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Liver is a key regulator of systemic metabolism in physiology and pathology. It maintains
cholesterol, triglyceride and glucose homeostasis in response to fasting and feeding.
Transcription factors responsive to hormones and nutrients coordinate many of these responses.
They regulate gene networks relating to lipid, glucose and amino acid metabolism during fasting
and feeding, and factors such as sex, circadian rhythms and dietary content interact with these
transcriptional programs, as reviewed in chapter 1. Understanding the different players in these
processes and how they interact with each other will be key to develop strategies to combat
metabolic diseases. Recent advances in probing the transcriptional landscape, coupled with high
throughput sequencing approaches such as assay for transposase accessible chromatin (ATAC-
Seq), have enabled the identification of transcriptional regulators of these processes and their
interrelationships. In chapter 2, | describe results from a screen using ATAC-Seq and RNA-Seq

to profile novel transcriptional regulators of the hepatic response to fasting and feeding. We



determined GATAA4 expression and activity to be upregulated by feeding through insulin.
Knocking out Gata4 in adult liver impaired the transcriptional and metabolic response to
feeding. Additionally, loss of hepatic GATA4 led to a reduction in HDL cholesterol and to the
accumulation of liver triglycerides. These effects were accompanied by the downregulation of
genes involved in cholesterol efflux and triglyceride hydrolysis, and the upregulation of genes
involved in lipid uptake. Furthermore, hepatic GATA4 colocalized and collaborated with Liver
X Receptor (LXR), a key regulator of cholesterol transport. In chapter 3, | investigated the
dynamics of hepatic LXRs via ATAC-Seq and RNA-Seq in wild-type and LXRa/p knockout
liver. Loss of LXRs in liver changed the transcriptional regulatory landscape by reducing
accessibility at enhancers and increasing accessibility at promoters. A broad set of transcription
factors that bind enhancers, including nuclear receptors, had reduced activity based on their
motif accessibility, showing their reliance on LXRs. Moreover, this investigation demonstrated
that LXR also functions as a transcriptional repressor of certain genes. Overall, these studies
revealed important functions for GATA4 and LXR within hepatic transcriptional networks,

extending our understanding of transcriptional regulation of hepatic lipid metabolism.
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Abstract
Mammals undergo regular cycles of fasting and feeding that engage dynamic

transcriptional responses in metabolic tissues. Here we review advances in our understanding of
the gene regulatory networks that contribute to hepatic responses to fasting and feeding. The
advent of sequencing and -omics techniques have begun to facilitate a holistic understanding of
the transcriptional landscape and its plasticity. We highlight transcription factors, their cofactors,
and the pathways that they impact. We also discuss physiological factors that impinge on these
responses, including circadian rhythms and sex differences. Finally, we review how dietary

modifications modulate hepatic gene expression programs.



Introduction
In mammals, the transitions between fasting and fed states are accompanied by complex

changes in hepatic gene expression. The liver is a central hub for coordination of fasting-feeding
transitions given its roles in maintaining blood glucose levels, processing dietary nutrients, and
regulating whole-body energy metabolism (reviewed in Trefts et al. 2017). During fasting the
liver is the target of hormones such as glucagon which shift it into an energy production mode 2.
In response, the liver takes up free fatty acids (FFAS) released into the circulation by adipose
lipolysis to provide energy for itself and to generate ketones for use by other tissues 3. It also
breaks down glycogen and amino acids to generate glucose for the brain (reviewed in Berg et al.
2002). In the postprandial state—signaled by insulin and the influx of dietary carbohydrates—liver
suppresses the production of glucose and switches to utilizing it as its main fuel (reviewed in Rui
2014). Excess glucose is converted into glycogen and fatty acids. Newly synthesized and dietary
fatty acids are esterified to generate triglycerides, which are packaged and exported to the
circulation (reviewed Alves-Bezerra and Cohen 2017). Transcriptional regulation is fundamental
to the execution of each these physiological responses. Regulation of transcription involves the
coordinated action of a bevy of transcription factors, co-regulators and chromatin modifying
enzymes, all acting downstream of hormonal signaling pathways. Elucidating the complex
metabolic changes associated with fasting and feeding and their transcriptional underpinnings is
crucial for understanding both normal physiology and metabolic pathologies such as insulin
resistance. Given the extent of transcriptional pathways affected, feeding status can be a critical

variable in the design of experiments involving animals and humans.

Lipid metabolism

PPARa, fatty acid oxidation and ketogenesis



The nuclear receptor peroxisome proliferator-activated receptor alpha (PPARa) sits atop
a crucial node coordinating changes in hepatic lipid metabolism during fasting. Seminal studies
by Gonzalez and colleagues showed that PPARa-knockout mice are compromised in fatty acid
oxidation and ketogenesis 8. PPARa governs the expression of a battery of genes that
coordinates fatty acid uptake and oxidation, ketogenesis, and lipid droplet dynamics during
fasting. Regulation of acyl-coA oxidase 1 (ACOX1) by PPARa facilitates peroxisomal long
chain fatty acid (LCFA) oxidation. PPARa induces mitochondrial LCFA oxidation through
upregulation of carnitine palmitoyltransferase 1a and 2 (CPT1A and CPT2) (which transport
LCFA into the mitochondria), malonyl-CoA decarboxylase (which degrades the CPT1 inhibitor
malonyl-CoA), and other  oxidation enzymes. PPARa also induces ketogenesis pathway
enzymes, including 3-hydroxy-3-methylglutaryl-CoA lyase (HMGCL), acetyl-CoA
acetyltransferase 1 (ACAT1), and 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) °°,
PPARa regulates phospholipid remodeling as well by influencing expression of choline kinase
isotypes a and b (CHKA and CHKB), as well as the acyl-transferases glycerol-3-phosphate
acyltransferase 3 (GPAT3) and monoacylglycerol O-acyltransferase 1 (MOGAT1) L.
Additionally, PPARa induces expression of fibroblast growth factor 21 (FGF21), a liver
hormone that promotes B-oxidation and ketogenesis 2. FGF21 contributes to the upregulation of
proliferator-activated receptor y coactivator protein-1a (PGC-1a) which serves as a

transcriptional coactivator of genes in LCFA oxidation and ketogenesis 3.

Importantly, fatty acids and their derivatives are activating ligands for PPARa and
thereby help to control their own metabolism 428, During fasting, PPAR0. has been
hypothesized to be activated by the influx of FFA from adipose lipolysis "'”. However,

Sanderson et al. (2009) suggested that peroxisome proliferator-activated receptor delta (PPARS)



rather than PPARa is activated by FFA from adipose lipolysis during fasting. Chakravarthy et al.
(2005) suggested that PPARa could be activated by hepatic lipid products of fatty acid synthase
(FASN). Other studies indicate that PPARa may be activated by lipolysis of locally stored
triglycerides ?°. Glucagon, sirtuin 1 (SIRT1), glucocorticoid receptor (GR) and PPARG
coactivator 1 alpha (PGC-10) are known to promote PPARa activity during fasting (Fig 1-1B) 2%
24 Suppression of mechanistic target of rapamycin kinase (mTOR) signaling in fasting was
found to be necessary for PPARa ketogenic activity 2. Additional evidence suggests that SRY -

box transcription factor 17 (Sox17) and cyclin dependent kinase inhibitor 1a (p21) might also

play roles in activation of PPARa 26?7,

Transcription factors in feeding-induced lipogenesis

In the fed state, liver receives dietary carbohydrates from the portal vein and the excess glucose is
converted into fatty acids through de novo lipogenesis. Fatty acids are then esterified to make
phospholipids, triglyceride and cholesterol esters. Sterol regulatory element binding transcription factor
1c (SREBP-1c) binds to sterol regulatory elements (SRES) in the regulatory regions of its target gene
promoters 26, SREBP-1c is induced in the fed state and plays a central role in coordinating lipid
synthesis.Immature ER membrane-bound SREBP-1c protein is processed in the Golgi and the mature
transcription factor subsequently travels to nucleus where it activates its target genes 2°. SREBP-1c
induces the transcription of multiple genes in fatty acid biosynthesis. It drives expression of ATP citrate
lyase (ACLY) to make acetyl-CoA, and acetyl-CoA carboxylase alpha (ACC1) and FASN to convert
Acetyl-CoA into palmitate. Regulation of elongation of very long chain fatty acids protein 6 (ELOVLG6)
and stearoyl-CoA desaturase (SCD-1) by SREBP-1c facilitates the elongation and desaturation of fatty
acids, respectively 33, Additional fatty acid desaturase 1 and 2(FADS1 and FADS2), regulated by
SREBP-1c, influence polyunsaturated fatty acid (PUFA) generation. SREBP-1c also regulates the

expression of genes encoding proteins linked to triglyceride synthesis, including patatin like



phospholipase domain containing 3 (PNPLA3), mitochondrial glycerol-3-phosphate acyltransferase
(GPAM), malic enzyme (ME), and glucose-6-phosphate dehydrogenase (G6PD) . Studies have shown

that ~ 50% of the hepatic lipogenic response to feeding is abolished in SREBP-1c-knockout mice *.

Insulin secretion in response to a carbohydrate-rich diet promotes both transcription of Srebfl
(the gene for SREBP1-c) and processing of immature SREBP-1c protein 34, Although it is clear from
knockout studies that SREBP-1c¢ is a major mediator of insulin’s lipogenic actions 3%, the underlying
mechanisms by which insulin controls SREBP-1c activity are incompletely understood. Yamamoto et al.
(2010) and Matsumoto et al. (2003) provided evidence that inhibition of protein kinase C beta and lambda
(PKCP and PKCA) reduces insulin-dependent SREBP-1c activation. Analysis of the Srebfl promoter has
identified several transcription factors that contribute its insulin responsiveness, including liver x
receptors (LXRs), CCAAT enhancer binding protein beta (C/EBPf) and basic helix-loop-helix family

member e40 BHLHEA40 (Fig 1-1A) ¥, SREBP-1c also induces its own promoter .

Multiple studies have shown that feeding increases SREBP-1c processing, and this effect appears
to be in part mMTORC1-dependent and facilitated by protein kinase B (also known as
AKT)phosphorylation 44, Studies have also suggested that SREBP-1c activity may be regulated by
phosphorylation and acetylation. Phosphorylation by protein kinase A (PKA) was reported to attenuate
SREBP-1c binding at lipogenic promoters . SREBP-1c may be acetylated under high insulin and high
glucose conditions by histone acetyltransferase p300 “¢. E4 promoter-binding protein 4 (E4BP4), a
transcription factor that is upregulated during feeding by SREBP-1c, physically interacts with mature
SREBP-1c and protects it from degradation by promoting its acetylation (Fig 1-1A) #’. Conversely, the

fasting-responsive factor SIRT1 deacetylates SREBP-1c, leading to its degradation “°.

Insulin induced gene proteins (INSIG-1 and INSIG-2) capture SREBP cleavage-activating protein
(SCAP) and prevent it from escorting SREBP-1c to the Golgi for cleavage. Regulation of Insigl and
Insig2 thereby provides another layer of control for the feeding response of SREBP-1c. Insulin reduces

Insig2a expression in fed liver, allowing SREBP-1c to be processed “¢. Additionally, dietary PUFAs have



been shown to inhibit refeeding-induced SREBP-1c activation by suppressing processing . Xu et al.
(2001) also showed that PUFAs can increase Srebflc mMRNA decay. More recently, Kim et al. (2017)
showed that inhibiting ACC1 decreased PUFA biosynthesis, which led to increases in Srebflc mRNA
expression. Other studies indicate that ER phospholipid composition is a determinant of SREBP-1c
activity. In feeding and in obesity, increased levels of polyunsaturated phosphatidylcholine generated by
the remodeling enzyme lysophosphatidylcholine acyltransferase 3 (LPCAT3) promote SREBP-1c
processing 2. Further studies are needed to reveal the complex relationship between the effects of free

PUFAs and polyunsaturated phospholipids on SREBP-1c activity.

LXRa is a nuclear receptor activated by oxysterols 5. Although LXRa is required for maximal
transcription of Srebf1 >4, whether or not LXRa itself conveys a feeding signal less clear. Anthonisen et
al. (2010) suggested that glucose feeding can activate LXRa via O-linked B-N-acetylglucosamine (O-
GIcNACc) modification (Fig 1-1A). However, in contrast to Srebfl, most other LXRa. targets genes in liver
are not induced appreciably by feeding (e.g. Abcg5/8, Abcal). Furthermore, Srebfl expression is still
induced by feeding in LXRa/B double knockout mice, even though basal levels are reduced *°.
Interestingly, Lpcat3 expression is also controlled by LXRa in the liver. Induction of LPCAT3-dependent

ER phospholipid remodeling thus provides a mechanism whereby LXR can stimulate SREBP-1c

processing as well as transcription %2,

Upstream transcription factor 1 (USF-1) is another factor important in the lipogenic response.
USF-1 is necessary for the full activation of Fasn by feeding and insulin. USF-1 binds to the Fasn
promoter constitutively, but its activity is modulated by posttranslational modifications. USF-1 bound to
the Fasn promoter is phosphorylated by DNA-dependent protein kinase (DNA-PK) during feeding,
thereby inducing transcription (Fig 1-1A) . Studies suggest that USF-1 acts synergistically with SREBP-
1c on Fasn and Gpam %8, In contrast, USF-1 has been reported to be deacetylated by histone deacetylase

9 (HDAC9) during fasting, which prevents the recruitment of activating factors .



Carbohydrate-responsive element-binding protein (ChREBP) is a transcription factor that induces
hepatic lipogenesis in response to glucose signals. ChREBP heterodimerizes with Max-like protein X
(MLX) and binds to carbohydrate response elements (ChoRES) in its target genes ®°. Known lipogenic
targets for ChREBP include Acly, Fasn, Accl and Scd1 . ChREBP has been shown to physically interact
with hepatocyte nuclear factor 4-alpha (HNF-4c) on the Fasn promoter, facilitating its binding during
feeding ®2. Hepatic ChREBP deficiency reduces lipogenic gene expression along with SREBP-1¢
expression, suggesting that both ChREBP and SREBP-1c must to be activated by glucose and insulin

respectively to enable the full lipogenic response to feeding .

Similar to SREBP-1c¢, ChREBP can induce its own gene expression in a feed-forward loop
(reviewed in lizuka 2013). The Chrebpa gene is also an LXR target and LXRa is necessary for induction
of ChREBP« expression and activity ®°. Additionally, post-transcriptional modifications, especially
phosphorylation by PKA and 5'-AMP-activated protein kinase (AMPK) during fasting, have been shown
to decrease ChREBP DNA binding (Fig 1-1A) %7, In the setting of high glucose availability, xylulose-5-
phosphate (Xu5P) ,an intermediate of the pentose-phosphate shunt, leads to the dephosphorylation of
ChREBP through Xu5P activated protein phosphatase (PP2a) %. ChREBP is also O-GlcNAcylated under

high glucose conditions, thus stabilizing the protein %7070,

Cholesterol biosynthesis controlled by SREBP-2 is also is upregulated in the fed state. Forkhead
box protein O3 (FOXO03) was reported to cause downregulation of the SREBP-2 pathway during fasting
by recruiting SIRT6 to the promoter of Srebf2 (gene for SREBP-2)(Fig 1-1A)™. Using liver-specific
glucose transporter 2 (GLUT2)-knockout mice, Seyer et al. (2013) showed that the upregulation of
cholesterol biosynthesis genes in the fed condition was influenced by hepatic glucose uptake.
Interestingly, a recent paper by Lu et al. (2020) indicates that feeding also induces cholesterol synthesis
by stabilizing the SREBP-2 target 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), which

catalyzes the rate limiting enzyme in cholesterol synthesis. They show that feeding-activated mTORC



phosphorylates ubiquitin carboxyl-terminal hydrolase 20 (USP20), which in turn is recruited to the

HMGCR complex to prevent its degradation.

There is conflicting evidence as to the role of inositol-requiring, endoplasmic reticulum-to-
nucleus signaling protein 1a (IRE1a) and X-box-binding protein-1 (XBP1) signaling in fasting and
refeeding. Zhang et al. showed that hepatic growth differentiation factor 15 (GDF15) is activated by
IRE1a-XBP1 during fasting-induced hepatic B-oxidation and ketogenesis *. However, Pfaffenbach et al.
(2010) reported that mMTORCL activates IRE1a-XBP1 in the postprandial period in the context of

lipogenesis.

Glucose metabolism

Transcriptional regulators of glucose metabolism during fasting

CREB

Cyclic AMP (cAMP) response element-binding protein (CREB) plays a dominant role in driving
hepatic glucose production during fasting. CREB controls the expression of enzymes catalyzing key steps
for hepatic glucose production such as glucose 6-phosphatase (G6Pase; encoded by G6pc) which is
necessary for both glycogenolysis and gluconeogenesis and phosphoenolpyruvate carboxykinase
(PEPCK; encoded by Pck1) needed for gluconeogenesis from TCA cycle intermediates ®". Inhibition of
CREB reduces fasting hepatic glucose production 8. The CREB homolog CREB-H is also induced during
fasting and binds to CREB-regulated transcription coactivator 2 (CRTC2, also known as TORC-2) to
promote the expression of gluconeogenic genes . In addition to its direct targets, CREB induces the
expression of other transcription factors that promote gluconeogenesis such as yin yang 1 (YY1) and
nuclear hormone receptor NUR/77 (NUR77) and ketogenesis such as transcription factor EB (TFEB) -
8 CREB is activated during acute fasting through phosphorylation and dephosphorylation events. A

cascade involving glucagon receptor-cAMP-PKA leads to the formation of an active CREB-CREB



binding protein (CBP)-CRTC2 complex (Fig 1-2B)(reviewed in Altarejos and Montminy 2011). By
contrast, in long-term fasting, SIRT1 deacetylates and AMPK phosphorylates CRTC2. These
modifications reduce CREB activity and facilitate a switch to FOXO1/PGC-1a-driven gluconeogenesis
8485 In feeding, insulin signaling causes phosphorylation of CBP and CRTC2 via PKC)M 1 and salt
inducible kinase 2 (SIK2) respectively, triggering the dissociation of the CREB-CBP-CRTC2 complex
and cessation of CREB activity 887, Additionally, during refeeding after fasting, ER stress activates
activating transcription factor 6 (ATF6) as part of the unfolded protein response pathway. ATF6 binds to

CRTC2 and sequesters it from CREB, thereby inhibiting gluconeogenic gene expression 8.

FOXO1

A member of the FOXO family of transcription factors, FOXO1 regulates hepatic
gluconeogenesis in both fasting and feeding. FOXOL1 binds to insulin response elements in the promoters
of genes involved in gluconeogenesis . During fasting, Mitogen-activated protein kinase (MAPK)
phosphatase 3 (MPK3) dephosphorylates FOXO1, increasing its nuclear localization and activation (Fig
1-2B)%. In the fed state, insulin suppresses gluconeogenesis by inhibiting FOXO1. Insulin signaling leads
to AKT-dependent phosphorylation of FOXO1, which drives its cytosolic localization and proteosome-
mediated degradation . Interestingly, the absence of hepatic insulin signaling is sufficient to induce
inappropriate gluconeogenesis that can be ameliorated by FOXO1 knockout ®2. FOXO1 is regulated
negatively by acetylation, such as by p300/CBP . In response to fasting, FOXOL1 is deacetylated and
thus activated by zinc finger and BTB domain containing 7¢ (ZBTB7C) and SIRT1, as well as by histone

deacetylases (HDACs) that are phosphorylated by AMPK 9%,

Similar to CREB, FOXO1 regulates rate limiting steps in gluconeogenesis ¥. The importance of
FOXOL1 in hepatic glucose homeostasis has been extensively documented by constitutive-active mutant
and knockout studies. Liver-specific FOXO1 knockout reduces hepatic gluconeogenesis and

glycogenolysis, leading to a 30% decrease in fasting blood glucose 8. Constitutively active FOXO1
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prevents the inhibitory effect of insulin on gluconeogenic genes *. There may be some redundancy

between FOXO1 and other FOXO family members in regulating gluconeogenesis 1%,

Interactions with other proteins can affect FOXO1 activity. PGC-1a and f-catenin bind to
FOXO1 and increase its transcriptional activity, while transcription factor 7-like 2 (TCF7L2) competes
with FOXO1 on the promoters of gluconeogenic genes, thereby inhibiting their transcription 101102 The
nuclear receptor subfamily 0 group b member 2(NrOb2 also known as SHP), which is a FOXOL1 target,
inhibits gluconeogenic FOXO1 activity in a negative feedback loop 1%, Interestingly, the promoter
context determines how FOXO1 interacts with HNF4a. In fasting, FOXO1 cooperates with HNF4a on

G6Pase, but antagonizes HNF4a on the Gek promoter 24,

PGC-1a

PGC-1a is a transcriptional coactivator induced by glucagon and glucocorticoid signaling that
facilitates gluconeogenesis 1. CREB induces the gene encoding PGC-1a. in the setting of long-term
fasting to sustain gluconeogenesis (Fig 1-2B). FGF21 promotes the expression of PGC-1a as well *2, but
PGC-1a in return negatively regulates the expression of FGF21 1%, PGC-1a is also regulated by post-
transcriptional modifications. The gluconeogenic functions of PGC-1a are inhibited in fed state as a result
of phosphorylation by S6 Kinase, an effector of mTOR and AKT signaling downstream insulin 107108,
Moreover, lysine acetyltransferase 2A (KAT2A, also known as GCN5) acetylates and inhibits PGC-1a in

the fed state, while SIRT1 deacetylates PGC-1a during fasting, thereby increasing its activity 199119,

During fasting, PGC-1a interacts with several hepatic transcription factors, including FOXO1 and
the nuclear receptors HNF4a, PPARa, and GR **1%. Livers of PGC-1a knockout mice show decreased
gluconeogenesis along with decreased fatty acid oxidation and increased hepatic steatosis 11112,
Conversely, PGC-10 overexpression increases hepatic glucose output and fatty acid oxidation 3114,
Recently, PGC-1a was reported to impact insulin signaling during fasting by altering the ratio of insulin

receptor substrates 1 and 2 (IRS1 and IRS2) 5. While PGC-1a deficiency increases insulin sensitivity,

PGC-1a overexpression causes insulin resistance %4617 Additionally, insulin signaling inhibits
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gluconeogenic PGC-1a activity by inducing the expression of SHP—interacting leucine zipper protein

(SMILE). SMILE directly competes with PGC-1a and consequently inhibits HNF4o, 118,
Other transcriptional regulators in glucose metabolism fasting

GR is activated by binding to stress-related glucocorticoid hormone ligands during fasting %120,
GR induces the expression of gluconeogenic genes such as Pck1 21, Hepatocyte-specific GR knockout
mice have a survival rate of about 50% in the first 2 days of life due to hypoglycemia. If they survive to
adulthood, the knockout mice exhibit fasting hypoglycemia *°. The nuclear transcription factor Y (NF-Y)
and nuclear factor kappa b subunit 2 (NF-xB2) have also been suggested respond to glucagon in fasting
and induce gluconeogenesis *?2. NF-Y was shown to promote the expression of gluconeogenic genes
through interacting with CREB 2, Bile acid receptor (FXR), induced by PKA and FOXAL, has also been

reported to promote gluconeogenic genes (Ploton et al. 2018; reviewed in Massafra and van Mil 2018)

In addition to its role in fasting-induced fatty acid oxidation, PPARa also affects the expression
of genes linked to gluconeogenesis, glycerol metabolism and glycogen synthesis (reviewed in Kersten
2014). Loss of PPARa causes severe hypoglycemia in fasted mice, and reduces hepatic glycogen levels in

refed mice. Loss of PPARa also prevents hepatic glycogen breakdown during short-term fasting *27.

