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Abstract

Non-alcoholic fatty liver disease (NAFLD), which often co-occurs with obesity and type 2 diabetes, is
the most common cause of chronic liver disease worldwide. A subset of patients with NAFLD
progress to the severe form known as non-alcoholic steatohepatitis (NASH), which increases the risk
of developing hepatic fibrosis, cirrhosis, and hepatocellular carcinoma. The molecular underpinnings
of the progression from NAFLD to NASH in patients is poorly understood. Active enhancer
landscapes are known to determine cell states and can point to key transcription factors (TF), genes,
and pathways in disease pathogenesis or resistance. Also, while super-enhancers have helped
reveal key disease drivers in several cancer types, they remain undefined in NASH. To define the
enhancer signature of NASH-prone (NP) and NASH-resistant (NR) phenotypes in humans, we
performed chromatin run-on sequencing (ChRO-seq) analysis on liver biopsies of individuals with
severe obesity who were stratified into either the NP or NR group. We defined the active enhancer
signature, super-enhancer linked genes, and the candidate TF networks in human NP and NR livers.
Notably, we showed that NR-activated genes that are linked to NR-specific enhancers/super-
enhancers are involved in serine and glycine biosynthesis (SHMT, BHMT) as well as glycine
utilization (GLYAT, GATM). Overall, this study has defined for the first time the active
enhancer/super-enhancer landscape and the underlying TF programs of NASH resistance in humans
with obesity.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease,
affecting ~25% of the population world-wide’?. NAFLD is highly associated with many metabolic
disorders including obesity, type 2 diabetes (T2D), and hyperlipidemia. Numerous risk factors have
been identified, including body mass index (BMI), glycemic status, age, smoking, and specific genetic
variants (such as rs738409 at PNPLA3 locus)®*®. Clinically, NAFLD is characterized by abnormal
accumulation of lipids in hepatocytes. In 10-20% of cases, NAFLD progresses to a more severe form
known as non-alcoholic steatohepatitis (NASH)?, which is marked by increased steatosis, hepatocyte
ballooning, and lobular inflammation®7, which sets the stage for the development of fibrosis, and in
some cases eventually cirrhosis, hepatocellular carcinoma, or liver failure requiring transplantation®.
While NASH is the second leading cause and will soon be the primary cause for liver transplantation
in the United States® 0, there are currently no FDA-approved drugs for managing NASH''. Many
drugs that have shown promise for ameliorating NASH in animal models have failed in human clinical
trials'?, which speaks to the urgent need for research with human tissue that aims to discover new
potential therapeutic targets for NASH.

While gene expression profiles related to NAFLD progression have been reported previously in
several studies'-'8, the underlying transcriptional programming and the enhancer landscape that
shapes gene expression in this disease remains completely unexplored. Regulatory elements (e.g.,
promoters and enhancers), which interact with transcription factors (TFs) to modulate activity of
nearby genes, are critical for many fundamental biological processes including disease pathogenesis.
The active enhancer landscape, in particular, most accurately distinguishes different cell states'20.
Furthermore, dense clusters of enhancers with remarkably high activity (known as super-enhancers)
have been shown to mark genes that are critical for cell identity during development or cell behavior
in disease pathogenesis?'?2, Most of the current knowledge about TFs in NAFLD stems from animal
models that may not fully recapitulate human NAFLD/NASH pathogenesis?3-2. It is unknown how the
active enhancer landscape and TF networks are re-wired during NASH development in humans.
Also, while super-enhancers have helped identify key disease drivers in a number of different cancer
types, they remain undefined and merit further investigation in NASH.

The newest generation of nascent RNA sequencing technology developed to study chromatin
regulatory dynamics?®, chromatin run-on sequencing (ChRO-seq), provides an exceptional tool for
characterizing the enhancer landscape and TF networks in human NASH. ChRO-seq not only
provides direct measurements of gene transcription activity but also enables sensitive detection of
active transcriptional regulatory elements (TREs, such as promoters and enhancers). Moreover,
ChRO-seq detects TREs that are active, further distinguishing it from another widely-used method,
ATAC-seq, which identifies all open chromatin loci, active or not. Also, in contrast to ChRO-seq,
open chromatin profiling methods do not provide quantitative information about gene transcription. A
major advantage of ChRO-seq relative to previous versions, known as GRO-seq and PRO-seq, is
that it can be applied to archived, frozen tissues making it available for profiling human liver biopsy
specimens. As an example of the utility of this method, recent studies have leveraged ChRO-seq to
define transcriptional programs that underpin human cancer pathogenesis?®?” as well as gut
development in a human organoid model?.

In this study, we applied ChRO-seq on human liver biopsies from two well-matched populations of
individuals with severe obesity that are discordant for the NASH phenotype to define the active
enhancer signature, super-enhancer linked genes, and the candidate TF networks that are
associated with NASH-prone (NP) and NASH-resistant (NR) livers.
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Results

NASH resistant (NR) and NASH prone (NP) livers are associated with distinct profiles of gene
transcription by RNA polymerases

Many NAFLD studies in humans employ non-obese individuals who have lower BMI, more favorable
metabolic profiles and/or younger age as controls'829-32, While such studies provide valuable
information with translational implications, the presence of multiple confounders presents notable
challenges for identifying factors specifically associated with NAFLD progression. Here we set out to
study the enhancer landscape of NASH in humans using a NAFLD comparison population that is
matched for the major risk factors. Specifically, we first identified six individuals who have severe
obesity (BMI >45) without the presence of NASH. This cohort includes carriers of the PNPLAS risk
allele as well as persons with impaired glucose tolerance (IGT) and type 2 diabetes (T2D) -- we term
this group NASH-resistant (NR) (Supplementary Table 1; Figure 1A-B). We then identified eight
individuals with NASH who are well-matched for BMI, sex, PNPLA3 genotype, and glycemic status —
we refer to this group as NASH-prone (NP) (Supplementary Table 1; Figure 1A-B).

The livers from NP subjects displayed the classic NASH phenotype, with higher steatosis levels and
the presence of hepatocyte ballooning, lobular inflammation and tissue fibrosis (Figure 1A). In
contrast, the livers from NR subjects displayed lower levels of steatosis, lacked hepatocyte
ballooning, and exhibited little-to-no lobular inflammation and fibrosis (Figure 1A). Individuals across
both NP and NR groups exhibited very similar values of BMI, circulating lipids, glycemia and
frequency of the risk allele of rs738409 at the PNPLA3 locus (Figure 1A-B). Moreover, despite
having healthier livers, individuals with the NR phenotype were significantly older than those with NP
phenotype. Therefore, the resistance to NASH among the NR subjects is not simply attributable to a
difference in time for disease progression. We hypothesized that the molecular phenotype of NR
livers holds important clues to limiting NASH progression. Numerous studies have demonstrated that
disease-specific enhancers/super enhancers mark nearby genes that are critical for defining disease
behavior?'?2. However, the enhancer landscape of NASH progression in humans has not been
characterized. To bridge this important knowledge gap, we sought to define the enhancer signatures
of both the NR and NP phenotypes.

