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Hepatic GATA4 regulates cholesterol
and triglyceride homeostasis
in collaboration with LXRs
Lara Bideyan,1,2 Maykel López Rodríguez,1,2 Christina Priest,1,2 John P. Kennelly,1,2 Yajing Gao,1,2

Alessandra Ferrari,1,2 Prashant Rajbhandari,1,2 An-Chieh Feng,3 Sergei G. Tevosian,4 Stephen T. Smale,3

and Peter Tontonoz1,2

1Department of Pathology and Laboratory Medicine, University of California at Los Angeles, Los Angeles, USA; 2Department of
Biological Chemistry, University of California, Los Angeles, Los Angeles, USA; 3Department of Microbiology, Immunology, and
Molecular Genetics, University of California at Los Angeles, Los Angeles, USA; 4Department of Physiological Sciences, University
of Florida, Gainesville, Florida 32610, USA

GATA4 is a transcription factor known for its crucial role in the development of many tissues, including the 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 the liver. GATA4 expression is elevated in re-
sponse to refeeding, and its occupancy is increased at enhancers of genes linked to fatty acid and lipoprotein me-
tabolism. Knocking out GATA4 in the adult liver (Gata4LKO) decreased transcriptional activity at GATA4 binding
sites, especially during feeding. Gata4LKO mice have reduced plasma HDL cholesterol and increased liver triglyc-
eride levels. The expression of a panel of GATA4 binding genes involved in hepatic cholesterol export and triglyc-
eride hydrolysis was down-regulated in Gata4LKO mice. We further demonstrate that GATA4 collaborates with
LXR nuclear receptors in the 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 hepaticGATA4 contributes
to the transcriptional control of hepatic and systemic lipid homeostasis.

[Keywords: LXR; lipid metabolism; transcription factor]
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The liver plays a vital role in systemic lipid and glucose
metabolism (Rui 2014). The liver is the major site for syn-
thesis 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 nonalcoholic fatty liver dis-
eases (NAFLDs), insulin resistance, and atherosclerosis
(Goldstein and Brown 2015; Duell et al. 2022). Dissection
of the transcriptional landscape in physiological responses
such as fasting and feeding is needed to expand our under-
standing of metabolic regulatory networks and their vul-
nerabilities in pathologies.
GATA4 is a zinc finger protein belonging to GATA fam-

ily of transcription factors. While GATA1–3 are expressed
in the hematopoietic system and central nervous system,
GATA4–6 are expressed in endoderm- and mesoderm-de-
rived tissues such as the heart, liver, pancreas, and gonads
(Lentjes et al. 2016). GATA4 is known to play an essential

role in the development of many of these tissues and in
cardiac hypertrophy (Molkentin et al. 1997; Oka et al.
2006). Global knockout of GATA4 is embryonic-lethal
due to heart and liver agenesis (Molkentin et al. 1997;
Watt et al. 2007), making studies of adult tissues challeng-
ing. In the liver, GATA4 has been reported to be involved
in hepatocyte differentiation and to serve as a tumor sup-
pressor gene (Enane et al. 2017). GATA4 activity in stel-
late cells has been tied to quiescence and the prevention
of liver fibrosis (Arroyo et al. 2021). The action of
GATA4 in liver sinusoidal endothelial cells (LSECs), but
not in hepatocytes, appears to be important for liver regen-
eration (Zheng et al. 2013; Winkler et al. 2021). However,
the role of GATA4 in transcriptional regulation in adult
hepatocytes is poorly understood.
GATA4 is a pioneer factor that binds predominantly to

enhancer regions and is capable of opening closed
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chromatin (Romano andMiccio 2020). GATA4 binding to
its target genes is tissue-specific, in part due to its interac-
tions with other transcription factors. While it is capable
of both activating and repressing gene expression, prior
studies suggest that in the liver, GATA4 functions primar-
ily as an activator (Zheng et al. 2013). 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 (He et al. 2014).

In addition to its roles in differentiation and identity
maintenance, GATA4 has been associated with metabo-
lism. Genetic studies in humans have found association
of GATA4 with plasma triglycerides (TGs) and with
type 2 diabetes (T2D) (Lamina et al. 2011; Asselbergs
et al. 2012; Ding et al. 2021; Chou et al. 2022). Other re-
ports have suggested that GATA4 regulates steroidogene-
sis and glycolysis in Leydig cells (Bergeron et al. 2015;
Schrade et al. 2015) and that loss of intestinal GATA4 pre-
vents diet-induced obesity (Patankar et al. 2011). Howev-
er, themetabolic consequences of hepatocyte-specific loss
of GATA4 in adult mice are unknown.

In this study, we used integrated transcriptional and
epigenetic analyses to characterize GATA4 as a regulator
of the feeding response in the adult liver. We show that
loss of GATA4 alters the hepatic transcriptional land-
scape during feeding, reduces plasmaHDL cholesterol lev-
els, and increases liver triglyceride accumulation. Finally,
we demonstrate that GATA4 cooperates with LXR in the
regulation of genes linked to cholesterol homeostasis.

Results

GATA4 activity and expression are up-regulated
in response to feeding

To investigate changes in the hepatic transcriptional land-
scape during feeding, we conducted ATAC-seq and RNA-
seq on livers of mice fasted for 12 h and those of mice fast-
ed and then refed for 12 h with high-sucrose diet. We
adapted the time points and diet from previously pub-
lished protocols to maximize the insulin and lipogenic re-
sponse (Liang et al. 2002). 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 conditions and 2083 gaining
accessibility in refed conditions (Fig. 1A). The differen-
tially accessible peaks in the fasted and refed states were
primarily located in intergenic and intronic regions, fol-
lowed by promoter regions (Fig. 1B). Annotating peaks to
the closest promoter led to the observation that peaks
more accessible in fasting were associated with genes in-
volved in the PPAR signaling pathway (Supplemental
Fig. S1A) and that peaks more accessible in refeeding
were associated with fatty acid biosynthesis, ChREBP ac-
tivation, and other pathways (Supplemental Fig. S1B).
These associations strongly suggested that the dynamic
changes in the chromatin that we observed in response
to fasting and refeeding were linked to transcriptional

changes known to regulate these metabolic processes
(Bideyan et al. 2021).

We next sought to identify transcription factors that
might have differential activity in these two states.We an-
alyzed 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 ranmotif enrichment analysis
for each of these motifs on each bin and plotted the P-val-
ues (Fig. 1C). Motifs for transcription factors known to be
involved in fasting, such as those for PPARα, glucocorti-
coid receptor (GR), and FOXO1, were enriched in bins
more accessible in fasting livers. Similarly, motifs for fac-
tors 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, the GATA family
motif was enriched in peaks more accessible during re-
feeding, comparedwith peaks similarly ormore accessible
during fasting (Fig. 1C; Supplemental Fig. S1C). In the re-
fed condition, the average accessibility of peaks with the
GATA4 motif within the top 10 bins was >50% higher
in refed than in fasted mice (Fig. 1D). This finding was un-
expected, 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 (Supplemental Fig. S1D). Peaks
with increased GATA family motif accessibility in refed
livers were associated with genes linked to lipid, lipopro-
tein, and fatty acid metabolism, including Srebf1, Insig1,
Apoa1, Gpam, Pnpla3, Acsl5, Acaca, Fabp1, Elovl5, and
others (Fig 1E). Further analysis showed enrichment of
the C/EBPα motif among refed peaks with GATA motifs
(P-value = 1 × 10−205), suggesting possible collaboration be-
tweenC/EBPα andGATA proteins in the feeding response
(Supplemental Fig. S1E).

