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ABSTRACT

Enhancers establish proximity with distant target
genes to regulate temporospatial gene expression
and specify cell identity. Lim domain binding pro-
tein 1 (LDB1) is a conserved and widely expressed
protein that functions as an enhancer looping factor.
Previous studies in erythroid cells and neuronal cells
showed that LDB1 forms protein complexes with dif-
ferent transcription factors to regulate cell-specific
gene expression. Here, we show that LDB1 regulates
expression of liver genes by occupying enhancer el-
ements and cooperating with hepatic transcription
factors HNF4A, FOXA1, TCF7 and GATA4. Using the
glucose transporter SLC2A2 gene, encoding GLUT2,
as an example, we find that LDB1 regulates gene ex-
pression by mediating enhancer—promoter interac-
tions. In vivo, we find that LDB1 deficiency in primary
mouse hepatocytes dysregulates metabolic gene ex-
pression and changes the enhancer landscape. Con-
ditional deletion of LDB1 in adult mouse liver induces
glucose intolerance. However, Ldb1 knockout hepa-
tocytes show improved liver pathology under high-
fat diet conditions associated with increased expres-
sion of genes related to liver fatty acid metabolic
processes. Thus, LDB1 is linked to liver metabolic
functions under normal and obesogenic conditions.

INTRODUCTION

Enhancers are gene regulatory elements typically residing
at considerable genomic distances from their target genes.
The long-distance interaction between enhancers and genes
occurs predominately within topologically associating do-
mains (TADs). TADs are self-interacting regions of chro-

matin up to 1 Mb in size bordered by convergent CTCF
binding sites (1-3). This organization is thought to favor
enhancer interaction with appropriate target genes and re-
strict interaction with nontarget genes. In addition, lineage-
specific protein factors bind at promoters and enhancers
and contribute to the specificity with which these contacts
determine unique transcriptomes in diverse cell types dur-
ing development and differentiation (4,5). A large fraction
of disease-associated genomic variants, including those as-
sociated with obesity and type 2 diabetes, reside in regula-
tory regions of the genome that are likely to be enhancers
(6,7).

Lim domain binding protein 1 (LDBI1) is a highly
conserved and ubiquitously expressed enhancer—promoter
looping factor that is critical for several developmental
pathways in diverse invertebrate and vertebrate organisms
(8). Deletion of Ldb1 in the mouse causes embryonic lethal-
ity at around E8.5 with numerous developmental defects in
body pattern formation and abnormalities in cardiogenesis,
neurogenesis and hematopoiesis (9). To be able to bind to
chromatin, the LIM-interacting domain in the C-terminus
of LDBI1 binds to LIM homeodomain proteins or to LIM-
only proteins that require additional partners to bind DNA.
Enhancer binding complexes of LDB1 with specific nuclear
LIM domain proteins are implicated in numerous develop-
mental systems (8).

The liver is a critical organ for detoxification and
metabolism and contributes to maintenance of normal
blood glucose levels. It has been reported that knockout
(KO) of Ldb1 in hepatocytes disrupts normal gene expres-
sion and promotes diethylnitrosamine-induced liver can-
cer in mice (10). However, how LDBI normally functions
in the liver is unknown. Here, we show by RNA sequenc-
ing (RNA-seq) that genes dysregulated upon LDBI1 loss
in the human HepG2 hepatoma cell line are enriched for
liver metabolic pathways. ChIP sequencing (ChIP-seq) re-
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vealed that LDBI binds primarily to enhancers at sites
that overlap with core liver transcription factors. KO of
LDBI significantly decreased expression of the major glu-
cose transporter gene SLC2A2. Mechanistically, LDB1 me-
diated chromatin interactions between the gene promoter
and its enhancers in an LDB1-dependent fashion and KO of
LDBI decreased liver transcription factor binding at these
regulatory elements. In vivo studies showed that conditional
KO of LDB1 in mouse hepatocytes (hep-Ldb1°%C) impacted
H3K27ac modification in the genome and dysregulated ex-
pression of hundreds of genes enriched in metabolic path-
ways such as fatty acid metabolic processes. When hep-
Ldb1°%© mice were maintained on a high-fat diet (HFD),
the pathological liver steatosis that typically develops in
obese mice was greatly attenuated. Thus, LDB1 organizes
chromatin interactions and regulates metabolic gene expres-
sion in hepatocytes and maintains essential metabolic func-
tions of the liver.