Transcriptional regulators of glucose metabolism in the fed state

Consistent with its regulation by dietary glucose, ChREBP induces genes linked to glycolysis.
ChREBP is necessary for the glucose-dependent induction of pyruvate kinase (PKLR), which catalyzes
the last step of glycolysis (Fig 1-2A)'?. Loss of ChREBP in mice decreases glycolysis at the pyruvate
kinase and glucose-6-phosphatase steps and consequently increases liver glycogen content 2. ChREBPB

expression is upregulated by carbohydrate feeding, while ChREBPa expression is downregulated 2°.

A number mechanisms inhibit gluconeogenesis in the fed state. XBP1 can bind to FOXO1 and

direct it to degradation (Fig 1-2B)**°. During feeding both interleukin 6 and 13 (IL6 and IL13)activate
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signal transducer and activator of transcription 3 (STAT3) (Fig 1-2A)***32 which represses
gluconeogenic genes such as Pck1 and G6pase ®, In the fasted state, SIRT1 deacetylates STAT3, thus
inactivating it to negate its repression of gluconeogenesis 3. Additionally, hypoxia-inducible factor 2-
alpha (HIF2a) is activated by hypoxia in postprandial liver where it attenuates glucagon signaling and

gluconeogenesis together with its partner ARNT 135136,

Nuclear receptor subfamily 5 group A member 2 (Nr5a2 also known as LRH-1) plays a role in
postprandial glycolysis and glycogen synthesis by stimulating glucokinase (Gck) expression 3. The
postprandial uptake of bile acids activates FXR to support glycogen synthesis, while during fasting FXR
induced by PKA and FOXAL promotes gluconeogenic genes (Fig 1-2A, B)(Ploton et al. 2018; reviewed

in Massafra and van Mil 2018).

Other fasting/feeding responsive pathways

Several metabolic and non-metabolic processes other than glucose and lipid metabolism are
affected by fasting and feeding responses in liver. We highlight some of these, emphasizing how their

regulation may contribute to the adaptation to the nutritional state.
Amino acid metabolism

Amino acid catabolism appears to play an important role in providing fuel for gluconeogenesis
during fasting. Resulting ammonia from amino acid catabolism is detoxified through urea cycle in
periportal hepatocytes and through glutamine synthesis pericentrally 138, Enzymes involved in both
processes such as first rate-limiting enzyme in the urea cycle carbamoyl phosphate synthetase-1 (Cps1),
argininosuccinate synthetase 1 (Assl) and argininosuccinate lyase (Asl) for urea cycle and ornithine-
aminotransferase (Oat) and proline dehydrogenase (Prodh) for glutamine synthesis are upregulated in
fasting *. However, upregulation of the amino acid catabolism enzymes were limited to the first 24

hours of fasting and to enzymes involved in the degradation of branched-chain keto-acids such as acetyl-
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coenzyme A dehydrogenase (Acaddm) and hydratase/3-hydroxyacyl-coenzyme (Ehhadh). This indicates
fasting induced amino acid degradation happens primarily outside of liver and liver detoxifies the
resulting ammonia. In contrast, protein biosynthesis is rapidly induced during refeeding via mammalian

target of rapamycin (mTOR) 14014,

Hepatic C/EBPa expression is induced by glucagon in fasting. It regulates of the expression of
Cps1, and amino acid catabolism 142143, Through these targets, it has been suggested to promote
expression of gluconeogenic genes such as Pckl. Furthermore, the tumor suppressor P53 is stabilized by
prolonged fasting through an AMPK-dependent mechanism. P53 along with kruppel like factor 15

(KLF15) facilitates amino acid catabolism thus promoting gluconeogenesis 44146,
Bile acid metabolism

Bile acids are inherently tied to the fasting and feeding cycle. Bile acids are synthesized in liver
from cholesterol and stored in the gallbladder. They are secreted into the lumen of small intestine to allow
solubilization and absorption of dietary fats and fat-soluble vitamins. Bile acids reabsorbed in the gut are
transported to liver where they activate FXR. In the fed state, FXR downregulates bile acid synthesis
enzymes via SHP, FGF15 and MAF BZIP transcription factor G (MAFG), in a negative feedback loop
147.148  Agonist and knockout studies have revealed that FXR also plays a role in keeping post-absorptive
pathways in check, including inhibiting SREBP-1c-driven fatty acid and triglyceride synthesis, and
promoting triglyceride lipolysis by inhibiting apolipoprotein C3 (APOCIII) and angiopoietin like 3

(ANGPTL3) 149-151,
Iron metabolism

The fasting and feeding processes alter iron metabolism in liver and plasma. Fasting-
induced PGC-1a directly induces the expression of 5'-aminolevulinate synthase 1 (ALAS1) (the

rate limiting enzyme of hepatic heme biosynthesis) and HEPCIDIN (which inhibits the iron

transporter ferroportin) thereby limiting iron efflux 1521%3, These two strategies increase iron
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retention in liver during prolonged fasting. SREBP-1c activated in the refed state was shown to
induce heme oxygenase 1 (HMOX1), the rate limiting enzyme in heme catabolism. This

regulation is postulated to protect cells from oxidative stress >4,
Stress Responses

Endoplasmic reticulum (ER) and mitochondria are sites of high metabolic activity during fasting
and feeding cycles. In the 24-hour fasted liver the capacity for ATP synthesis is increased. There is
increased tricarboxylic acid (TCA) cycle activity and oxidative phosphorylation from amino acid and
fatty acid oxidation **°. Increased oxidative phosphorylation may lead to oxidative stress due to the
accumulation of reactive oxygen species (ROS). Dietary restriction and high-fat feeding—both of which
increase fatty acid oxidation—increase the expression of oxidative stress defense genes such as
glutathione-S transferases and those involved in glutathione synthesis . ER stress pathways are also
upregulated in 24-hour fasted liver ***. ATF4 activated by ER stress induces the expression of FGF21 15
which acts to reduce ER stress *”. The DNA repair enzyme 8-oxoguanine DNA glycosylase (Oggl)
protects mitochondrial DNA from damage from metabolic reactions. Oggl has been shown to facilitate
the channeling of glucose into the glycolytic pathway, TCA cycle and mitochondrial electron transport

chain specifically in the fed liver 1%,

Autophagy

Autophagy is a critical adaptation to low nutrient states. In fasting and starvation,
autophagy is activated by multiple pathways. FOXOs, activated by AMPK in fasting and
starvation, directly induce critical parts of the autophagy machinery **°. In addition, FOXO3 and
FOXOL1 can activate autophagy by inhibiting mTOR and interacting with autophagy related 7
(ATG?7), a key regulator of the autophagosome . Additional mechanisms for regulation of

autophagy are discussed below in the epigenetics section.
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High throughput sequencing and -omics studies

Next generation sequencing has become an essential tool for probing the transcriptome. RNA
sequencing (RNA-seq) has been very effective at identifying new genes, revealing pathways that respond
to specific stimuli, and characterizing global transcriptomic profiles in various contexts. As transcriptomic
methods have continued to evolve, studies have combined RNA-seq with other methods in the -omics
toolkit, such as DNase | hypersensitive sites sequencing (DNAse-seq) and assay for transposase-
accessible chromatin using sequencing (ATAC-seq), both of which profile accessible chromatin regions),
chromatin immunoprecipitation followed by sequencing (ChlP-seq), which defines sites of transcription
factor binding or histone modification, or metabolomics and proteomics, which profile the metabolome
and the proteome respectively. From a bird’s eye view, studies comparing the fasted and fed states, or
different time points within in a fasting regimen, have found hundreds to thousands of differentially
expressed genes—or up to 10% of the hepatic transcriptome 61, The extent of these change underscores the

complexity of the physiological response.
Pathway analysis

Pathway analysis tools aid in describing patterns in large data sets and highlighting unexpected
associations. Not surprisingly, the top changing pathways in fasting versus fed liver involve lipid,
carbohydrate, and amino acid metabolism *. Mitochondrial LCFA uptake, fatty acid B-oxidation,
ketogenesis and PPARa signaling are among the most prominent responses peaking at 24 hours of fasting
189.162.163 ' Conversely, fatty acid and sterol biosynthesis pathways are downregulated in fasting liver
samples, reflecting suppression of SREBP-1c and SREBP-2 activity 1%2%, Gluconeogenesis is
upregulated in fasting, relying on enhanced TCA and malate-aspartate cycling enzymes and increased
expression of Pckl **°. Liver glycogen is depleted by 12 hours of fasting in mice % and 17 hours in rats
162 Accordingly, at 12 to 24 hours, glycolysis and glycogenolysis genes are downregulated. Enrichment

of amino acid metabolism degradation pathways and genes in the urea cycle is observed in 24 hour-fasted
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liver, consistent with amino acid oxidation **°6%, These changes continue at 72 hours of fasting, even
though other fasting-related transcriptomic changes are largely resolved. Hellerstein et al. (1997)
observed persistence of gluconeogenic flux into glycogen and glycogen turnover humans even during
prolonged fasting. Liver glycogen was shown to accumulate in mouse liver after 72 hours of fasting
suggesting that amino acid oxidation is the predominant source of fuel for glucose and glycogen synthesis
during prolonged fasting. TCA cycle, electron transport and oxidative phosphorylation pathways are
induced in 24 hour-fasted liver 1183, As these processes can cause oxidative stress, it is not surprising
that pathways for unfolded protein response/ER stress are upregulated concurrently. Lastly, fasting is also

associated with a downregulation of immune and inflammation-related pathways 63,

Since feeding is used as the comparison state to fasting in most profiling studies, the reverse of
what is reported in the fasted is generally observed for fed and refed conditions. When comparing refed to
fasted mice, fatty acid oxidation pathways dependent on PPARa and gluconeogenesis through PEPCK are
downregulated, while fatty acid biosynthesis is upregulated ’. Compared to the ad libitum fed state,
refed samples show increased enrichment of pathways for the biosynthesis of macromolecules. Zhang et
al. (2011) observed that the majority of fasting-induced changes are in fact reversed by refeeding.
Cholesterol biosynthesis is upregulated in fed state compared to fasting, and is further upregulated in
refed state. Notably, genes that do not change in the fasting and refeeding response are enriched for
housekeeping functions including nucleic acid metabolism, RNA processing, and cell organization

pathways (Zhang et al. (2011).
Multi-omics and network analysis

Combining -omics technologies allows for integrative analysis. Such analyses may incorporate
different profiling techniques (lipidomics, DNAse-seq, ChlP-seq) and computational methods and/or
correlate changes in different tissues (adipose, muscle, liver). For example, studies that integrated
transcriptomic analyses across multiple organs during fasting found that the previously accepted sequence

of using carbohydrate, then lipids, and finally proteins as the source of fuel was not well supported by
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their data. In fact, pathways for utilization of these fuels were activated in parallel across different organs
139.164.168 The fatty acid oxidation pathway and genes involved in ketone body synthesis were upregulated
in a number of metabolic organs during fasting, such as liver, kidney, intestine and muscle to preserve
glucose for brain 61%4Accordingly, the transcriptome of the brain changes minimally in fasting.
Network and text mining analyses have further shown that a number of transcription factors are shared in
the fasting and feeding process between metabolically active organs, including PPARa, HNF4A, GR,
SREBP-1/2, p53, FOXO, early growth response protein 1 (EGR1), activator protein 1 (AP-1, also known
as c-JUN), Myc proto-oncogene protein (c-MY C), transcription factor Sp1 (SP1), YY1, and protein C-

ets-1 (ETS1) 164168,

Combining metabolomics and metabolic flux studies with transcription has provided insight into
the coordination of metabolic responses. Robertson et al. (2011) showed that changes in the serum and
urine metabolome in response to fasting are small in magnitude but broad in scope. The same study found
that a reduction in serum glucose coincides with downregulation of the hepatic glycolytic genes Gck and
Pklr. Serum glucose levels partially recovers in between 12 -16 hr of fasting as Pck1 expression goes up.
Pck1 expression, thus gluconeogenesis, is upregulated when glycogen stores are depleted 1%°.As serum
FFAs derived from adipose lipolysis increase, the expression of genes for acyl-CoA synthesis, genes
facilitating fatty acid import into mitochondria, and genes involved in fatty acid oxidation increase in
parallel ¢1, Since B-oxidation and TCA cycle requires NAD+, expression of genes to produce NAD+ are
upregulated: uncoupling protein 2 (UCP2) which is an PPARa target, and 3-Hydroxybutyrate
Dehydrogenase 1 (BDH1), which converts acetoacetate to the ketone B-hyroxybutyrate (B-OH butyrate)
185,In contrast to fasting, responses to refeeding are quick and robust. Within 1-2 hours of refeeding, G6pc
and Pckl are downregulated along with increases in liver glycogen. Serum -OH butyrate levels are
decreased as well as expression of PPARa, CPT1, and Hmgcs2 %, Moreover, combining transcriptomics
and lipidomics, Régnier et al. (2018) observed increased abundance of many phospholipid species in

response to fasting in a PPARa-dependent fashion, along with differential expression of genes involved in
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phospholipid homeostasis such as Chka, Chkb, Agpat9, and Mogatl. Using metabolic flux and
guantitative modelling, Hui et al. (2017) suggests that during fasting glycolysis and TCA cycle are
uncoupled and circulating lactate becomes the major substrate for TCA cycle for most tissues. These
findings highlight that integrating transcription and metabolome provides a more complete picture of the

physiological responses.

Network analysis and motif enrichment analysis can provide insight into specific transcriptional
regulators associated with global changes in the transcriptome 27163179 Using advanced computational
analyses of DNAse-Seq and histone 3 lysine 27 acetylation (H3K27Ac) ChlIP-Seq data (transcription
factor footprint depth and motif-flanking accessibility), Goldstein et al. identified two roles for GR during
fasting. For gluconeogenic genes, GR rapidly enhanced CREB activity. However, with respect to
ketogenesis-related genes, GR action increased the expression of PPARa gradually, leading to slower
ramp up of ketogenic genes 2*. Additionally, using self-organizing maps to compare multiple conditions
collectively, Rennert et al. (2018) revealed that 24 hour fasting initiated in the morning stimulated glucose
consumption and gluconeogenesis, while fasting initiated in the evening was associated with
comparatively less gluconeogenesis and more fatty acid and cholesterol synthesis. Sano et al. (2016) used
mathematical modeling and transcriptomics to determine that genes upregulated by insulin respond faster

than those downregulated, but need a higher dose of insulin to respond.

Epigenetics and transcription factor relationships

Chromatin structure, chromatin remodelers, and histone modifiers all have regulatory roles in the
fasting and feeding response. Fasting and feeding dynamically change the genomic accessibility
landscape, opening up thousands of new enhancers, rearranging transcription factor binding, and altering
cofactor interactions 2. Several histone and DNA modifiers have been found to influence the response to
fasting and feeding, including the well-characterized SWI/SNF chromatin remodeling complexes. A

subunit of this complex, SWI/SNF complex 60 kDa subunit (BAF60a) responds to glucagon to activate
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fatty acid oxidation genes in fasting by interacting with PGC-1a and engaging in crosstalk with PPARa
173 Conversely, in the fed state a different subunit, BAF60c, forms a lipoBAF complex that interacts with

USF-1 specifically on lipogenic genes and thus promotes their expression 74,

The deacetylase SIRT1, which largely targets transcription factors, is involved in the induction of
gluconeogenesis and -oxidation genes in fasting. SIRT1 is activated in response to an increase in the
NAD+/NADH ratio during fasting *. CREB induces SIRT1 expression in fasting 17, and the
cAMP/PKA pathway has also been implicated in activating SIRT1 through phosphorylation /. PKA
signaling has been reported to induce an interaction between SIRT1, PPARa, and lysine-specific
demethylase 6B(KDM6B, also known as JIMJD3) 18, leading to the activation of B-oxidation genes. In
fed state, SIRT1 expression and activity are repressed by ChREBP and glycosylation, respectively 17617°,
By contrast, SIRT1 overexpression reduces hepatic steatosis and improves glucose tolerance in obese
mice %, PPARa signaling and fatty acid beta oxidation are also impaired in hepatocyte SIRT1 knockout
mice 22, SIRT1 deacetylates PGC-1a during fasting (thereby increasing its coactivator activity) *'°, and
upregulates FGF21 in a PPARa- and PGC-1a-dependent manner. Other studies have shown that SIRT1
affects gluconeogenesis in long-term fasting. SIRT1 deacetylates TORC2 and FOXOL, thereby reducing
CREB activity and facilitating a switch to FOXO1/PGC-1a-driven gluconeogenesis %, SIRT1 has been
shown to induce gluconeogenesis by repressing anti-gluconeogenic STAT3 134, At the same time, studies
suggest that SIRT1 helps to keeps FOXO1-driven gluconeogenesis in check by providing negative

feedback through SHP 1%,

GCN5/KAT2A, an epigenetic modifier, can wear different hats based on nutritional status. It can
function as a histone acetyltransferase (HAT) in fasting when PKA phosphorylates GCN5 in a CITED2-
dependent manner 81, GCNS5 is recruited to and acetylates histone H3 at gluconeogenic gene promoters,
thus driving fasting gluconeogenesis. But in the fed state, GCN5 can function as an acetyltransferase for

PGC-1a. Insulin inhibits the interaction between GCN5 and CBP/P300-interacting transactivator 2
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(CITED2) 8, GCNS directly acetylates PGC-1a (countering PGC-1a deacetylation by SIRT1),

repressing its transcriptional activity 1%,

Other epigenetic factors have also been identified as modulators of glucose and lipid metabolism
in fasting. For instance methylcytosine dioxygenase TET3, a DNA demethylation enzyme, is recruited to
the Hnf4a promoter by FOXA2 during fasting 8. It demethylates the promoter, leading to increased
expression of Hnf4a and its gluconeogenic target genes. Additionally, glucocorticoids induce histone-
lysine N-methyltransferase SETDB2 to regulate Insig2 transcription during fasting, negatively regulating
SREBP-driven lipid synthesis 18*. These examples highlight how DNA and histone modifications

contribute to executing responses to nutritional demands.

Noncoding RNASs are an exciting new class of regulators that brings another layer of fine tuning
to transcriptional and translational responses in fasting/feeding. MicroRNAs have been noted to be
involved in the dynamic transition from fasted to fed state 1®°. MicroRNAs abundant in the fed state, such
as let-7i, miR-221, and miR-222, target fasting-induced SIRT1, PGC-1a and their target genes Cptl,
medium-chain specific acyl-CoA dehydrogenase (Acadm), Sirt3, and transcription factor a, mitochondrial
(Tfam). In the absence of these fed-state microRNAS, gluconeogenesis is disinhibited and cells are unable
to switch from catabolism to anabolism, as evidenced by activated AMPK and reduced phosphorylation
of AKT 1, Batista et al. (2019) found that more than 150 non-coding RNAs respond to insulin or fasting
and refeeding. Among these, long non-coding RNA (IncRNA) Gm15441 was shown to regulate fatty acid
oxidation in hepatocytes . Zhang et al. (2018) showed that INcRNA H19 is induced by fasting and
regulates hepatic glucose output by altering the promoter methylation and expression of Hnf4a. Another
recent study found that 5-methylcytosine is enriched on enhancer RNAs with fasting 1%, Additional

research is needed to determine how this RNA modification fine tunes transcriptional regulation.
Transcription factor interactions

Multi-omics methods have highlighted cooperation and antagonism between transcription factors
during fasting and feeding. For example, Everett et al. (2013) used transcriptomics and ChlP-seq to reveal
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that, although CREB is constitutively bound to its target genes, it engages in cooperative interactions with
other factors such as C/EBPB, GR, PPARa, and FOXA?2 during fasting. In addition, TORC2, P300, ATF5
and NF-Y are all activated by fasting and promote gluconeogenic gene expression by enhancing CREB
activity 8123190191 GJycagon stimulates gluconeogenesis by dephosphorylating TORC2, which then
travels to nucleus and complexes with CREB #. TORC2 also associates with P300 upon glucagon
signaling and this enhances its activity ®. Interestingly, Liu et al. (2008) observed that SIRT1 deacetylates

TORC?2 in the late stages of fasting, thereby downregulating it.

Transcription factor interactions also impact regulation of hepatic glucose metabolism in the fed
state. Insulin phosphorylates CBP, destroying the CREB-CBP complex . However, the closely related
coactivator P300 lacks a similar phosphorylation site and therefore does not get inactivated by insulin.
P300 continues to bind to CREB on the Ppargcl gene, encoding for PGC-1a to maintain basal hepatic
glucose production for in glycogen synthesis even in the post-prandial state 1°192 FXR also influences
glucose metabolism in the fed state by interacting with ChREBP. FXR binds to the same site as the
ChREBP-HNFa complex on the PkIr promoter and triggers the release of ChREBP, leading to repression
in the fed state %3, FXR knockout mice show an increased PkIr response to refeeding along with reduced

plasma glucose and hepatic glycogen levels 49,

The activity of transcription factors important in post-prandial lipid metabolism is also modulated
by cooperative interactions. For instance, HNF-4a physically interacts with ChREBP on the Fasn
promoter to fully upregulate its expression in response to glucose feeding 2. Furthermore, SREBP-1c was
shown to cooperate with NY-F and LXR at the promoters of lipogenic genes such as Fasn and Accl to
induce their expression in response to insulin $%4-1%, Recently b-cell lymphoma 6 protein (BCL6) was
shown to colocalize with and represses PPARa activity at genes involved in lipid catabolism in the fed

state %7,

Autophagy can provide a source of macromolecules in the absence of dietary nutrients.

Transcriptional regulation of autophagy during fasting also involves transcription factor interactions and
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epigenetic modifiers. Fasting-induced FGF21 phosphorylates JMJD3 increasing its nuclear transport and
interaction with PPARa 1, This interaction induces a number of PPARa autophagy target genes
including Tfeb, Atg7, and Pnpla2 (also known as Atgl). In addition, the CREB-TORC2 complex promotes
expression of genes involved in autophagy and lipophagy under nutrient-deprived conditions 8. By
contrast, during feeding FXR disrupts the CREB-TORC2 complex and competes with PPARa to trans-
repress these genes 8%, In later stages of feeding, FGF19 induces SHP which recruits the lysine-specific
histone demethylase 1IA(KDM1A, also known as LSD1) to CREB-bound autophagy genes and promotes

the disassociation of TORC2, leading to inhibition of autophagy 2%.