In addition to using the binning approach, we validated
the increase in the accessibility of theGATA4motif in the
refed condition by testing it on differentially accessible
peaks in fasted and refed conditions. Among the 3314 dif-
ferentially accessible peaks, 424 had GATA4 motifs with
an enrichment P-value of 1 × 10−19. Among peaks with
higher accessibility in the refed condition, 297 were en-
riched for the GATA4 motif, while among peaks with
higher accessibility in the fasted condition, 127 were en-
riched for the GATA4 motif. The enrichment of the
GATA4 motif had a P-value of 1 × 10−18 among the peaks
with increased accessibility in the refeeding condition and
a P-value of 1 × 10−3 among the peaks with increased ac-
cessibility in the fasting condition. While the frequency
of peaks with the GATA4 motif among not differentially
accessible regions was 8.45%, the frequency was 14.26%
for the peaks with increased accessibility in the refeeding
condition and 10.32% for the ones with increased accessi-
bility in the fasting condition.

RNA-seq showed that, among the GATA family, only
transcripts for Gata4 and Gata6 were expressed in the
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liver (Fig. 1F). Gene expression of other transcription fac-
tors from Figure 1C is shown in Supplemental Figure
S2A.Gata4wasmore abundant thanGata6, and its levels
increased approximately twofold in response to refeeding.

In contrast, Gata6 decreased in the refeeding condition,
making GATA4 the most likely mediator of the increased
GATA family activity seen in our ATAC-seq analysis. Ad-
ditionally, we validated the up-regulation of Gata4

A
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C

Figure 1. GATA4 motif accessibility and expression is up-regulated in liver by feeding. (A,B) Heat map (A) and genomic features (B) of
3314 differentially accessible ATAC-seq peaks in fasted versus refed livers. One-thousand-thirty-one peaks were differentially more ac-
cessible in the fasted condition and 2083 peaks were more accessible in the refed condition. (C ) Hierarchical clustering heat map for tran-
scription factor motif enrichment across all ATAC-seq peaks, ranked and binned (∼1000 peaks/bin) based on the accessibility fold change
between fasted and refed livers. Themotif enrichment for selected transcription factor families is plotted. (D) Average accessibility profile
at siteswithGATA4motif among the top 10 binsmore accessible in refed livers. (E) Pathway enrichment analysis of genes associatedwith
peaks inD. (F ) RPKMof GATA familymembers detected byRNA-seq. (G) Western blot analysis of GATA4 protein expression in fasted and
refed livers. (H) qPCR analysis ofGata4 expression in Hepa1–6 cells treated with DMEMwithout glucose or glutamine and with or without
100 nM insulin for 8 h. Data are expressed asmean±SEM. Statistical analysis was performed using two-tailed Student’s t-test with compar-
isons made between each group and its respective control. (∗∗) P<0.01, (∗∗∗∗) P<0.001. (NR) Nuclear receptors, (ZF) zinc finger.
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transcript and protein levels by qPCR and by Western
blotting (Fig. 1G; Supplemental Fig. S2B–D). Analysis of
publicly available RNA-seq data comparing ad libitum
fed mice versus 24-h-fasted mice (Kinouchi et al. 2018)
showed that circadian regulation of Gata4 is dependent
on feeding (Supplemental Fig. S2E). We further deter-
mined that insulin was the likely cause of the Gata4 up-
regulation during feeding. In Hepa1–6 cells, treatment
with insulin resulted in similar up-regulation ofGata4 ex-
pression (Fig. 1H). Based on these observations, we hy-
pothesized that GATA4 plays a role in the hepatic
metabolic response to feeding.

Loss of GATA4 alters the hepatic feeding response

Since GATA4 is essential for liver development (Watt
et al. 2007), we knocked out GATA4 in livers of Gata4-
floxed adult mice by administration of a hepatocyte-spe-
cific AAV8-Cre vector (Gata4LKO mice). qPCR analysis
of fasted and refed mice 1 wk after injection showed up
to an 83% reduction in Gata4 expression in mice receiv-
ing AAV8-Cre compared with vector controls (Fig. 2A).
Since liver endothelial and stellate cells are also known
to express Gata4 (Winkler et al. 2021), residual Gata4

expression was expected. This remaining Gata4 expres-
sion was not responsive to feeding.

Metabolic phenotyping revealed that Gata4LKO mice
had lower plasma cholesterol levels in both fasted and re-
fed conditions (Fig. 2B), implying that GATA4might have
a role in cholesterol homeostasis independent of the feed-
ing response. Fast protein liquid chromatography (FPLC)
fractionation of plasma from refedmice showed decreased
HDL cholesterol levels in Gata4LKO samples compared
with controls (Fig. 2C). Plasma triglycerides (TGs) and
nonesterified fatty acids (NEFA) were not different be-
tween groups (Supplemental Fig. S3A,B). Liver cholesterol
was increased in Gata4LKO mice in the fasted state (Fig.
2D), suggesting a possible defect in cholesterol transport
from the liver to plasma. Fasted liver TGs trended higher
in Gata4LKO samples compared with controls (Fig. 2E),
while liver glycogen was reduced in refed Gata4LKO
mice (Fig. 2F).

Lipidomic analysis revealed feeding-specific effects of
loss of hepatic GATA4 on glycerophospholipids and cer-
amides. Liver ceramides were decreased in refed control
samples in comparison with fasted controls (Fig. 2G,H).
However, this refeeding-induced reduction in liver cer-
amides was impaired in Gata4LKO mice. Liver ceramide

A

D

G H

E F

B C

Figure 2. Loss of Gata4 in the liver alters the hepatic and systemic lipid profile in fasting and in feeding conditions. Seven days to 10 d
after AAV injection, Gata4LKO and control mice were either fasted (12 h) or fasted (12 h) and then refed with HS diet for 12 h. (A) qPCR
assessment ofGata4 expression. (B) Plasma total cholesterol measurement. (C ) Total cholesterol level in FPLC fractionated plasma. Plas-
ma from four to fivemicewas pooled for each group. (D) Liver total cholesterol. (E) Lipidomic analysis of liver triglycerides (TGs) (n= 3–4).
(F ) Liver glycogen in refedGata4LKO versus controlmice. Total (G) and individual species (H) of liver ceramides from the lipidomics anal-
ysis in E. Data in bar plots are expressed asmean±SEM, and data in box plots are expressed asminimum tomaximum. Statistical analysis
was performed using two-tailed Student’s t-test with comparisonsmade between each group and its respective control (A–H) and two-way
ANOVA for the effects of genotype and nutrition (G). (∗) P<0.05, (∗∗) P< 0.01, (∗∗∗) P <0.001, (n.s.) not significant.
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levels were higher in refed Gata4LKOmice in comparison
with refed control mice, and there was a statistically sig-
nificant interaction between genotype and feeding status.
Among phospholipids, phosphatidylglycerol (PG) and
phosphatidylcholine (PC) species trended higher in refed
Gata4LKO mice, while phosphatidylethanolamines were
unchanged (Supplemental Fig. S3C–E). Last, liver FA and
sphingomyelin levels were increased in Gata4LKO mice
across nutritional states (Supplemental Fig. S2F,G). Over-
all, our phenotypic analysis demonstrated that loss of he-
patic GATA4 altered phospholipid and ceramide
metabolism during feeding, and cholesterol metabolism
in both the fasted and fed states.