MATERIALS AND METHODS
Mouse model

All animal studies were approved by the NIDDK/NIH
Animal Care and Use Committee. Mice were housed in
a clean conventional vivarium at ~22°C, with a 12:12
h dark-light cycle (lights on at 06:00), and ad libitum
access to water and chow (LabDiet, Advanced Protocol
5VOT, 12.5% kcal from fat) or HFD (89067-469, 60% kcal
fat, VWR). Ldbl flox mice (11) and Albumin-Cre mice
(003574, The Jackson Laboratory) were mated to obtain
control mice (Ldb17¥//0¥) and liver-specific Ldbl KO mice
(Ldb17x/flox: 4]b-Cre*/~) on a C57BI6 background. Only
male littermates were used for experiments to control for the
effects of sex on metabolic studies. All regular chow (RC)
experiments were performed in 7-12-week-old mice. When
indicated, 8-week-old mice started to consume an HFD for
11-16 weeks.

Cell culture and transfection

HepG2 cells (HB-8065, ATCC) were cultured according
to instructions. To generate LDBI KO HepG2 clones,
pSpCas9-2A-GFP plasmid (Addgene, Plasmid #4813) con-
taining a guide RNA targeting the first exon of the LDBI
gene was electroporated into HepG2 cells (Lonza Nucle-
ofector Kit V, VCA-1003). To generate GLUT2 E3 KO
clones, two guide RNAs targeting E3 ends were electro-
porated into HepG?2 cells. GFP-positive single cells were
isolated by flow cytometry sorting and diluted and plated
into 96-well plates. LDB1 KO cell clones were identified by
DNA sequencing of LDBI gene locus and by western blot-
ting. GLUT2 E3 KO clones were identified by PCR and
DNA sequencing. To stably overexpress LDB1 in HepG2,
the pMYs-IRES-Neo-LDBI vector was used (12).

Mouse phenotyping

Body composition was measured in non-anesthetized mice
by time-domain Echo MRI 3-in-1 (Echo Medical Sys-
tems, Houston, TX). Intraperitoneal glucose tolerance tests
(IGTTs; 2 g/kg for RC mice, 1 g/kg for HFD mice) were

performed following an overnight fast (~13 h). Insulin tol-
erance tests (ITTs; Humulin R, Eli Lilly, 0.75 U/kg i.p.
for RC mice, 1 U/kg for HFD mice) were performed in
mice fasted for 4 h. For pyruvate tolerance tests (PTTs),
mice maintained on RC were fasted overnight (~13 h) and
injected with 2 g/kg pyruvate i.p. For glucagon challenge
tests (GCTs), mice were fasted for 4 h, and 16 wg/kg (for
both RC and HFD mice) glucagon (Sigma, G2044) was
administered i.p. In all in vivo assays, blood was collected
from the tail vein, and blood glucose was measured with a
Glucometer Contour (Bayer, Mishawaka, IN). For serum
analysis, blood was collected at 09:00 from the tail vein
of freely fed mice. Plasma free fatty acid (FFA; Roche
Diagnostics GmbH, Mannheim, Germany), triglycerides
(TGs; Pointe Scientific Inc., Canton, MI) and cholesterol
(Thermo Scientific, Middletown, VA) were measured using
the indicated colorimetric assays. Plasma insulin levels were
measured by ELISA (Crystal Chem, Downers Grove, IL).
Liver TGs were extracted from 50 mg of liver using chloro-
form:methanol (2:1) as described (13) and measured using
Triglyceride Liquid Reagent Set (Fisher Scientific, T7532-
120).