Insulin signaling and insulin resistance

Insulin signaling and the mechanisms by which it is altered in insulin resistance have been the
focus of intense study. Insulin is secreted by glucose-sensing pancreatic 3 cells in the postprandial state.
In the liver, insulin induces lipogenesis and lipoprotein synthesis, allowing conversion of dietary
carbohydrates to triglycerides and their export to adipose tissue for storage. Insulin also suppresses
gluconeogenesis and glycogenolysis and promotes glycogen synthesis. Insulin-induced hepatic
lipogenesis is dependent on cell autonomous signaling. Insulin reaches the liver through the periportal
vein and binds to the insulin receptor (IR) on hepatocytes. IRS1 and IRS2 are direct targets of insulin
receptor and their expression is dynamically regulated in fasting/feeding 2°*. Upon insulin binding, they
recruit phosphoinositide 3-kinase (PI3K) which generates phosphatidylinositol (3,4,5)-trisphosphate
(PIP3). PIP3 promotes recruitment of pyruvate dehydrogenase kinase 1 (PDK1) which activates AKT by
phosphorylation (reviewed in Titchenell et al. 2017). Activation of mTOR and suppression of FOXO1 by
AKT are necessary for insulin induction of lipogenesis through SREBP-1c 2%, Insulin also suppresses

expression of INSIG1 and INSIG2, which inhibits SREBP-1c processing and activation 204,

Studies point to hepatic and extra-hepatic insulin effects on liver glucose output in the

postprandial state. Liver IR knockout (LIRKO) mice show hyperglycemia, confirming that FOXO1 is
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derepressed without hepatic insulin signaling 2%°. However, in the absence of both AKT and FOXO1,
hepatic glucose production remains responsive to insulin, indicating that additional modes of regulation
exist 2%, Insulin has widespread effects on the hepatic transcriptome. Batista et al. (2019) profiled the
transcriptomic effects of insulin in the absence of changing glucose levels. They reported that hepatic
insulin alters not only glucose and lipid metabolic pathways, mitochondrial function and autophagy, but
also non-metabolic pathways such as Toll-like receptors (TLRs) and Notch signaling. Using proteomics,
Capuani et al. (2015) showed that loss of IR induces oxidative stress pathways, suggesting that insulin
signaling in liver is protective against oxidative stress. Insulin has also been shown to repress the
expression of adiponectin receptors (AdipoR1 and AdipoR2) reducing sensitivity to adiponectin, which

mediates fatty acid oxidation through AMPK and PPARa %8,

Diet-induced obesity can lead to selective hepatic insulin resistance, in which suppression of
glucose production in the post-prandial state is impaired but insulin-stimulated lipogenesis and very low-
density protein (VLDL) secretion remain intact. Diet-induced obesity and insulin resistance alter the
expression of number of genes involved in fasting and feeding. IRS1 and IRS2 expression is altered in
insulin resistance. Kubota et al. (2016) described that in obese mice, insulin signaling is impaired in the
periportal zone, the primary site for gluconeogenesis, as Irs2 expression is reduced there. At the same
time insulin signaling is enhanced in the primary site for lipogenesis (the perivenous zone) as the
predominant Irsl in this zone, remains unaffected. This phenomenon may shed light on how differential
regulation of insulin signaling can lead to selective insulin resistance. Additionally, PGC-1a induced in
fasting was shown to increase the IRS2 to IRS1 ratio in hepatocytes, increasing the sensitivity for insulin
induced suppression of glucose production **°. This phenomenon may help explain how continuous
feeding could reduce the IRS2 to IRS1 ratio and impair glucose suppression. Further supporting this
point, FGF21 secreted in fasting has been suggested to sensitize insulin signaling at the beginning of

feeding 2°.

Effect of time on fasting and feeding response
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Circadian Rhythm

Light input to the suprachiasmatic nucleus (SCN) of the hypothalamus creates
oscillations in circadian clock proteins to set the body's daily sleep-wake cycle. The sleep-wake
cycle establishes an intrinsic fasting-feeding rhythm. In peripheral tissues such as the liver, up to
12% of the total transcriptome has been shown to vary with the circadian cycle, with many of
these transcripts encoding metabolic proteins 21213, The circadian cycle is driven by the actions
of a complex consisting of the proteins clock circadian regulator (CLOCK) and brain and muscle
ARNT-like 1 (BMALL1). This complex promotes transcription of the Per and Cry families
ofgenes. The period circadian regulator (PER) and cryptochrome (CRY) proteins subsequently
form a heterodimeric complex which represses the transcription of Clock and Bmall, creating the
characteristic back-and-forth 24-hour rhythm of the circadian cycle (Fig 1-3). In mice, which are
nocturnal, BMAL1 and CLOCK protein expression increases during the light phase while PER
and CRY increase during the dark. However, in humans, this cycle is reversed, with BMAL1 and

CLOCK increasing during the night and PER and CRY increasing during the day.

In the liver, the CLOCK:BMALL1 complex functions as a pioneer factor, opening
chromatin to allow binding of other transcription factors such as HNF6 24, CLOCK:BMAL1
also regulates daily fluctuations in blood cholesterol through its activation of low density
lipoprotein (LDL) receptor transcription 1%, and regulates hepatic glycogen content by activating
transcription of glycogen synthase 2 26, As feeding occurs, insulin suppresses BMAL1:CLOCK
by causing AKT to phosphorylate BMAL1 at Ser42, leading to its nuclear exclusion ?’. During
fasting, glucagon causes recruitment of the CREB:CRTC2 complex to the Bmall promoter to

enhance its expression 28, Recent studies have shown, however, that this fasting-induced
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increase in expression is accompanied by a loss in BMAL1 phosphorylation and acetylation and

a decrease in expression of its target genes 2%°,

During feeding and acute fasting, PER2 promotes glycogenesis by binding E-boxes in the
promoters of genes encoding the protein phosphatase 1 subunits PP1R3A and PP1R3B, which
activate glycogen synthase. 22°. Accordingly, whole-body loss of Per2 lowers fasting hepatic
glycogen and glycogen synthase levels %21, Degradation of CRY1 by the DNA damage-binding
protein 1-Cullin 4A (DDB1-CUL4A) E3 ligase enhances FOXO1-mediated gluconeogenesis in
the liver 222, Small molecule activators of CRY have been shown to inhibit glucagon-mediated
gluconeogenesis in primary hepatocytes 2%, In humans, polymorphisms causing increased CRY?2
levels have been correlated with increased hepatic triglyceride content and fasting hyperglycemia
224 Cry1-/-Cry2-/- mice show elevated blood glucose upon refeeding following an overnight fast

and severely impaired glucose clearance ?°.

In the accessory circadian loop, the BMALL1:CLOCK transcriptional targets ROR
(receptor tyrosine kinase-like orphan receptor) and REV-ERB compete for the ROR/REV-ERB
Response Element (RRE) in the BMAL1 promoter 2%, REV-ERB levels rise during the dark
phase to repress Bmall expression, while ROR levels rise during the light phase to increase
expression %%, REV-ERB controls diurnal recruitment of HDAC3 and the nuclear receptor co-
repressor complex to the Bmall promoter to repress transcription 22222°_ In the liver, REV-ERBa
and [ are required for circadian oscillations of core clock genes such as Bmall and Cryl. Whole-
body REV-ERBw/f deficient mice have disrupted daily wheel-running patterns, as well as
elevated fasting glucose and triglycerides *°. RORo and RORY both regulate circadian variations

in Insig2 expression to provide a check on SREBP-1c-mediated lipogenesis during feeding 2.
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Liver-specific RORa deletion in mice leads to hepatic steatosis, obesity and insulin resistance on

high-fat diet (HFD) 232,

Outside of the canonical clock genes, a host of other transcription factors have been
shown to exhibit circadian variations in expression and activity. Of the 49 nuclear receptors
expressed in mice, 20 exhibit rhythmic circadian oscillations, including the PPAR family,
retinoic acid receptor RARa, retinoid X receptor RXRa, the estrogen receptors, and thyroid
receptor a. Many of these receptors peak shortly after the light-dark transition when mice begin

to feed 2%,
Time restricted feeding and intermittent fasting

As circadian proteins exert control over metabolism, food intake conversely regulates
circadian cycles. Mice fed a high-fat diet have altered diurnal feeding behavior, consuming more
food in the day and less in the night, as well as locomotor activity 3. Restricting the food
availability of nocturnal mice to daytime hours inverts the circadian rhythm of peripheral tissues,
such as the liver, while having no effect on the SCN 2%, Furthermore, subjecting wild-type mice
to a 24-hour fast results in loss of rhythmicity of greater than 80% of liver transcripts that
normally display circadian variation 2%, Further evidence of the influence of food timing on
metabolism comes from studies of time-restricted feeding (TRF), in which food is limited to a
certain interval each day. TRF protects against the development of metabolic disease in a number
of mouse models. This effect is believed to stem from the alignment of food intake with
circadian timing in the body’s peripheral tissues, particularly liver, which allows for more

efficient clearing and processing of ingested nutrients 27

Mice subject to a daily regimen of 8 hours feeding/16 hours fasting on HFD take in the

same number of total calories as their ad libitum fed counterparts, but do not develop metabolic
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syndrome 2%, A key mediator of this effect is the liver, where TRF rescues the blunted
rhythmicity of circadian genes and the function of nutrient-responsive pathways like mTOR,
CREB and AMPK that are altered by HFD 2%, This protective effect has been shown to extend to
mice subjected to high-fructose and high fructose/high-fat dysmetabolic diets as well, as long as
food availability was limited to less than 12 hours a day. Feeding in TRF HFD mice is
accompanied by a concomitant increase in GCK expression; however, in ad libitum HFD mice,
GCK levels remain persistently elevated throughout the day. Thus, modulation of the fasting-
refeeding interval restores glucose homeostasis in HFD-fed mice. In the livers of TRF HFD-fed
mice, PPARYy displays mild oscillations in amplitude throughout the circadian cycle with a peak
in during the active phase. In ad libitum HFD-fed mice, however, these oscillations dramatically

increase in amplitude and instead peak in the day/inactive phase 24°.

TRF has also been shown to prevent the development of metabolic abnormalities in mice
with clock gene mutations. Whole-body Cry1-/-Cry2-/- KO mice have near complete loss of
rhythmic gene expression in the liver, an effect partially rescued by TRF 23, In addition,
genetically modified mice that lack a regular feeding rhythm consume the same number of
calories as their ad libitum counterparts, but resist weight gain and hyperleptinemia 241, Recently,
these findings have been extended to humans. In a study of 19 patients with metabolic syndrome
on statins or antihypertensives, limiting food intake to a 10-hour window each day over 12 weeks

led to reductions in body weight, visceral fat, blood pressure, total cholesterol, LDL, and HbAlc

242

Fasting and refeeding protocols
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Although it is unsurprising that the hepatic transcriptome differs dramatically between ad
libitum feeding and 24 hour fasting conditions, it has also been found that significant differences
exist even between ad libitum feeding and 24 hours refed livers, with expression differences in
key pathways controlling lipid metabolism and small molecule biochemistry (Zhang 2011). A
study of both BALB/cJ and C57BL/6j mice fasted for 24 hours and refed found that differential
gene expression peaks at 6 hours post refeeding with significant upregulation of lipogenic
pathways in comparison to amino acid and carbohydrate metabolism (Chi 2020). Moreover,
fasting-refeeding regimens are themselves highly heterogeneous. As stated in the Pathway
analysis section, a time course comparing the hepatic transcriptome after 0, 12, 24 and 72 hours
of fasting found that strong induction of the urea cycle was apparent at every time point. In
contrast, pathways controlling amino acid, carbohydrate, and lipid metabolism peak at 24 hours
and return to baseline by 72 hours, at which point beta oxidation and ketogenesis pathway
expression increases (Sokolovic 2008). Another time course study in 48 hour fasted mice
revealed upregulation of hepatic gluconeogenesis and ketogenesis at 3 hours; additionally these
mice have marked upregulation of PPARa targets such as Pckl, G6pc, and Fgf21 (Schupp 2013).
Another more recent study comparing 24 hour fasted mice refed for either 12 or 21 hours found
that even after 12 hrs of refeeding, mice have continued dysregulation of liver lipid metabolism
and autophagy, but this effect which is largely abrogated in the 21 hr refed group (Rennert 2018).
By building a better understanding of the dynamics of fasting and refeeding in mice, these
experiments can be standardized across different labs based on the desired pathways of study (ie

ketogenesis, gluconeogenesis).
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Effect of diet, exercise and sex on fasting and feeding response

Diet

The contents of the diet play a modifying role in transcriptional responses to both fasting and
feeding. Studies have compared diets rich in fat versus carbohydrates, glucose versus fructose, high
versus low protein, as well the effects of calorie restriction. HFD has been found to increase hepatic de
novo lipogenesis (e.g. expression of Fas and Scd1) to a lesser degree than carbohydrate feeding 4.
Furthermore, cholesterol biosynthesis genes controlled by SREBP-2 are downregulated by increased
dietary cholesterol 1. In contrast to fatty acid biosynthesis genes, mitochondrial and peroxisomal B-
oxidation genes (such as Cptla and Acox1, respectively) are induced in HFD-fed mice *°. PPARa, the
master regulator of fatty acid oxidation, is induced by fat feeding, drawing a similarity to the extended
fasted state, as both contexts use fat as a primary energy source 243, Consistent with this idea, AMPK
activity is increased in livers fed with PUFAs or high-fat diet 2442%°, In contrast to fasting, HFD also
increases some aspects the immune response, such as Nfkb1 and its target genes tumor necrosis factor
Tnfa, Il1b, prostaglandin-endoperoxide synthase 2 (Ptgs2), and nitric oxide synthase 2 Nos2 (Lee at al

2013).

Fatty acid synthesis genes are more robustly upregulated by high-fructose diets compared to
complex carbohydrate diets 6. Also, the dynamics of the fructose and glucose transcriptional responses
are different. Glucose refeeding causes a more acute SREBP-1c induction 2*’. Furthermore, in the absence
of insulin signaling, lipogenic genes such as Fasn are more induced by fructose than glucose feeding.
Recent studies suggest that ChREBP may be playing an important role in this process. Fan et al. (2017)
documented increased expression of the ChREBP target Pklr in fructose-fed mice compared to glucose
fed mice. They also reported that while LXRa facilitates the increase in ChREBP activity in glucose-fed
mice, the ChREBP response to fructose feeding was independent of LXRa. Additionally, while excess
dietary fructose can increase stress signaling via c-Jun N-terminal kinase (JNK) signaling, glucose

feeding has been reported to promote hepatic inflammatory responses more than fructose feeding, as
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evidence by increased expression of TLR2 and inflammatory genes such as C-X-C motif chemokine

ligand 2 (Cxcl2), Cxcl10, Cxcl1, Nfkb1, and Nfkb2 248249,

Dietary protein content is also a modifier of hepatic transcription. Unlike food restriction, where
proportionality of nutrients is preserved, modified protein diets affect many aspects of whole body
homeostasis. Refeeding with high-protein diet after a prolonged fast can cause acute liver damage 2.
Conversely, feeding with low-protein diet affects growth through downregulation of insulin-like growth
factor I (Igf1) and induces inflammatory genes such as 116 2. Dietary protein induces PPARy-dependent
hepatic IGF-1 secretion and promotes mTOR phosphorylation and the interaction between PPARY and
mTOR %1, Leucine deficiency was shown to upregulate transcription of tribbles homolog 3 (Trib3), a
factor known to inhibit insulin signaling by binding to AKT 2°2, TRB3, encoded by Trib3, also interacts

with ATF4, inhibiting it from inducing FGF21%,
Calorie restriction

Calorie restriction (CR) has been associated with health benefits and longevity. CR is a less extreme
version of fasting that can be continued for extended periods, at least in laboratory settings. CR decreases
the expression of lipogenic genes such as Fasn and Elovl3 and genes involved in formation of lipid
droplets such as perilipin-2 (Plin2) and fat storage-inducing transmembrane protein 1 (Fitm1) 5. On the
other hand, genes involved in lipid droplet breakdown and fatty acid oxidation are increased by CR.
Drawing parallels to a fasting-like state, CR animals also respond to fasting with increased expression of
PPARa 2%, Decreased lipid formation and increased lipid breakdown leads to a decrease in fat mass
155254255 However, refeeding chow or HFD upregulates lipogenesis more robustly in CR compared to ad
libitum fed mice 2. This is reminiscent of the observation that humans often gain more weight back than
they have lost after stopping restrictive dieting. CR feeding also leads to increased expression of genes
involved in oxidative stress response such glutathione synthesis genes and glutathione-S transferases .
Some benefits of CR have been proposed to be mediated by SIRT1. Although SIRT1 activity is increased

by CR in many tissues, SIRT1 activity is actually decreased in liver by CR 2%,
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Exercise

Exercise can change the energy demands of the body and reprogram metabolism in many tissues.
Exercise has been reported to blunt the upregulation of lipogenesis in liver in response to carbohydrate
feeding. However, exercise was less effective in reducing the lipogenic response in fructose feeding .
Exercise is also known to increase insulin sensitivity in adipose and muscle but not in liver 28, On the
other hand, exercise can increase expression of genes involved in fatty acid oxidation and transport into
mitochondria 2°°. Additionally, exercise has been suggested to decrease hepatic oxidative stress 2%° and to
decrease HFD-induced NF-xB activation and proinflammatory cytokine production %!, These beneficial
effects of exercise on lipid metabolism appear to be independent of the mTOR pathway 22 and potentially

mediated by increased PPARa-stimulated fat oxidation 23,

Sex Differences

Premenopausal women are more resistant to diet-induced insulin resistance than men. Sex
differences are also seen in responses to fasting and feeding. Bazhan et al. (2019) showed that changes in
expression of genes involved in the fasting response, such as Fgf21, Ppara, and Cptla, were more
pronounced in female mice than in males. By contrast, they reported that hepatic expression of Fasn was
higher in male mice than females, possibly due to male-specific hyperinsulinemia. Male mice also have
higher insulin to glucagon ratios, leading to increased glucose metabolism 2. According to this study,
male mice exhibit increased hepatic glucose output and expression of gluconeogenic genes such as

G6Pase and Pckl1 compared to females. Males also have higher glycogen synthesis, which is commonly

observed with high gluconeogenic capacity.

Growth hormone secretion and signaling is also sexually dimorphic. While adult males secrete
growth hormone in episodic bursts, females display a continuous pattern of growth hormone section 2°.

Growth hormone may exert its impact on sex-specific hepatic metabolic gene expression through STAT5
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and its male-biased transcriptional repressor BCL6. BCL6 binds preferentially to STATS target genes

involved in lipid metabolism that have a female-biased expression .

Limitations

Rodent models provide many benefits to the researchers, however they have limitations
when translating the findings to the clinic. Humans have both physiological and psychological
difference in relation to feeding and fasting behavior in comparison to mice. While mice eat
small portions frequently during the dark, humans eat few larger meals during the day 22,
Humans may choose to eat or not eat for social reasons, which are not captured by most
experimental designs in rodent models. Many clinical tests are run on overnight fasted patients.
Overnight fasting in mice is not an equivalent for this state because of their nocturnal feeding
and higher rate of metabolism. While mice glucose levels are significantly lower after an
overnight fast, humans are able to maintain their basal glucose levels for more than 18 hours
165,269 |t is suggested that fasting mice 5-6 hr during the day better resembles the human
overnight fasting when comparing glucose and insulin levels. Additionally, its been observed
that while mice respond to prolonged fasting with enhanced insulin stimulated glucose
utilization, humans experience an impairment of insulin stimulated glucose utilization 27°. These

differences need to be taken into account when comparing to patients.

Conclusions

Changes in nutrients, hormones, and post-translational modifications regulate a broad hepatocyte
transcriptional network. During fasting, liver switches to using lipids and amino acids as its primary
energy source to make ketones and glucose, respectively. PPARa, FOXO1, PGC-1a and CREB are

among the key players enacting this shift. In the fed state, liver takes up glucose and increases glycolysis
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and lipogenesis in response to carbohydrates via ChREBP and Srebplc. The fasting/feeding response is
also shaped by a network of additional transcriptional regulators. High-throughput -omics methods have
just started investigating these complex relationships and their effects in a systematic way. Many other
pathways, including those involving bile acids, iron metabolism, immune responses, circadian rhythms
and stress responses are affected by nutritional status. Proper control of hepatic transcription by diet is
crucial for physiology, and perturbation of these pathways are a hallmark of metabolic diseases. With the
continued development of new methods and new genetic models, future research is likely to reveal

additional connections and expand our understanding of this central physiologic response.
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Regulation of glycolysis and glycogen synthesis
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Circadian control of the fasting-feeding response in mice
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Figure 1-1-3:Interplay of circadian rhythm and hepatic gene regulation in mice
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Figure legends

Figure 1-1: Transcription factors that regulate lipid metabolism in fasted and fed states. A:
Transcription factors such as ChREBP, LXR, SREBP1c, XBP, USF-1 and SREBP2 are activated
by various factors in response to feeding signals such as glucose and insulin. These transcription
factors induce the expression of genes that promote lipogenesis and cholesterol biosynthesis.
Some of these transcription factors are also known to be actively inhibited during fasting. B:
Transcription factors such as PPARa and PGC-1a are activated by glucagon, SIRT1 and
glucocorticoid receptor during fasting. These transcription factors induce the expression of genes
that promote fatty acid oxidation and ketogenesis during fasting. Ketone bodies can be used as

energy source for many other tissues.

Figure 1-2: Transcription factors that regulate glucose metabolism in fasted and fed states. A:
Transcription factors such as ChREBP, HIF2a-ARNT, IRE1, STAT3, LRH-1 and FXR are
activated by various factors in response to feeding such as glucose and insulin. These factors
induce the transcription of genes that promote glycolysis and glycogen synthesis. In response to
an increase in available glucose and insulin, energy metabolism switches to using glucose as fuel
and replenishes glycogen stores.B: Transcription factors such as FOX01, GR, PGC-1a, CREB,
PPARa, FXR, are activated by glucagon, AMPK, SIRT1 and glucocorticoids during fasting.
These transcription factors induce the expression of genes that promote gluconeogenesis and
glycogenolysis. This switch is crucial in maintaining blood glucose levels during fasting. There
is evidence for crosstalk between these transcription factors, one inducing the expression of
another. Some of these transcription factors are also known to be actively inhibited by insulin

signaling in response to feeding.
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Figure 1-3: Interplay of circadian rhythm and hepatic gene regulation in mice. Left: PER/CRY is
the major effector of the circadian clock in the liver during the day while mice are asleep. Effects
of PER/CRY include inhibition of gluconeogenesis and suppression of BMAL1/CLOCK.
BMAL/CLOCK activity is also repressed by REV-ERB transcription factors and glucagon via
CREB/CRTC2. Right: at night, when mice are active and feeding, the BMAL1/CLOCK complex
is the main circadian regulator of the liver transcriptome. Its effects include increasing LDL
uptake and glycogenesis while also increasing levels of the PER/CRY complex. Among the
factors that increase BMAL1/CLOCK expression is the daytime accumulation of ROR. As
feeding occurs throughout the night, rising insulin levels cause Akt to suppress BMAL1/CLOCK

activity.
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Abstract
GATAA4 is a transcription factor known for its crucial role in the development of many tissues,

including liver; however, its role in adult liver metabolism is unknown. Here, using high-
throughput sequencing technologies, we identified GATA4 as a transcriptional regulator of
metabolism in liver. GATA4 expression is elevated in response to refeeding, and its occupancy is
increased at enhancers of genes linked to fatty acid and lipoprotein metabolism. Knocking out
GATAA4 in adult liver (Gata4LKO) decreased transcriptional activity at GATAA4 binding sites
especially during feeding. Gata4LKO mice have reduced plasma HDL cholesterol and increased
liver triglyceride levels. The expression of a panel of GATA4-binding genes involved in hepatic
cholesterol export and triglyceride hydrolysis was downregulated in Gata4LKO mice. We further
demonstrate that GATA4 collaborates with LXR nuclear receptors in liver. GATA4 and LXRs
share a number of binding sites, and GATA4 was required for the full transcriptional response to
LXR activation. Collectively, these results show that hepatic GATA4 contributes to the

transcriptional control of hepatic and systemic lipid homeostasis.
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Introduction

Liver plays a vital role in systemic lipid and glucose metabolism °. Liver is the major site
for synthesis of lipids and lipoproteins. It converts excess dietary carbohydrates and proteins into
lipids during feeding, and maintains glucose homeostasis through gluconeogenesis during
fasting. Dysregulation of hepatic metabolism is central to the development of non-alcoholic fatty
liver diseases (NAFLD), insulin resistance, and atherosclerosis 24?2, Dissection of the
transcriptional landscape in physiological responses such as fasting and feeding is needed to
expand our understanding of metabolic regulatory networks and their vulnerabilities in

pathologies.