GATA4 transcriptional targets in fasted and refed livers

We next conducted RNA-seq and H3K27ac ChIP-seq on
control and Gata4LKO livers from mice fasted or refed
with a 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 ChIP-seq (Sup-
plemental Fig. S4A–C). Bothmethods showed greater sep-
aration between knockout and control samples in the
refed condition. Using RNA-seq, we confirmed an 82% re-
duction in the reads from excised exons of theGata4 gene
(Supplemental Fig. S4D).
The RNA-seq data revealed genes differentially ex-

pressed between Gata4LKO and control livers during fast-
ing or feeding (Supplemental Fig. S4E). Down-regulated
genes in Gata4LKO mice were enriched for those linked
to “lipid and lipoprotein metabolism,” “lipid mobiliza-
tion,” and “HDL-mediated lipid transport” (Fig. 3A).
These included genes involved with cholesterol efflux,
such as Apoa1, Apoa2, Abcg5, Abcg8, Abca1, 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 geneswere down-regulat-
ed in both fasted and refed conditions (Fig. 3C). We also
performed gene set enrichment analysis (GSEA) by rank-
ing all genes based on their fold change and P-value in re-
fed Gata4LKO mice and controls. GSEA independently
showed down-regulation of the cholesterol efflux pathway
in Gata4LKO mice (Fig. 3D). The finding of reduced plas-
maHDL cholesterol in Gata4LKOmice is consistent with
reduced cholesterol efflux from the liver (Fig. 2B,C).
Genes relating to FA and glycerophospholipid metabo-

lism were down-regulated in Gata4LKO compared with
control mice, specifically in the refed condition (Fig. 3B).
Integrated pathway analysis (IPA) determined the
“SREBP1 pathway” to be down-regulated in refed
Gata4LKO mice based on the down-regulation of the
Srebf1 gene and SREBP1c target genes such as Gpam,
Pnpla3, and Acyl in refed Gata4LKO mice (Supplemental
Fig. S4F). Moreover, genes that were only down-regulated
in refed Gata4LKO mice were enriched for the “glycero-
phospholipid metabolism pathway” and included Pcyt2,
Pgs1, Pisd, and Pla2g12b (Fig. 3B,C). The refed-specific
changes in this pathway were consistent with increases
observed in glycerophospholipids in Gata4LKO mice

(Supplemental Fig. S3C–E). Genes relating to ceramide
metabolism were down-regulated in refed Gata4LKO
mice, especially Sgpl1, which encodes the protein that
performs the last step in ceramide degradation (Fig. 3B).
Reduction of Sgpl1 expression was consistent with the in-
creased 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
down-regulated genes involved in cholesterol and sphin-
gomyelin metabolism and SREBP signaling had GATA4
binding sites within or proximal to the gene body, making
them likely to be direct targets of GATA4 (Supplemental
Fig. S4G).
In fastingmice, we observed that SREBP2 and its targets

in the cholesterol biosynthesis pathway were strongly
down-regulated in Gata4LKO livers compared with con-
trols (Fig. 3B,C). Cholesterol inhibits its own biosynthesis
by down-regulating the SREBP2 targets (Yang et al. 2002).
The increased cholesterol levels in fasted Gata4LKO liv-
ers were therefore in linewith the down-regulation of cho-
lesterol synthesis genes (Fig. 2D).
In contrast to the down-regulation ofmany genes linked

to lipid metabolism genes, genes relating to glucose me-
tabolism and gluconeogenesis pathways were up-regulat-
ed in Gata4LKO livers compared with controls (Fig. 3E).
In particular, qPCR analysis confirmed that the gene for
the rate-limiting enzyme for gluconeogenesis, PEPCK
(Pck1), had higher expression in refed Gata4LKO mice
(Supplemental Fig. S4H). Increased gluconeogenesis
would be consistent with the reduced glycogen levels ob-
served in Gata4LKO livers (Fig. 2F). Overall, these results
indicate complementary shifts in both lipid metabolism
and glucose metabolism in the absence of GATA4.

Loss of GATA4 reduces transcriptional activity
at GATA4 binding sites

H3K27ac is a marker of active enhancers and promoters
(Creyghton et al. 2010). By performing H3K27ac ChIP-
seq on the same livers used for RNA-seq, we assessed ac-
tivity in regulatory regions in relation to transcriptional
changes in Gata4LKOmice in both fasted and refed condi-
tions. We analyzed the H3K27ac changes near GATA4
binding sites from GATA4 liver ChIP-seq (GSE49131)
and observed an average decrease in transcriptional activ-
ity at GATA4 binding regions in both fasted and refed
Gata4LKO livers (Fig. 4A). We used publicly available
H3K4me1 ChIP-seq (GSM722760) and H3K4me3 ChIP-
seq (GSM722761) from livers as additionalmarkers for en-
hancers and promoters. Out of 5867 GATA4 ChIP-seq
peaks, 1735 were within 1 kb of the enhancer marker
H3K4me1, and 1711 were within 1 kb of the promoter
marker H3K4me3. The GATA4 peaks associated with en-
hancers and promoters lost H3K27ac enrichment in
Gata4LKO livers (Fig. 4B).
We identified GATA4 binding regions with differential

H3K27ac enrichment inGata4LKO and control livers (Fig.
4C). While 209 regions were differentially enriched in
Gata4LKO livers only in the refed condition, 90 were dif-
ferentially enriched only in the fasted condition, and 56
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were differentially enriched in both conditions. A majori-
ty of the differentially regulated GATA4 binding regions
lost enhancer activity in Gata4LKO livers, and themagni-
tude of loss was greater in the refed state (Fig. 4D). To fur-
ther address whether GATA4 was required for changes in
transcriptional activity during feeding, we analyzed
H3K27ac signal in the regions of ATAC peaks with in-
creased GATA family motif accessibility in refed livers.
The average level of H3K27ac near these peakswas greater
in refed controls than in fasted controls. Moreover, the in-
crease in activity during feeding was blunted in
Gata4LKO liver (Fig. 4E). For instance, candidate Gata4
sites associated with the feeding-induced genes Pnpla3,
Acsl5, Srebf1, and others lost enhancer activity in refed
Gata4LKO livers, while the GATA4 binding site at its ca-

nonical target gene,Zfpm1, lost activity in Gata4LKO liv-
ers in both conditions (Fig. 4F; Supplemental Fig. S5A).