Isolation of mouse primary hepatocytes and glucose produc-
tion study

Mice were anesthetized with single i.p. injection of tri-
bromoethanol (10 wl/g of 2.5% tribromoethanol, Sigma,
T48402). Subsequently, hepatocytes were isolated by a two-
step collagenase perfusion method (14). After isolation, pri-
mary mouse hepatocytes were cultured in six-well plates
(5 x 10° cells/well) with 10% FBS DMEM (high glucose)
for ~5 h for plating. Cells were washed twice with PBS
and then incubated overnight in phenol red-free, glucose-
free DMEM supplemented with gluconeogenic substrates
(20 mM sodium lactate, 2 mM sodium pyruvate). Cells
were washed three times with PBS. Control cells were in-
cubated with phenol red-free, glucose-free DMEM. For
glucagon stimulation, glucagon (Sigma, G2044, final con-
centration 10 nM) was added to phenol red-free, glucose-
free DMEM supplemented with 20 mM sodium lactate
and 2 mM sodium pyruvate. The same medium without
glucagon was used for control purposes. For insulin stim-
ulation, insulin (Sigma, 91077C, final concentration 100
nM) was added. Cells were incubated for 4 h. The culture
medium was collected for glucose measurement (Glucose
GO Assay Kit, Sigma, GAGO20-1KT), and glucose con-
centrations were normalized by protein amount.

RT-qPCR and RNA-seq

RNA was extracted by PureLink RNA Mini Kit (Invit-
rogen, 12183020), and DNA was removed by DNase di-
gestion (Invitrogen, 12185-010). For RT-qPCR, 2 pg total
RNA was reverse transcribed to cDNA by the Superscript
III first-strand synthesis system (Invitrogen, 18080051). For
RNA-seq, libraries were constructed from 1 pg total RNA
by using the Truseq Stranded mRNA sample preparation
kit (Illumina 20020493). Quality of RNA and libraries was
validated by Bioanalyzer 2100. Sequencing was performed
by the NIDDK Genomics Core. See Supplementary Table
S1 for RT-qPCR primers.



ChIP-qPCR and ChIP-seq

ChIP-gPCR and ChIPmentation were performed as de-
scribed previously (15,16). Briefly, HepG2 cells were fixed
with 1% formaldehyde (Thermo, 28908) for 10 min or fixed
with double cross-linking [2 mM DSG (Thermo, 20593)
at room temperature for 30 min, followed by the addition
of 1% formaldehyde for 10 min). A total of 107 cells were
used for each immunoprecipitation (IP), and chromatin was
sonicated to 500-1000 bp (ChIP-qPCR) or around 300 bp
(ChIPmentation) using a Bioruptor. For primers used for
ChIP-gPCR, see Supplementary Table S2. For antibodies
used for ChIP and ChIPmentation, see Supplementary Ta-
ble S3.

Immunoprecipitation

HepG2 cells were collected and washed twice with ice-cold
PBS. Cells were resuspended in ice-cold lysis buffer [SO mM
Tris—HCI, 150 mM NaCl, 1 mM EDTA, 1% NP40, 0.25%
sodium deoxycholate, proteinase inhibitor cocktail (Sigma
P8340), PMSF (Thermo Fisher, 36978)] and then incubated
on ice for 30 min with occasional stirring. Cell lysates were
then centrifuged at 14 000 x g for 15 min at 4°C. After
collection of supernatants, protein concentrations were de-
tected by a BCA kit (Thermo Fisher, 23225). Four hundred
to five hundred milligrams of protein was used for each IP
assay. Whole cell extract was precleared with normal IgG
antibody and then aliquoted to input, IP and IgG sam-
ples. In the case of IP and IgG samples, 5 mg antibody was
added and incubated at 4°C overnight. Dynabeads (Thermo
Fisher, 10002D) were added and incubated for another 4
h. Beads were then washed six times with ice-cold lysis
buffer. Proteins were eluted by adding LDS loading buffer
(Thermo Fisher, NP0007) to the lysis buffer and incubation
at 70°C for 10 min. Supernatants were collected and pro-
cessed for western blotting studies. See Supplementary Ta-
ble S3 for antibodies.