We first performed chromatin run-on sequencing (ChRO-seq) on the liver biopsies from individuals
with severe obesity who were stratified into either the NP or NR group (Figure 1C), thereby
generating information on the transcription level of genes, active promoters, and active enhancers in
a single assay. Principal component analysis (PCA) of transcriptional signal at annotated gene
bodies showed a modest separation between NR and NP livers (Figure 1D). Differential transcription
analysis identified 879 and 651 genes that are more transcriptionally active in NP and NR,
respectively (Figure 1E; p < 0.05, padj < 0.2, normalized counts > 100, log2FC < or > 0 by DESeq2).
The genes that are more transcriptionally active in NP than NR (hereafter, referred to as NP-activated
genes) are enriched in pathways involved in neutrophil activation, immunity, and cytokine responses
(Figure 1F). Those genes include /L1833, IL6%*, CCL2 (encoding MCP-1)3%36, CCL2076, HIF1A¥,
TREM138, PKM?®, CXCR2 4°, CRP*42, |L32%, and CD44* (Figure 1H). The genes that are more
transcriptionally active in NR than NP (hereafter, referred to as NR-activated genes) are enriched in
pathways involved in fatty acid metabolism (CPT2, ACADL, AlG1, ACAA2, ACSM5, ACOX2, BDH?2,
HAO2) and xenobiotic processes (CYP2J2)**(Figure 1G-H). Overall, the transcriptionally activated
genes and pathways in NP or NR are consistent with the literature’, mostly based on studies of
mouse models of NASH, describing candidate molecular players in NAFLD and/or NASH
development.

NR and NP livers have unique active enhancer signatures
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ChRO-seq enables sensitive detection of active transcriptional regulatory elements (TREs), including
promoters and enhancers. In this study, we defined a total of 136,863 active TREs across all
samples, with an average size 397.1 bp (Supplementary Figure 1A-B). The identified active TREs
were then classified as either promoter (n = 49,853; TREs overlapping -1000/+200 windows around
transcriptional start sites) or enhancer (n = 87,010; TREs not overlapping -1000/+200 windows
around transcriptional start sites). Hierarchical clustering analysis of promoter and enhancer profiles
showed that sample stratification was not driven by PNPLA3 genotype (Figure 2A-B). More
importantly, it demonstrated that enhancer profiles separate the NR and NP phenotypes more
faithfully than the promoter profiles (Figure 2A-B).

Next, we performed DESeq2 analysis to define TREs that are strongly associated with NP or NR
livers (Figure 2C; p < 0.05, padj < 0.2, log2FC < -1 or > 1 by DESeq2). We identified 1,447 and
1,833 TREs that are significantly activated in NP and NR, respectively (Figure 2C). Given that
enhancers more strongly discriminate between NP and NR (Figure 2A), we focused the analyses on
the subset of differentially active TREs that are enhancers, defined as NP-specific (n=753) and NR-
specific enhancers (n=1,407) (Figure 2C). We next performed enhancer density analysis for each
transcribed gene (average normalized counts > 100 across all the samples) by counting the number
of NP- or NR-specific enhancers within a window of +/-100 kb around the annotated TSS. Several
key observations were made in this analysis. First, we identified very few cases of genes nearby to
both NP- and NR-specific enhancers, indicating as expected that the sets of genes associated with
NP- or NR-specific enhancers are largely mutually exclusive (Supplementary Figure 1C). Second,
we found that genes that are associated with NP- or NR-specific enhancers are heavily skewed to be
more transcriptionally active in NP or NR, respectively (Figure 2D-G). Third, genes with a greater
density of NP- or NR-specific enhancers nearby exhibited greater transcriptional activation in NP and
NR, respectively (Figure 2D-E). Together, these data indicate that the enhancer profiles are, indeed,
shaping the transcriptional landscapes of each phenotype (NP/NR), which establishes the reliability of
the enhancer signatures for further detailed analyses.

We identified 250 genes that are associated with 1 or more NP-specific enhancers and also exhibit
significantly higher transcriptional activity in NP (Figure 2F), including CD44 (Supplementary Figure
1D) and THBS1 (Figure 2H). Hepatic CD44 was observed previously to be significantly upregulated
in patients with NASH and demonstrated as a key factor in developing NASH in mice*4. Hepatic
THBS1 was reported to be elevated in patients with obesity and advanced NASH and was
downregulated after bariatric surgery*®. Through ChRO-seq, we identified nearby enhancers that are
NP-specific and thus likely contribute to transcriptional activation of these genes in NP livers. On the
other hand, we identified 244 genes that are associated with 1 or more NR-specific enhancers and
also exhibit significantly higher transcriptional activity in NR (Figure G), including HAO2
(Supplementary Figure 1E), BHMT1 and BHMT2 (Figure 2I). A role for HAOZ2 in promoting lipid
catabolism was recently demonstrated as a mechanism to suppress tumor progression in patients
with renal carcinoma*’. Our data links HAO2 to NAFLD for the first time and uncovers its potential
role in contributing to NASH resistance. BHMT1 participates in one-carbon metabolism and
contributes to synthesis of glycine/methionine, the dysregulation of which has been implicated in
NAFLD/NASH development*®4%. Here, our data not only provide evidence in humans for the potential
role of these genes in NASH resistance but also reveal NR-specific enhancers that likely modulate
their transcriptional activity (Figure 2I).

Super enhancers identify candidate driver genes and pathways of NR or NP phenotypes

Super enhancers, or enhancer hotspots, are hyper-active regulatory regions defined by dense
clusters of individual enhancers. Accumulating evidence shows that enhancer hotspots serve to
control the transcription of genes especially critical for cell fate identity during development and cell
behavior in disease progression?'. To identify enhancer hotspots in NP or NR, we used an algorithm
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(Methods) that we have recently developed?”-?8, which itself is adapted from a previous pipeline for
super enhancer detection®?.

The enhancer hotspot analysis revealed 56 enhancer hotspots formed by NP-specific enhancers
(Figure 3A; Supplementary Figure 2A) and 95 enhancer hotspots formed by NR-specific enhancers
(Figure 3F; Supplementary Figure 2B). We assigned these phenotype-specific enhancer hotspots
to the closest annotated TSSs (only those genes with an average gene transcription activity > 100
normalized counts were included) (Supplementary Figure 2A-B). We observed that the genes
linked to NP-enhancer hotspots are on average more transcriptionally active in NP livers compared to
those linked to non-enhancer hotspots (Figure 3B). Indeed, only 45% of genes associated with non-
enhancer hotspots are significantly activated in NP compared to NR, whereas 70% of genes
associated with NP-enhancer hotspots are significantly activated in NP (Figure 3B). Very similar
trends were observed for genes associated with NR-enhancer hotspots (Figure 3G). For both NP
and NR, the enhancer hotspots are generally in close proximity to their nearest gene, except in a few
cases where the distance is >25kb (Figure 3C & H). Together, these observations support the strong
regulatory impact of enhancer hotspots on nearby genes in both NP and NR livers.

The NP-activated genes that are associated with NP-enhancer hotspots (Figure 3C) may represent
those with particularly critical etiological roles in NASH development. We observed that these genes
are enriched in the p53 pathway (Panther 2016; P = 0.0003), which is consistent with a reported role
for p53-mediated apoptosis in NASH*350:51 " Notably, while the transcriptional activity of p53 itself is
similar between NR and NP livers (data not shown), several direct targets of p53, including CDKN1A
52 . GADD45B, and GRAMD4, as well as apoptosis-related factors such as THBS7 and SPI1, are
significantly increased (Figure 3C). Specifically, the GADD45B locus is associated with two NP-
enhancer hotspots, which we found occurs only rarely (Figure 3D). Overall, our analysis suggests
that the p53 network is hyper-active in NP livers. We also showed that NP-enhancer hotspots are
associated with members of AP-1 (FOS, FOSB, JUNB)%? and the Notch signaling activator HES 1
(Figure 3E)®*%°, both of which have been reported as key molecular players in hepatic fibrosis in both
humans and in vivo mouse models. Most importantly, this enhancer hotspot analysis also revealed
novel mechanistic insights into NASH development. For example, we identified MAFK, which can
partner with members of AP-1% as well as BACH members®’, as a candidate driver of NASH. Also,
although activation of Wnt signaling is known to drive liver fibrosis 4!, the downstream key mediators
are not completely understood. In this analysis, we uncovered Wnt signaling mediators, EXT78 and
CSRNP15%80 neither of which has been previously linked to NAFLD or NASH and thus warrant
detailed investigation. Other NP-enhancer hotspot associated genes such as NFIL3/E4BP4 (ER
stress®'), LITAF (pro-inflammation and pro-fibrosis®?), KDM6B/JMJD3 (immune activation8364) may
also warrant functional characterization in the context of NASH development.