We also looked at the H3K27ac signal at theGata4 gene
to gain insight into the regulation of Gata4 expression.
While there are H3K27ac peaks that had stronger enrich-
ment in the control refed condition compared with the
control fasted condition, for many of them this increase
was attenuated in the Gata4LKO livers, indicating that
GATA4 binding at these locations at least partially was re-
sponsible for the transcriptional activity. However, we
identified two intronic regions in which the increase in
H3K27ac enrichment due to refeeding remains even in
the absence of GATA4 (Supplemental Fig. S5B). These
sites overlapped with a modest increase in average
ATAC-seq signal in refed WT mice compared with fasted

A

C

D E

B

Figure 3. Loss ofGata4 down-regulates lipid metabolism pathways in fasting and in feeding conditions. RNA-seq of Gata4LKO and con-
trol liver samples fasted for 12 h or refed for 12 h with HS diet after 12 h fasting. (A) Bioplanet pathway enrichment analysis of down-reg-
ulated genes in refed Gata4LKO liver RNA-seq compared with refed control livers. (B) Heat map of the expression of selected genes
involved in the indicated metabolic processes, which are down-regulated in fasted or refed Gata4LKO livers compared with their respec-
tive controls. (C ) KEGGpathway enrichment analysis of down-regulated genes inGata4LKO livers in only the fasted or refed conditions or
in both. (D,E) Gene set enrichment analysis (GSEA) of the GO biological pathway cholesterol efflux pathway (D) and the Wikipathways
glycolysis and gluconeogenesis gene set (E) among all expressed genes ranked for their fold change andP-value inGata4LKOversus control
livers in the refed condition.
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Figure 4. GATA4 has common and differential targets in fasted versus refed livers. (A) Profile of H3K27ac ChIP-seq signal within 1 kb of
GATA4ChIP-seq binding sites (GSE49131). (B) Profile of H3K27acChIP-seq signal atGATA4ChIP-seq binding sites that werewithin 1 kb
of H3K4me1 (left) or H3K4me3 (right) peaks from the liver (GSE29218). (C,D) Heat map of 355 H3K27ac ChIP-seq peaks (C ) and profile of
H3K27ac ChIP-seq signal (D) within 500 bp of GATA4 ChIP-seq binding sites that were differentially enriched in Gata4LKO compared
with control mice in fasted or refed conditions. (E) H3K27ac profile at regions identified from ATAC-seq with GATA4 motifs among
the top 10 bins that were more accessible in refed livers. (F ) Example IGV view of H3K27ac ChIP-seq of GATA4LKO and control livers
in both refed and fasted conditions. ATAC-seq of wild-type refed and fasted livers and GATA4 ChIP-seq at GATA4 targets. The regions
are annotated to the genewith the closest promoter. Tickmarks are 500 bp apart. (G) GATA4ChIP-qPCRof selected candidate regions for
increased GATA4 binding in refed samples. The bar graph shows values for target regions of both the input and ChIP samples that were
normalized to the average of two negative control regions within each sample. Data are expressed as mean±SEM. Statistical analysis was
performed by two-tailed t-tests between ChIP samples from fasted and refed states or between each group and its respective control. (H)
qPCR assessment of eRNAs of selected regions in fasted and refed controls versus Gata4LKO livers. “pos” and “neg” refer to the tran-
scripts on the positive and the negative strands, respectively. (I ) Percentage of H3K27ac peaks that were proximal to differentially ex-
pressed genes in refed Gata4LKO mice compared with controls, based on adjacency (500 bp) to GATA4 binding sites or differential
H3K27ac enrichment in refed Gata4LKO mice. (J) H3K27ac peaks adjacent to GATA4 binding sites that are down-regulated in KO refed
micewere selected. Theywere separated into groups based on changes in the expression of the closest gene inKO refedmice. TheWTrefed
H3K27ac signal of these groups is plotted. K-S test was performed for statistical analysis. (∗) P <0.05, (∗∗) P<0.01, (∗∗∗∗) P<0.0001, (n.s.) not
significant.

GATA4 regulates lipid metabolism with LXRs

GENES & DEVELOPMENT 1135



WTmice. These sites have been reported to be bound by a
number of transcription factors in the liver, including
LXRs, RXRα, C/EBPα, HNF4α, STAT5α, and FOXA1/2.
One or a combination of these transcription factors may
be partially responsible for inducingGata4 expression dur-
ing feeding.

We validated the differential binding of GATA4 at some
of these sites by conducting ChIP-qPCR on the same liver
samples (Fig. 4G). GATA binding sequences from Ces2a,
Fabp5, Gpam, Pnpla3, and Ralgps1 were enriched in
GATA4 ChIP samples from refed compared with fasted
livers, indicating increased binding of GATA4 with feed-
ing at these regions. Additionally, for select GATA4 bind-
ing sites, we confirmed that the absence of GATA4
reduced the enhancer RNA (eRNA) expression at those lo-
cations, some in the fasted or refed condition only and
some in both conditions (Fig. 4H). Overall, our data
show that GATA4 binding can be affected by nutritional
state and can impact H3K27ac levels and eRNA transcrip-
tion at its target enhancers.

IntegratingH3K27ac activitywith theGata4LKORNA-
seq and GATA4 ChIP-seq data, we sought to understand
the factors that correlated with changes in gene expres-
sion. We asked whether GATA4 binding or H3K27ac at
a GATA4 binding site was predictive of its differential ex-
pression of the cognate gene between WT and Gata4LKO
mice. Indeed, the strength and change in H3K27ac signal
and GATA4 binding were strongly associated with
down-regulated genes (Fig. 4I,J; Supplemental Fig. S5C).

To assess how other transcription factors were respond-
ing to the loss of hepatic GATA4, we analyzed transcrip-
tion 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 livers (Supplemental Fig. S5D). Interestingly,
binding motifs for two key transcription factors involved
in the fasting response, PPARα and FOXO1, were enriched
in regions with increased H3K27 acetylation in refed
Gata4LKO livers (Supplemental Fig. S5E). This suggests
inadequate suppression of fasting responses in refed
Gata4LKO livers. We further conducted pathway analysis
on the genes associated with regions of differential H3K27
acetylation in refed Gata4LKO livers. Regions with de-
creasedH3K27 acetylationwere enriched for genes associ-
ated with the AKT and insulin signaling pathways
(Supplemental Fig. S5F). Regions with increased H3K27
acetylation were enriched for genes associated with
AMPK signaling (Supplemental Fig. S4G). For some of
these genes, including Srebf1 and Pck1, changes in
H3K27 acetylation mirrored changes in gene expression
(Fig. 3B; Supplemental Fig. S4H), providing further evi-
dence for disruption of the feeding response in Gata4LKO
livers.

Loss of hepatic GATA4 leads to TG accumulation
in the liver

Based on the observation that loss of GATA4 altered the
expression of some hepatic genes regardless of feeding sta-
tus, we explored potential metabolic functions for

GATA4 beyond our fasting and refeeding paradigm. We
hypothesized that increasing the TG and cholesterol con-
tent in their diet might provoke additional phenotypes in
Gata4LKOmice. We fed mice chow or Western diet (WD)
for 3–4 wk after AAV injection and sacrificed them after 6
h of fasting. Plasma cholesterol levels were lower in
Gata4LKO mice compared with controls on both chow
and WD (Fig. 5A). Liver cholesterol levels were modestly
increased in Gata4LKO mice only in the chow-fed condi-
tion (Fig. 5B). On both chow andWD, liver TGsmore than
doubled inGata4LKOmice (Fig. 5C). Hematoxylin and eo-
sin (H&E) and Oil Red O staining of liver sections from
WD-fed mice confirmed hepatic lipid accumulation in
Gata4LKOmice (Fig. 5D; Supplemental Fig. S6A). Lipido-
mic analysis of chow-fed liver samples showed that liver
TGs with diverse fatty acid content were broadly in-
creased (Fig. 5E). On both chow and WD, liver fatty acids
were also elevated inGata4LKOmice comparedwith con-
trols (Supplemental Fig. S6B). Liver glycogens were re-
duced in Gata4LKO, especially on WD (Supplemental
Fig. S6C). Therewas no difference in VLDL secretion (Sup-
plemental Fig. S6D).