Chromosome conformation capture

Chromosome conformation capture (3C) was performed as
described previously (17). HepG2 cells were cross-linked
with 1% formaldehyde (Thermo, 28908) for 10 min at room
temperature. A total of 107 cells were used for 3C and
digested with EcoRI (BioLabs, R3101T). Relative inter-
action frequency between the anchor fragment and frag-
ments of interest was analyzed by qPCR using SYBR Green
Supermix (Bio-Rad, 1725124) on the 7900HT Real-Time
PCR System. Interaction frequency between two fragments
within the human a-tubulin gene was used for normaliza-
tion between different samples. See Supplementary Table S4
for 3C primers.

Oligonucleotides

All oligos used in this study were synthesized by Inte-
grated DNA Technologies. For other oligo sequences in-
cluding gRNA, PCR and genotyping, see Supplementary
Table S5.
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Quantification and statistical analysis

For in vitro assays, three independent experiments were car-
ried out. For in vivo experiments, mouse numbers are in-
dicated in the figure legends. All data were expressed as
mean £ SD. GraphPad Prism 8.0 (GraphPad Software) was
used to perform the statistical analyses. For two-group com-
parison, F test was used to test equal variance first, and
then two-tailed Student’s 7 test for equal variance compar-
ison and Welch’s 7 test for unequal variance comparison.
For multigroup comparison, two-way ANOVA followed by
Bonferroni’s post hoc test was used. P values <0.05 were
considered statistically significant: “P < 0.05, P < 0.01

ok

and P < 0.001.

RESULTS

LDBI1 regulates metabolic gene expression in HepG2 human
hepatoma cells

LDBI function has been well studied in erythroid cells and
cell lines in which LDBI is highly expressed. We found that
LDBI1 was also expressed in human HepG?2 cells and mouse
Hepal-6 cells, although mRNA and protein levels were re-
duced as compared with erythroid cell lines (Supplementary
Figure S1A and B). To investigate a potential role for LDB1
in liver cells, we deleted the LDBI1 gene in human HepG?2
cells by CRISPR/Cas9-mediated frameshift of the open
reading frame (Supplementary Figure S1C). Four clones
(KO-1, KO-4, KO-5 and KO-6) with reduced LDB1 mRNA
and undetectable LDB1 protein expression were obtained
(Supplementary Figure SID and E). Although HepG2 is a
liver hepatoma cell line, the cells display many aspects re-
lated to the regulation of hepatic metabolism that are sim-
ilar to those of hepatocytes in vivo (18). To ask whether
LDBI loss in HepG?2 cells had functional consequences, we
determined glucose transport efficiency for LDB1 KO cells
and for cells overexpressing LDBI (Figure 1A, Supplemen-
tary Figure S1E). Loss of LDBI1 reduced glucose uptake by
HepG2 cells and LDBI1 overexpression had the opposite ef-
fect, suggesting the involvement of LDBI1 in liver metabolic
processes.