The NR-activated genes that are associated with NR-enhancer hotspots (Figure 3H) may represent
those with hepatoprotective roles, thereby contributing to NASH resistance. Interestingly, many of
these genes are involved in amino acid production and metabolism, particularly glycine synthesis and
utilization. Specifically, we uncover that GLYAT, which carries out glycine conjugation during
detoxification (Figure 31)%°, and GATM, which mediates creatine biosynthesis from glycine (Figure
3J), could be critical in contributing to NASH resistance. Other genes identified through this analysis
include those involved in bile acid synthesis and signaling (AKR1D1, NR112/PXR)®¢67, anti-oxidative
and anti-ER stress (CAT, PON1, SESNZ2), selenium biology (SELENOP) and hormone signaling
(GHR and AR). Among these genes, the reduction of PON1%8, SELENOP?® and ARK1D17° have
been shown to correlate to severity of NAFLD in human patients. Mouse models with deficiency in
Cat’', Sesn2?, Ghr™® and androgen receptor (Ar)’4"® spontaneously develop NAFLD development or
facilitate NAFLD progression. Consistent with those observations, we have identified them for the
first time to be linked to NR-specific enhancer hotspots and serve as candidate contributors to NASH
resistance in human patients.
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Define active TF gene networks in NP livers

TFs initiate transcription of downstream genes by binding to sequence-specific motifs present within
nearby active enhancers. To identify candidate master TF regulators relevant to NP livers, we
performed motif enrichment analysis within NP-specific enhancers (Figure 4A; p < 0.05, g-value <
0.05, enrichment fold change > 1.5 by HOMER). The TFs that are highly expressed in NP livers
(normalized counts > 500 in NP) and exhibit significantly enriched binding motifs in NP-specific
enhancers are shown in Figure 4B (top 10 motifs based on P value) and Supplementary Figure 3.
The NP associated TFs include ATF members (e.g. ATF3, ATF4)?476.77  AP-1 members (e.g. JUN,
JUNB, JUND)%*78 STAT members (e.g. STAT3, STAT1)"®, and MAFK (Figure 4B), several of
which have been implicated in mouse models of NAFLD formation and/or disease progression to
NASH. Notably, we observed that many of the NP-associated TFs are themselves significantly
activated at the transcriptional level in NP compared to NR (Figure 4C), and even associated with
NP-specific enhancer hotspots (Figure 3C), which suggests that activation of TF networks in NP
livers is achieved by transcriptional activation of NP associated TFs as well as the enhancers
containing the corresponding binding motifs.

We next sought to define major TF-gene networks (cistromes) in NP livers. Specifically, we selected
ATF3, JUNB, STAT3 and MAFK as TFs of interest (due in part to their dissimilarity of binding motifs)
and then identified NP-activated genes that are associated with (within +/-100 kb window from TSS)
NP-specific enhancers containing one or more of their binding motifs (Figure 4D). Through this
analysis, we identified genes that are shared across different TF cistromes or uniquely associated
with a particular TF (Figure 4D). For example, CDKN1A, an NP-specific enhancer hotspot linked
gene, is associated with all four selected TFs (Figure 4D-E). On the other hand, the NOTCH
signaling mediator HES 1, another NP-specific enhancer hotspot linked gene, is uniquely associated
with STAT3 (Figure 4D), indicating potential crosstalk between STAT and NOTCH signaling in NP
livers. This analysis also elucidated ATF3 and JUNB as novel candidate TFs that act on CSRNP1
(Figure 4D, F) and MAFK as a novel candidate TF acting on FOS (Figure 4D, G). In general, we
observed that the genes likely regulated by each of the selected TFs are enriched in different
pathways, thereby potentially contributing to distinct aspects of the NP phenotype (Figure 4H). For
example, the top ranked pathway for ATF3-associated NP-activated genes is reactive oxygen species
generation, whereas the top ranked pathways for MAFK-associated NP-activated genes is cytokine-
mediated signaling (Figure 4H). These findings provide a glimpse into how different gene regulatory
mechanisms relate to each other to form a complex regulatory program that may promote NASH
development and progression (an example of an NP-specific regulatory module is shown in Figure
4]).

Define active TF gene networks in NR livers

To identify candidate master TF regulators relevant to NR livers, we performed motif enrichment
analysis within NR-specific enhancers (Figure 5A; p < 0.05, g-value < 0.05, enrichment fold change >
1.5 by HOMER). The TFs that are highly expressed in NR livers (normalized counts > 500 in NR)
and exhibit significantly enriched binding motifs in NR-specific enhancers are defined as NR
associated TFs (Figure 5B). Among these NR associated TFs, HNF4A*3, HNF1B8', FOXA282 and
AR475 have reported roles in maintaining liver metabolism and/or preventing NAFLD/NASH
development. Interestingly, the genes encoding all of the NR associated TFs, with the exception of
AR, are transcribed at similar levels between NR and NP (Figure 5C). This suggests that activation
of NR-associated TF networks relies primarily on enhancing the activity of the TFs at enhancers
without affecting their own transcription levels (unlike what was observed in NP).
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To define major TF-gene networks (cistrome) in NR livers, we selected HNF4A, HNF1B, FOXA2 and
AR as TFs of interest and then identified NR-activated genes that are associated with NR-specific
enhancers containing one or more of their binding motifs (Figure 5D). Notably, GATM and GLYAT,
which are linked to NR-specific enhancer hotspots (Figure 3G-H), are associated with all four
selected TFs (Figure 5D), highlighting their potential importance to NASH resistance. By performing
pathway enrichment analysis for each of the NR-associated TF networks, we observed enrichment in
monocarboxylic acid and fatty acid oxidation (Figure S5E). We also performed protein-protein
interaction (PPI1) enrichment analysis with all genes associated with at least one of the four selected
motifs, which revealed key modules regulating peroxisomal protein import, xenobiotic metabolism and
glycine, serine and threonine metabolism (Figure 5F). Two genes in the latter module, SARDH
(Figure 5G) and SHMT1 (Figure 5H), are uniquely associated with AR and HNF4A (Figure 5D),
respectively, whereas the third gene, GATM (Figure 3J), is associated with all four selected NR
associated TFs (Figure 5D).

NR-specific enhancers and the associated TF network activates the hepatic serine and glycine
synthesis pathways

The enrichment of glycine, serine and threonine (GST) metabolism in NR-associated TF networks
(Figure 5F) supports very recent studies linking glycine*® and serine® deficiency to NAFLD/NASH
development in human patients. Given that circulating amino acid profiles can be influenced by the
status of hepatic amino acid metabolism®%8485 we measured amino acids and related metabolites in
the blood of NR and NP subjects (Figure 6A). We found that NR subjects exhibit a significant
increase in serine (1.38 fold increase; p = 0.028) and a modest trend for higher glycine levels (1.27
fold increase; p = 0.14) in circulation compared to NP subjects (Figure 6A), which is consistent with
our findings generated from the analysis of NR-associated gene networks (Figure 5F).