GATAA4 is a zinc finger protein belonging to GATA family of transcription factors. While
GATAL - 3 are expressed in the hematopoietic and central nervous system, GATA4 - 6 are
expressed in endoderm- and mesoderm-derived tissues such as heart, liver, pancreas and gonads
213 GATAA4 is known to play an essential role in the development of many of these tissues and in
cardiac hypertrophy 242> Global knockout of GATA4 is embryonic lethal due to heart and liver
agenesis 2’427 'making studies of adult tissues challenging. In liver, GATA4 has been reported
to be involved in hepatocyte differentiation and to serve as a tumor suppressor gene 2’’. GATA4
activity in stellate cells has been tied to quiescence and the prevention of liver fibrosis 2’8, The
action of GATA4 in liver sinusoidal epithelial cells (LSECs), but not in hepatocytes, appears to
be important for liver regeneration 2’°2%, However, the role of GATA4 in transcriptional

regulation in adult hepatocytes is poorly understood.

GATAA4 is a pioneer factor that binds predominantly to enhancer regions and is capable
of opening closed chromatin 28*. GATA4 binding to its target genes is tissue-specific, in part due

to its interactions with other transcription factors. While it is capable of both activating and
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repressing gene expression, prior studies suggest that in liver GATA4 functions primarily as an
activator 2%, GATA4 is known to recruit the transcriptional activator p300 to chromatin, where it

increases the acetylation of histone H3 on lysine 27 (H3K27Ac) and enhancer activity 2%,

In addition to its roles in differentiation and identity maintenance, GATAA4 has been
associated with metabolism. Genetic studies in humans have found association of GATA4 with
plasma triglycerides (TG) and with type 2 diabetes (T2D) 28328, Other reports have suggested
that GATA4 regulates steroidogenesis and glycolysis in Leydig cells 287288 and that loss of
intestinal GATA4 prevented diet-induced obesity 22°. However, the metabolic consequence of

hepatocyte specific loss of GATAA4 in adult mice are unknown.

In this study, we used integrated transcriptional and epigenetic analyses to characterize
GATAA4 as a regulator of the feeding response in adult liver. We show that loss of GATAA4 alters
the hepatic transcriptional landscape during feeding, reduces plasma HDL cholesterol levels, and
increases liver triglyceride accumulation. Finally, we demonstrate that GATA4 cooperates with

LXR in the regulation of genes linked to cholesterol homeostasis.
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Results
GATAA4 activity and expression is upregulated in response to feeding.

To investigate changes in the hepatic transcriptional landscape during feeding, we
conducted ATAC-Seq and RNA-Seq on livers of mice fasted for 12 hours, and mice fasted and
then refed with 12 hours with high sucrose diet. We adapted the time points and diet from
previously published protocols to maximize the insulin and lipogenic response 3. Based on the
chromatin accessibility profiled via ATAC-Seq, we inferred genomic regions that were changing
in activity during feeding. We identified 3314 differentially accessible peaks, with 1231 gaining
accessibility in fasted and 2083 gaining accessibility refed conditions (Fig. 1A). The
differentially accessible peaks in fasted and refed states were primarily located in intergenic and
intronic regions, followed by promoter regions (Fig. 1B). Annotating peaks to the closest
promoter led to the observations that peaks more accessible in fasting were associated with genes
involved in the PPAR signaling pathway (Fig. S1A), and that peaks more accessible in refeeding
were associated with fatty acid biosynthesis, ChREBP activation, and other pathways (Fig. S1B).
These associations strongly suggested that the dynamic changes in the chromatin we observed in
response to fasting and refeeding were linked to transcriptional changes known to regulate these

metabolic processes 2%,

We next sought to identify transcription factors that might have differential activity in
these two states. We analyzed how the prevalence of different transcription factor binding motifs
changed across all peaks in relation to the change in accessibility in those peaks between fasting
and refeeding. The peaks were ranked by fold change and grouped into bins. We then ran motif
enrichment analysis for each of these motifs on each bin and plotted the p-values (Fig. 1C).

Motifs for transcription factors known to be involved in fasting, such as those for PPARa,
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glucocorticoid receptor (GR), and FOXO1, were enriched in bins more accessible in fasting
livers. Similarly, motifs for factors known to be involved in feeding, such as those for SREBP1,
C/EBP and JUN, were enriched in peaks more accessible in refed livers. Interestingly, GATA
family motif was enriched in peaks more accessible during refeeding, compared to peaks
similarly or more accessible during fasting (Fig. 1C, S1C). In the refed condition, the average
accessibility of peaks with GATA4 motif within the top 10 bins was more than 50% higher in
refed than in fasted mice (Fig. 1D). This finding was unexpected, as GATA family proteins were
not previously known to be involved in the feeding response. The peaks with higher accessibility
in refeeding that also had GATA family motifs clustered separately from those with motifs for
other transcription factors, defining a unique signal and activity pattern for the GATA family in
the refeeding response (Fig. S1D). Peaks with increased GATA family motif accessibility in
refed livers were associated with genes linked to lipid, lipoprotein, and fatty acid metabolism,
including Srebfl, Insigl, Apoal, Gpam, Pnpla3, Acsl5, Acaca, Fabpl, ElovI5 and others (Fig
1E). Further analysis showed enrichment of the C/EBPa. motif among refed peaks with GATA
motifs (p-value = 1e-205), suggesting possible collaboration between C/EBPa and GATA

proteins in the feeding response (Fig. S1E).

RNA-Seq showed that, among the GATA family, only transcripts for Gata4 and Gata6
were expressed in liver (Fig. 1F). Gata4 was more abundant than Gata6 and its levels increased
approximately 2-fold in response to refeeding. In contrast, Gata6 decreased in refeeding, making
GATAA4 the most likely mediator of the increased GATA family activity seen in our ATAC-Seq
analysis. Additionally, we validated the upregulation of Gata4 transcript and protein levels by
gPCR (Fig. S1F-G) and by western blotting (Fig. 1G). Analysis of publicly available RNA-Seq

data comparing ad libitum fed mice to 24 hour-fasted mice 1°, showed that circadian regulation
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of Gata4 is dependent of feeding (Fig. S1H). We further determined that insulin was the likely
cause of the Gata4 upregulation during feeding. In Hepal-6 cells, treatment with insulin resulted
in similar upregulation of Gata4 expression (Fig. 1H). Based on these observations, we

hypothesized that GATA4 plays a role in the hepatic metabolic response to feeding.
Loss of GATAA4 alters the hepatic feeding response

Since GATAA4 is essential for liver development?’®, we knocked out GATA4 in liver of
Gata4-floxed mice by administration of a hepatocyte-specific AAV8-Cre vector (Gata4LKO
mice). QPCR analysis of fasted and refed mice one week after injection showed up to an 83%
reduction in Gata4 expression in mice receiving AAV8-Cre compared to vector control (Fig.
2A). Since liver endothelial and stellate cells are also known to express Gata4 2%, residual Gata4

expression was expected. This remaining Gata4 expression was not responsive to feeding.

Metabolic phenotyping revealed that Gata4LKO mice had lower plasma cholesterol
levels in both fasted and in refed conditions (Fig. 2B), implying GATA4 might have a role in
cholesterol homeostasis independent of the feeding response. Fast protein liquid chromatography
(FPLC) fractionation of plasma from refed mice showed decreased HDL cholesterol levels in
Gata4LKO samples compared to controls (Fig. 2C). Plasma triglycerides (TG) and non-esterified
fatty acids (NEFA) were not different between groups (Fig. S2A, B). Liver cholesterol was
increased in Gata4LKO mice in the fasted state (Fig. 2D), suggesting a possible defect in
cholesterol transport from liver to plasma. Fasted liver TGs trended higher in Gata4LKO samples
compared to controls (Fig. 2E), while liver glycogen was reduced in refed Gata4LKO mice (Fig.

2F).
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Lipidomic analysis revealed feeding-specific effects of loss of hepatic GATA4 on
glycerophospholipids and ceramides. Total and many individual ceramide species were increased
in refed Gata4LKO mice, and there was a statistically significant interaction between genotype
and feeding status (Fig. 2G, H). Among phospholipids , phosphatidylglycerol (PG) and
phosphatidylcholine (PC) species trended higher in refed Gata4LKO mice, while
phosphatidylethanolamines were unchanged (Fig. S2C - E). Lastly, liver FA and sphingomyelin
levels were increased in Gata4LKO mice across nutritional states (Fig. S2F, G, H). Overall, our
phenotypic analysis demonstrated that loss of hepatic GATA4 altered phospholipid and ceramide

metabolism during feeding, and cholesterol metabolism in both fasted and fed states.

GATAA4 transcriptional targets in fasted and refed liver

We next conducted RNA-Seq and H3K27Ac ChlP-Seq on control and Gata4LKO livers
from mice fasted or refed with high sucrose diet. Principal component analysis and hierarchical
clustering showed clustering of replicates, and separation of knockout from control samples, in
each condition for both RNA-Seq and H3K27Ac ChlP-Seq (Fig. S3A, B, C). Both methods

showed greater separation between knockout and control samples in the refed condition.

The RNA-Seq data revealed genes differentially expressed between Gata4LKO and
control liver during fasting or feeding (Fig. S3D). Downregulated genes in Gata4dLKO mice were
enriched for those linked to “lipid and lipoprotein metabolism”, “lipid mobilization” and “HDL-
mediated lipid transport” (Fig. 3A). These included genes involved with cholesterol efflux, such
as Apoal, Apoa2, Abcg5, Abcg8, Abcal, Alb, and Soat2, and genes with lipid binding and lipid
hydrolase functions, such as Fabp2, Ces2a, Ces3b, Ces2g, Lipc, and Lipa (Fig. 3B). Many of
these genes were downregulated in both fasted and refed conditions (Fig. 3C). We also

performed gene set enrichment analysis (GSEA) by ranking all genes based on their fold change
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and p-value in refed Gata4LKOs and controls. GSEA independently showed downregulation of
the cholesterol efflux pathway in Gata4LKO mice (Fig. 3D). The finding of reduced plasma
HDL cholesterol in Gata4LKO mice is consistent with reduced cholesterol efflux from liver (Fig.

2B, C).

Genes relating to FA and glycerophospholipid metabolism were downregulated in
Gata4LKO compared to control mice, specifically in the refed condition (Fig. 3B). Integrated
pathway analysis (IPA) determined the “SREBP1 pathway” to be downregulated in refed
Gata4LKO mice based on the downregulation of the Srebfl gene and SREBP1c target genes
such as Gpam Pnpla3 and Acyl in refed Gata4LKO mice (Fig. S3E). Moreover, genes that were
only downregulated in refed Gata4LKO mice were enriched for the “glycerophospholipid
metabolism pathway”, and included Pcyt2, Pgsl, Pisd, and Pla2g12b (Fig. 3B, C). The refed-
specific changes in this pathway were consistent with increases observed in
glycerophospholipids in Gata4LKO mice (Fig. S2C-E). Genes relating to ceramide metabolism
were downregulated in refed Gata4LKO mice, especially Sgpll, which encodes the protein that
performs the last step in ceramide degradation (Fig. 3B). Reduction of Sgpl1 expression was
consistent with the increased ceramide levels seen in refed Gata4LKO livers (Fig. 2G, H). Using
publicly available GATA4 liver ChIP-Seq data (GSE49131), we determined that many of these
downregulated genes involved in cholesterol and sphingomyelin metabolism and SREBP
signaling had GATAA4 binding sites within or proximal to the gene body, making them likely to

be direct targets of GATA4 (Fig. S3F).

In fasting mice, we observed that SREBP2 and its targets in the cholesterol biosynthesis
pathway were strongly downregulated in Gata4LKO livers compared to controls (Fig. 3B, C).

Cholesterol inhibits its own biosynthesis by downregulating the SREBP2 targets 1. The
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increased cholesterol levels in fasted Gata4LKO livers were therefore in line with the

downregulation of cholesterol synthesis genes (Fig. 2D).

In contrast to the downregulation of many genes linked to lipid metabolism genes, genes
relating to glucose metabolism and gluconeogenesis pathways were upregulated in Gata4LKO
livers compared to controls (Fig. 3E). In particular, gPCR analysis confirmed that the gene for
rate limiting enzyme for gluconeogenesis, PEPCK (Pck1), had higher expression in refed
Gata4LKO mice (Fig. S3G). Increased gluconeogenesis would be consistent with the reduced
glycogen levels observed in Gata4LKO liver (Fig. 2F). Overall, these results indicate
complementary shifts in both lipid metabolism and glucose metabolism in the absence of

GATAA4.
Loss of GATA4 reduces transcriptional activity at GATAA4 binding sites

H3K27Ac is a marker of active enhancer sites 2%, By performing H3K27Ac ChIP-Seq on
the same livers used for RNA-Seq, we assessed activity in regulatory regions in relation to
transcriptional changes in Gata4LKO mice in both fasted and refed conditions. We analyzed the
H3K27Ac changes near GATA4 binding sites from GATAA4 liver ChIP-Seq (GSE49131) and
observed an average decrease in enhancer activity at GATA4 binding regions in both fasted and
refed Gata4LKO livers (Fig. S4A). We identified GATA4 binding regions with differential
enhancer activity in Gata4LKO and control livers unique to each nutritional condition (Fig. 4A).
A majority of the differentially regulated GATA4 binding regions lost enhancer activity in
Gata4LKO liver and the magnitude of loss was greater in the refed state (Fig. 4B, top). To
further address whether GATA4 was required for changes in transcriptional activity during
feeding, we analyzed H3K27Ac signal in the regions of ATAC peaks with increased GATA

family motif accessibility in refed livers. The average level of H3K27Ac near these peaks was
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greater in refed controls than in fasted controls. Moreover, the increase in activity during feeding
was blunted in Gata4LKO liver (Fig. 4B, bottom). For instance, candidate Gata4 sites associated
with the feeding-induced genes Pnpla3, Acsl5, Srebfland others lost enhancer activity in refed
Gata4LKO liver, while the GATA4 binding site at its canonical target gene Zfpm1 lost activity in
Gata4LKO liver in both conditions (Fig. 4C, S4B). We validated the differential binding of
GATAA4 at some of these sites by conducting ChIP-qPCR at on the same liver samples (Fig. 4D).
GATA-binding sequences from Ces2a, Fabp5, Gpam, Pnpla3, Ralgps1 were enriched in
GATA4-ChIP samples from refed compared to fasted liver, indicating increased binding of

GATAA4 with feeding at these regions.

Integrating H3K27Ac activity with the Gata4LKO RNA-Seq and GATA4 ChlP-Seq data,
we sought to understand the factors that correlated with changes in gene expression. We asked if
GATAA4 binding or H3K27Ac at a GATA4 binding site was predictive of its differential
expression of the cognate gene between WT and Gata4LKO mice. Indeed, the strength and
change in H3K27Ac signal, and GATA4 binding were strongly associated with downregulated

genes (Fig. 4E, F, and S4C).

To assess how other transcription factors were responding to the loss of hepatic GATA4,
we analyzed transcription factor motif enrichment at sites of changing H3K27 acetylation. As
expected, the GATA motif was enriched in regions with decreased H3K27 acetylation in refed
Gata4LKO liver (Fig. S4D). Interestingly, binding motifs for two key transcription factors
involved in the fasting response, PPARa and FOXOL1, were enriched in regions with increased
H3K27 acetylation in refed Gata4LKO liver (Fig. S4E). This suggests inadequate suppression of
fasting responses in refed Gata4LKO liver. We further conducted pathway analysis on the genes

associated with regions of differential H3K27 acetylation in refed Gata4LKO liver. Regions with
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decreased H3K27 acetylation were enriched for genes associated with the AKT and insulin
signaling pathways (Fig. S4F). Regions with increased H3K27 acetylation were enriched for
genes associated with AMPK signaling (Fig. 4G). For some of these genes, including Srebfl and
Pck1, changes in H3K27 acetylation mirrored changes in gene expression (Fig. 3B, S3F),

providing further evidence for disruption of the feeding response in Gata4LKO liver.

Loss of hepatic GATAA4 leads to TG accumulation in liver

Based on the observation that loss of GATA4 altered the expression of some hepatic
genes regardless of feeding status, we explored potential metabolic functions for GATA4 beyond
our fasting and refeeding paradigm. We hypothesized that increasing the TG and cholesterol
content in their diet might provoke additional phenotypes in Gata4LKO mice. We fed mice chow
or western diet (WD) for 3 - 4 weeks after AAV injection, and sacrificed them after 6 hours of
fasting. Plasma cholesterol levels were lower in Gata4LKO mice compared to controls on both
chow and WD (Fig. 5A). Liver cholesterol levels were modestly increased in Gata4LKO mice
only in the chow-fed condition (Fig. 5B). Both on chow and WD, liver TGs more than doubled
in Gata4LKO mice (Fig. 5C). Hematoxylin and eosin (H&E) and Oil Red O staining of liver
sections from WD-fed mice confirmed hepatic lipid accumulation in Gata4LKO mice (Fig. 5D,
S5A). Lipidomic analysis of chow-fed liver samples showed that liver TGs with diverse fatty
acid content were broadly increased (Fig. 5E). On both chow and WD, liver fatty acids were also
elevated in Gata4LKO mice compared to controls (Fig. S5B). Liver glycogens were reduced in
Gata4LKO, especially on WD (Fig. S5C). There was no difference in VLDL secretion (Fig.

S5D)

We analyzed gene expression to further characterize the phenotype of Gata4LLKO mice

on WD. Data from RNA-Seq of Gata4LKO and control mice after 3 weeks on WD clustered by
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genotype (Fig. S6A) and revealed 716 genes downregulated and 1029 upregulated in Gata4LKO
liver (Fig. S6B). Expression of genes linked to cholesterol metabolism, including transport genes
such as ApoAl, Apocl, Abcg5, Abcg8, were reduced in WD-fed Gata4LKO mice (Fig. 5F). Many
of these genes were also differentially expressed in chow-fed control and Gata4LKO livers (Fig.
S6C). Moreover, fatty acid biosynthesis genes such as Srebfl, Acly, Acaca, and Acsl3 showed
reduced expression in WD-fed Gata4LKO mice (Fig. 5F). Given the reduction in gene
expression linked to FA biosynthesis, increased lipid synthesis was unlikely to be the cause of
the TG accumulation in Gata4LKO liver. We therefore assessed the expression of genes involved
in FA oxidation. PPARa targets such as Acox1, Ehhadh and others were upregulated in
Gata4LKO mice (Fig. 5G, S6D). This pattern suggested that PPARa was activated in Gata4LKO
liver secondary to hepatic TG accumulation. Interestingly, the expression of genes relating to TG
hydrolysis, including LipC, Ces2a, Aadac, and Ces1g were reduced in Gata4LKO mice,
suggesting a possible mechanism for the hepatic TG accumulation (Fig. 5H). Additionally, genes
linked to lipid and lipoprotein uptake, such as Lpl, Cd36, and VIdIr, were upregulated in
Gata4LKO mice, suggesting that increased lipid uptake may also contribute to hepatic lipid

accumulation (Fig. 5G).
GATAA4 collaborates with LXR to induce their joint transcriptional targets

Many of the genes downregulated in Gata4LKO mice, including Abcal, Abcg5, Abcgs,
Srebfl and Fasn, are LXR targets?®*-2%, IPA analysis predicted that LXRa transcriptional
activity was downregulated in Gata4LKO liver (Fig. 6A). ChIP-X Enrichment Analysis (ChEA)
showed that downregulated genes in Gata4LKO mice (fasted, refed or WD-fed) were enriched
for LXR ChIP-Seq targets 2’ (Fig. 6B). Moreover, LXR ChIP-Seq showed the LXR cistrome

was enriched for GATAA4 binding sites, especially when mice were treated with the LXR agonist
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T0901317, suggesting common binding of the two transcription factors (Fig. 6C). GATA4-LXR
co-binding regions were associated with genes involved in lipid and lipoprotein metabolism, and

lipid transport (Fig. S7A).

LXR and GATA4 co-binding regions were associated with changes in enhancer and
transcriptional activity in Gata4LKO liver. Enhancers with both LXR and GATA4 binding sites
on average lost H3K27Ac enrichment in Gata4LKO liver (Fig. 6D). Moreover, a strong LXR
binding signal at a GATAA4 binding enhancer was predictive of the downregulation of H3K27Ac
level of that enhancer and transcript level of the cognate gene in Gata4LKO liver (Fig 6E, F).
Examples of LXR and GATA4 co-binding genes include Abcal, Abcg5, Abcg8, Ces2a, Fabp5.
Each of these had reduced expression and H3K27 acetylation at the LXR-GATA4 binding

regions in Gata4LKO livers compared to controls (Fig. 3B, 6G).

To further assess the role of GATA4 in hepatic LXR signaling, we treated control and
Gata4LKO mice with the LXR agonist GW3965. Gene expression analysis revealed a panel of
genes whose expression showed a significant interaction between genotype and LXR agonist
treatment, including Abcg5b, Ces2a, Fabp2, Fabp5, and Soat2 (Fig. 6H). Induction of these genes
by LXR agonist was blunted in Gata4LKO livers. We noted other genes whose expression was
reduced in Gata4LKO livers at baseline but not after treatment with LXR agonist treatment,
including ApoAb5, Insig2, and Scarbl (Fig. S7A). The expression of certain genes involved in
glucose metabolism, such as Gépc, Pckl, and Pfkfbl, also showed interaction between
Gata4LKO genotype and LXR agonist treatment, indicating the LXR-GATAA4 collaboration was

not limited to cholesterol and triglyceride metabolism (Fig. S7B).

GATAA4 is associated with human LDL and HDL cholesterol levels
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To address whether GATA4 was associated with hepatic metabolism in humans, we
probed the T2D Knowledge Portal for associations between GATA4 and human metabolic traits
from combined GWAS studies. We found SNPs within a linkage disequilibrium (LD) block
containing GATA4 that were associated with LDL and HDL cholesterol (p-value < 5e8) (Table
S1). The top SNPs in this LD block for both phenotypes were within intronic regions of the

GATA4 gene (Fig. S8).
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Discussion
Here we used ATAC-Seq to profile transcription factor motifs associated with genome-

wide changes in chromatin accessibility in response to feeding. This approach led to the
identification of GATA4 as a transcriptional regulator of the liver metabolism during feeding.
Expression of GATAA4 is induced in response to insulin, GATAA4 binding to certain targets is
increased in response to feeding, and GATA4 binding is associated with transcriptional activity
at the enhancers of a battery of genes linked to lipid metabolism. In line with an important role in
liver physiology, deletion of GATA4 from adult mouse liver altered plasma and hepatic lipid
levels. Our analysis also revealed that GATA4 cooperates with the nuclear receptor LXR in the
regulation of cholesterol metabolic genes in liver. These results identify GATA4 as an important

transcriptional modulator of hepatic lipid homeostasis.

By deleting GATA4 via Cre-mediated recombination in adult liver, we assessed the
impact of loss of GATA4 on global hepatic gene expression. Taking a broad view, we noted that
some but not all GATAA4 binding sites lost enhancer activity (as reflected by H3K27Ac) in
Gata4LKO mice. Moreover, as seen in other studies 282, GATAA4 target regions that lost
acetylation upon GATAA4 deletion were more likely to be associated with reduced gene
expression. Additionally, the strength of GATA4 binding and H3K27Ac level were predictive of
whether or not a given GATA4 binding site was functional. This suggests that the local

epigenetic context influences the impact of GATA4 binding on transcriptional activity.