Transcriptomic analysis was performed by RNA-seq for
a representative LDBI1 KO clone (KO-1) and control cells
(Figure 1B). We found 490 differentially expressed genes
(DEGS) in the LDBI1 KO samples compared to controls
(Pagj < 0.1), of which 141 genes were upregulated and 349
were downregulated. Examples of genes strongly up- or
downregulated upon LDBI1 loss are shown in Figure 1C.
GO analysis of DEGs showed that genes downregulated
by loss of LDB1 were enriched for signatures of metabolic
and biosynthetic gene expression programs such as steroid
metabolic process (Figure 1D). Examples of DEGs in-
clude ALB, encoding the major liver protein albumin, and
SLC2A2, encoding the glucose transporter GLUT2, which
plays a key role in mediating glucose uptake by the liver. Up-
regulated genes upon LDBI deletion in hepatocytes were
enriched for Wnt signaling pathway genes (P YGOI, NKDI,
NOTUM, CELSRI), which is consistent with earlier data in
embryonic liver and in vivo (9,10). We conclude that LDB1
regulates metabolic gene transcription programs in HepG2
hepatoma cells.
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LDBI is recruited primarily to enhancers to regulate gene ex-
pression in HepG2 cells

To determine direct targets of LDB1 in HepG2 cells, LDBI
ChIP-seq was performed. The result revealed 3366 peaks
(FDR < 0.05), of which very few (11.48%) were at promot-
ers and ~82% were in intergenic or intronic regions where
enhancers are found (Figure 1E). In support, there was a
88% overlap of LDBI peaks with enhancers called by En-
hancerAtlas2.0 (19), similar to erythroid cells (Supplemen-
tary Figure S2A) (20).

To explore whether loss of LDBI affected H3K27ac mod-
ification that marks both transcribed gene promoters and
active enhancers, H3K27ac ChIP-seq was carried out for
control and LDB1 KO HepG2 cells. We found differential
H3K27ac binding at a relatively small number of sites (2348
diffbinds at FDR < 0.05) (Figure 1F). Moreover, only 348
H3K27ac peaks changed enrichment by at least 2-fold, with
70% of those changed peaks representing decreases in acety-
lation. Differential H3K27ac sites were common at both
promoters (47%) and at intronic or intergenic locations
(40%) (Figure 1G). Overlap of H3K27ac diffbinds with pro-
moters (UCSC annotated promoters, —1 kb of TSS) was
40% (Supplementary Figure S2B). We found 116 DEGs as-
sociated with the lack of LDBI that overlapped H3K27ac
diffbinds (logo FC >0 or <0) (Supplementary Figure S2C).
Up- or downregulated DEGs were highly correlated (R =
0.89) with increased or decreased H3K27ac, respectively.
Overall, these results suggest that lack of LDBI affects
H3K27ac levels at enhancers and promoters, accompanied
by changes in gene expression.

To identify the regulatory targets of enhancers that
were occupied by LDBI, we intersected DEGs and ge-
nomic LDBI localization with promoter-capture HiC data
for adult human liver (21). This analysis revealed that
among 490 DEGs upon LDBI1 KO, 355 make long-range
contact to a putative enhancer-containing fragment and
242 DEGs contact a putative enhancer fragment occupied
by LDBI (Figure 1H). LDB1 DEGs were enriched for
loops to LDB1-occupied enhancers (P = 0.0199, odds ra-
tio = 1.312, Fisher’s exact test). Among the genes con-
tacting these LDB1-binding enhancers are 18 out of the
32 genes strongly dysregulated by LDB1 KO in Figure
1C. There were 86 examples of DEGs linked to LDBI-
bound enhancers that were H3K27ac diffbinds upon LDBI
loss. Examples include ALCAM, SEMA6A and SLC2A2
enhancers (see below). Increased or decreased diffbind
H3K27ac modification correlated (R = 0.52) with linked
gene up- or downregulation (Supplementary Figure S2D).
However, exceptions were notable, possibly due to link-
ing of DEGs to more than one enhancer fragment (215
DEGs linked to 706 enhancers), which leaves indetermi-
nant which contact(s) are functionally relevant. Overall,
these results support the idea that LDB1 gene regulation
in HepG2 cells is linked to long-range looping interac-
tions and that loss of these interactions correlates with
decreased H3H27ac and transcription at affected linked
promoters.
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Cooperation between LDB1 and master liver transcription
factors to regulate liver genes