The increase in circulating serine in NR subjects (Figure 6A) motivated us to examine further the
GST metabolism pathway (KEGG pathway hsa00260). We found that NR-activated genes are very
strongly associated with serine and glycine biosynthesis (Figure 6B). Genes involved in serine
biosynthesis, particularly PHGDH (p < 0.05, padj < 0.2 by DESeq2), and to a lesser extent PSPH (p <
0.05, padj = 0.23 by DESeq2), are significantly activated in NR compared to NP livers (Figure 6B).
Serine is known to support glycine synthesis through enzymatic activity of SHMT1 (Figure 6B), which
is also activated in NR livers. Interestingly, a number of genes associated with glycine production
(BHMT, DMGHD and SARDH) are also highly significantly activated in NR compared to NP livers
(Figure 6B). BHMT is a core component of the one-carbon cycle that provides methyl groups
required for phosphatidylcholine synthesis and VLDL secretion®. The remarkable transcriptional
activation of NR-specific enhancer hotspot associated genes, GLYAT and GATM, also points to
glycine conjugation-mediated acyl-CoA clearance and creatine synthesis as potentially critical
processes for resisting the development of NASH (Figure 6B; p < 0.05, padj < 0.2 by DESeq2).
GAMT, another gene involved in creatine synthesis (p < 0.05, padj = 0.21 by DESeq?2), is also highly
activated in NR compared to NP livers (Figure 6B). Almost all of the NP-activated genes in the GST
metabolism pathway exhibit levels of transcriptional activity that are significantly correlated with
circulating serine levels (Figure 6B). Overall, these findings suggest that serine and glycine
synthesis, as well as glycine utilization and metabolism, likely serve as important mechanisms
underlying NASH resistance. Our analysis pinpoints particularly important genes in the glycine/serine
metabolism pathway and also identifies NR-specific enhancers/enhancer hotspots and candidate TFs
relevant for their activation (Figure 6B).

Discussion

In this study, ChRO-seq was leveraged to define for the first time the active enhancer signature of
NASH-prone (NP) and NASH-resistant (NR) phenotypes in a patient cohort with severe obesity.
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Although whole-transcriptome profiling has been used previously to characterize the gene expression
landscape of NAFLD/NASH in humans'3'5, the chromatin activity patterns, enhancer signature, and
TF networks that drive gene expression in NASH remain largely undefined. The results of this study
fill this important knowledge gap.

The enhancer hotspot analysis of NP livers highlighted the p53 pathway and the associated
processes (e.g., apoptosis and cellular senescence) as key candidate drivers of NASH
development'®5987  We found that CDKN1A (p21), which is a direct downstream target of p53 and
has been implicated in NAFLD progression®, is linked to an enhancer hotspot that is uniquely active
in NP livers and also harbors binding motifs for several NP-associated TFs (e.g., AP-1, ATF3, STATS,
and MAFK). We observed that apoptosis mediators THBS1 and GADD45B are also associated with
NP-enhancer hotspots, the former of which has been linked to NAFLD progression in both humans
and mice*6-8 but the latter of which has not previously been reported in the context of NAFLD or
NASH and therefore warrants more detailed characterization.

Several of the NP-activated genes identified in our study have been observed previously to be
elevated in humans with NAFLD/NASH. These include HES1%45%, AP-153, CRP*'42, TNFRSF1B (also
known as p75)°%°' and MYO1C %2. Also, several genes implicated in NAFLD/NASH pathogenesis in
mouse models, such as Nfil3 (encoding E4bp2)8', Pr2x4° and Dusp1 (encoding Mkp-1)%*, were
identified in our study for the first time as candidate drivers of NASH in humans. Most importantly,
our study uncovered a core set of genes (e.g. CSRNP1, HBEGF, SERPINB1) that have not been
previously linked directly to NAFLD/NASH. CSRNP1 is known to augment Wnt signaling and
promote apoptosis®®f°. HBEGF can serve as a ligand for EGFR, which is known to mediate the
activation of hepatic stellate cells in a diet-induced mouse model of liver injury®s. Hbegf
overexpression induces fibrosis in mouse pancreas®; whether HBEGF contributes to liver fibrosis
through activation of EGFR signaling remained to be tested. SERPINB1, which is a liver derived
factor and secreted into the circulation, regulates islet beta cell proliferation®”. The role of SRPINB1
in the context NAFLD/NASH context remains unclear and merits future studies.

Based on the current literature, it is possible that some of the NP-associated TFs uncovered in our
study (e.g. AP-1, HES1 and ATF3) exert cell-type specific roles in the liver during NASH progression.
For example, in mouse NAFLD/NASH models, Jun/AP-1 was observed to promote cell survival in
hepatocytes but drive pro-inflammatory/pro-fibrotic programs in non-parenchymal cells?353. Another
notable example is HES1, which has been shown to exhibit cell type specific expression patterns in
human livers (hepatocytes vs. non-parenchymal cells) during the course of disease progression from
healthy to steatosis to NASH%*. More recently, HES1 in a human study®® and Atf3 in a mouse study?*
were suggested to play a critical role in scar-associated macrophages. Active enhancer profiles,
which are known to be cell-type specific, may be a key underlying mechanism for directing cell-type
specific roles of TFs. In the future, it will be critical to extend the work of this study to achieve single-
cell resolution on TF networks.

Our study also identified genes that may be pivotal for NASH resistance in humans. We identified
several NR associated TFs, including HNF4A, HNF1B, FOXA2 and AR. While these TFs are already
known to be important for several liver functions, we pinpoint in this study specific downstream genes
that are likely especially critical for driving the NR phenotype in humans. Among these genes are
PON1%8 ETNK2'® and IGFBP2%, which have been reported as promising markers that distinguish
NASH from simple steatosis or healthy livers. Here we have identified the enhancers and
transcription factors associated with the regulation of these genes.

While numerous studies in animal models have reported a wide array of genes that may confer
beneficial effects in the liver toward mitigating NASH, which of them if any are relevant to humans
remains unclear. An important contribution of our study is to help determine which of these many
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candidates are most pertinent in humans. Several genes that have been implicated in mouse models
and are highlighted here for the first time as part of the NR-associated TF network in humans include:
Lias (alleviating oxidative stress)®, Sesn2 (ameliorating ER-stress)’?, Cygb (reducing stellate cell
activation)'%°, and Smo (preventing injury-induced apoptosis)'®'.

The most intriguing and novel findings are from the analysis defining NR-specific enhancer hotspot
associated genes, which are enriched in glycine-related functions: glycine synthesis (BHMT), glycine
conjugation-mediated acyl-CoA clearance (GLYAT), and glycine-based creatine synthesis (GATM).
Our results also highlight the importance of serine and glycine synthesis, as almost all the genes
involved in these pathways (e.g., PHGDH, SHMT, BHMT, SARDH) are significantly activated in NR
livers, associated with NR-specific enhancer hotspots, and/or positively correlated with circulating
serine levels. Our findings are consistent with two human studies, one of which indicated serine
deficiency in human NAFLD/NASH patients®® and the other showing that glycine deficiency is a risk
factor for liver fibrosis'®2, Our observations also support recent studies that suggest serine-, glycine-
or creatine-based treatments for NASH prevention4.103.104 " The novelty of the present study is that
we pinpointed particularly important genes in the glycine/serine metabolism pathway, in part by
association with NR-specific super-enhancers, and the TF networks most relevant for their activation.