We analyzed gene expression to further characterize the
phenotype of Gata4LKO mice on WD. Data from RNA-
seq of Gata4LKO and control mice after 3 wk onWD clus-
tered by genotype (Supplemental Fig. S7A) and revealed
716 genes down-regulated and 1029 up-regulated in
Gata4LKO livers (Supplemental Fig. S7B). Expression of
genes linked to cholesterol metabolism, including trans-
port genes such as ApoA1, Apoc1, Abcg5, and Abcg8,
was reduced in WD-fed Gata4LKO mice (Fig. 5F). Many
of these genes were also differentially expressed in
chow-fed control and Gata4LKO livers (Supplemental
Fig. S7C). Moreover, fatty acid biosynthesis genes such
as Srebf1, Acly, Acaca, and Acsl3 showed reduced expres-
sion inWD-fed Gata4LKOmice (Fig. 5F). Given the reduc-
tion in gene expression linked to FA biosynthesis,
increased lipid synthesis was unlikely to be the cause of
the TG accumulation in Gata4LKO livers. We therefore
assessed the expression of genes involved in FA oxidation.
PPARα targets such as Acox1, Ehhadh, and others were
up-regulated in Gata4LKO mice (Fig. 5G; Supplemental
Fig. S7D). This pattern suggested that PPARαwas activat-
ed in Gata4LKO livers secondary to hepatic TG accumu-
lation. Interestingly, the expression of genes relating to
TG hydrolysis, including LipC, Ces2a, Aadac, and
Ces1g, was reduced in Gata4LKO mice, suggesting a pos-
sible mechanism for the hepatic TG accumulation (Fig.
5H). Additionally, genes linked to lipid and lipoprotein up-
take, such as Lpl, Cd36, and Vldlr, were up-regulated in
Gata4LKO mice, suggesting that increased lipid uptake
may also contribute to hepatic lipid accumulation (Fig.
5G).

GATA4 collaborates with LXR to induce their
joint transcriptional targets

Many of the genes down-regulated in Gata4LKO mice, in-
cluding Abca1, Abcg5, Abcg8, Srebf1, and Fasn, are LXR
targets (Repa et al. 2000a,b, 2002; Joseph et al. 2002). IPA
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predicted that LXRα transcriptional activity was down-reg-
ulated in Gata4LKO livers (P=1.02×10−6) (Fig. 6A). ChIP
enrichment analysis (ChEA) showed that down-regulated
genes inGata4LKOmice (fasted, refed, orWD-fed)were en-
riched for LXR ChIP-seq targets (Fig. 6B; Boergesen et al.
2012). Moreover, LXR ChIP-seq showed the LXR cistrome

was enriched for GATA4 binding sites, especially when
mice were treated with the LXR agonist T0901317, sug-
gesting common binding of the two transcription factors
(Fig. 6C). GATA4–LXR cobinding regions were associated
with genes involved in lipid and lipoprotein metabolism
and lipid transport (Supplemental Fig. S8A).
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Figure 5. Loss ofGata4 results in reduction in plasma cholesterol and accumulation of liver triglycerides. (A–C) Plasma total cholesterol
(A), liver total cholesterol (B), and liver triglycerides (C ) of Gata4LKO and control mice after 3 wk on chow (left) orWestern diet (right). (D)
H&E staining of Gata4 and control liver sections after 4 wk of Western diet feeding. (E) Lipidomics analysis of triglycerides summarized
based on the fatty acyl tail content of livers of Gata4LKO and control mice on chow for 3 wk after AAV injection. RNA-seqwas performed
on livers of Gata4LKOversus controlmice after 3 wkofWestern diet treatment. (F ) Pathway enrichment analysis of down-regulated genes
in Gata4LKO livers. (G) Relative expression of up-regulated PPARα target genes. (H) Normalized counts of down-regulated genes involved
in the triglyceride degradation pathway. For all panels, mice were euthanized after fasting for 6 h. Data are expressed asmean±SEM. Stat-
istical analysis was performed using two-tailed Student’s t-test with comparisonsmade between each group and its respective control (A–

C,E), andWald test followed by correction formultiple testing using Benjamini andHochbergmethod (F–H). (∗) P <0.05, (∗∗) P<0.01, (∗∗∗) P
<0.001, (∗∗∗∗) P <0.0001, (n.s.) not significant.
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Figure 6. GATA4 collaborates with LXR to induce shared transcriptional targets. (A) IPA summary of the LXRα pathway in Gata4LKO
RNA-seq. Green indicates down-regulated targets and red indicates up-regulated targets in refed Gata4LKO livers in contrast to controls.
Blue shows predicted down-regulation of activity. (B) ChIP enrichment analysis (ChEA) of the down-regulated genes in RNA-seq of
Gata4LKO versus control livers after 3 wk of Western diet treatment as described in Figure 5. (C ) Profile (top) and heat map (bottom)
of signal from LXR ChIP-seq with vehicle or LXR agonist T0901317 treatment (GSE35262) at 5867 GATA4 ChIP-seq sites. (D) Profile
of signal fromH3K27ac ChIP-seq from fasted and refed control andGata4LKO samples at LXRChIP-seq sites (with T0901317 treatment)
based on whether it is within 500 bp of a GATA4 binding site (GSE49131). (E) IGV view of GATA4 ChIP-seq, LXR ChIP-seq with and
without agonist treatment, and H3K27ac ChIP-seq of GATA4LKO and control livers in both refed and fasted conditions at example re-
gions for common LXR and GATA4 targets. The regions are annotated to the gene with the closest promoter. (F,G) Tick marks are 1 kb
apart. H3K27ac peaks adjacent to GATA4 binding sites are grouped based on either changes inH3K27ac enrichment (F ) or changes in the
expression of the closest gene with KO (G). LXR binding strength at these H3K27ac peaks are plotted. K-S test was performed for stat-
istical analysis. (H) qPCR assessment of expression of selected LXR target genes in the livers of mice overexpressing Gata4 or Gfp as
control. (I ) Gata4LKO and control mice were gavaged twice with 40 mg/kg LXR agonist GW3965 versus vehicle control DMSO.
RNA-seq heat map of 104 LXR targets of this experiment. LXR targets were defined by LXR ChIP-seq targets (GSM864669) that were
differentially expressed with GW3965 treatment in this experiment. (J) qPCR assessment of selected genes that showed a significant in-
teraction between genotype and LXR agonist treatment effect using two-way ANOVA. Data are expressed as mean ± SEM. Statistical
analysis was performed using two-tailed Student’s t-test and two-way ANOVA for interaction between the effects of genotype and ag-
onist treatment. (∗) Comparison with control-DMSO, (#) comparison with control-GW. (∗/#) P < 0.05, (∗∗/##) P < 0.01, (∗∗∗/###) P < 0.001,
(∗∗∗∗/####) P < 0.0001.
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LXR andGATA4 cobinding regionswere associatedwith
changes in enhancer and transcriptional activity in
Gata4LKO livers. Regions with both LXR and GATA4
binding sites on average lost H3K27ac enrichment in
Gata4LKO livers (Fig. 6D). Examples of LXR and GATA4
cobinding genes include Abca1, Abcg5, Abcg8, Ces2a,
and Fabp5. Each of these had reduced expression and
H3K27 acetylation at the LXR–GATA4 binding regions in
Gata4LKO livers compared with controls (Figs. 3B, 6E).
Globally, a strong LXR binding signal at a GATA4 binding
sitewas predictive of the down-regulation of H3K27ac level
of that site and transcript level of the cognate gene in
Gata4LKO livers (Fig. 6F,G). Additionally, we overex-
pressedGata4mRNA in livers of adult mice using an ade-
noviral vector.UsingqPCR,we found thatmanyof theLXR
target genes that were down-regulated in Gata4LKO mice
were up-regulated in Gata4-overexpressing mice (Adeno-
Gata4) versus controls (Adeno-Gfp) (Fig. 6H).
To further assess the role of GATA4 in hepatic LXR sig-