LDBI depends on partner proteins to bind chromatin and
regulate long-range gene transcription. De novo motif anal-
ysis of LDBI1 binding sites in HepG?2 cells using Homer (22)
revealed that LDBI peaks were enriched for the canonical
GATA motif as well as motifs for the liver factors FOXA,
TCF7 and HNF4 (Figure 2A). GATA4 and GATA6 DNA-
binding proteins are required for development of the em-
bryonic liver (23). However, in HepG?2 cells, GATA4 was the
only GATA factor with substantial expression (Supplemen-
tary Figure S2E). Moreover, GATA4 occupies thousands of
sites in adult liver, supporting a role for GATA4 in liver gene
expression (24).

LDBI1 binding sites in HepG2 cells significantly over-
lapped with GATAA4 sites (67%) obtained from published
ChIP-seq data, providing evidence for both shared and in-
dependent functions for these factors (Supplementary Fig-
ure S2F). Strikingly, LDB1 and GATA4 co-occupancy was
highly correlated with liver transcription factors TCF7,
HNF4A and FOXAL in terms of both localization and sig-
nal intensity, suggesting that LDBI functions together with
key hepatocyte factors in HepG?2 cells to regulate gene ex-
pression (Figure 2B, Supplementary Figure S2F). We found
965 sites co-occupied by LDBI, TCF7, HNF4A, FOXAI
and GATA4 (Supplementary Figure S2G). The heatmap in
Figure 2C illustrates two populations of LDB1 sites that we
refer to as LDB1-only or LDB1 + GATA4 sites. Of note,
both LDB1-only and LDB1 + GATA4 sites are occupied
by liver transcription factors TCF7, HNF4A and FOXAL,
although the density of liver factors at LDB1-only sites is
considerably lower (Figure 2C).

We next asked whether there was a direct interaction be-
tween LDBI1 and any of the liver transcription factors we
observed to co-occupy regulatory sites. LDBI1 IP success-
fully pulled down HNF4A and GATA4 but provided no ev-
idence for interaction with FOXA1 or TCF7 (Figure 2D).
Typically, LDB1 complexes require a LIM homeodomain
partner to allow direct binding with DNA or a LIM-only
protein to link it to additional partners to bind DNA. Based
on the abundance of LMO7 RNA among LIM factors ex-
pressed in HepG?2 cells (Supplementary Figure S2H), we
carried out western blotting for this single LIM domain
factor. The results revealed a strong interaction between
LMO7 and LDBI (Figure 2D).

ALCAM and SEMAG6A are examples of DEGs with de-
creased expression upon LDB1 KO (Figure 1C). In par-
ticular, ALCAM and SEMA6A putative enhancers called
by ChromHMM in HepG?2 cells and displaying DNase I
hypersensitivity and P300 occupancy are co-occupied by
LDBI1 and liver factors FOXA1, GATA4, HNF4A and
TCF7 (Figure 2E and F). H3K27ac at the promoter and
enhancers of these two genes is greatly reduced after LDB1
loss. Together, these experiments reveal a novel potential co-
operation between LDB1 or LDB1 + GATA4 complexes
and liver transcription factors to regulate a cohort of liver
genes through their enhancers.
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LDBI1 regulates SLC2A2 expression by mediating enhancer—
promoter interaction

The data so far strongly suggest that LDBI regulates genes
in HepG2 cells by mediating interactions between the genes
and their enhancers. To further pursue this line of inves-
tigation, we focused on SLC2A42, which encodes GLUT2,
the major glucose transporter in hepatocytes. In all four
LDBI1 KO clones, GLUT?2 expression was strongly reduced
with no effect on GLUTI1 or GLUT3 expression (Figure
3A, Supplementary Figure S3A). Incubation of normal pri-
mary mouse hepatocytes or HepG?2 cells in media contain-
ing a high concentration of glucose increases transcription
of GLUT2 (Figure 3B) (25). However, this effect was abro-
gated in HepG2 cells lacking LDBI.