Our integrated genome-wide analyses revealed at least two discreet functions for GATA4
in hepatic gene expression. One is to promote the expression of genes linked to fatty acid,
phospholipid, and ceramide metabolism during feeding. A cadre of genes in these pathways had

GATAA4 binding motifs with increased ATAC accessibility during feeding in our analysis.
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Deletion of GATA4 compromised the expression of these genes specifically in refed liver. In
particular, the SREBP1c pathway—a key mediator of insulin signaling—was downregulated in
refed Gata4LKO liver. GATA4’s collaboration with LXR may contribute to its effects on
SREBP1 pathway, since LXR is necessary for maximum expression of SREBP1c and several of

its target genes in response to feeding 2932,

A second function for GATA4 in liver is to regulate a different set of genes independent
of feeding status. Most prominent in this group of targets are those linked to cholesterol
metabolism. Accordingly, mice lacking GATAA4 in liver had reduced plasma HDL cholesterol
and increased liver cholesterol levels. A number of key genes in cholesterol efflux, including
Apoal, Abcal, Abcg5, and Abcg8 were downregulated in Gata4LKO livers; these may contribute
to HDL phenotype. ABCA1 mediates cholesterol transport from cells to Apo-Al, which is the
major protein component of HDL 2%, LXR induces cholesterol efflux by upregulating some of
these same genes 2%°. It is likely that the disruption of the GATA4 -LXR collaboration causes a
reduction in cholesterol efflux from Gata4LKO liver. A previous study suggested that the loss of
GATAA4 in jejunum reduced dietary cholesterol absorption, supporting GATA4’s ability to

impact cholesterol transport 3.

Liver triglycerides accumulated over time in Gata4LKO mice, and the high fat content of
a WD exacerbated this accumulation. This finding is consistent with a prior study showing that
GATAA4 knockdown caused TG accumulation in HepG2 cells treated with oleic acid 2°.
Evidence from gene expression and functional assays argue against possible defects in VLDL
secretion or fatty acid oxidation, or an increase in fatty acid biosynthesis, as the causes of hepatic
lipid accumulation in Gata4LKO mice. Rather, a number of triglyceride hydrolysis genes

(including Lipc) were downregulated, and genes involved in FA and TG uptake (such as Lpl)
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were upregulated in Gata4LKO mice. Many members of the Ces family, including Ceslg and
Ces2a which are known to have triglyceride hydrolase functions, were also downregulated in
response to loss of Gata4 3%, Future studies are needed to confirm the mechanisms underlying

the phenotypes of Gata4LKO mice.

Previous GWAS studies have associated the GATA4 gene and GATA4 binding with
hyperlipidemia in humans 282, Using GWAS databases, we found SNPs with associations to
HDL and LDL cholesterol levels in humans map within the GATA4 gene. However, functional

studies are needed to validate the role of these variants in human metabolism.

Our study identified LXR as an important transcriptional partner for GATAA4 in liver.
GATA4, HNF4A and LXR were also shown to participate in the regulation of ABCG5 and
ABCGS8 in HepG2 cells 3°23% Qur data reveal that GATA4 and LXR collaborate at many loci
across the genome, and that the overlap in their binding increases when LXR is activated. LXR
appears to require the presence of GATA4 to fully activate its shared targets. Genes with
enhancers that bound both GATA4 and LXR were more likely to be downregulated in
Gata4LKO livers, indicating the functional importance of this cooperation. Moreover, loss of
GATAA4 interfered with the upregulation of some LXR target genes in response to LXR agonist
treatment. In summary, hepatic GATAA4 plays a central role in the transcriptional regulation of

hepatic lipid metabolism in collaboration with LXR.
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Methods
Mice

C57BL/6J mice from Jax Laboratories (Strain #:000664) were used as wildtype mice in
initial ATAC-Seq and RNA-Seq screen. Gata4 floxed/floxed mice were previously described3%
and were obtained from Jax Laboratories (Strain: 008194) and maintained on a mixed
129/C57BL/6 background. Gata4LKO were created by injecting AAV.TBG.PI.Cre.rBG (Catalog
#:107787-AAV8, Addgene) or AAV.TBG.PI.Null.bGH (Catalog #:105536-AAV8, Addgene) for
control at 5 x 10"11 genome copies per mouse concentration at 8 — 10 weeks of age. High
sucrose (HS) diet (69% sucrose 10% fat, D07042201) and RD Western Diet (40% calories from
fat, 0.2% cholesterol, D12079B) were obtained from Research Diets. In fasting and refeeding
experiments, the refed group was fasted for 12 h starting at 9 am and refed for 12 h with HS diet
starting at 9 pm. The fasted group was fasted for 12 h starting at 9 PM. Both groups had access to
water throughout and were sacrificed 9 — 10 AM the following day. In other experiments, mice
started fasting at 8 — 9 AM and were sacrificed at 2 — 3 PM. Mice had ad libitum access to chow,
unless another diet is specified and were housed in pathogen-free, facilities maintained at 22 °C
on 12-h light/dark cycles. The mouse studies were approved by the University of California Los

Angeles (UCLA) Chancellor's Animal Research Committee.
ATAC-Seq sample preparation and sequencing

ATAC-Seq from tissue was conducted as previously published®®®. In summary, fresh
tissue was homogenized in nuclear isolation buffer (20 mM Tris-HCI, 50 mM EDTA, 5 mM
Spermidine, 0.15 mM Spermine, 0.1% mercaptoethanol, 40% glycerol, ImM EGTA, 60 mM
KCI, 1% IGEPAL pH 7.5) and filtered (40 uM). Samples were centrifuged and resuspended with

cold resuspension buffer (RSB) (10 mM Tris-HCI, 10 mM NaCl, 3 mM MgCI2, pH 7.4).
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Transposase reaction was performed on approximately 50,000 nuclei from these samples, DNA
was purified using Qiagen MinElute Kit and libraries were prepared as described®%. Size
selection was done with AMPure XP magnetic beads. Libraries were quantified using NEBNext

Library Quant Kit for Illumina and were sequenced on Illumina HiSeq 4000 as single-end 50 bp.
RNA-Seq sample preparation and sequencing

RNA was extracted from frozen tissue using TRIzol (Invitrogen) and Qiagen RNeasy
Mini Kit. The libraries were made with KAPA Stranded kit with mRNA capture. Libraries for
were sequenced on Illumina HiSeq 3000 as single-end 50 bp or paired-end (50 bp) on Novaseq

SP 100 cycles.
Chromatin Immunoprecipitation

Chromatin was prepared from frozen tissue using truChIP Chromatin Shearing Tissue Kit
(Covaris). Chromatin was sheared using Diagenode Bioruptor Pico for 30 s ON/ 30 s OFF 10
cycles in SDS lysis buffer (1% SDS, 10 mM EDTA pH 8.1; 50 mM Tris-HCI, pH 8.1)
supplemented with protease inhibitor cocktail. Input were de-crosslinked overnight at 65C in
elution buffer (0.1M NaHCO3; 0.1% SDS; 200mM NaCl) followed by treatment with RNAseA
(0.125ug/ml, Thermo Scientific) and Proteinase K (0.1mg/ml). Chromatin was purified using
QIAQuick PCR Purification Kit and quantified using Qubit (dsSDNA HS). Dynabeads Protein A
(Invitrogen) were preincubated with 4 pg of H3K27Ac (ab4729, Abcam) or Rabbit anti-GATA4
Antibody (A303-503A, Fortis Life Sciences) in ChIP dilution buffer (0.01% SDS; 1.1% Triton
X-100; ImM EDTA, pH 8.1; 16.7 mM Tris-HCI, pH 8.1; 167 mM NaCl + proteinase inhibitor)
for 1.5 h at room temperature. 7 — 10 ug of chromatin was incubated overnight with the

corresponding antibody-bound beads with rotation for immunoprecipitation (IP). IP samples
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were washed with low salt wash buffer (0.1% SDS; 1% Triton X-100; 2 mM EDTA pH 8.1,
20mM Tris-HCI pH 8.1; 150 mM NaCl), followed by high salt wash buffer (0.1% SDS; 1%
Triton X-100; 2 MM EDTA pH 8.1; 20mM Tris-HCI pH 8.1; 500 mM NaCl), LiCl wash buffer
(250 mM LiCl; 1% deoxycholic acid; ImM EDTA pH 8.1, 10 mM Tris-HCI pH 8.1; 1% Igepal)
and finally 2 washes with TE Buffer (1 mM EDTA pH 8.1; 10 mM Tris-HCI pH 8.1)%%, IP
samples were de-crosslinked and purified as described for the input above. GATA4 ChIP
samples and inputs were assessed using qPCR. Previously defined Gata4 negative genomic
regions [Fx-neg and Alb-neg]?’® were used to normalize across all samples in the gPCR
calculation. Values represent the average fold-change over the negative regions. Primer
sequences for targets and controls are presented in SI Appendix, Table S2. H3K27Ac ChIP

samples and inputs were assessed by single-end 50 bp sequencing in HiSeq 3000.
High-throughput sequencing data processing

For RNA-Seq, reads were aligned to the mm9 or m10 genome using STAR3®, DESeq?2
and Segmonk were used to generate normalized counts or reads per kilobase of transcript, per
million mapped reads (RPKM). DESeq2 was used to identify differentially expressed genes with
FDR < 0.05 cutoff. For ATAC-Seq and ChIP-Seq, trimmed sequences were aligned to the mm9
using bowtie23%°, Reads were filtered using samtools®'°. Peaks were called using MACS2 and
consensus peaks were created using bedtools®!!. For ATAC-Seq, peaks were quantitated across
samples, normalized to million reads per sample and peak length (RPKM), using Segmonk.
Differentially accessible peaks were determined using EdgeR3!2. For ChIP-Seq, peaks were
quantitated and differentially expressed peaks were selected using Diffbind®"®. FDR < 0.05 was

used to identify differentially accessible or enriched peaks.
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Peaks were annotated to genes with nearest promoter via Homer®!4. Replicates were
merged using samtools. Bedgraphs were created using Homer and visualized using IGV3%,
Peaks with minimum 10 counts were ranked based on the fold difference between the conditions.
Ranked peaks were divided into bins each containing ~1000 peaks and known motif analysis was
run for each bin using Homer. The p-value for each motif across all bins were calculated. Highly
similar motifs (> 0.9 similarity score) are summarized by one motif and motifs that are not
differentially enriched are omitted from the heatmap for simplicity. Homer was used to identify

the genomic regions the motifs were present.
High-throughput Sequencing Data Analysis and Visualization

Heatmaps were created using ClustVis web tool®. Unit variance scaling was used except
for Fig. S1C, D. Bioplanet, Wikipathways, and KEGG from Enrichr, Gene Set Enrichment
Analysis (GSEA), and Integrated Pathway Analysis (IPA) software were used for pathway
enrichment analysis 3173!8, FDR <0.05 was used for identifying differentially expressed genes.
The genes were ranked based on fold change and p-value (-log2FC*-log10p-value) for GSEA
analysis. DeepTools2 was used to quantify and profile the signal intensity in the ATAC-Seq and
ChIP-Seq samples across defined peaksets 31°. Bedtools window function with 500 bp range was

used to identify H3K27Ac peaks near GATA4 and LXR ChlP-Seq sites.
Plasma and liver metabolic assays

Lipids were extracted from liver using the Bligh and Dyer method 32°. Total cholesterol,
and NEFAs were measured using commercially available TC and NEFA kits from WAKO and
triglycerides were measured using TG kit from Sekisui Diagnostics both for plasma and liver

lipid extract. To resolve lipoprotein classes by fast protein liquid chromatography, plasma was
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injected into a Superose 6 10/300 (GE Healthcare Life Sciences) chromatography column and
sequential fractions (1-80) were collected for measurement of cholesterol by colorimetric assay

(WAKO, NC9138103).
Lipidomics

Our lipidomics experiments use direct infusion-tandem mass spectrometry and were
performed on SCIEX 5500 triple-quadrupole (QQQ) with a Shimadzu auto-sampler, SelexlON
ion mobility device, and Shimadzu LC. Species are quantified using Sciex Lipidyzer Platform

and Sciex and Avanti Polar Lipid standards.
Liver glycogen assay

Frozen liver samples were prepared as described previously by precipitating proteins 2.
Glycogen Assay kit (Sigma-Aldrich) was used according to manufacturer’s instructions and the

measurements were normalized to protein content.
RT-qPCR

TRIzol was used to isolate RNA from frozen tissue and concentrations and quality were
measured using Nanodrop. cDNA was made and Real-time RT-gPCR (Bio-Rad) and Applied
Biosystems Quant Studio 6 Flex was used for RT-gPCR. Primers are in SI Appendix,Table S3.

Counts were normalized to the 36B4 expression from the same samples.
Western Blotting

Proteins were isolated with radioimmunoprecipitation assay buffer buffer (Boston
BioProducts) as previously described®?!. Samples were loaded to Bis-Tris gels and proteins were

separates by electrophoresis prior. They were transferred to polyvinylidene difluoride
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membranes. The membranes were blocked in 5% nonfat milk in phosphate-buffered saline
(PBS). Rabbit anti-GATA4 Antibody (Cat # A303-503A-M, Fortis Life Sciences) anti-actin
antibody (A2066, Sigma-Aldrich) were used as the primary and horseradish peroxidase—
conjugated anti-rabbit 1gG (Jackson Laboratory) was used as the secondary antibody. Signal was

produced using Immobilon Forte Western HRP Substrate (EMD Millipore).
Histology

Tissues were fixed in 4% paraformaldehyde. Tissues were mounted in paraffin and 10-
um sections were cut. Sections were stained with hematoxylin and eosin (H&E). Oil Red O
staining was done as previously described®??. Tissues were fixed in Tissue-Tek O.C.T.
compound (cat No. 4583) on dry ice. 5-um sections were cut using Microm HM 505 E cryostat
and placed on glass slides. Oil Red O solution (Sigma, cat. No. 00625, ~0.4%) was used for

staining. Zeiss Axioskop 2 plus bright-field light microscope was used to capture the images.
VLDL secretion assay

6 h fasted mice were injected with 1.0 g/kg of body weight poloxamer-407 (10% (w/v) in
saline, Catalog #:16758, Sigma-Aldrich) 322, Blood samples were collected at 0, 1, 2, 3and 4 h
time points via retroorbital bleeding and cardiac puncture for the final time point. Plasma was
obtained by centrifuging blood by 2,000g for 15 min. Plasma was assayed for lipids as described

above.
LXR Agonist treatment

Nine-week-old mice on Gata4LKO and control mice, 1 week after AAV injection, were

gavaged with 40 mg/kg GW3965 prepared in canola oil 32* at 17 h, and then 8 h before before
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sacrifice. Mice were 4 h fasted at the time of killing. Dimethylsulfoxide in canola oil was used as

vehicle control. Gene expression was determined via RT-PCR as described above.
Cell culture studies

Hepal-6 cells were deprived of FBS, glucose, and glutamine in base Dulbecco's
Modified Eagle Medium (DMEM) which was supplemented with or without 100 nM insulin for

8 h RNA was extracted and RT-PCR was used in assessing Gata4 expression.
GWAS data

The SNPs and the Manhattan plot for the GATAA4 loci for HDL and LDL trait were
obtained from Type2Diabetes Knowledge Portal on August 1%, 2022. GATAA4 loci was defined

as the default LD block spanning chr8:11,484,468-11,667,511 in hgl9 genome build.
Additional datasets

Gata4 expression throughout 24 h with and without fasting (GSE107787), GATA4 ChlP-
Seq (GSE49132) and LXR liver ChIP-Seq data with and without agonist treatment

(GSE35262)% were obtained from Gene Expression Omnibus (GEO).
Data availability

RNA-Seq (GSE212485) and ATAC-Seq (GSE212483) of fasted and refed wildtype liver,
RNA-Seq (GSE212486) and H3K27Ac ChlIP-Seq (GSE212484) of fasted and refed Gata4LKO
and control liver and RNA-Seq (GSE212486) of livers of Gata4LKO and control mice on
western diet were deposited to the NCBI Gene Expression Omnibus under the SuperSeries
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Figure 2-1: GATA4 motif accessibility and expression is upregulated in liver by feeding.
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Figure 2-2: Loss of Gata4 in liver alters the hepatic and systemic lipid profile in fasting and in feeding.
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Figure 2-3: Loss of Gata4 downregulates lipid metabolism pathways in fasting and in feeding.
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Figure 2-5: Loss of Gata4 results in reduction in plasma cholesterol and accumulation of liver triglycerides.
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Figure 2-6: GATA4 collaborates with LXR to induce shared transcriptional targets.

71



A Fasted B Refed

[ Lipid and lipoprotein metabolism [ 1 Fatty acyl-CoA biosynthesis
id- triacylal | and Nuclear beta-catenin signaling
g acidytriacy gy cerol, an [ and target gene transcription
etone body metabolism regulation
A A Fatty acid, triacylglycerol, and
[T PPAR signaling pathway L ketone body metabolism
. ChREBP activates metabolic gene
B Metabolism u g
Lipid metabolism regulation by
iferator-activated - Lipid and lipoprotein metabolism
receptor alpha (PPAR-alpha)
1.E-11 1.E-09 1.E-07 1.E-05 1.E-03 1.E-01 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00
C
3|° GATAL F
K] *%
g GATA2 3-
g GATA6 < *
g0 I s | —= &
IGATA4 55 e
GATA3 ¢3¢ R — [
Peaks more accessible in fasted Peaks more accessible in refed &g ° (L] o®
[ 4
& 1
—_— ® [
D 1 : T T T
—“a© M Fasted Refed Refed
éEgEEEEE Chow  High
o':(':(E QOO0 Sucrose
o — —
= - —— Females
—i c 41 *
i) .
[ -
5 n
x
[}
3 7]
©
(D .
o 14
2
E i
& o
= Fasted Refed
E H
10 —e— Ad libitum fed - 24h fasted
% of % of Best
Motif p-value Targets Background Match

EECACATAACEE |1c.io0s| sasw | 2a63% | caTA
Lié'ITSECi@éAE 1e-205 | 31.7% | 9.87% | CEBPA
TCAACTITCECS | 1676 | 258% | 1234% | HNF4a
TCTTTACTLICS | 1e76 | 109% | 29206 | Foxa 5

RPKM

L] L] L]
0 5 10 15 20
Zeitgeber (ZT)

Figure 2-S1: ATAC-Seq reveals changes in transcriptional regulatory landscape..

72



>

25 [ Control
KO n.s.
) [ ]
2 204 oo
8
=T 154 H
TS ]
= (=)
o §, 1.0 | ]
&
n.s.
m -
T 0.5 u
[
0.0 T T
Fasted Refed
C 6- p =0.06
E E
S 5]
o
8 o n.s.
= O 44
o
2 | B2
o 3
= 3
£
2 T T
Fasted Refed
Genotype effect p = 0.320
Genotype x Nutrition
Interaction p = 0.057
F
55 p =0.06
£ = p=0.11
O ‘s 50+
< —
z&
= 45-
£ =
g gm- i
w =
5 £
(] -
2 £ 35
.}
30 T T
Fasted Refed

Genotype effect p = 0.030

Genotype x Nutrition
Interaction p = 0.265

B
154
°
n.s.
& o
% g 1.0 Te ° f-
EE | [*] |
3
x n.s
T 0.5 [ -
)
0.0 | |
T T
Fasted Refed
D E
320 250+
= p=0.12 ’g n.s.
‘s 300+ © 200
S : ]
= w n.s.
§ S 2807 o 2150+ Q —_—
O~ &
o n.s. >
-5 £ 260 ——— 5 g 1004
g = :
g 2404 E - E 50
220 T T 0 T T
Fasted Refed Fasted Refed
Genotype effect p =0.172 Genotype effect p = 0.782
Genotype x Nutrition Genotype x Nutrition
Interaction p = 0.134 Interaction p = 0.807
G n.s.
227
=
22 201
IS
o Qo
Sy p=0.16
£ O 1849 ——
o
[ .
&
14 T T
Fasted Refed

Genotype effect p = 0.035

Genotype x Nutrition
Interaction p = 1.000

Figure 2-S2: Loss of hepatic GATA4 changes the lipidome in fed state.
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Figure 2-S3: Loss of GATA4 impairs the transcriptional response to feeding.
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Figure 2-S4: Loss of GATA4 changes the epigenetic landscape.
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Figure 2-S6: Gata4LKO mice altered expression of triglyceride hydrolysis and lipid uptake genes.
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Figure 2-S8: SNPs at GATA4 locus are associated with LDL and HDL cholesterol in humans.
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Table 2-S1:Summary of SNPs associated with LDL and HDL at GATA4 locus

SNP ID referenc | Minor | consequence Closest LDLp LDL HDL p HDL
e Allele gene value beta value beta
rs11784455 T A intron variant | GATA4 5.15E-10 -0.008 | 0.000055 | 0.0053
rs181750463 | G C non coding FDFT1 1.11E-09 | 0.0504 0.9186 | -0.0008
transcript exon
variant
rs55756391 C T intron variant FDFT1 2.00E-09 -0.01 0.04831 | -0.0036
rs184974686 | T A intron variant | FDFT1 2.43E-09 0.049 0.8683 | -0.0014
rs13262332 G A intron variant | GATA4 2.51E-09 | 0.0086 | 0.000189 | -0.0055
rs883034 C T upstream gene | FDFT1 5.31E-09 | -0.0104 0.104 | -0.0037
variant
rs113567822 | C T upstream gene | FDFT1 5.83E-09 | -0.0103 0.05702 | -0.0042
variant
rs12676469 T A intron variant | GATA4 5.94E-09 | 0.0083 | 0.000165 | -0.0055
rs4368939 A A intron variant | GATA4 7.07E-09 | -0.0076 0.01061 | 0.0037
rs4840575 G T intron variant | GATA4 9.76E-09 | 0.0077 | 0.001289 | -0.0045
rs76030580 C G intron variant FDFT1 1.22E-08 -0.01 0.07105 | -0.0036
rs75224198 C T upstream gene | FDFT1 1.45E-08 | -0.0103 0.02692 | -0.0044
variant
rs10112464 C G intron variant | GATA4 1.81E-08 -0.037 0.493 | 0.0044
rs80051943 C T intron variant FDFT1 2.18E-08 -0.01 0.06999 | -0.0036
rs112056952 | T C intron variant | FDFT1 2.25E-08 | -0.0097 0.0538 | -0.0038
rs61265429 T A intron variant GATA4 2.95E-08 | -0.0367 0.4807 0.0046
rs10098874 G A intron variant | FDFT1 3.60E-08 | -0.0091 0.07952 | -0.0029
rs34838488 A G intron variant | GATA4 3.81E-08 | 0.0077 0.00026 | -0.0053
rs113207154 | G C 5 prime UTR FDFT1 4.01E-08 | -0.0099 0.08363 | -0.0037
variant
rs7843716 T G intron variant | FDFT1 4.05E-08 | -0.0101 0.1352 | -0.0035
rs4841586 A G intron variant | C8orf49 0.6075 -0.001 | 3.459E-11 | 0.0132
rs66535756 A G intron variant | C8orf49 0.6545 | -0.0009 | 6.284E-11 0.0129
rs28628715 A G intron variant | C8orf49 0.2233 | -0.0024 | 9.564E-11 | 0.0125
rs28709984 C T intron variant | C8orf49 0.1296 | -0.0031 | 8.094E-10 | 0.0124
rs28626371 G T intron variant | C8orf49 0.1376 -0.003 | 9.77E-10 | 0.0123
rs17153747 T C intron variant C8orf49 0.1102 | -0.0032 1.01E-09 0.0124
rs17153752 C T intron variant | C8orf49 0.3342 | -0.0018 | 1.42E-09 | 0.0119
rs4841585 C T intron variant C8orf49 0.4237 | -0.0014 | 1.769E-09 0.0126
rs904006 C C intron variant | C8orf49 0.1304 0.003 | 2.176E-09 | -0.0115
rs3729856 A G missense C8orf49 0.3008 | -0.0019 | 5.623E-09 0.0118
variant
rs78197677 C T intron variant GATA4 0.0076 | -0.0084 | 1.114E-08 0.0177
rs4841584 A C intron variant | C8orf49 0.0009 | -0.0092 | 3.137E-08 0.015
rs10503425 G C intron variant | C8orf49 0.5655 | -0.0004 | 4.199E-08 | 0.0106
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Table 2-S2: Primer list for RT-qPCR