Overall, by leveraging the cutting-edge genome-scale technigue ChRO-seq on human liver biopsies
from a cohort of obese individuals, we defined for the first time active enhancer signatures that
distinguish the NR from the NP phenotype. We were able to identify genes that are linked to NP- or
NR-specific enhancers/enhancer hotspots and offer a basis for understanding how enhancer status is
modulated to regulate transcriptional activity of genes during NAFLD progression. We also describe
the re-wiring of TF networks in NASH relative to NAFLD. Some of the findings in this study help
uncover the specific genes and networks reported in animal models that may be most relevant in
humans. Other findings represent completely novel candidate molecular factors that have not
previously been linked to NAFLD/NASH and may serve as potential therapeutic targets for managing
NASH.

Methods
Human sample description

Tissue specimens, blood, and plasma samples were obtained from the Biobank of the Institut
Universitaire de Cardiologie et de Pneumologie de Québec (Québec Heart and Lung Institute, QHLI,
Québec City, QC, Canada) according to institutionally approved management modalities. All
participants provided written, informed consent. Participants were recruited during a preoperative
visit for bariatric surgery and met the inclusion/exclusion criteria for the procedure'®. The study
population included 18 female patients of European ancestry with severe obesity (BMI > 45 kg/m?)
aged 29-56 years from the eastern provinces of Canada who underwent bariatric surgery at the
Institut Universitaire de Cardiologie et de Pneumologie de Québec (Québec Heart and Lung Institute,
QHLI, Québec City, QC, Canada) and were not on diabetes medications. Blood samples were
obtained at the time of admission for surgery. Liver tissues were obtained during bariatric surgery by
incisional biopsy of the left lobe and were not cauterized. The sampling procedure and position was
standardized among surgeons. A portion of the liver tissues were rapidly frozen in liquid nitrogen and
another portion was fixed for histology grading by trained pathologists according to'%. The
participants used for the study were selected based on the presence or absence of NASH defined as
steatosis alongside both lobular inflammation and ballooning. 6 out of the 18 samples showed no
indication of hepatocyte ballooning and hepatic fibrosis were categorized as NASH resistant (NR). 8
out of the 18 samples with indications of hepatocyte ballooning, hepatic fibrosis, lobular inflammation,
and portal inflammation were categorized as NASH prone (NP). The remaining 4 samples in this
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cohort satisfied neither NR nor NP criteria and thus were excluded from NR vs. NP comparison
throughout the entire study. The NR and NP groups were matched for BMI, sex, glucose tolerance,
PNPLAS3 genotype and smoking status. Additional sample and subject details are provided
in Supplementary Table 1.

Genotyping

Patatin-like phospholipase domain-containing protein 3 (PNPLA3) genotyping for the lle148Met
variant associated with hepatic steatosis (rs738409) was performed on genomic DNA extracted from
the blood buffy coat using the GenElute Blood Genomic DNA kit (Sigma, St. Louis, MO, USA).
rs738409 was genotyped using validated primers and TagMan probes (Applied Biosystems,
Waltham, MA). PNPLA3 genotypes were determined using 7500 Fast Real-Time PCR System
(Applied Biosystems, Waltham, MA) and analyzed using a high-throughput array technology
(QuantStudio 12K Flex system), coupled with Tagman OpenArray technology (Life Technologies).

Plasma metabolite measurements

Plasma amino acids were measured by targeted metabolomics methods, as previously
described'7:1%_ Briefly, plasma amino acid profiling was performed by tandem mass spectrometry
(MS/MS). All MS analyses employed stable-isotope-dilution with internal standards from Isotec,
Cambridge Isotopes Laboratories, and CDN Isotopes.

Chromatin isolation

Chromatin isolation for length extension chromatin run-on sequencing (ChRO-seq) was performed as
previously described?®?’. To isolate chromatin from pulverized frozen liver biopsies, samples were
incubated in 1X NUN buffer 20 mM HEPES, 7.5 mM MgCI2, 0.2 mM EDTA, 0.3 M NaCl, 1M urea,
1% NP-40, 1 mM DTT, 50 units/mL RNase Cocktail Enzyme Mix (Thermo Fisher Scientific, Waltham,
MA; AM2286), 1X Protease Inhibitor Cocktail (Roche, Basel, Switzerland; 11873580001)] in an
Eppendorf Thermomixer (Eppendorf, Hamburg, Germany) set at 12°C and 2000 rpm for 30 minutes.
The chromatin was pelleted by centrifugation at 12,500 x g for 30 minutes at 4°C, washed by 50 mM
Tris-HCI (pH 7.5) containing 40 units/mL SUPERase inhibitor and stored in chromatin storage buffer
(50 mM Tris-HCI pH 8.0, 25% glycerol, 5 mM magnesium acetate, 0.1 mM EDTA, 5 mM DTT, and 40
units/mL SUPERase In RNase Inhibitor). To solubilize the chromatin into the storage buffer, samples
were loaded into a Bioruptor (Diagenode, Denville, NJ) and sonicated with repeated cycles (10
minutes per cycle, consisted of 10 rounds of 30s on and 30s off). Chromatin solubilized in storage
buffer was stored at —80°C until usage for library construction.

ChRO-seq library preparation

Library preparation for length extension ChRO-seq was performed as previously described?®?’. To
perform run-on reaction with the solubilized chromatin, samples were mixed with an equal volume of
2X run-on reaction mix [10 mM Tris-HCI pH 8.0, 5 mM MgClI2, 1 mM DTT, 300 mM KCI, 400 uM ATP,
0.8 uM CTP, 400 uM GTP, 400 uM UTP, 40 uM Biotin-11-CTP (Perkin Elmer, Waltham, MA,;
NEL542001EA), 100 ng yeast tRNA (VWR, 80054-306), 0.8 units/uL SUPERase In RNase Inhibitor,
1% (w/v) Sarkosyl]. The run-on reaction was incubated in an Eppendorf Thermomixer at 37°C for 5
min (700 rpm) and stopped by adding Trizol LS (Life Technologies, Carlsbad, CA; 10296-010). RNA
samples were precipitated by GlycoBlue (Ambion, Austin, TX; AM9515) and resuspended in
diethylpyrocarbonate (DEPC)-treated water. To perform base hydrolysis reaction, RNA samples in
DEPC water were heat denatured at 65°C for 40 s and incubated in 0.2N NaOH on ice for 4 min.
Base hydrolysis reaction was stopped by neutralizing with Tris-HCI pH 6.8. Nascent RNA was
enriched using streptavidin beads (NEB, Ipswich, MA; S1421) followed by RNA extraction using
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Trizol. To perform adapter ligations, nascent RNA samples were processed through the following
steps: (i) 3' adapter ligation with T4 RNA Ligase 1 (NEB, Ipswich, MA; M0204), (ii)) RNA binding with
streptavidin beads (NEB, Ipswich, MA; S1421) followed by RNA extraction with Trizol, (iii) 5’ de-
capping with RNA 5' pyrophosphohydrolase (NEB, Ipswich, MA; M0356), (iv) 5’ end phosphorylation
using T4 polynucleotide kinase (NEB, Ipswich, MA; M0201), (iv) 5" adapter ligation with T4 RNA
Ligase 1 (NEB, Ipswich, MA; M0204). The 5" adaptor contained a 6-nucleotide unique molecular
identifier (UMI) to allow for bioinformatic detection and elimination of PCR duplicates. Streptavidin
bead binding followed by Trizol RNA extraction was performed again before final library construction.
To generate ChRO-seq library, cONA was generated through a reverse-transcription reaction using
Superscript Ill Reverse Transcriptase (Life Technologies, Carlsbad, CA; 18080-044) and amplified
using Q5 High-Fidelity DNA Polymerase (NEB, Ipswich, MA; M0491). Finally, ChRO-seq libraries
were sequenced (5' single end; single-end 75x%) using the NextSeq500 high-throughput sequencing
system (lllumina, San Diego, CA) at the Cornell University Biotechnology Resource Center.