Publicly available ChIP-seq data and ChromHMM for
HepG?2 cells suggest localization of putative enhancers in
the SLC2A2 locus corresponding to H3K27ac, DNase I hy-
persensitivity and P300 binding (Figure 3C). We designated
these positions E1-E4. Interestingly, the SLC2A2 locus is
flanked by insulator CTCF binding sites (CBS, Figure 3C)
and an additional CBS lies between the promoter and pu-
tative enhancer E2. ChIP-qPCR validated that each of the
putative enhancers, as well as the SLC2A2 promoter, is oc-
cupied by LDB1 and GATA4 in control HepG2 cells, with
significant reduction of the signals in LDB1 KO cells (Fig-
ure 3D and E). ChIP-qPCR also validated the presence of
HNF4, FOXA1 and LMO7 at SLC2A2 locus regulatory
sites (Supplementary Figure S3B-D).

HNF4A was strongly reduced at E3 and the SLC2A42
promoter after LDB1 KO and LMO7 was reduced at El.
FOXA1 occupancy was reduced at E2 after LDB1 KO but
remained relatively high. Lack of LDBI did not affect tran-
scription of any of these liver factors (Supplementary Fig-
ure S3E). HAT P300, which catalyzes the H3K27ac mark,
was detected at all the sites and was reduced after LDB1
KO (Supplementary Figure S3F). However, E3 was the only
putative enhancer site that was strongly enriched for the
H3K27ac activator mark, which was modestly reduced af-
ter LDBI1 loss (Figure 3F). We then knocked out E3 by
CRISPR/Cas9 editing in HepG?2 cells and obtained two
KO clones (Supplementary Figure S3G). RT-qPCR results
indicated that GLUT2 gene expression was significantly de-
creased in E3 KO clones, supporting E3 enhancer activity
(Figure 3G).

Using 3C, we examined whether the SLC2A42 promoter
interacts with E1, E2 and E3/4. We found that interac-
tions with E1 and E3/4 were significantly reduced after
LDBI loss (Figure 3H). The locus flanking CTCF sites
also contact the SLC2A2 promoter, but these interactions
were not affected by LDBI loss. Interestingly, we observed
an increased interaction of the SLC2A42 promoter with the
proximal CTCEF site that lies between the promoter and
E2 after loss of LDBI. Overall, these results suggest that
LDBI1 mediates long-range enhancer interactions between
the SLC2 A2 promoter and enhancers E1-E4. Upon LDBI1
loss, the promoter makes reduced contacts with E1 and
E3/4 but increased contacts with a proximal CTCF site,
which may interfere with E3/4 interactions and negatively
affect gene expression (26). These results provide evidence
that lack of LDBI affects LDB1/GATA4 complex occu-
pancy in the SLC2A2 locus and that LDB1 functions as an
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enhancer looping protein in hepatocytes to regulate liver-
expressed genes.

Conditional deletion of Ldbl in adult mouse liver improves
metabolic parameters under HFD challenge

Hepatoma cell lines such as HepG2 and Hepal-6 do not
always accurately model hepatocyte function in vivo such
as insulin sensitivity (27) and many protein-coding genes in
liver are subject to species-specific regulation and function
(28,29). However, the dysregulated metabolic gene expres-
sion and enhancer landscape upon LDB1 KO in HepG2
cells and colocalization between LDBI1 and liver core tran-
scription factors prompted us to explore whether LDBI reg-
ulates metabolism in vivo. We first confirmed LDBI1 expres-
sion in adult mouse hepatocytes by RNAscope. We found
that LDBI1 is expressed in hepatocytes in which Hnf4a is
specifically expressed (Supplementary Figure S4A). Analy-
sis of published mouse and human liver single-cell RNA-
seq data (30,31) also indicated that LDBI1 is expressed in
mouse and human hepatocytes (Supplementary Figure S4B
and C). LDBI was selectively deleted in mouse hepatocytes
by crossing LdbI/f mice with Albumin-Cre (A/b-cre) mice
(Supplementary Figure SSA). The offspring were crossed
with Ldb 1"/ mice to obtain homozygous Ldb! conditional
KO mice (hep-Ldb1¢%C) and Ldb1"/f control mice (Supple-
mentary Figure S5B). When mice were 6 weeks old, Ldbl
mRNA and protein levels were markedly reduced (Supple-
mentary Figure S5C and D), as expected for excision by
Alb-Cre (32).