naling, we treated control and Gata4LKO mice with the
LXR agonist GW3965. We analyzed the changes in gene
expression in LXR targets, defined by LXR ChIP-seq
peak (GSM864669) and differential expression in response
to this GW3965 treatment. The majority of these genes
had a diminished response to the LXR agonist treatment
in the absence of GATA4 (Fig. 6I). qPCR analysis also
showed a panel of geneswhose expression showed a signif-
icant interaction between genotype and LXR agonist
treatment, including Abcg5, Ces2a, Fabp2, Fabp5, and
Soat2 (Fig. 6J). Induction of these genes by LXR agonist
was blunted in Gata4LKO livers. We noted other genes
whose expressionwas reduced inGata4LKO livers at base-
line but not after treatment with LXR agonist treatment,
including ApoA5, Insig2, and Scarb1 (Supplemental Fig.
S8B). The expression of certain genes involved in glucose
metabolism, such asG6pc, Pck1, and Pfkfb1, also showed
interaction betweenGata4LKO genotype and LXR agonist
treatment, indicating that the LXR–GATA4 collaboration
was not limited to cholesterol and triglyceride metabo-
lism (Supplemental Fig. S8C).

GATA4 is associated with human LDL and HDL
cholesterol levels

To address whether GATA4 was associated with hepatic
metabolism in humans, we probed the Type 2 Diabetes
Knowledge Portal for associations between GATA4 and
human metabolic traits from combined GWASs. We
found SNPs within a linkage disequilibrium (LD) block
containing GATA4 that were associated with LDL and
HDL cholesterol (P-value < 5 × 108) (Supplemental Table
S1). The top SNPs in this LD block for both phenotypes
were within intronic regions of the GATA4 gene (Supple-
mental Fig. S9).

Discussion

Here we used ATAC-seq to profile transcription factor
motifs associated with genome-wide changes in chroma-

tin accessibility in response to feeding. This approach led
to the identification of GATA4 as a transcriptional regu-
lator of liver metabolism during feeding. Expression of
GATA4 is induced in response to insulin, GATA4 bind-
ing 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 livers
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 the liver. These results identify GATA4 as an
important transcriptional modulator of hepatic lipid
homeostasis.
By deleting GATA4 via Cre-mediated recombination in

adult livers, we assessed the impact of loss of GATA4 on
global hepatic gene expression. GATA4 binding sites in
both enhancers (marked with H3K4me1) and promoters
(marked with H3K4me3) on average lost transcriptional
(as reflected by H3K27ac) activity. eRNA levels were re-
duced by the loss of hepatic GATA4 at certain GATA4
binding sites. However, we noted that some but not all
GATA4 binding sites lost transcriptional activity in
Gata4LKO mice. Moreover, as seen in other studies (He
et al. 2014), GATA4 target regions that lost H3K27 acety-
lation upon GATA4 deletion were more likely to be asso-
ciated with reduced gene expression. Additionally, the
strength of GATA4 binding and the H3K27ac level were
predictive of whether a given GATA4 binding site was
functional. This suggests that the local epigenetic context
influences the impact ofGATA4 binding on transcription-
al activity.
Our integrated genome-wide analyses revealed at least

two discrete functions for GATA4 in hepatic gene ex-
pression. One is to promote the expression of genes
linked to fatty acid, phospholipid, and ceramide metabo-
lism during feeding. A cadre of genes in these pathways
had GATA4 binding motifs with increased ATAC acces-
sibility during feeding in our analysis. Deletion of
GATA4 compromised the expression of these genes spe-
cifically in refed livers. In particular, the SREBP1c path-
way, a key mediator of insulin signaling, was down-
regulated in refed Gata4LKO livers. GATA4’s collabora-
tion with LXR may contribute to its effects on the
SREBP1 pathway, since LXR is necessary for maximum
expression of SREBP1c and several of its target genes in
response to feeding (Repa et al. 2000a; Joseph et al.
2002). The observation of differential gene expression
based on the nutritional state of the Gata4LKO mice
was supported by the finding of differential binding of
GATA4 to certain sites by ChIP-qPCR. However, future
studies with GATA4 ChIP-seq in the fasted and refed
states would provide additional insight into how
GATA4 targets vary with nutritional status.
A second function forGATA4 in the liver is to regulate a

different set of genes independent of feeding status. Most
prominent in this group of targets are those linked to cho-
lesterol metabolism. Accordingly, mice lacking GATA4
in the liver had reduced plasma HDL cholesterol and
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increased liver cholesterol levels. A number of key genes
in cholesterol efflux, including Apoa1, Abca1, Abcg5,
and Abcg8, were down-regulated in Gata4LKO livers;
these may contribute to the HDL phenotype. ABCA1me-
diates cholesterol transport from cells to Apo-AI, which is
the major protein component of HDL (Francis 2016). LXR
induces cholesterol efflux by up-regulating some of these
same genes (Venkateswaran et al. 2000). It is likely that
the disruption of the GATA4–LXR collaboration causes
a reduction in cholesterol efflux from Gata4LKO livers.
A previous study suggested that the loss of GATA4 in
the jejunum reduced dietary cholesterol absorption, sup-
porting GATA4’s ability to impact cholesterol transport
(Battle et al. 2008).

Liver triglycerides accumulated over time inGata4LKO
mice, and the high fat content of a WD exacerbated this
accumulation. This finding is consistent with a prior
study showing that GATA4 knockdown caused TG accu-
mulation in HepG2 cells treated with oleic acid (Chou
et al. 2022). Evidence from gene expression and functional
assays argue against possible defects in VLDL secretion or
fatty acid oxidation or an increase in fatty acid biosynthe-
sis as the causes of hepatic lipid accumulation in
Gata4LKO mice. Rather, a number of triglyceride hydro-
lysis genes (including Lipc) were down-regulated and
genes involved in FA and TG uptake (such as Lpl) were
up-regulated in Gata4LKO mice. Many members of the
Ces family, includingCes1g and Ces2a, which are known
to have triglyceride hydrolase functions, were also down-
regulated in response to loss ofGata4 (Lian et al. 2018). Fu-
ture studies are needed to confirm themechanisms under-
lying the phenotypes of Gata4LKO mice.

Previous GWASs have associated the GATA4 gene and
GATA4 binding with hyperlipidemia in humans (Assel-
bergs et al. 2012; Chou et al. 2022). Using GWAS databas-
es, we found that SNPs with associations with 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 transcription-
al partner for GATA4 in the liver. GATA4, HNF4A, and
LXR were also shown to participate in the regulation of
ABCG5 and ABCG8 in HepG2 cells (Sumi et al. 2007;
Back et al. 2013). Our 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 ac-
tivate its shared targets. Genes with enhancers that bound
both GATA4 and LXR were more likely to be down-regu-
lated inGata4LKO livers, indicating the functional impor-
tance of this cooperation. Moreover, loss of GATA4
interfered with the up-regulation of some LXR target
genes in response to LXR agonist treatment. However, fu-
ture studies are needed to explore the mechanism of this
cooperation and the metabolic roles of the LXR–GATA4
axis, especially in cholesterol efflux and triglyceride me-
tabolism in physiology and pathologies such as NAFLD.
In summary, hepatic GATA4 plays a central role in the
transcriptional regulation of hepatic lipid metabolism in
collaboration with LXR.