ChRO-seq mapping and visualization

ChRO-seq mapping was performed with an established pipeline'®®. Briefly, read quality was
assessed using FastQC. PCR deduplication was performed by collapsing UMIs using PRINSEQ lite
0.20.2'"0. Adapters were trimmed from the 3’ end of remaining reads using cutadapt 1.16 with a
maximum 10% error rate, minimum 2 bp overlap, and minimum 20 quality score. Processed reads
with a minimum length of 15 bp were mapped to the hg38 genome modified with the addition of a
single copy of the human Pol | ribosomal RNA complete repeating unit (GenBank: U13369.1) using
Burrows-Wheeler Aligner (BWA) 0.7.13""". The location of the RNA polymerase active site was
represented by a single base that denotes the 5’ end of the nascent RNA, which corresponds to the
position on the 3’ end of each sequenced read. Supplementary Table 2 provides the mapping
statistics of the ChRO-seq experiments. As denoted in the table, 4 samples in this patient cohort did
not satisfy the criteria for NR or NP category based on their clinical profiles. The ChRO-seq data of
these 4 samples were used only in the dREG analysis for calling active promoters and enhancers
(see method section: Transcription activity transcriptional regulatory elements), but not elsewhere.
To visualize ChRO-seq signal, data were converted to bigwig format using bedtools and UCSC
bedGraphToBigWig. Bigwig files within a sample category were then merged and normalized to a
total signal of 1x10° reads. Genomic loci snapshots were generated using R package Gviz'"2.

Transcription activity of genes

Quantification of gene transcription activity was based on hg38 GENCODE v33 annotations. Read
counts of gene loci were quantified using the R package bigwig
(https://github.com/andrelmartins/bigWig). To quantify transcription activity of gene loci, stranded
ChRO-seq reads within gene coordinates were counted, with exclusion of reads within 500 b
downstream of transcription start site (TSS) to avoid bias generated by the RNA polymerase pausing
at the promoters. Genes with gen body smaller than 1 kb were excluded from all the gene body
related analysis. Principal components analysis (PCA) of genes was performed using counts with
rlog transformation. In differential transcription analysis, ChRO-seq raw counts of gene loci were
analyzed through DESeq2 1.30.1"'3, which models based on negative binomial distribution, to define
genes that are significantly activated in NASH-resistant or NASH-prone samples. Genes significantly
activated in one specific group were defined by criteria of log2 foldchange > 0 (or < 0), normalized
counts > 100, P < 0.05, padj < 0.2 (Wald test; DESeq2).

Transcription activity transcriptional regulatory elements (TREs)

To identify active TREs across all the samples, bigwig files of the same strand from all samples were
merged. This merged dataset was analyzed through dREG'%%114, the peak-calling algorithm that
detects short bidirectional expression patterns across the entire genome, to define active TREs. To
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quantify activity of TREs, total reads from both strands of each TRE were counted using the R
package bigwig (https://github.com/andrelmartins/bigWig). Classification of TREs into promoters and
enhancers was based on hg38 GENCODE v33 annotations. TREs that had at least 1 b overlapping
with the window of 1000 b upstream and 200 b downstream of TSS were defined as promoter
regions; the remaining TREs were defined as enhancers. Raw counts after rlog transformation were
used for PCA and hierarchical clustering analysis that computes pairwise correlations between
samples based on promoter or enhancer profiles. To identify TREs that are uniquely active in NASH-
resistant or NASH-prone samples, ChRO-seq raw counts of TREs were analyzed through DESeq2
1.30.1 "3, TREs associated with NASH-resistant phenotype were defined by criteria of log2
foldchange > 1 (or < -1), P < 0.05, padj < 0.2 (Wald test; DESeq2). TREs associated with NASH-
prone phenotype were defined by criteria of log2 foldchange < -1), P < 0.05, padj < 0.2 (Wald test;
DESeq2). In enhancer density analysis, the enhancers present within +/-100 kb window from
annotated TSSs of genes (longest isoform if there are multiple; hg38 GENCODE v33) were counted.

Transcription factor motif enrichment analysis

HOMER "'° was used to determine enrichment of sites corresponding to known motifs of a given set
of enhancer peaks. Specifically, findMotifsGenome.pl function, with “given” as the size parameter,
was used to query NASH-resistant enhancer peaks (using all enhancers that were not identified as
NASH-resistant as background) and NASH-prone enhancer peaks (using all enhancers that were not
identified as NASH-resistant as background). “Known motif” results generated from HOMER were
reported in this study. To identify enhancers that contain binding motif(s) for a specific transcription
factor, HOMER function annotatePeaks.pl (“given” as the size parameter; genome build hg38) was
used.

Defining enhancer hotspots

NASH-resistant and NASH-prone enhancer hotspots were defined using an analysis pipeline
described previously?®. The enhancer hotspots in this study were identified by the criteria similar to
the studies describing ‘super-enhancers’. Briefly, the enhancers uniquely activated in one specific
group (NASH-resistant or -prone samples) were stitched based on proximity of distance (<12.5 kb).
To quantify the activity of stitched enhancers, counts of each enhancer were normalized by DESeq2
and summed for each stitched enhancer. To determine which stitched enhancers were qualified as
‘enhancer hotspots’, the stitched enhancers were first ranked by their activity, creating a curve of
activity to rank plot. A tangent line was then applied to the curve. The ones above the cutoff point
that is determined by the tangent line were defined as enhancer hotpots, whereas the ones below the
cutoff point were non-enhancer hotspots.

Gene set analysis

Pathway analyses were performed using Enrichr''®118 and KEGG pathway''®. Protein-protein
interaction enrichment analysis, which is based on Molecular Complex Detection (MCODE) algorithm,
was performed using Metascape'?°.

Statistics

Statistical analyses were performed using R (4.0.4). Statistical significance of blood measurements
between groups was determined using unpaired two sample T-test. In sequencing studies, statistical
significance was determined using DESeq2, where p values were calculated by Wald test and the p
values were adjusted using Benjamin and Hochberg (BH) method. Other statistical methods
including unpaired two-sample Wilcoxon test and two-sided Pearson correlation test were used as
indicated in the figure legends. The p values in pathway enrichment analysis by Enrichr were
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calculated using Fisher’s exact test. Values of p < 0.05 (and adjusted p < 0.2 if in sequencing
studies) were considered statistically significant unless otherwise noted. *p < 0.05, *xp < 0.01, **xp <
0.001.