RT-gPCR

primers F R Notes
36b4 GGCCCTGCACTCTCGCTTTC TGCCAGGACGCGCTTGT

Abcg5 TGGATCCAACACCTCTATGCTAAA | GGCAGGTTTTCTCGATGAACT
Abcg8 TGCCCACCTTCCACATGTC ATGAAGCCGGCAGTAAGGTAGA
Acss2 AAACACGCTCAGGGAAAATCA ACCGTAGATGTATCCCCCAGG
Aldhlbl | CTCCAGGGCAGGACTACCTC CATGCCACTCGTTGTTGATGA
ApoAl GGCACGTATGGCAGCAAGAT CCAAGGAGGAGGATTCAAACT
ApoA2 TGGTCGCACTGCTGGTAAC TTTGCCATATTCAGTCATGCTCT
Apoa5 TCCTCGCAGTGTTCGCAAG CGAAGCTGCCTTTCAGGTTCT
Baat GGAAACCTGTTAGTTCTCAGGC GTGGACCCCCATATAGTCTCC
Ces2a GTGGACTGGTTGTAGGATCAGC TTCTTCTGCACCCAGCGTAAG

Ces2g AGGTCCAAGGCAGGCTCAT GGCCCTCCATATTCATCGTAACA
Ces3b AGCTCCTAGCAGACCAGCAAT AAGGGCCGTGAAATCTCCAAC
Fabp2 GTGGAAAGTAGACCGGAACGA CCATCCTGTGTGATTGTCAGTT
Fabp5 TGAAAGAGCTAGGAGTAGGACTG | CTCTCGGTTTTGACCGTGATG
G6pc TGCAAGGGAGAACTCAGCAA GGACCAAGGAAGCCACAAT
used in
Fig2- 1,
Gatad CACGCTGTGGCGTCGTAAT CTGGTTTGAATCCCCTCCTTC S1
Gatad used in
excised Fig2- 2,
exons CGAGGGTGAGCCTGTATGTAA CTGCTGTGCCCATAGTGAGAT 6, S6
Gatab CGAGGAATCAAAAGTCAGG AGTCAAGGCCATCCACTGTC
Gpam ACAGTTGGCACAATAGACGTT CCTTCCATTTCAGTGTTGCAGA
Hk3 TGCTGCCCACATACGTGAG GCCTGTCAGTGTTACCCACAA
Insig2 GCGGCACAGCCTCAGCT GCATGACACTGGACCACTCTCTT
Ldir AGGCTGTGGGCTCCATAGG TGCGGTCCAGGGTCATCT
Lipc ATGGGAAATCCCCTCCAAATCT GTGCTGAGGTCTGAGACGA
Lpl GCTGGTGGGAAATGATGTG TGGACGTTGTCTAGGGGGTA
Pckl TTGAACTGACAGACTCGCCCT TGCCCATCCGAGTCATGA
Pfkb1 ATGAGCTGCCCTATCTCAAGT GTCCCGGTGTGTGTTCACAG
Scarbl TCCTGGGAGCCCTTTTTACT GCCCATCATCTGCCAACT
Soat? ACAAGACAGACCTCTTCCCTC ATGGTTCGGAAATGTTGCACC
Zfpml AGGAAACAGAGCAATCCCCG CAGGTGGGCTCACATCTTCT
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Table 2-S3: Primer list for ChIP-gPCR

ChIP-gPCR

primers F R

Alb neg TCCTACTGCAGGGCTCTTGC TGTAGCCTTGGGCTTGTGCT
Ces2a CAAGAGGCCAGGGAAGGAAG | AGGGGTGTAGGTGTGGACAT
Fabp5 CCTGAACACTTGGAAACTCCT | TACTGTGGGTAAACAGCAATCA
FX neg GCGTCATGGCCTTAGTTTCC GTGAGATGGATGCCTGCCTAC
Gpam AACAGTGGAGGAGGAGGAA | CATGCTCTGAAGCTTTCGATTG
Pnpla3

eni?ancer TGGTTGGCCTTTTGGAACCT CAGCTGACCTCACTTAGCCC
Pnpla3

propmoter AGTTCCACTCTCTCCTGTCTTC | GGTGCATGGGCAAATGTTTAAT
Ralgpsl GCAAAGGTGCCCAGAGATAA | TGAGGTGGTGTGCTGATTG

Figure Legends

Figure 2-1: GATA4 motif accessibility and expression is upregulated in refed liver in

comparison to fasted

A) Heatmap of top 1000 ATAC-Seq peaks with highest and lowest fold change in fasted versus
refed livers. B) Genomic features of those top 1000 regions gaining accessibility in fasted liver
(left) and refed liver (right). C) Heatmap of GATA family motif enrichment across all ATAC-
Seq peaks, ranked and binned based on the accessibility fold change between fasted and refed
liver. Shown are 60 bins each containing approximately 1000 peaks. The motif enrichment p-
value is plotted. D) Hierarchical clustering heatmap for transcription factor motif co-occurrence
among the top 1000 regions gaining accessibility in refed livers. Each row represents a peak and
red indicates presence of the corresponding motif in that peak. E) Pathway enrichment analysis
of genes associated with peaks that have a GATA4 motif and are in the top 10 bins that gain
accessibility in refed liver. F) Normalized counts of GATA family members that are detected via
RNA-Seq. G) Western blot analysis of GATA4 protein expression in fasted and refed liver. H)

gPCR analysis of Gata4 expression in Hepal-6 cells with treated with DMEM without FBS,
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glucose or glutamine with or without 100nM insulin for 8 hours. * indicate p value from

Student’s t-test to their respective control.

Figure 2-2: Loss of Gata4 in liver has common and different effects on lipid metabolism in

fasting and refeeding response.

A) gPCR assessment of expression of Gata4 expression in Gata4LKO fasted and refed livers in
comparison to their control. B) Plasma total cholesterol measurements at 12 fasting and then 12h
HS refeeding of Gata4LKO and control mice. C) Total cholesterol of FPLC fractionated plasma
of 12 h HS refed Gata4LKO and control mice. Plasma of 4 — 5 mice were pooled for each group.
D) Liver total cholesterol measurement of fasted and refed mice. E) Lipidomics analysis of total
species of liver triglycerides (TG) Gata4LKO and control livers in fasted and refed condition. F)
Liver glycogen measurement of refed Gata4LKO versus control mice. Total (G) and individual
species (H) of liver ceramides from the lipidomics analysis in (E). I) Hierarchical clustering
heatmaps of TG species summarized by their fatty acid content from the same lipidomics
samples. * indicate p value from Student’s t-test to their respective control. 2-way ANOVA
analysis is conducted for some and genotype and interaction between genotype and feeding

effect is reported.

Figure 2-3 Gata4 has common and differential targets in fasted versus refed liver.

RNA-Seq and H3K27 acetylation ChlP-Seq were conducted on samples for 12 h fasted and 12h
refed with high sucrose diet after 12h fasting of Gata4LKO and control liver. A) Bioplanet
pathway enrichment analysis of downregulated genes in refed Gata4LKO liver RNA-Seq in
comparison to refed Gata4 floxed control liver. B) Heatmap of expression of selected genes

involved indicated metabolic processes and are downregulated in fasted or refed Gata4LKO liver
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in comparison to their respective controls. FDR <0.05 in pairwise comparison was used to
determine differential expression. C) KEGG pathway enrichment analysis of downregulated
genes in both fasted and refed Gata4LKO in comparison to their respective controls, genes only
downregulated in Gata4LKO versus control in refed liver and genes only downregulated in
Gata4LKO Vs control in fasted liver. Gene Set Enrichment Analysis (GSEA) of GO biological
pathway cholesterol efflux pathway (D) and Wikipathways glycolysis and gluconeogenesis (E)
gene set among all expressed genes ranked for their fold change in Gata4LKO versus control

liver in refed condition descending order.
Figure 2-4: Loss of GATA4 reduces transcriptional activity at GATA4 binding sites.

A) Heatmap of H3K27Ac ChlP-Seq peaks that change in Gata4LKO in comparison to control in
only in fasted or refed or both conditions. B) Profile of signal from H3K27 acetylation ChIP-Seq
of fasted control, fasted Gata4LKO, refed control, and refed Gata4LKO (top) at GATA4 ChIP-
Seq sites from GSE49131 and (bottom) at regions identified from ATAC within the top 10 bin of
increasing in accessibility and have GATA4 motif. C) % of H3K27Ac peaks filtered based on
their overlap with GATA4 ChIP-Seq peaks or change in enrichment in refed Gata4LKO that are
associated with differentially expressed genes in refed Gata4LKO in comparison to its control by
proximity to their promoter. D) IGV view of H3K27 Acetlation ChIP-Seq of GATA4LKO and
control livers both in refed and fasted conditions, ATAC-Seq of wildtype refed and fasted livers
and GATA4 ChIP-Seq at example regions for common (Zfpm1) and differential targets (Pnpla3,
Acsl5 and Srebfl) of GATA4 between fasted and refed conditions. Tick marks are 500bp apart.
E) GATA4 ChIP-gPCR of selected candidate regions for increased GATA4 activity in refed
samples. The bar graph shows values for target regions of both the input and ChIP samples that

are normalized to the average of two negative control regions within each sample. * reflect the p-
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value from Student’s t-test between ChIP samples from fasted and refed states or to their

respective input controls.

Figure 2-5: Loss of Gata4 results in reduction in plasma cholesterol and accumulation of liver

triglycerides

Plasma total cholesterol (A), liver total cholesterol (B) and liver triglycerides (C) of Gata4LKO
and control mice after 3 weeks on chow (left) or western diet (right). D) H&E staining of Gata4
and control liver sections at 10c and 40x magnification after 4 weeks of western diet feeding. E)
Lipidomics analysis of triglycerides summarized based on their fatty acyl tail content of
Gata4LKO and control on chow for 3 weeks. F) Pathway enrichment analysis of downregulated
genes in livers of Gata4LKO mice versus control after 3 weeks of western diet feeding using
RNA-Seq. G) Normalized counts of downregulated genes in Gata4LKO livers from RNA-Seq in
(F) relating to triglyceride degradation pathway. H) gPCR analysis of example target genes from
mice in (E). Mice for all of the panels were sacrificed 6h fasted. * indicate p value from

Student’s t-test to their respective control except for (H), in which it represents adjust p value.
Figure 2-6: GATAA4 collaborates with LXR to induce their joint transcriptional targets

A) IPA summary of LXRa pathway in Gata4LKO RNA-Seq. Green indicates downregulated and
red indicated upregulated targets in refed Gata4LKO livers in contrast to control. Blue shows
predicted downregulation of activity. B) ChIP Enrichment Analysis (ChEA) of the
downregulated genes in RNA-Seq of Gata4LKO versus control liver after 3 weeks of western
diet treatment as described in Figure 2-4. C) Profile (top) and heatmap (bottom) of signal from
LXR ChIP-Seq with vehicle or LXR agonist T0901317 treament at GATA4 ChlP-Seq sites. D)

IGV view of GATA4 ChlIP-Seq, LXR ChlIP-Seq with and without agonist treatment and H3K27
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Acetlation ChIP-Seq of GATA4LKO and control livers both in refed and fasted conditions at
example regions for common LXR and GATAA4 targets. E) Profile (top) and heatmap (bottom) of
signal from H3K27Ac ChIP-Seq from fasted and refed control and Gata4LKO samples at LXR
ChlP-Seq sites (with T0901317 treatment). F) gPCR assessment of selected genes that showed a
significant interaction between genotype and LXR agonist treatment effect using 2-way
ANOVA. * indicate p value to Control-DMSO condition and # indicate p value to Control-GW

condition using Student’s t-test.

Figure 2-S1: ATAC-Seq reveals changes in transcriptional regulatory landscape

A) All ATAC-Seq peaks are sorted, ranked and plotted based on the fold change between
accessibility in refed condition in comparison to fasted. Pathway enrichment of top 1000 regions
that gain accessibility in fasted (B) or in refed (C). D) Heatmap for transcription factor motif
enrichment across all ATAC-Seq peaks, ranked and binned based on the accessibility fold
change between fasted and refed liver. Shown are 59 bins each containing approximately 1000
peaks. Some transcription factors with very similar motifs (>0.9 similarity score) are represented
by one motif and the remainder are omitted for simplicity. The motif enrichment —log(p-value) is
plotted. E) Motif enrichment analysis among the top 10000 regions that gain accessibility in
refed liver and have a GATA4 motif. F) gPCR analysis of Gata4 expression in livers of 12h
fasted versus 12hour refed with chow or 12 hour refed with high sucrose diet male mice. G)
gPCR analysis of Gata4 expression in livers of 12h fasted versus 12 hour refed with high sucrose
diet female mice. H) Analysis of data from GSE107787 showing hepatic GATA4 expression
during 24 hours in mice that are either ad libitum fed or 24 hour fasted at each time point. *

indicate p value from Student’s t-test to their respective control

Figure 2-S2: Loss of hepatic GATA4 changes the lipidome in fed state
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Plasma triglyceride (A), non-esterified fatty acids (NEFASs) (B) and liver NEFAs (C) of fasted
and refed Gata4LKO and control mice. Lipidomics analysis of total species of liver
phosphatidylglycerols (D), phosphotidylcholine (E) phosphotidyethanolamines (F) and
sphingomyelins (G) in Gata4LKO and control livers. H) Hierarchical clustering heatmaps of free
fatty acid species (E) from the lipidomics samples in Figure 2. p value from Student’s t-test to
their respective control is displayed. 2-way ANOVA analysis is conducted and genotype and

interaction between genotype and feeding effect is reported for some.

Figure 2-S3: Loss of GATA4 impairs the transcriptional response to feeding

A) PCA plot of RNA-Seq of Gata4LKO and control in fasted and refed condition. B) PCA plot
and hierarchical clustering (C) of H3K27Ac ChlP-Seq of Gata4LKO and control samples in
fasted and refed condition. D) Hierarchical clustering heatmap of differentially expressed genes
in Gata4LKO versus control in refed or fasted condition combined. E) Integrated Pathway
Analysis (IPA) summary of SREBP1 pathway in Gata4LKO livers in refed condition. Green
indicates downregulated and red indicated upregulated targets. Blue indicates downregulation of
the activity of SREBPL1. F) gPCR analysis of Pck1 expression in Gata4LKO versus control livers

in fasted and refed condition. * indicate p value from Student’s t-test.

Figure 2-S4: Loss of GATA4 changes the epigenetic landscape

A) Profile and heatmap of signal from H3K27 acetylation ChIP-Seq of Gata4LKO versus control
livers in fasted and refed conditions at regions that are statistically upregulated or downregulated
due to the genotype effect (loss of Gata4) taking both fasting and refeeding condition into

account. B) IGV view of H3K27 Acetlation ChIP-Seq of GATA4LKO and control livers both in

refed and fasted conditions, ATAC-Seq of wildtype refed and fasted livers and GATA4 ChlIP-
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Seq at additional example regions for common (Soat2) and differential targets (Foxa2, Gpam and
Sgpll) of GATA4 between fasted and refed conditions. Top enriched motifs in regions in
upregulated (C) and downregulated (D) H3K27Ac peaks in Gata4LKO in comparison to control
in fasted and refed condition. KEGG pathway enrichment analysis of regions with decreased (E)

and increased (F) H3K27 acetylation in refed Gata4LKO livers.

Figure 2-S5: Loss of GATA4 leads to hepatic lipid accumulation

A) Oil Red O staining of livers of Gata4LKO and control mice on western diet for 3 weeks. B)
Liver non-esterifies fatty acids of Gata4LKO and control mice after 3 weeks on chow (left) or
western diet (right). C) Liver glycogen measurements of Gata4LKO and control mice on western
diet for 3 weeks. D) Triglyceride and total cholesterol measurment of plasma of Gata4LKO and

control mice on western diet for 3 weeks after poloximer injection during vldl secretion assay.

Figure 2-S6: Gata4LKO mice on western diet have increased expression of lipid uptake genes.

Hierarchical clustering heatmap of samples (A) and heatmap of differentially expressed genes
(B) from RNA-Seq of Gata4LKO and control mice on western diet for 3 weeks. C) Relative
expression of downregulated PPARa target genes from RNA-Seq. * indicate adjusted p-values.
D) GSEA plot of KEGG PPAR signaling pathway from RNA-Seq. E) Correlation plot of relative
Lpl expression by gPCR and triglyceride measurements from livers of Gata4LKO and control

mice on western diet for 4 weeks.

Figure 2-S7 Loss of GATA4 interacts with LXR agonist treatment

A) Pathway enrichment analysis of genes associated with common GATA4 and LXR binding
sites. Blue indicates downregulation of the activity of LXRa. B) qPCR assessment of selected
genes that showed a significant interaction between genotype and LXR agonist treatment effect
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using 2-way ANOVA from livers described in Figure 5C. These genes are downregulated in
response to loss of Gata4LKO in DMSO treatment but either upregulated or no response in GW
treatment. C) gPCR assessment of glucose metabolism genes with a significant interaction
between genotype and LXR agonist treatment effect using 2-way ANOVA from livers described
in Figure 5C. * indicate p value to Control-DMSO condition and # indicate p value to Control-

GW condition using Student’s t-test.
Figure 2-S8 SNPs are GATAA4 are associated with LDL and HDL cholesterol in humans

Manhattan plot for HDL and LDL cholesterol traits at the linkage disequilibrium (LD) block

containing human GATA4 gene obtained from Type2Diabetes Knowledge Portal.
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Abstract

The nuclear receptors LXRa and LXR} play crucial roles in hepatic metabolism. Many genes
induced in response to pharmacologic LXR agonism have been defined; however, the
transcriptional consequences of loss of LXR binding to its genomic targets are less well
characterized. Here we addressed how deletion of both LXRa and LXR[ from mouse liver
(LXRDKO) affects the transcriptional regulatory landscape by integrating changes in LXR
binding, chromatin accessibility, and gene expression. Many genes involved in fatty acid
metabolism showed reduced expression and chromatin accessibility at their intergenic and
intronic regions in LXRDKO livers. Genes that were upregulated with LXR deletion had
increased chromatin accessibility at their promoter regions and were enriched for functions not
linked to lipid metabolism. Loss of LXR binding in liver reduced the activity of a broad set of
hepatic transcription factors, inferred through changes in motif accessibility. By contrast,
accessibility at promoter NFY motifs was increased in the absence of LXR. Unexpectedly, we
also defined a small set of LXR targets for direct ligand-dependent repression. These genes have
LXR binding sites but showed increased expression in LXRDKO liver and reduced expression in
response to LXR agonist. In summary, the binding of LXRs to the hepatic genome has broad
effects on the transcriptional landscape that extend beyond its canonical function as an activator

of lipid metabolic genes.
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Significance Statement

LXRs are critical regulator of hepatic metabolism and function but their mechanisms of action at
the genome level are incompletely understood. We perform integrated analysis of genome-wide
chromatin accessibility, gene expression, and transcription factor binding. We reveal distinct
mechanisms of LXR transcriptional regulation of both metabolic and non-metabolic genes in
liver. We show that LXR can both activate and repress genes and that LXR binding impacts the

activity of other transcription factors.
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Introduction
Liver X receptors LXRa and LXRp (encoded by Nr1h3 and Nr1h2) play important roles

in hepatic lipid metabolism. LXRs are crucial for the lipogenic response to feeding as regulators
of Srebf1, Fasn, and Scd1 33292% | XRs play a role in phospholipid remodeling via control of
Lpcat3 expression 3232 n liver as in other tissues, LXRs are also central to cholesterol
homeostasis. Activated LXRs induce genes involved in cholesterol efflux such as those encoding
ABCAL, ABCG5 and ABCGS8, block LDL uptake through IDOL, and promote cholesterol
conversion to bile acids through CYP7A1 294327329 Beyond metabolism, LXRs have been
shown to regulate immune responses in macrophages, including those in the liver 330332 L. XRaq
is a lineage determining factor for Kupffer cells and is necessary to maintain gene expression

defining their identity 333-3%,

LXRs are activated by oxysterols such as 27-hydroxycholesterol and 4f-
hydroxycholesterol and intermediates in the cholesterol biosynthetic pathway, such as
desmosterol 33633, | oss of LXRs leads to pathological cholesterol accumulation in liver when
mice are fed high-cholesterol diet 3. In the absence of excess dietary cholesterol, the primary
consequences of LXR deletion in liver are perturbations in fatty acid and phospholipid
metabolism 31342 Many studies have used synthetic agonists such as GW3965 and T0901317 as
tools to investigate the role of LXRs in hepatic gene expression 343, Activation of LXRs with
synthetic agonist improves atherosclerosis and glucose tolerance, but also increases hepatic
lipogenesis 34434 Chromatin Immunoprecipitation with Sequencing (ChIP-Seq) studies have
defined LXR binding sites in the hepatic genome and noted increased LXR binding to lower

affinity DNA sites in the presence of synthetic agonist 27,
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Given the widespread use of synthetic agonists to identify LXR-responsive genes, it is
not surprising that LXRs have been characterized primarily for their roles as ligand-dependent
activators. Recent studies using alternative approaches and genome-wide techniques have
revealed multiple modes of LXR gene regulation. Ramén-Vazquez et al. defined three modes of
LXR action in macrophages. The first is the classical mode of agonist-activated genes; the
second is a de-repression mode, in which target genes are upregulated both in response to agonist
and in the absence of LXRs; and the third is a pharmacologically non-responsive mode for genes
that require LXRs for expression but do not change in response to agonist **’. Systematic
analyses of different modes of LXRs action on gene expression in vivo in key metabolic tissues

have not yet been performed.

LXRs bind to DNA as obligate heterodimers with RXR. The canonical LXR binding site
(LXRE) is a repeated nuclear receptor half-site motif (AGGTCA) separated by 4 nucleotides
(DR4)*®8, LXR liver ChlP-Seq studies have suggested broader LXR binding to genomic sites
other than DR4 motifs. One notable limitation of genome-wide bioinformatic approaches,
however, is the degenerate nature of many LXREs and PPREs, which makes motif identification
challenging. Many biologically critical LXREs and PPREs are not perfect DR4 or DR1 elements
349350 studies integrating genomic analyses of multiple nuclear receptors, including LXR and
PPARa, have shown greater overlap between receptor targets than expected 2%”. Such extensive
co-binding has been proposed to lead to functional crosstalk. In support of this idea, loss of

LXRs was shown to diminish activation of PPARa targets in response to PPAR« agonist 342,

The dynamics of the transcriptional landscape in response to LXR binding to the genome
are largely unknown. Tools such as Assay for Transposase Accessible Chromatin (ATAC-Seq)

can provide a bridge between transcription factor binding and gene expression by revealing
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dynamic changes in chromatin accessibility . In this study, we investigated the transcriptional
dynamics of LXR in mouse liver. We performed RNA-Seq and ATAC-Seq on livers of LXRa
and LXRp double-knockout (LXRDKO) mice to characterize the effect of loss of LXRs on the
transcriptional landscape. Incorporating available LXR liver ChIP-Seq data, we identified how
LXR binding sites changed and how those changes related to differential gene expression. We
also profiled the differences in activity of other transcription factors in response to loss of LXRs
using the accessibility of their binding motifs. We integrated our results from the LXRDKO
model with data from synthetic agonist treatment studies **? to define distinct modes of LXR
action in the liver, including the ability to act as a ligand-dependent repressor. These finding
contribute to a more thorough understanding of how LXRs impact the transcriptional landscape

and orchestrate hepatic metabolism.
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Results
Transcriptional changes in liver of LXRDKO mice.