Materials and methods

Mice

C57BL/6Jmice from Jax Laboratories (strain 000664) were used as
wild-type mice in initial ATAC-seq and RNA-seq screens. Gata4-
floxed/floxed mice were previously described (Watt et al. 2004)
and were obtained from Jax Laboratories (strain 008194) and
maintained on a mixed 129/C57BL/6 background. Gata4LKO
mice were created by injecting AAV.TBG.PI.Cre.rBG (Addgene
107787-AAV8) or AAV.TBG.PI.Null.bGH (Addgene 105536-
AAV8) for control at a concentration of 5 × 1011 genome copies
per mouse at 8–10 wk of age. For theGata4 overexpression exper-
iment, a Gateway system (Life Technologies) was used to recom-
bine adeno pENTR-2B-Gata4 (Addgene plasmid 98615) and pAd/
CMV/V5-DEST.Adenovirus particleswere generated by transfec-
tion into 293A cells. Crude virus extracts were amplified, puri-
fied, and titered by Viraquest. Mice were injected with 4 × 108

pfu of pAd-CMV-GFP or pAd-CMV-Gata4. Oneweek after the in-
jection, mice were euthanized after 6 h of fasting.
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 re-
feeding experiments, the refed group was fasted for 12 h starting
at 9:00 a.m. and refed for 12 h with HS diet starting at 9:00 p.m.
The fasted group was fasted for 12 h starting at 9:00 p.m. Both
groups had access to water throughout and were sacrificed at
9:00 a.m. to 10:00 a.m. the following day. In other experiments,
mice started fasting at 8:00 a.m. to 9:00 a.m. and were sacrificed
at 2:00 p.m. to 3:00 p.m. Mice had ad libitum access to chow un-
less another diet was specified and were housed in pathogen-free
facilities maintained on 12-h light/dark cycles at 22°C. The
mouse studies were approved by the University of California at
Los Angeles (UCLA) Chancellor’s Animal Research Committee.

ATAC-seq sample preparation and sequencing

ATAC-seq from tissue was conducted as described previously
(Bideyan et al. 2022). In summary, fresh tissue was homogenized
in nuclear isolation buffer (20 mM Tris-HCl, 50 mM EDTA, 5
mM spermidine, 0.15 mM spermine, 0.1% mercaptoethanol,
40% glycerol, 1 mM EGTA, 60 mM KCl, 1% Igepal at pH 7.5)
and filtered with 40-µm filters. Samples were centrifuged and re-
suspended with cold resuspension buffer (RSB; 10 mM Tris-HCl,
10 mMNaCl, 3 mM MgCl2 at pH 7.4). Transposase reaction was
performed on ∼50,000 nuclei from these samples, DNAwas puri-
fied using a Qiagen MinElute kit, and libraries were prepared as
described (Buenrostro et al. 2015). Size selection was done with
AMPure XP magnetic beads. Libraries were quantified using a
NEBNext library quantification kit for Illumina and were se-
quenced on an Illumina HiSeq 4000 by single-end 50-bp
sequencing.

RNA-seq sample preparation and sequencing

RNA was extracted from frozen tissue using TRIzol (Invitrogen)
and a Qiagen RNeasy mini kit. The libraries were made with a
KAPA stranded kit with mRNA capture. Libraries were se-
quenced on an Illumina HiSeq 3000 by single-end 50-bp or
paired-end 50-bp sequencing on a Novaseq SP 100.

Chromatin immunoprecipitation

Chromatin was prepared from frozen tissue using truChIP chro-
matin shearing tissue kit (Covaris). Chromatin was sheared using
aDiagenode Bioruptor Pico for 30 sec on/30 sec off for 10 cycles in

Bideyan et al.

1140 GENES & DEVELOPMENT



SDS lysis buffer (1% SDS, 10 mM EDTA at pH 8.1, 50 mM Tris-
HCl at pH 8.1) supplementedwith protease inhibitor cocktail. In-
put was decross-linked overnight at 65°C in elution buffer (0.1 M
NaHCO3, 0.1% SDS, 200 mMNaCl) followed by treatment with
0.125 ug/mL RNase A (Thermo Scientific) and 0.1 mg/mL Pro-
teinase K. Chromatin was purified using QIAquick PCR purifica-
tion kit and quantified using Qubit (dsDNA HS). Protein A
Dynabeads (Invitrogen) were preincubated with 4 µg of
H3K27ac (Abcam ab4729) or rabbit anti-GATA4 antibody (Fortis
Life Sciences A303-503A) in ChIP dilution buffer (0.01% SDS,
1.1% Triton X-100, 1 mM EDTA at pH 8.1, 16.7 mM Tris-HCl
at pH 8.1, 167 mM NaCl plus proteinase inhibitor) for 1.5 h at
room temperature. Seven micrograms to 10 µg of chromatin
was incubated overnight with the corresponding antibody-bound
beads with rotation for immunoprecipitation (IP). IP samples
were washed with low-salt wash buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA at pH 8.1, 20 mM Tris-HCl at pH 8.1, 150
mMNaCl) followed by high-salt wash buffer (0.1% SDS, 1% Tri-
ton X-100, 2mMEDTA at pH 8.1, 20mMTris-HCl at pH 8.1, 500
mMNaCl), LiCl wash buffer (250mMLiCl, 1%deoxycholic acid,
1mMEDTAat pH8.1, 10mMTris-HCl at pH 8.1, 1% Igepal), and
finally twowasheswith TE buffer (1mMEDTA at pH 8.1, 10mM
Tris-HCl at pH 8.1) (Ferrari et al. 2017). IP samples were decross-
linked and purified as described for the input above. GATA4ChIP
samples and inputswere assessed using qPCR. Previously defined
Gata4-negative genomic regions (Fx-neg and Alb-neg) (Zheng
et al. 2013) were used to normalize across all samples in the
qPCR calculation. Values represent the average fold change
over the negative regions. Primer sequences for targets and con-
trols are in Supplemental Table S2. H3K27ac ChIP samples and
inputs were assessed by single-end 50-bp sequencing in a HiSeq
3000.

High-throughput sequencing data processing

For RNA-seq, reads were aligned to the mm9 or m10 genome us-
ing STAR (Dobin et al. 2013). DESeq2 and Seqmonk were used to
generate normalized counts or reads per kilobase of transcript per
million mapped reads (RPKM). DESeq2 was used to identify dif-
ferentially expressed genes with an FDR<0.05 cutoff. For
ATAC-seq and ChIP-seq, trimmed sequences were aligned to
the mm9 using bowtie2 (Langmead and Salzberg 2012). Reads
were filtered using SAMtools (Li et al. 2009). Peakswere called us-
ing MACS2, and consensus peaks were created using BedTools
(Zhang et al. 2008). For ATAC-seq, peaks were quantitated across
samples and normalized to million reads per sample and peak
length (RPKM) using Seqmonk. Differentially accessible peaks
were determined using EdgeR (Robinson et al. 2010). For ChIP-
seq, peaks were quantitated, and differentially expressed peaks
were selected using Diffbind (Ross-Innes et al. 2012). FDR of
<0.05 was used to identify differentially accessible or enriched
peaks.
Peaks were annotated to genes with nearest promoter via HO-

MER (Heinz et al. 2010). Replicatesweremerged using SAMtools.
Bedgraphs were created using HOMER and visualized using IGV
(Robinson et al. 2011). Peaks with a minimum of 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 HO-
MER. The P-value for each motif across all bins was calculated.
Highly similar motifs (>0.9 similarity score) were summarized
by one motif, and motifs that were not differentially enriched
were omitted from the heat map for simplicity. HOMER was
used to identify the genomic regions in which the motifs were
present.