Data availability

Raw and processed data generated in the sequencing studies will be made available upon
publication.
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Figure legends

Figure 1. Distinct sets of genes are activated at the transcriptional level in human NASH-
resistant (NR) and NASH-prone (NP) livers. (A) Clinic characterizations of human subjects with NR
and NP phenotype. In BMI panel, BMI above 40 (dashed line) is a general criterion for eligibility of
bariatric surgery operation. In fasting glucose panel, values above 5.6 mM (dashed line) indicates
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hyperglycemia and risk for T2D. In HbA1c panel, values above 6.5 percent (dashed line) indicates
poor glycemic control or T2D. * P <0.05, ** P <0.01, *** P < 0.001, **** P < 0.0001 by unpaired two
sample T-test. See additional information in Supplementary Table 1. (B) Left: genotype of rs738409
at PNPLAS3 locus (CG, risk allele; CC, reference allele). Right: glycemic status of human participants
with NR or NP phenotype. T2D, type 2 diabetes; IGT, impaired glucose tolerant; NGT, normal
glucose tolerant. (C) Experimental scheme of chromatin run-on sequencing (ChRO-seq) profiling
gene regulatory landscapes of primary liver biopsy samples from NR and NP subjects. (D) PCA plot
of ChRO-seq gene transcription profile of NP and NR livers. Color denotes NP or NR phenotype.
Shape denotes genotype of rs738409 at PNPLA3 locus. (E) Volcano plot showing differentially
transcribed genes between NP and NR livers. Gene with P < 0.05, adjusted P < 0.2, log2 foldchange
> 0 (or < 0), average normalized counts > 100 were shown (Wald test; DESeq2). See complete gene
lists in Supplementary Table 3 and 4. (F-G) Pathway enrichment analysis of NP-activated genes (n =
879) and NR-activated genes (n = 651) based on Gene Ontology (GO) Biological Process 2018. (H)
Histogram showing foldchanges of transcription activity for selected genes in NR compared to NP
livers. Asterisks highlight genes with P < 0.05, adjusted P < 0.2, log2 foldchange > 0 in NR compared
to NP (Wald test; DESeqg2). NASH-resistant (NR), n = 6; NASH-prone (NP), n = 8.

Figure 2. Define distinct active enhancers and the linked genes in human NASH-resistant (NR)
and NASH-prone (NP) livers. (A) Hierarchical clustering analysis of active enhancers (n = 87010)
defined by ChRO-seq. (B) Hierarchical clustering analysis of active promoters (n = 49853) defined by
ChRO-seq. In (A-B), color denotes NP or NR phenotype. Shape denotes genotype of rs738409 at
PNPLAGS locus (CG, risk allele; CC, reference allele). (C) Left: Ranked plot of all transcriptional
regulatory elements (TREs), including both promoters and enhancers, based on foldchange of TRE
activity in NR compared to NP livers. Dashed line denotes log2 foldchange at 1 and -1. Right: Donut
plots showing numbers of differentially transcribed TREs between NP and NR livers. 1447 TREs
(694 enhancers and 753 promoters) are significantly active in NP livers. 1833 TREs (1407 enhancers
and 426 promoters) are significantly activated in NR livers. P < 0.05, adjusted P < 0.2, log2
foldchange > 1 or < -1 in NR compared to NP by Wald test; DESeq2. (D-E) Ridgeline plot of genes
(vertical lines) associated with one or more NP-specific (D) or NR-specific enhancers (E). Plots were
generated for comparison across different enhancer-density groups. (F) Dot plot of genes associated
with NP enhancers. Size of the dot denotes enhancer density. Genes highlighted in blue are NP-
activated genes (defined in Figure 1E). Also see Supplementary Table 3. (G) Dot plot of genes
associated with NR enhancers. Size of the dot denotes enhancer density. Genes highlighted in
purple are NR-activated genes (defined in Figure 1E). Also see Supplementary Table 4. In (D-G),
only genes with average normalized counts > 100 across all samples were shown. (H) Transcription
activity (normalized ChRO-seq signal), all TREs (regardless activity) and NP-specific enhancers
around locus of THBS1 are shown. (I) Transcription activity (normalized ChRO-seq signal), all TREs
(regardless activity) and NR-specific enhancers around loci of BHMT and BHMT2 are shown. NASH-
resistant (NR), n = 6; NASH-prone (NP), n = 8.

Figure 3. Define NASH resistant (NR) or NASH prone (NP) specific-enhancer hotspots in
human livers. (A) Stitched enhancers are ranked based on the sum of transcriptional activity from
each constituent NP-specific enhancer. Blue dots represent NP-specific enhancer hotspots (n = 56)
and gray dots are non-enhancer hotspots (n = 464). (B) Transcription fold change of genes
associated with either NP-specific enhancer hotspots or non-enhancer hotspots. Blue dots highlight
NP-activated genes (defined in Figure 1D). (C) NP-activated genes that are associated with NP-
specific enhancer hotspots are shown. Lollipop plot height indicates the distance between NP
enhancer hotspots and the associated transcription start sites (TSSs). Dot color denotes distance
category and dot size denotes the activity of NP-specific enhancer hotspots. Also see Supplementary
Table 5. (D-E) Transcription activity (normalized ChRO-seq signal), all TREs (regardless activity) and
NP-specific enhancer hotspots (EH) around the loci of GADD45B (D) and HES1 (E) are shown. (F)
Stitched enhancers are ranked based on the sum of transcriptional activity from each constituent NR-
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specific enhancer. Purple dots represent NR-specific enhancer hotspots (n = 95) and gray dots are
non-enhancer hotspots (n = 951). (G) Transcription fold change of genes associated with either NR-
specific enhancer hotspots or non-enhancer hotspots. Purple dots highlight NR-activated genes
(defined in Figure 1D). (G) NR-activated genes that are associated with NR-specific enhancer
hotspots are shown. Lollipop plot height indicates the distance between NR-specific enhancer
hotspots and the associated TSSs. Dot color denotes distance category and dot size denotes
transcriptional activity of NR-specific enhancer hotspots. Also see Supplementary Table 6. (H)
Transcription activity (normalized ChRO-seq signal), all TREs (regardless activity) and NR-specific
enhancer hotspots (EH) around the loci of GLYAT (l) and GATM (J) are shown. In (B, G), *™** P <
0.0001 by unpaired two-sample Wilcoxon test. NASH-resistant (NR), n = 6; NASH-prone (NP), n = 8.

Figure 4. Define active gene networks of transcription factors (TFs) in NASH prone (NP) livers.
(A) Motif enrichment analysis of NP-specific enhancers against the defined background enhancers.
(B) TF motifs significantly enriched in NP-specific enhancers (p < 0.05, q < 0.05, enrichment
foldchange > 1.5 by HOMER). Only TFs with high transcription levels in NP livers (normalized counts
> 500 in NP livers) are shown. Also see Supplementary Figure 3. (C) Transcription foldchange of
TFs in NP relative to NR livers in ChRO-seq data. Asterisks highlight genes with P < 0.05, adjusted P
< 0.2, log2 foldchange < 0 in NR compared to NP (Wald test; DESeqg2). (D) Upset plot showing NP-
activated genes shared across multiple TF networks or uniquely associated with a specific TF in NP
livers: ATF3, JUNB, STAT3 and MAFK. Genes in blue represent those associated with NP-specific
enhancer hotspots. Also see Supplementary Table 7. (E-G) Transcription activity (normalized
ChRO-seq signal), All TREs (regardless activity) and NP-specific enhancers/enhancer hotspots (EH)
around loci of CDKN1A (E), CSRNP1 (F) and FOS (G) are shown. (H) Gene Ontology (GO)
pathway enrichment analysis of gene network for each of the selected NP associated TFs. Only top-
three ranked pathways for each TF network are shown in the heatmap. Color shade indicates ranks
of pathways for each TF network. (l) A proposed NP-associated TF subnetwork based on Figure 3D
and Figure 4D. JUNB, ATF3, STAT3 and MAFK (arrows indicated by different colors) coordinately
drive activation of NP-activated genes by acting on nearby NP-specific enhancer/enhancer hotspots.
NASH-resistant (NR), n = 6; NASH-prone (NP), n = 8.