We performed RNA-Seq on livers of whole-body LXRa/p double knockout (LXRDKO)
mice to profile transcriptional changes provoked by the absence of these transcription factors.
We identified 246 upregulated and 321 downregulated genes using an adjusted p-value less than
0.05 (SI Appendix Fig. 3-S1A). Many classical LXR targets were downregulated, including
Srebfl and Fasn (SI Appendix Fig. 3-S1B, C)?%32%353 Downregulated genes associated with
lipid metabolism pathways as expected, and overlapped substantially with the set of direct LXR
target genes annotated in publicly available ChIP-Seq data-sets (SI Appendix Fig. 3-S2A, B). In
addition, lipid metabolism genes associated with PPARa were downregulated in LXRDKO
livers. Macrophage and Kupffer cell marker genes, such as Cd5l, Cd163 and Clec4f were also
among the most downregulated genes. Reduced expression of these genes likely reflects a
change in the immune cell profile in LXRDKO liver, as LXR is known to be important for
Kupffer cell identity 33033433 Interestingly, most of the genes upregulated in the absence of
LXR expression were not established LXR targets and did not have obvious links to lipid
metabolism (SI Appendix Fig. 3-S1B, C). These genes were enriched for pathways including

cysteine and methionine metabolism and DNA repair/p53 response (SI Appendix Fig. 3-S2A).
Changes in chromatin accessibility in liver of LXRDKO mice.

We next aimed to further delineate how the absence of LXRs induced the observed
changes in gene expression. To understand how changes in transcription in the absence of LXRs
related to genome-wide chromatin accessibility, we performed ATAC-Seq to quantify genome-
wide chromatin accessibility on the livers of the same mice used in the transcriptomics analysis

above. It has been reported that changes in accessibility in response to perturbation in the liver
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are less dramatic than in other tissues 33°2°43% 95 342 peaks were detected across the samples.
Correlation between samples is shown in SI Appendix Fig 3-S3A, B. We ranked our ATAC-Seq
peaks based on the absolute change in accessibility between LXRDKO and WT livers. After
filtering out peaks with very weak signals, 73,597 peaks remained, of which 57.60% had passed
an irreproducible discovery rate of 1e-6 3¢, We viewed the top 1000 peaks with increased or
decreased accessibility in LXRDKO livers to detect overall patterns in the changes in chromatin
accessibility. Genomic sites that lost the most accessibility in the LXRDKO liver largely became
inaccessible in LXR liver (Fig. 3-1A). In comparison, sites that gained the most accessibility in
the LXRDKO liver were already open in WT samples and became even more accessible in

LXRDKO livers.

Top peaks that lost accessibility were enriched in intergenic and intronic regions (Fig. 3-
1B). In comparison, top peaks that gained accessibility in the absence of LXRs were more likely
to be found in promoter and exonic regions of the genome. Consistent with this observation, top
peaks gaining accessibility in the absence of LXRs were more likely to be located within 1kb of
transcription start sites (TSSs), while top peaks losing accessibility were enriched in regions
>10kb away from TSSs (SI Appendix Fig 3-S3C). These findings broadly suggest reductions in
potential enhancer activity and increases in direct promoter activity on a range of genes in

LXRDKO livers.
Integrating gene expression and chromatin accessibility

Average accessibility across the gene was decreased in the genes downregulated in the
absence of LXR in comparison to upregulated ones (SI Appendix Fig 3-S3D). Genes
downregulated in the absence LXR were more likely on average to lose accessibility in their

intergenic and intronic peaks, compared to those whose expression increased or did not change
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(S1 Appendix Fig 3-S3E). On the other hand, promoter peaks in genes upregulated in LXRDKO
liver were more likely to gain accessibility, compared to those whose expression decrease or did
not change. These results agree with the enrichment of intergenic and intronic regions in the top
peaks losing accessibility and the enrichment of promoters for top peaks gaining accessibility.
Pathway enrichment analysis revealed that the set of genes proximal to top peaks losing
accessibility in LXRDKO liver were enriched in lipid metabolism pathways, in agreement with
the types of genes downregulated (SI Appendix Fig. 3-S4). Genes proximal to top peaks gaining
accessibility were enriched for pathways other than lipid metabolism (e.g., endocytosis). These
observations support a degree of correlation between chromatin accessibility and gene

expression in LXRDKO liver.
Correlation of accessibility, LXR binding, and gene expression.

To further examine changes in accessibility occurring at LXR binding sites, we integrated
our RNA-Seq and ATAC-Seq results with LXR ChIP-Seq data from liver of mice treated with
vehicle (basal) or the LXR agonist T0901317 2%7, Our analysis revealed that 35.8% of the
downregulated genes and 20.7% of the upregulated genes in LXRDKO liver were putative LXR
ChlP-Seq targets (compared to 7.8% of the non-differentially expressed genes; Fig. 3-2A). When
we included genomic LXR binding sites observed only with T0901317 treatment 2/, more than
half of the downregulated genes (61.1%) and 43.9% of the upregulated genes had LXR binding
sites. In short, the majority of the differentially expressed genes in LXRDKO livers had LXR
binding detected by ChIP-Seq. However, only a small fraction of the genes associated with LXR
liver ChIP-Seq peaks were differentially expressed in LXRDKO livers (7.1% of the vehicle
treated and 4.6% of the T0901317-treated ChIP-Seq sites, SI Appendix Fig. 3-S5A). Among

genes with LXR binding sites, genes that were differentially expressed between WT and
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LXRDKO mice tended to have higher number of LXR binding sites compared to genes whose
expression did not change in LXRDKO liver (SI Appendix Fig. 3-S5B). This suggests that only a

small subset of LXR binding sites in liver is functionally required for hepatic gene expression.

The overall accessibility across LXR binding sites was reduced in LXRDKO livers;
71.57% of LXR binding sites lost some accessibility (Fig. 3-2B and SI Appendix Fig. 3-S5C). A
majority of the ATAC peaks at LXR binding sites located at intergenic, and intronic regions in
LXRDKO liver showed a decrease in accessibility, but that trend was not observed for peaks
located at promoter regions (SI Appendix Fig. 3-S5D). Thus, the degree to which LXR binding
sites changed in accessibility in LXRDKO liver was influenced by their locations in relation to

individual genes.

Integrating the expression, binding, and chromatin accessibility data, LXR binding sites
associated with downregulated genes were less accessible in LXRDKO liver than those
associated with genes whose expression did not change or were upregulated (Fig. 3-2C). For
instance, one context where LXR binding is known to be functionally important is at the Srebfl
locus 3. The regulatory regions of Srebf1 contain multiple LXR binding sites (Fig. 3-2D),
including one at the alternative promoter for Srebflc (left panel). All of the LXR binding sites at
this gene lost some accessibility in the LXRDKO samples compared to controls, accompanying

the downregulation of the gene.
Loss of LXR affects accessibility at binding sites for other transcription factors.

Changes in chromatin accessibility at transcription factor binding sites may reflect a
change in transcription factor activity. To analyze these trends across the genome, we ranked all

of our ATAC-Seq peaks based on changes in accessibility between LXRDKO and WT samples
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and binned them into equal sized bins (~1000 peaks each). We performed motif enrichment
analysis for known binding motifs (see Methods for details) for all of the bins. We then
displayed the enrichment of each of the transcription factor motifs across all bins in a heatmap
(Fig. 3-3A). This method allowed us to visualize the difference in enrichment of each motif both
across bins and compared to other motifs. The results showed a gradual increase in enrichment of
binding motifs in relation to changes in chromatin accessibility in LXRDKO liver. We identified
several transcription factors whose binding motif became less accessible in LXRDKO liver.
Motifs predicted to bind CTCF/CTCFL, the nuclear receptor family, HNF1/HNF1B,
HNF6/CUX2, the FOX family, and the ATF4/CHOP family showed the strongest enrichment in
peaks that lost accessibility in LXRDKO liver. Among nuclear receptor motifs, the DR1 motif
(bound by PPARa, HNF4a, and RXR) was the most strongly enriched, but the DR4 motif
(bound by LXR and TR) and the nuclear receptor half-site motif (recognized by ERRs, Coup-
TFII and others) were also enriched. Many of these transcription factor motifs are primarily
present in intergenic and intronic regions. Even among intergenic and intronic peaks, these
motifs were enriched in peaks that were specifically losing accessibility in LXRDKO liver (Sl

Appendix Fig. 3-S6A).

We further examined the transcription factor motifs associated with the top 1000 ATAC
peaks that lost accessibility in LXRDKO liver (Fig. 3-3B). A number of peaks associated with
CTCF motifs lost almost all signal in LXRDKO liver, indicating largely inaccessible CTCF
binding sites. In comparison, peaks associated with PPAR motifs and FOXA2 motifs showed
strong reductions in ATAC signal intensity but still retained some accessibility (Fig. 3-3B, Sl
Appendix Fig. 3-S6B). This result implies that loss of CTCF binding may lead to the closing of

these peaks. To ensure that the motifs we identified were independently changing, we examined
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the peaks among the top bins that lost accessibility in LXRDKO liver with these motifs. Each
family motif was present on a unique set of peaks with some overlap with other transcription
factor families (SI Appendix Fig. 3-S6C left). This suggests that there is specificity to the
reduction of motif accessibility for each these transcription factor families, and that the reduction
of accessibility of one transcription family was not completely dependent on another
transcription factor family. With the exception of a modest decrease in PPARa and modest
increase in Foxa2 expression in the LXR DKO samples, the expression of most of these
transcription factors themselves was not different between groups, suggesting that the changes in
their motif accessibility were not likely to be due to differences in transcription factor abundance

(S1 Appendix Fig. 3-S6D).

We further assessed changes in accessibility some of the motifs via footprinting 7. This
approach measures transcription factor binding activity by quantifying the protection of the
binding site from sequencing. The accessibility of predicted binding sites for HNF1B and
HNF6A were reduced across the LXRDKO liver genome compared to control (SI Appendix Fig.
3-S7A, B). Although this method was not as sensitive, it nevertheless provided independent

validation of some of the observations shown in Fig. 3-3A.

To address how the loss of LXR affected the activity of other transcription factors
specifically at its target genes, we performed a similar analysis on the top bins of ATAC peaks
proximal to a putative LXR-binding gene that lost accessibility in LXRDKO liver. When we
clustered genes associated with each transcription factor motif, we observed patterns of motif co-
occurrence across different families (SI Appendix Fig. 3-S5C, right). This suggests that a number
of transcription factors were collectively losing accessibility in LXR target genes. As an

example, the Insig2 locus has a number of LXR binding sites that became less accessible in
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LXRDKO liver. Based on available liver ChIP-Seq datasets, each of the peaks associated with
LXR binding was also predicted to bind to combinations of other transcription factors, including
CTCF, PPAR, RXR, HNF4A, FOXA2, HNF6 and HNF1 (Fig. 3-3C), exemplifying how the loss
of LXR could impact the potential binding of other transcription factors to the same gene. Our
analysis revealed instances of independent and collective loss of activity of these transcription

factors on LXR-binding genes.
NF-Y motifs are more accessible in the absence of LXRs.

Fewer transcription factor motifs were enriched in ATAC peaks that gained accessibility
in LXRDKO liver (Fig. 3-4A). Interestingly, many of these binding sites share a core ETS motif
and are known to appear frequently in promoter regions. Peaks in promoter regions were
overrepresented among those that gained accessibility in the absence of LXRs (Fig. 3-1B).
Among the promoter peaks, the NFY motif was particularly prevalent among those that gained
accessibility in LXRDKO liver (Fig. 3-4A, B). By contrast, ETS family motifs were enriched
across promoter regions without a preference for sites that gained accessibility upon loss of
LXR. Footprinting analysis validated this finding (Fig. 3-4C). The NFY footprint was more
accessible across the LXRDKO liver ATAC-Seq sample compared to control. Peaks at which
NFY motifs gained accessibility were already accessible in WT samples, but became even more

accessible in LXRDKO samples (Fig. 3-4D).

A majority of genes with increased NFY accessibility had an LXR binding site (either
basal or with agonist treatment (Fig. 3-4E). Moreover, the NFY motif was enriched among the
LXR-binding promoter peaks that were increased in accessibility. This could indicate that the
absence of LXR could be leading to compensatory increased NFY binding at these LXR target

genes. Genes proximal to NFY motifs that gained accessibility in LXRDKO liver were enriched
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for pathways related to cell cycle, NF-kB signaling, and cholesterol synthesis (SI Appendix Fig.
3-S7C), and included SREBP2 targets such as Hmgcr, Hmgcs1, Sqle, and Fdps. For instance, the
Hmgcr promoter was on average more accessible in LXRDKO liver (Fig. 3-5F). The peak in this
region overlaps with an SREBP2 binding site and contains 4 NFY binding motifs. Interestingly,
among genes with increased NFY accessibility, only a small proportion was differentially
expressed between WT and LXR DKO liver (3.36%, accounting for 15.8% of all upregulated
genes in LXR DKO) (SI Appendix Fig. 3-S7D). As an example, Gotl was upregulated and its

promoter (with 4 NFY motifs) was on average more accessible in LXRDKO liver (Fig. 3-4F).
Distinct modes of LXR transcriptional regulation in liver

Many studies on LXRs have focused on their functions as ligand-activated transcription
factors, using pharmacological tools such as the potent synthetic agonists GW3965 and
T0901317 346358359 Qur analysis of global accessibility changes induced by loss of LXR
supported this major mode of LXR action, but also revealed additional mechanisms. We
integrated datasets for genes differentially expressed in liver in response to T0901317 treatment
with LXR ChIP-Seq data and our RNA-seq data 32, We found that the expression of a majority
of the differentially expressed genes in WT vs LXRDKO liver was not altered by agonist
treatment (Fig. 3-5A). This was true even for those genes predicted to have LXR binding by
ChIP-Seq. This observation suggests distinct basal and pharmacological ligand-dependent

functions for LXRs at individual genes.

We next focused on genes that were regulated both by synthetic agonist and the presence
or absence of LXRa/p. A majority of these genes was regulated in opposite directions by agonist
treatment and LXR deletion (Fig. 3-5A). We identified 32 genes that were downregulated in

LXRDKO liver and induced by agonist treatment in WT liver (Fig. 3-5A). This set was enriched
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for classical LXR targets mostly involved in fatty acid metabolism, including Srebfl, Scdl,
Acaca, Fasn, and Lpcat3. ATAC peaks at these LXR binding sites were enriched for DR1 and
DR4 nuclear receptor motifs. Additionally, LXR binding sites for these pharmacological ligand-
activated genes were more likely to be located in promoter regions in comparison to
pharmacological ligand-unresponsive genes downregulated in LXRDKO liver (SI Appendix Fig.

3-8A).

By contrast, a substantial subset of genes downregulated in LXRDKO liver with putative
LXR binding but no transcriptional response to agonist were enriched for canonical PPARa
targets such as Acox1, Acsl5, and Fabpl (Fig. 3-5A, SI Appendix Fig. 3-S8B). The LXR binding
sites for these genes were enriched for the nuclear receptor DR1 motif (Fig. 3-5A). This
observation suggests that LXR may associate widely with DR1 nuclear receptor motif sites and
thereby contribute to the expression of canonical PPARa genes that do not respond to

pharmacologic LXR agonist.

The LXRE/DR4 motif was enriched among the set of intergenic and intronic ATAC
peaks with putative LXR-binding sites that showed the largest loss of accessibility in LXRDKO
liver (SI Appendix Fig. 3-S8C). The DR1 motif was enriched across all intergenic and intronic
LXR binding sites regardless of their change in accessibility in LXRDKO livers. Thus, the
DR4/LXRE motif is strongly associated with classical LXR targets that are upregulated by
agonist treatment and downregulated in the LXRa/p knockout, and with LXR binding sites that
lose accessibility with the loss of LXR. The data further suggest that, outside of these canonical

LXR targets, LXR can bind to nuclear receptor motifs more broadly, including at DR1 motifs.

We also identified 14 genes that were upregulated in the absence of LXRs, downregulated with

agonist treatment, and had putative LXR binding sites by ChlIP-seq (Fig. 3-5A). These genes
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represent potential targets for direct ligand-dependent repression by LXRs. This mode of
regulation is known to occur with certain other nuclear receptors, such as TR, but has not been
rigorously documented for LXRs. LXR binding sites for these ligand-repressed genes were more
likely to be located in promoter regions (SI Appendix Fig. 3-8A). These LXR-repressed genes
were involved in various cellular functions not focused on lipid metabolism. Interestingly,
ATAC peaks associated with the LXR binding sites in these repressed genes were enriched for
the FOXA and C/EBP motifs. Overall accessibility of these LXR binding sites were decreased in
LXRDKO liver (SI Appendix Fig. 3-8D). As an example, Slc25a15 and Lurapll had increased
expression in LXRDKO liver and decreased expression with LXR agonist treatment. Their loci
have LXR binding sites that were on average reduced in accessibility in LXRDKO livers and
have putative binding sites for FOXA2, C/EBP and other nuclear receptors such as HNF4a and
PPARa (Fig. 3-5B). Public ChlIP-Seq data provided additional support for the presence of
FOXAZ2 and C/EBP binding at these sites (Fig. 3-5B). By comparison, genes upregulated in
LXRDKO liver that lack the transcriptional response to the agonist included genes involved in
cysteine and methionine metabolism and genes encoding for transcription factors such as Foxa2
and Hnf4da (Fig. 3-5A). These finding suggests that FOXAL/2 binding could be important for
LXR ligand-dependent repressor function. In accordance with our findings, published data
suggest that loss of hepatic Foxa2 abolishes the downregulation of some of these genes (Cxcl,

Etnppl, Got1, Nnmt, Slc25a15, Thc1d8, Tymp) by LXR agonist (GSE149075) 352,

To further validate the ability of LXR agonists to repress gene expression through direct
LXR binding, we treated WT mice with GW3965 and measured gene expression by gPCR (Fig.

3-5C). Out of the 14 genes tested, 8 were reduced by GW3965 treatment, and 4 trended down (p
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value < 0.1). Independent confirmation of the downregulation of these predicted targets supports

the conclusion that LXRs are capable of acting as ligand-dependent repressors.
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Discussion
In this study, we assessed the implications of loss of LXR expression in mouse liver for

gene expression, chromatin accessibility and transcription factor activity. Unlike fork head
factors, LXRs are not known to be pioneer factors that play key roles in establishing regions of
open chromatin. Accordingly, the changes in chromatin accessibility we observed with loss of
these nuclear receptors, especially on LXR binding sites, were rarely dramatic; i.e., complete
closing of an existing peak or opening of a new peak. A majority of the genes differentially
expressed between WT and LXRDKO liver had LXR binding sites, suggesting the change in
their expression was likely to be a direct consequence of loss of LXR binding. At the same time,
a majority of the genes differentially expressed between WT and LXRDKO liver did not change
in WT mice treated with synthetic LXR agonist. This finding suggests that many LXR binding
sites do not transduce ligand-dependent signals, or are active with basal levels of endogenous
ligands. Such LXR binding sites appear necessary to maintain expression of their target genes
but do not respond to pharmacological activation, perhaps due to specific coactivator
requirements. A similar disconnect between basal nuclear receptor activity and synthetic ligand
response has been previously observed in macrophages **’. It would be interesting to determine
if challenging mice with high-cholesterol diet, which would provide a higher concentration of

endogenous sterol ligands, would alter the pattern of gene responses.

An important limitation of our study is the use of whole liver tissue. Our RNA expression
and chromatin accessibility experiments incorporate signals from hepatocytes and non-
parenchymal cells such as Kupffer cells, liver sinusoidal endothelial cells, stellate cells, and other
cell types. Changes in gene expression in these non-parenchymal cells and/or shifts in the

proportion of these cells present in LXRDKO liver may contribute to the results of the RNA-Seq
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and ATAC-Seq analyses. In particular, LXRa is known to be crucial for Kupffer cell identity
334335 ‘and LXR-deficient liver has been reported to display an altered profile of immune cells,
especially in the context of inflammation 36931, In agreement with these prior findings, genes
highly expressed in Kupffer cells such as Cd5I and Clec4f showed reduced expression in
LXRDKO liver. LXRs have also been reported to affect the capillarization of sinusoidal
endothelial cells and the ability of stellate cells to contribute to fibrosis in response to injury
362363 Further dissection of the contributions of different cell types to the overall phenotype of
LXR-deficient livers will require addition studies, including single-cell RNA-Seq and single-cell

ATAC-Seq.

Genes downregulated in response to LXR deletion in our study were enriched for
classical LXR targets related to fatty acid metabolism, including Srebfl. Thus, the presence of
LXRs on the regulatory regions of these genes appears to be required for their basal expression.
Interestingly, however, LXR target genes related to cholesterol metabolism and efflux (such as
Abcal, Abcg5, Abcg8, and ApoAl) were generally not differentially expressed between WT and
LXRDKO liver. Although LXR binding is not required for the basal expression of these genes,
prior studies have shown that LXRs mediate induction of these genes in liver in response to
synthetic LXR ligand or cholesterol diet challenge 24232 This separation is consistent with a
primary role for hepatic LXRs in the basal state in fatty acid metabolism and roles in both fatty

acid and cholesterol metabolism for LXR in the setting of high ligand concentration 34,

Among genes that responded to both synthetic agonist treatment and LXR deletion in our
analysis, most responded in opposite directions. Classical LXR target genes had one or more
LXR binding sites associated with a DR4 or DR1 motif, were reduced in expression with the loss

of LXR, and were increased in expression with LXR agonist treatment. Unexpectedly, we also
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identified a small set of genes that were repressed by LXR in the basal state and in response to
synthetic agonist. These genes had putative LXR binding sites by ChIP 2°7, showed increased
expression in LXRDKO liver, and showed decreased expression with LXR agonist treatment of
WT mice **2, Such a direct ligand-dependent repressor function for LXR has not been
demonstrated in liver previously. Analysis of the ATAC peaks associated with LXR binding
revealed that the FOXA motif was common to these genes repressed by LXR agonist. Our
ATAC-Seq results showed decreased FOXA motif accessibility across the genome in LXRDKO
liver, despite increased expression of the Foxa2 gene. For half of the candidate direct ligand-
dependent repressor target genes we identified, the pharmacological repression by LXR agonist
was dependent on the presence of Foxa2 *%2. Kain et al. **> demonstrated the importance of
FOXAZ2 for synthetic ligand-dependent activation of LXR. Our data suggest an additional role

for FOXAZ in the ligand-dependent repressor function of LXR.

Our data also provide evidence that the loss of LXRs from the liver affects the activity of
other transcription factors. Undoubtedly, alterations in lipid metabolism upon loss of LXRs
contributes to some of the gene expression changes observed, such as the reduction in fatty acid
synthesis due to loss of Srebf1 expression 2%, Reduced availability of fatty acids would be
expected to reduce ligand activation of PPARa. At the same time, we also found evidence of
cooperation between LXR and other transcription factors on the regulatory regions of individual
genes. One of the most prominent factors whose motif lost accessibility in our LXRDKO dataset
was PPARa. Interestingly, the expression of both PPAR« target genes and Ppara itself was
reduced in LXRDKO liver. This finding argues against a competition between PPARa and LXR,
and indicates that the presence of LXR is necessary for PPARa signaling. Ducheix et al. have

noted that the impact of the PPARa agonist fenofibrate on PPARa target genes was decreased in
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LXRDKO liver 32, Many genes share LXR and PPARa binding sites 2%, suggesting direct
cooperation of LXR and PPARa in their regulation. Many ATAC peaks associated with LXR
binding are also associated with binding of other transcription factors such as FOXA2 and HNF6
(Fig. 3-4F). Such regions resemble previously described transcription factor hotspots, which
function as super-enhancers 4. The reduced accessibility of these sites in LXRDKO liver

supports idea of cooperation between LXRs and other factors thereon.