High-throughput sequencing data analysis and visualization

Heatmapswere created using theClustVisweb tool (Metsalu and
Vilo 2015). Unit variance scaling was used except for Supplemen-
tal Figure S1, C and D. Bioplanet, Wikipathways, and KEGG from
Enrichr; gene set enrichment analysis (GSEA); and integrated
pathway analysis (IPA) software were used for pathway enrich-
ment analysis (Subramanian et al. 2005; Chen et al. 2013). FDR
of <0.05 was used for identifying differentially expressed genes.
The genes were ranked based on fold change and P-value (−log2-
FC×−log10P-value) for GSEA. DeepTools2 was used through
both Commandline and Galaxy to quantify and profile the signal
intensity in the ATAC-seq and ChIP-seq samples across defined
peak sets (Afgan et al. 2016; Ramírez et al. 2016). The BedTools
window function with a 500-bp range was used to identify
H3K27ac peaks near GATA4 and LXR ChIP-seq sites, and a 1-
kb range was used to identify H3K4me1 and H3K4me3 peaks
near GATA4 ChIP-seq sites.

Plasma and liver metabolic assays

Lipids were extracted from livers using the methods of Bligh and
Dyer (1959). Total cholesterol and NEFAs were measured using
commercially available TC and NEFA kits from WAKO, and tri-
glyceridesweremeasured using the TGkit fromSekisui Diagnos-
tics for both plasma and liver lipid extracts. To resolve lipoprotein
classes by fast protein liquid chromatography, plasmawas inject-
ed into a Superose 6 10/300 (GE Healthcare Life Sciences) chro-
matography column, and sequential fractions (1–80) were
collected for measurement of cholesterol by colorimetric assay
(WAKO NC9138103).

Lipidomics

Our lipidomics experiments used direct infusion-tandem mass
spectrometry andwere performed on a SCIEX 5500 triple-quadru-
pole (QQQ)with a Shimadzu autosampler, a SelexION ionmobil-
ity device, and a Shimadzu LC. Species were quantified using the
Sciex lipidyzer platform and Sciex and Avanti polar lipid
standards.

Liver glycogen assay

Frozen liver sampleswere prepared as described previously (Priest
et al. 2022) by precipitating proteins. A glycogen assay kit (Sigma-
Aldrich) was used according to the manufacturer’s instructions,
and the measurements were normalized to protein content.

RT-qPCR

For gene expression analysis, TRIzol was used to isolate RNA
from frozen tissue, and concentrations and quality were mea-
sured using Nanodrop. For eRNA analysis, RNA was extracted
from frozen tissue using TRIzol (Invitrogen) and Qiagen RNeasy
mini kit including DNase treatment according to the manufac-
turers’ instructions. cDNA was made, and real-time RT-qPCR
(Bio-Rad) and Applied Biosystems Quant Studio 6 Flex were
used for RT-qPCR. Primers for gene expression are in Supplemen-
tal Table S3. Primers for positive and negative strands of eRNA
were designed based on the liver GRO-seq data (GSE59486) using
the IDT PrimerQuest design tool (Supplemental Table S4).
Counts were normalized to the 36B4 expression from the same
samples.
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Western blotting

Proteins were isolated with radioimmunoprecipitation assay
buffer (Boston BioProducts) as described previously (Priest et al.
2022). Samples were loaded onto Bis-Tris gels, and proteins
were separated by electrophoresis and then transferred to polyvi-
nylidene difluoridemembranes. Themembranes were blocked in
5% nonfat milk in phosphate-buffered saline (PBS). Rabbit anti-
GATA4 antibody (Fortis Life Sciences A303-503A-M) and antiac-
tin antibody (Sigma-Aldrich A2066) were used as the primary an-
tibodies, and horseradish peroxidase-conjugated antirabbit IgG
(Jackson Laboratory) was used as the secondary antibody. Signal
was produced using Immobilon Forte Western HRP substrate
(EMD Millipore). The Western blot was quantified using Gel-
QuantNET software.

Histology

Tissueswere fixed in 4%paraformaldehyde. Tissuesweremount-
ed in paraffin, and 10-μmsectionswere cut. Sectionswere stained
with hematoxylin and eosin (H&E). Oil Red O staining was done
as described previously (Mehlem et al. 2013). Tissues were fixed
in Tissue-TekO.C.T. compound (Sigma 4583) on dry ice. Five-mi-
crometer sections were cut using a Microm HM 505 E cryostat
and placed on glass slides. Oil Red O solution (∼0.4%; Sigma
00625) was used for staining. A Zeiss Axioskop 2 plus bright-field
light microscope was used to capture the images.

VLDL secretion assay

Six-hour-fasted mice were injected with 1.0 g of poloxamer-407
(10% [w/v] in saline; Sigma-Aldrich 16758) per kilogram of
body weight (https://www.protocols.io/view/hepatic-vldl-
secretion-assay-izxcf7n). Blood samples were collected at 0-, 1-,
2-, 3-, and 4-h time points via retro-orbital bleeding and cardiac
puncture for the final time point. Plasma was obtained by centri-
fuging blood at 2000g for 15 min. Plasmawas assayed for lipids as
described above.

LXR agonist treatment

Nine-week-old Gata4LKO and control mice, 1 wk after AAV in-
jection, were gavaged with 40 mg/kg GW3965 prepared in canola
oil (Collins et al. 2002) at 17 h and then again 8 h before sacrifice.
Mice were 4-h-fasted at the time of killing. Dimethylsulfoxide in
canola oil was used as vehicle control. Gene expressionwas deter-
mined via RT-PCR as described above.

Cell culture studies

Hepa1–6 cells were deprived of FBS, glucose, and glutamine in
base Dulbecco’s modified Eagle medium (DMEM) that was sup-
plemented with or without 100 nM insulin for 8 h. RNAwas ex-
tracted, and RT-PCR was used in assessing Gata4 expression.

GWAS data

The SNPs and the Manhattan plot for the GATA4 loci for HDL
and LDL traits were obtained from the Type 2 Diabetes Knowl-
edge Portal on August 1, 2022. GATA4 loci were defined as the
default LD block spanning chr8: 11,484,468–11,667,511 in the
hg19 genome build.

Additional data sets

Gata4 expression throughout 24 h with and without fasting
(GSE107787), GATA4 ChIP-seq (GSE49132), and LXR liver
ChIP-seq data with and without agonist treatment
(GSE35262)33 were obtained from Gene Expression Omnibus
(GEO). Peaks for H3K4me1 ChIP-seq (GSM722760) and
H3K4me3 ChIP-seq (GSM722761) from murine livers and aggre-
gate ChIP-seq data were obtained from the ChIP-Atlas website.

Data availability

RNA-seq (GSE212485) and ATAC-seq (GSE212483) of fasted and
refed wild-type livers, RNA-seq (GSE212486) and H3K27ac ChIP-
seq (GSE212484) of fasted and refed Gata4LKO and control livers,
RNA-seq (GSE212487) of livers of Gata4LKO and controlmice on
Western diet, and RNA-seq (GSE218420) of livers of GW3965-
treated or vehicle-treated Gata4LKO and control mice were
deposited to the NCBI Gene Expression Omnibus under the
SuperSeries accession number GSE212488.
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