Figure 5. Define active gene networks of transcription factors (TFs) in NASH-resistant (NR)
livers. (A) Motif enrichment analysis of NR-specific enhancers against the defined background
enhancers. (B) TF motifs significantly enriched in NR-specific enhancers (p < 0.05, q < 0.05,
enrichment foldchange > 1.5 by HOMER). Only TFs with high transcription levels in NR livers
(normalized counts > 500 in NR livers) are shown. (C) Transcription foldchange of TFs in NP relative
to NR livers in ChRO-seq data. Asterisks highlight genes with P < 0.05, adjusted P < 0.2, log2
foldchange > 0 in NR compared to NP (Wald test; DESeq2). (D) Upset plot showing NR-activated
genes shared across multiple TF networks or uniquely associated with a specific TF in NR livers:
HNF4A, HNF1B, FOXA2 and AR. Genes in purple represent those associated with NR-specific
enhancer hotspots. Also see Supplementary Table 8. (E) Gene Ontology (GO) pathway enrichment
analysis of gene network for each of the selected NR associated TFs. Only top three ranked
pathways for each TF network are shown in the heatmap. Color shade indicates ranks of pathways
for each TF network. (F) Protein-protein interaction (PPI) enrichment analysis of all NR-activated
genes under one or more networks of TFs (HNF4A, HNF1B, FOXA2 or AR). The resulting key gene
modules and the associated biological processes are shown. (G-H) Transcription activity (normalized
ChRO-seq signal), All TREs (regardless activity) and NR-specific enhancers around loci of SARDH
(G) and SHMT1 (H) are shown. NASH resistant (NR), n = 6; NASH-prone (NP), n = 8.

Figure 6. Human NASH-resistant (NR) livers are featured with active enhancers and gene
transcription that promote serine and glycine metabolism. (A) Circulating amino acid profiling of
NR compared with NP subjects. Color shade indicates fold change in NR relative to NP subjects.
Significantly altered amino acids are denoted by P values (unpaired two sample T-test). (B) Genes
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involved in serine/glycine biosynthesis and utilization are significantly activated in NP livers,
associated with NR-specific enhancers/enhancer hotspots, and/or positively correlated with
circulating serine. NASH-resistant (NR), n = 6; NASH-prone (NP), n = 8.

Supplementary Figure 1. (A) Genomic location of active transcriptional regulatory elements (TREs,
n = 136863) identified across all samples by ChRO-seq. (B) Size distribution of TREs. (C) Number
of genes that are associated with both NR and NP enhancers, NR-specific enhancer(s) only, NP-
specific enhancer(s) only. (D) Transcription activity (normalized ChRO-seq signal), all TREs
(regardless activity) and NP-specific enhancers around locus of CD44 are shown. (E) Transcription
activity (normalized ChRO-seq signal), all TREs (regardless activity) and NR-specific enhancers
around locus HAOZ2 are shown. NASH-resistant (NR), n = 6; NASH-prone (NP), n = 8.

Supplementary Figure 2. (A) Summary of defining NP-specific enhancer hotspots and the
associated genes. (B) Summary of defining NR-specific enhancer hotspots and the associated
genes.

Supplementary Figure 3. Complete list of TF motifs significantly enriched in NP-specific enhancers
(p <0.05, g <0.05, enrichment foldchange > 1.5 by HOMER). Only TFs with high transcription levels
in NP livers (normalized counts > 500 in NP livers) are shown.

Supplementary Table 1. Clinical characterization of obese individuals with livers stratified into either
NP or NP phenotype.

Supplementary Table 2. Summary of ChRO-seq mapping statistics and identification of active
transcription regulatory elements (TREs).

Supplementary Table 3. List of NP-activated genes and the number of associated NP enhancers.
Supplementary Table 4. List of NR-activated genes and the number of associated NR enhancers.
Supplementary Table 5. NP-specific enhancer hotspots.

Supplementary Table 6. NR-specific enhancer hotspots.

Supplementary Table 7. Active gene networks of selected NP associated TFs (ATF3, JUNB, STAT3
and MAFK). Numbers of total motif sequences present in NP-specific enhancers nearby a given
gene are provided.

Supplementary Table 8. Active gene networks of selected NR associated TFs (HNF4A, HNF1B,

FOXAZ2 and AR). Numbers of total motif sequences present in NR-specific enhancers nearby a given
gene are provided.
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Supplementary Table 1

NR NP P-value
Glycemic status 1NG/3IGT/2T2D | 1 NG/41GT/3T2D NA
rs738409 2CC/4cCG 3CC/5CG NA
Gender (Female; Male) 6F/0OM 8F/OM NA
age 48.83 + 4.54 39+9.49 0.027
Height (cm) 156.83 + 8.70 159.44 + 3.98 0.519
Weight (Kg) 125.95 + 17.56 129.66 + 11.65 0.665
BMI 51.13 £ 5.22 50.95 + 3.54 0.943
Waist Cir. (cm) 138.4 + 15.34 137.75 + 14.46 0.941
Hip Cir. (cm) 1494 + 13.99 148.13 + 8.46 0.860
Waist-to-hip ratio 0.93 +0.08 0.93 + 0.09 0.980
Hemoglobin A1C 0.069 + 0.02 0.07 £0.01 0.812
Fasting plasma glucose (FPG; mM) 8.75 +4.99 7.21+1.85 0.499
Total Cholesterol (mM) 4.04 +0.84 5.06 £ 0.74 0.040
HDL Cholesterol (mM) 1.27 £0.15 1.27 +0.21 0.956
LDL Cholesterol (mM) 2.15+0.76 3.09 + 0.81 0.047
Triglyceride (mM) 1.38 + 0.57 1.63 +0.40 0.596
Total : HDL cholesterol 3.24 +0.87 4.08 +0.97 0.114
Smoking status
(1 = smoker / 2 = non-smoker / 3 = NA) 0/5/1 0/8/0 0.363
% steatosis 13.5+14.54 63.13 + 16.46 0.0001
Steatosis grade (0/1/2/3) 2/3/1/0 0/0/4/4 0.0014
Ballooning (0/1/2/3) 6/0/0/0 0/6/2/0 0.0001
Lobular inflammation (0/1/2/3/4) 3/3/0/0/0 0/3/4/1/0 0.0029
Portal inflammation (0/1/2/3/4) 4/2/0/0/0 0/7/1/0/0 0.0113
Hepatic fibrosis (0/1/2/3/4) 5/1/0/0/0 0/3/5/0/0 0.0001
NAFLD activity score (/11) 1.5+1.38 7+1.51 0.000016
Alanine aminotransferase (ALT; U/L) 24.33 £ 8.29 44.88 + 20.77 0.0300
Aspartate aminotransferase (AST; U/L) 19.67 £ 2.42 30.75+7.27 0.0030
AST/ALT 0.86 + 0.19 0.78 +0.28 0.5148
gamma-glutamyl transferase
(GGT; U/L) 26 +7.07 43.13 +22.77 0.0773
Bilirubin total (umol/L) 6+1.79 9.13+3.44 0.0500
Bilirubin direct (umol/L) 1.83 £ 0.41 2.13+0.99 0.4699
Alkaline phosphatase (ALP; U/L) 100 £ 20.81 74.38 + 12.26 0.0290

Means + STD were reported.
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Supplementary Figure 1
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Supplementary Figure 2
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Supplementary Figure 3
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