Other global changes in the LXRDKO liver included increased accessibility of promoter
regions, and decreased accessibility of intergenic and intronic regions, suggesting a reduction in
enhancer activity. This pattern was particularly evident for the intergenic and intronic regions of
genes whose expression was downregulated and for the promoter regions of those upregulated in
LXRDKO liver. The CTCF motif was enriched among the intergenic and intronic regions that
lost accessibility in LXRDKO liver. In a recent paper, ATAC-Seq of hearts from CTCF
knockout mice showed decreased accessibility in intergenic and intronic regions and increased
accessibility in promoter regions 3%. A reduction in CTCF activity could thus contribute to the

changes in the intergenic and intronic accessibility in the absence of LXRs.

Loss of LXR also appeared to provoke compensatory responses at promoters. In
particular, NF-Y motifs broadly increased in accessibility in LXRDKO liver compared to WT.
This motif was enriched among promoters already accessible in WT liver that became more
accessible in LXRDKO liver. NF-Y is known for its role in maintaining the accessibility of
promoter regions and protecting them from nucleosomes 6. A majority of the sites with
increased NF-Y accessibility occurred in LXR binding genes. More directed studies are needed

to explore the mechanistic relationships between LXR and NF-Y.
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Prior studies have documented instances of squelching, in which an activated
transcription factor represses a target gene without binding to its location by competing for
cofactors 36737, However, our study was not designed to test this mode of regulation for LXRs,
as we did not perform ATAC-seq in the presence of synthetic LXR agonist treatment. For genes
upregulated in LXRDKO liver that have no direct LXR binding, we observed an enrichment of
the CTCF motif in peaks that lost accessibility and NFY motif in peaks that gained accessibility.
This finding suggests that changes in CTCF and NFY may contribute to the ability of LXR to
repress genes without direct binding. The mechanism whereby loss of LXR alters CTCF and

NFY activity on LXR-binding and non-binding genes requires further investigation.
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Methods

Mice

Lxro—/— and LXrf3—/— mice originally provided by David Mangelsdorf (UT Southwestern Medical
Center, Dallas) were backcrossed more than 10 generation to the C57/BI6 background. Animals
were housed in a 25 °C temperature-controlled room under a 12-hour light / 12-hour dark cycle
under pathogen-free conditions. Mice had ad lib access to water and standard chow (Harlan NIH-
31, 3.1 kcal/g, 23% calories from protein, 18% from fat, and 59% from carbohydrate). Mice were
sacrificed at 8 weeks of age. All animal experiments were approved by the Institutional Animal

Care and Research Advisory Committee of the University of California, Los Angeles.
RNA-Seq sample preparation

RNA from frozen tissue was extracted through TRIzol (Invitrogen) and Qiagen RNeasy Mini Kit.
Total RNA libraries were made with KAPA Stranded kit with mRNA capture. Libraries were

sequenced as single-end (50bp) on an Illumina HiSeq3000.
RNA-Seq data processing and analysis

Data quality analysis was performed via FastQC 3. The reads were aligned to the mm10 genome
using STAR (v2.6.0c, 3%). Alignments were visualized using samtools 31° and the IGV browser
(v2.9.4) 3%, Differential expression analysis was performed with DESeq2 (v1.32.0)%"2, and genes
were classified as significantly regulated if adjusted P value <0.05. Genes were annotated using
biomaRt package (v2.48.3) in R (1v4.1.0)*". Plots and heatmaps were created in R using pheatmap

(v1.0.12) and EnhancedVolcano (v1.10.0)and the ClustVis web tool 316374 Gene sets were
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enriched for pathways using BioPlanet 2019 and ChlP-seq targets using ChIP Enrichment

Analysis (ChEA) 2016 through Enrichr 317375376,
ATAC-Seq sample preparation

ATAC-Seq from tissue was conducted as previously published 37 with some modifications.
Approximately 50 -100 mg of fresh tissue was homogenized via dounce homogenizer in 1 ml of
nuclear isolation buffer (20 mM Tris-HCI, 50 mM EDTA, 5 mM Spermidine, 0.15 mM Spermine,
0.1% mercaptoethanol, 40% glycerol, ImM EGTA, 60 mM KCI, 1% IGEPAL pH 7.5) and filtered
through a 40 uM nylon filter. Samples were centrifuged at 4 °C at 1000 x g for 10 min and the
pellet was resuspended with 1 ml cold resuspension buffer (RSB) (10 mM Tris-HCI, 10 mM NaCl,
3 mM MgCI2, pH 7.4). Approximately 50,000 nuclei from these samples were removed and
centrifuged at 4 °C at 500 x g for 5 min. Supernatant was removed and the transposase reaction
was performed immediately as described 3%. DNA was purified using Qiagen MinElute Kit and
libraries were prepared as described 3. Size selection was done with AMPure XP magnetic beads.
Libraries were quantified by gPCR using NEBNext Library Quant Kit for Illumina and were
sequenced on Illumina HiSeq 4000 as single-end 50 bp at the UCLA Broad Stem Cell Research

Center Sequencing core.
ATAC-Seq data processing and analysis

Samples were demultiplexed and quality control was done using FastQC 3’1, Cutadapt 8 was
used to trim adapters and trimmed sequences were aligned to the mm10 mouse genome assembly
using bowtie2 (v2.3.3)*®°. Mitochondrial, unmapped, multi-mapped and duplicate reads were
removed using samtools 31° and in-house scripts. Peaks were called using MACS2 3! and

quantitated across samples using Seqmonk (v1.38.2) 3”° and normalized to million reads per
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sample and peak length (RPKM). Peaks were annotated to genomic features and nearest promoter
via Homer (v4.10)%'* annotate function. Bedgraphs were created using Homer and converted to
Adf files for visualization in the IGV browser 31, tSNE plots were created using Seqmonk
(v1.38.2). For ranked analysis, peaks that had less than 10 counts across all 4 samples were
removed. We ran the Irreproducible Discovery Rate (IDR) software (v2.0.3) for quality control
3% The filtering improved the percentage of peaks that met the 1e-6 threshold in the IDR software.
The reads from replicates for each peak were averaged and the peaks were ranked based on the
difference between the average counts among conditions. The pheatmap R package was used to
plot the top 1000 peaks heatmap. ChlP-Seeker (v1.28.3) was used to plot the distribution of peaks
relative to TSS 3. Merged bam files were created using samtools (v1.6) merge function.
deepTools2 (v3.5.1) was employed to profile the signal intensity across defined peaks using the

merged replicates 3°,

Motif analysis to infer transcription factor (TF) binding was done through the findMotifGenome
and findMoatifs functions in Homer using known motifs. Ranked peaks were binned into equal sized
bins and known motif analysis was run for each bin. The p-value for each motif was plotted across
all bins. Non-enriched and not-changing motifs were filtered out. Motifs with high similarity
(>.90) within the same TF family were combined. Footprinting was done with HINT-ATAC using

the bam files and the JASPAR motif database as input 3738,
Additional ChIP-Seq and RNA-Seq datasets

Additional data was downloaded from the Gene Expression Omnibus and processed as above:
LXR Liver ChIP-Seq data (GSE35262), LXR vehicle-ChIP-Seq data (GSM864670), LXR T09
peaks (GSM864669). Differentially expressed genes in response to LXR agonist treatment were

obtained from GSE149075. Hepatic SREBP-2 peaks were obtained from GSE28082. The ChlIP-
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Atlas was used to provide a summarized ChIP-Seq experiments from mouse liver or hepatocytes

or liver derived cell lines 382,

Validation with LXR Agonist

9-week-old mice on mixed background 129X1/SvJ and C57BL/6 were gavaged with 40 mg/kg
GW3965% first 17 hrs before and second 8 hrs before sacrificing. Mice were 4hrs fasted before
sacrificing. GW3965 was gavaged in canola oil. DMSO was used as vehicle control. RNA was
extracted using TRIzol. The differences between gene expression were determined via gPCR using
Tag Universal SYBR Green Supermix (BIO-RAD) using primers that are provided in SI Appendix

Table 1.
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Figure 3-1:Global chromatin accessibility changes in LXRDKO liver.
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Figure 3-S2: Expression profiles of LXRDKO livers.
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Figure 3-S3-6: Loss of LXRs reduces motif accessibility of other transcription factors.
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Table 3-S1: Primers for RT-gPCR

Primer name (m for mouse)

Sequence

mLpinl_F CATGCTTCGGAAAGTCCTTCA
mLpinl_R GGTTATTCTTTGGCGTCAACCT
mCxcl1_F CTGGGATTCACCTCAAGAACATC
mCxcl1_R CAGGGTCAAGGCAAGCCTC
mSaad_F CTCTGTTCTTTGTTCCTGGGAG
mSaa4_R CTAGGTTGTCCCGATAGGCTC
mSlc25al5_F GCTGCCTCAAGACCTACTCC
mSlc25al5_R CCGTAACACATGAACAGCACC
mSorbs3_F TTCAGCTTCGTCTTTGAACAACA
mSorbs3_R CTTGGGTCAAGGTTGGAGGA
mNnmt_F TGTGCAGAAAACGAGATCCTC
mNnmt_R AGTTCTCCTTTTACAGCACCCA
mCdknla_F CCTGGTGATGTCCGACCTG
mCdknla_R CCATGAGCGCATCGCAATC
mTbcld8_F AGCCTAGCCAGATCACAAAGA
mTbcld8_R CGTCCAGAGGGAACAGTCT
mTymp_F CGCGGTGATAGATGGAAGAGC
mTymp_R CACACCTCCTGTGGAGTGTT
mGotl_F GCGCCTCCATCAGTCTTTG
mGotl_R ATTCATCTGTGCGGTACGCTC
mEtnppl_F GCTCTCCGTTTGCTACTTCAC
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mEtnppl_R CCCTCTTGACATCTTTGCCCTT
mlllrl_F CGAACCGTGAACAACACAAA
mlllrl_R CAGAGGCACCATGAGACAAA
mLurapll_F TCTCTTGGGTCTCTCGGTATAA
mLurapll_R TCCACAGCCAGCAAGATTAG
mRetregl_F GCCATCAAAGACCAGCTAGAA
mRetregl R GTCCCAGCTCACTCTCAATTT

Figure Legends

Figure 3-1: Global chromatin accessibility changes in LXRDKO liver.

A. Top: Average normalized ATAC-Seq signal intensity for top 1000-ranked peaks changing in
accessibility in WT and LXRDKO samples. Bottom: Heatmap of signal distribution around
ATAC-Seq peak summits, for the same peaks. B. Pie charts showing distribution of genomic

features among the top 1000 peaks with largest loss and gain in LXRDKO liver.
Figure 3-2: Correlation of LXR binding, gene expression, and chromatin accessibility.

A. Comparison of the proportion of genes with LXR Liver ChIP-Seq and LXR Liver +
T0901317 ChIP-Seq binding 2 among genes whose expression is downregulated, upregulated,
and unchanged in LXRDKO liver. B. ATAC-Seq signal intensity across LXR (basal) binding
sites in WT and LXRDKO samples. Average signal profile is plotted on top. C. Average change
in LXR binding site accessibility for peaks proximal to genes whose expression is
downregulated, upregulated or unchanged in LXRDKO liver in comparison to WT. D. Example

of ATAC-Seq signal on LXR binding sites in the alternative first exon (left) and promoter (right)
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of the Srebfl locus. Peaks that on average lost accessibility for at least 10 RPKM in LXRDKO
compared to WT are indicated with red arrows. Publicly available LXR Liver ChIP-Seq data are

aligned alongside the ATAC-Seq tracks 2%’

Figure 3-3: Loss of LXR affects chromatin accessibility at other transcription factor

binding sites.

A. Heatmap of motif accessibility across all ATAC-Seq peaks ranked and binned based on the
accessibility difference between LXRDKO and WT samples. Shown are 73 bins each containing
approximately 1000 peaks. The heatmaps represent the enrichment p-value obtained after known
motif analysis. Transcription factors are grouped based on motif similarity (>90%). Only motifs
that were enriched in peaks that lost accessibility in LXRDKO liver are shown. B. ATAC-Seq
signal intensity heatmap and profiles across peaks associated with CTCF (left), and FoxA2
(right) motifs, among the top 1000 peaks losing accessibility in LXRDKO livers. C. Browser
view of Insig2 locus showing WT and LXRDKO ATAC-Seq normalized signal alongside LXR
ChIP-Seq data 2°”. Below the reference gene are ChIP-Atlas tracks presenting aggregate liver

ChIP-Seq data for selected transcription factors 382,
Figure 3-4. Increased accessibility of NFY motifs in LXR-deficient liver.

A. Heatmap of motif accessibility across all ATAC-Seq peaks ranked and binned based on
differences between LXRDKO and WT. Shown are 73 bins each containing approximately 1000
peaks. The heatmaps represents the enrichment p-value obtained after known motif analysis.
Transcription factors are grouped based on motif similarity (>90%). Only motifs that were
enriched in peaks that gained accessibility in LXRDKO liver are shown. B. Heatmaps of motif

enrichment of selected overrepresented transcription factors across binned intergenic, intronic
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and promoter ATAC-Seq peaks based on change in accessibility. C. Footprint of the NFYA
motif in WT and LXRDKO ATAC-Seq samples using HINT-ATAC. D. ATAC-Seq signal
intensity heatmap and profile of peaks with NFY motif among the top 1000 peaks with the
largest gains of accessibility. E Within top 1000 peaks that gained accessibility in LXRDKO,
proportion of genes with increased NFY motif accessibility that also have LXR binding. F.
Browser view of peaks with increased NFY motif accessibility, including the promoter regions
of Hmcgr (left) and Gotl (right). Publicly available SREBP2 Liver ChIP-Seq and NFY motif

locations are aligned below the gene annotation 382,

Figure 3-5: LXR can act as a ligand-dependent and -independent repressor.

A. Heatmap of normalized counts of differentially expressed genes with an LXR ChlP-Seq
binding site. Unit variance scaling was used for scaling rows. Genes are arranged in according to
their behavior in response to agonist treatment (combining publicly available GW3965 and
T0901317 treatment results). Highlighted are selected genes in each segment. Top 3 results from
known motif analysis for each segment are shown in the following order: 1) Upregulated in
LXRDKO samples and downregulated by agonist, 2) Upregulated in LXRDKO and not changed
by agonist, 3) Downregulated in LXRDKO and upregulated by agonist 4) Downregulated in
LXRDKO and not changed by agonist. B. Example regions in which peaks with LXR binding
motifs were on average less accessible in LXRDKO liver, for genes where LXR was acting as a
repressor. Intergenic region associated with the Lurapll gene (left) and intronic region associated
with Slc25a15 (right). D. Independent validation of 14 ligand-repressed genes by qPCR

assessment from livers of acute GW3965 treated mice (n=5-6).

SI Appendix Figure 3-S1: Transcriptional changes in LXR-deficient liver.
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A. Differential expression analysis of the LXRDKO liver RNA-Seq results showed 246
upregulated and 321 downregulated genes. B. Volcano plot showing differential gene expression
between WT and LXRDKO samples. Genes are color-coded based on their fold change and
adjusted p value. C. Top 10 downregulated (left) and upregulated (right) genes from LXRDKO

liver RNA-Seq based on adjusted p value.

SI Appendix Figure 3-S2: Expression profiles of LXRDKO livers.

A. Pathway enrichment results for downregulated (top) and upregulated (bottom) genes in
LXRDKO liver. B. Transcription Factor ChlP-Seq enrichment analysis (ChEA) for
downregulated genes in LXRDKO liver. Publicly available ChIP-Seq data were used to estimate
enrichment of transcription factor binding in the promoters of genes downregulated in LXRDKO

liver.

SI Appendix Figure 3-S3: Chromatin accessibility profiles of LXRDKO livers

A. Correlation heatmap of ATAC-Seq samples using all peaks. B. t-SNE plot of ATAC-Seq
samples. C. Distribution of top 1000 peaks with largest loss and gain in LXRDKO liver based on
relative distance to closest TSS. D. Average change in accessibility of peaks associated with
differentially expressed genes in LXRDKO liver. E. Average change in accessibility in intronic
(left), intergenic (right), and promoter (bottom) regions for all genes (All) and those whose
expression was reduced (Down) or increased (Up) in LXRDKO livers. * comparison to all

genes; # comparison between downregulated and upregulated genes.

SI Appendix Figure 3-S4: Pathway enrichment.

Pathway enrichment analysis of the top 1000 peaks that lost (top) and gained (bottom)
accessibility.

133



SI Appendix Figure 3-S5: Changes to LXR binding sites in LXRDKO livers.

A. Proportion of LXR basal or agonist induced binding genes among genes differentially
expressed in LXRDKO livers. B. Average number of (basal) LXR binding sites per gene for all
LXR target genes and genes that are differentially expressed in LXRDKO liver. C. Changes in
accessibility across LXR binding sites in LXRDKO liver compared to WT. D. Proportion of
LXR binding sites within intergenic, intronic and promoter regions plotted as a function of the

change in accessibility in LXRDKO liver.

SI Appendix Figure 3-S6: Loss of LXRs reduces motif accessibility of other transcription

factors.

A. Heatmaps of motif enrichment of selected transcription factors from Figure 3-4A across
binned intergenic, intronic and promoter ATAC-Seq peaks based on the change in accessibility.
B. ATAC-Seq signal intensity heatmap and profile across peaks with PPARE motif, among the
top 1000 peaks losing accessibility in LXRDKO livers. C. (Left) Hierarchical clustering heatmap
for transcription factor motif co-occurrence among the least accessible 10 bins from Figure 3-4A.
Eachcolumn represents a peak and red indicates presence of the corresponding motif in that
peak. (Right) Hierarchical clustering heatmap for transcription factor motif co-occurrence among
LXR binding genes that are associated with the least accessible 10 bins in LXRDKO livers. Each
column represents a gene and red indicates presence of the corresponding motif in the peaks
associated with the same gene. D. Normalized counts for the expression of transcription factors

identified in Figure 3-4A. (* is used to indicate the FDR < 0.05)

SI Appendix Figure 3-S7: Impact of the loss of LXR on other transcription factor motif

activity.
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Footprint profile of HNF6 (A) and HNF1B (B) using the ATAC-Seq samples for LXRDKO and
WT with merged replicates. C. Pathway enrichment analysis of genes associated with increased
accessibility of the NFY motif (top 10 bin from Figure 3-5A). D. Volcano plot of the expression
profile of genes with NFY motif containing peaks within the top 10 bins that gain accessibility

(from Figure 3-5A).

SI Appendix Figure 3-S8: Change in accessibility and genomic features at the LXR binding

sites in relation to different modes of LXR action.

A. Proportions of genomic annotations for LXR binding peaks that are associated with genes that
are differentially upregulated or downregulated in LXRDKO and either downregulated,
upregulated or not changing in response to either GW3965 and T0901317 treatment are plotted.
B. Pathway enrichment analysis of genes that were downregulated in LXRDKO and have an
LXR ChIP-Seq peak but did not change in expression in response to agonist treatment. C. LXR
ChIP-Seq (basal) sites are segregated based on their genomic feature and ranked and binned
based on their change in accessibility in LXRDKO livers. Motif analysis was performed for each
of the bins across the accessibility and genomic features. Similar motifs were combined (>.90
Similarity) and motif with low enrichment were not displayed. Transcription factor motifs
enriched in the LXR binding intergenic (left), intron (middle) and promoter (right) regions are
displayed. D. Signal intensity heatmap and profiles of ATAC peaks at LXR binding sites

proximal to ligand-dependent repressed genes.
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Chapter 4 : Conclusions

Hepatic metabolism is flexible and responds to changes in nutrient availability. Levels of
lipids, glucose, amino acids and other metabolites in the liver are regulated in an interdependent
flux. Transcriptional networks coordinate many of these responses. Recent tools using high-
throughput sequencing have revealed not only changes in global expression patterns, but also the
regulatory changes in the genome that lead to the changes in expression. Multiomic approaches
that can integrate these and other modes of profiling, have enhanced our understanding of the
inner dynamics of metabolic tissues. The studies discussed in this dissertation used the power of
multiomics to reveal new nodes in the hepatic lipid metabolism network.

In Chapter 2 of the thesis, | profiled chromatin accessibility via ATAC-Seq in liver as a
strategy to identify transcriptional regulators that were previously not known to be involved in
particular physiological processes. Integrating ATAC-Seq, RNA-Seq, and ChlIP data revealed
that GATA4 is activated by feeding. Feeding-specific targets of GATA4 contribute to fatty acid,
phospholipid, ceramide and glucose metabolism. These processes are derailed in liver of
Gata4LKO mice in the fed state.

Loss of GATA4 led to a decrease in plasma HDL cholesterol and the accumulation of
liver triglycerides, factors relevant to the pathogenesis of atherosclerosis and fatty liver disease,
respectively. The gene expression signature in Gata4LKO livers suggested a reduction in
cholesterol efflux and triglyceride hydrolysis, and an upregulation of lipid uptake as potential
contributors to these phenotypes. However, future studies are needed to verify these
mechanisms.

Our studies further uncovered widespread collaboration between LXR and GATAA4.

GATAA4 colocalized with LXR in the genome, especially on genes involved in cholesterol efflux.
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Loss of GATA4 expression from mouse liver impeded LXR activity. It remains possible that
GATA4 may collaborate with additional transcription factors in the regulation of its other
targets.

In chapter 3 of the thesis, | used ATAC-Seq and RNA-Seq experiments to reveal that loss
of LXR impacts the hepatic transcriptional landscape broadly. Loss of LXRs in liver resulted in
reduced expression of classical LXR targets and PPARa targets in fatty acid metabolism
pathways and had increased expression of genes involved with amino acid metabolism and DNA
repair pathways. Chromatin regions in losing accessibility in LXRDKO livers enriched for
intergenic regions. In contrast, those that are gaining accessibility disproportionately enriched for
promoters, indicating a shift from enhancer to promoter control. Moreover, while binding sites
for many transcription factors in enhancers including nuclear receptors, CTCF and FOXA lost
accessibility and activity, those in promoters such as NFY gained them. Loss of LXR activity

impacted the activity of a broad set of prominent liver transcription factor families.

Integrating data from our LXRa/B knockout model with data from wild-type mice treated
with LXR agonist revealed different modes of LXR action. Basal versus agonist-driven LXRs
largely induced a different set of genes. Presence of LXR is needed for SREBP1c¢ and PPAR«
target gene expression. However, activation of LXR only induces SREBP1c targets but not
PPARGa targets. Agonist treatment also induces cholesterol transport genes, while they are
unaffected in basal loss of LXRs. In addition, this analysis revealed that LXRs can also function

as repressors on certain genes not involved in lipid metabolism.

Briefly, the contribution of LXR to chromatin landscape exceeded its canonical roles in

lipid metabolism. LXRs support activity of other transcription factors by maintaining the
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accessibility of enhancers. They suppress genes involved in amino acid metabolism and other

processes.

In conclusion, these studies revealed a new role for GATA4 and expanded our
understanding of LXRs in hepatic lipid metabolism. Additionally, they highlighted the

importance of interplay between transcription factors in regulation of gene expression.
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