate STAT5-high from STAT5-low liver samples, and the dotted black 

circles mark outlier samples in each dataset. B. Boxplots of the log2(RPKM) DNase-seq 

signal in the top 200 DHS that open (as in panel A) for the sets of STAT5-high and 

STAT5-low liver samples, and for individual male mouse liver samples generated by the 

ENCODE consortium (replicates 5 to 13), as marked on x-axis). The dashed black line 

indicates an arbitrary cutoff used to separate STAT5-high and STAT5-low liver samples. 

Samples from each group that do not pass the cutoff (first two red bars, and seventh blue 

bar, from the left) are the same outlier livers identified in panel A. C. Normalized DNase-

I cut site aggregate plots for STAT5-high (red) and STAT5-low male livers (blue), and 

for female livers (black). Cut sites were aggregated across the sets of diffReps-identified 

DHS that open (left) or close (right) in response to endogenous STAT5 pulses in male 

liver, i.e., sites that show greater diffReps normalized DNase-seq signal intensity in 

STAT5-high compared to STAT5-low livers. D. Normalized DNase-I cut site aggregate 

plots for STAT5-high (red) and STAT5-low male livers (blue) and female livers (black) 
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across the genomic regions included in the sets of male-biased (plots 1, 2) and sex-

independent DHS (plots 3, 4), separated into subsets of DHS either with (plots 1, 3) or 

without STAT5 bound (plots 2, 4). E. Overlap between endogenous STAT5 pulse-opened 

DHS identified by diffReps (2,831 sites) and the sets of sex-biased and sex-independent 

DHS, defining static and dynamic DHS subsets.  
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Fig. 3.3 Dynamic and static male-biased DHS.  

A. Normalized DNase-I cut site aggregate plot for male livers at STAT5-high, STAT5-

low, and for female liver for the set of static and dynamic male-biased DHS, static 

female-biased, and static sex-independent DHS, as identified in Fig. 3.2E. B. Bar plot 

showing the number and percent of static and dynamic DHS with one or more 

occurrences of the STAT5 motif. FIMO was used to scan each of the 70,211 liver DHS 

sequences to determine the number of TRANSFAC STAT5 motif occurrences. C. The 

percentage of dynamic (left) and static (right) DHS with zero or more occurrences of the 

STAT5 motif. Shown on the x-axis: the number of motif occurrences in each DHS (n =0-

9), y-axis: % DHS in each group with the corresponding number of motifs. 
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Fig. 3.4 STAT5 binding is associated with chromatin opening.  

A. The number and percentage of dynamic and static DHS that have one or more STAT5 

binding sites, based on STAT5 ChIP-seq data for mouse liver. BEDTools was used to 

determine the overlap between the merged list of 15,094 STAT5 binding sites (Zhang et 

al., 2012)and 70,211 liver DHS used in this study. B. Distribution of STAT5 ChIP-seq 

signal intensity for the sets of dynamic and static DHS. For each DHS that contains a 

STAT5 binding site (shown in A), the corresponding STAT5 normalized ChIP-seq read 

count was obtained for the STAT5 male-high samples and STAT5 female-high liver 

samples (Zhang et al., 2012). Shown are the distributions of STAT5 ChIP-seq signal 

intensities for the indicated sets of DHS and using average read counts from STAT5 

male-high and female-high ChIP-seq samples. C. Normalized DNase-I cut site aggregate 

plots for male livers at STAT5-high, STAT5-low, and female liver in the set of male-

biased, female-biased, and sex-independent DHS separated by dynamic and static 

subsets.  
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Fig. 3.7 DNase cut site aggregate plots for the GH time course DHS data.  

A. Normalized DNase-I cut site aggregate plots for hypox male mouse liver (MHx), 

hypox males treated with GH (MHx+GH) after 30, 90, and 240 min, intact females, and 

female hypox (FHx) across the sets of STAT5-high vs. STAT5-low diffReps-discovered 

DHS that open (left) or close (right) in response to endogenous STAT5 pulses in male 

liver, as shown in Fig. 3.2C. B.  Normalized DNase-I cut site aggregate plots for the set 

of DNase-seq samples shown in A and in the set of male-biased DHS (left) and sex-

independent DHS (right), separated by those with (top) or without (bottom) STAT5 

bound at the DHS regions, as in Fig. 3.2D.  
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Fig. 3.8 DNase cut site aggregate plots for the GH time course DHS data.  

A and B.  Shown are normalized DNase-I cut site aggregate plots for hypox male (MHx), 

hypox male treated with GH (MHx+GH) after 30, 90, and 240 min, intact female and 

female hypox (FHx) across various sets of static and dynamic male-biased DHS, static 

female-biased, and static sex-independent DHS, as shown in Fig. 3.3A (A) and in Fig. 

3.4C (B).  
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Fig. 3.9 Chromatin state analysis of static and dynamic male-biased DHS.   

A. Distribution of static and dynamic DHS as weak enhancers, enhancers, insulators and 

promoter DHS, based on (Matthews and Waxman, 2018). 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 

chromatin marks and DHS, which segment the mouse genome into inactive, bivalent, 

enhancer-like, promoter-like, or transcribed-like states (Sugathan and Waxman, 2013). 

Chromatin state data are shown in Supplementary Table_S5. C. Emission probabilities 

for the six histone marks and DHS for each of the 14 chromatin states, from (Sugathan 

and Waxman, 2013), and the grouping of the 14 states into the indicated superstates. 

D-G. Shown are significant enrichments, and significant depletions, of the indicated sets 

of genomic regions for each of four 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). These enrichments and depletions 

were determined for overlap with sex-biased transcription factor binding sites (D), sex-

biased chromatin marks (E), chromatin states in male liver (F), and chromatin states in 

female liver (G). The set of 64,584 static sex-independent DHS was used as the 

background for these enrichment calculations (see Methods). Data graphed are 

enrichment scores (and depletion scores), indicated by bar height, and their Fisher Exact 

test significance values (log p-values, indicated by bar color) 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), which indicates the absence of enrichment. 
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Enrichment scores < 1 at p<E-03 indicate significant depletion. All significant depletions 

with ES values <0.1 (i.e., >10-fold depletion) are graphed at ES = -10. Thus, all bars 

shown, except those at ES = 1.0, indicate significant enrichment or depletion. Enrichment 

calculations are presented as sets of four bars corresponding to the order of DHS listed 

above. 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. 
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