To assess the role of LDBI in hepatic glucose produc-
tion, we isolated primary hepatocytes from hep-Ldh1°K0
and Ldb1//!" control mice and measured glucose output in
vitro (Supplementary Figure S5E). Upon stimulation with
glucagon in the presence of gluconeogenic substrates, hep-
Ldb1°%© and control hepatocytes secreted similar amounts
of glucose, and insulin had no effect on this response. How-
ever, unstimulated hepatocytes from hep-Ldb1°C animals
produced more glucose than did Ldb//// control mice, sug-
gesting that LDB1 may play a role in suppressing hepatic
glucose production.

To investigate how loss of hepatic LDBI protein might
affect phenotypes under both normal and pathological con-
ditions, hep-Ldb1°%C and Ldb 1" control mice were main-
tained either on RC or HFD, which typically induces obe-
sity and impaired glucose homeostasis. Since KO of Ldbl in
mouse liver enhances diethylnitrosamine-induced liver can-
cer, which may in turn affect liver metabolism, we checked
for evidence of liver cancer in our RC and HFD Ldbl KO
mice by detecting cell proliferation and fibrosis. The re-
sults showed that there was no increase in cell prolifera-
tion or fibrosis in Ldbl KO mouse liver under either RC
or HFD feeding (Supplementary Figure S6A and B). RC
hep-Ldb1°%C and Ldb 1"/ control mice had equivalent body
weight and fat mass (Supplementary Figure S7A). Simi-
larly, blood glucose and serum insulin, TG, cholesterol and
FFA levels were unchanged in hep-Ldb1°%° animals com-
pared to control mice (Supplementary Figure S7B). In con-
trast, under HFD conditions, hep-Ldb1°%C mice showed re-
duced body weight and fat mass (Supplementary Figure
S7C). The difference in body weight became significant af-
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Figure 3. LDBI regulates SLC2A42 gene expression by mediating enhancer—promoter interaction. (A) RT-qPCR showing expression of GLUT1, GLUT2
or GLUT3 in LDB1 KO HepG?2 cells. (B) RT-qPCR of GLUT?2 expression after culture of control or LDB1 KO HepG?2 cells under high (4.5 g/1) or low (1
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ter 8 weeks of HFD feeding, while no significant weight dif-
ference was observed for RC feeding (Supplementary Fig-
ure S7D). Moreover, HFD hep-Ldb1° mice displayed re-
duced serum TG levels (Supplementary Figure S7E).

We next analyzed glucose metabolism in hep-Ldb
and Ldb1"/!" control mice under different diet conditions.
RC hep-Ldb1K° animals developed glucose intolerance
(IGTT), indicating that hepatocyte Ldbl expression is re-
quired for normal glucose homeostasis (Figure 4A). Hep-
Ldb1°%0 mice also had significantly elevated blood glu-
cose levels after administration of pyruvate, a substrate
of gluconeogenesis (PTT), further supporting a role for
LDBI in hepatic glucose production. Plasma insulin levels
were slightly elevated during the IGTT in RC hep-Ldh1K°
mice (Figure 4A). However, ITT did not detect any differ-
ences in insulin sensitivity between the two and glucagon-
induced increases in glucose levels (GCT) were similar in
hep-Ldb1°%C and Ldb1"/!" mice genotypes (Supplementary
Figure SSA and B). In contrast, HFD hep-Ldb1°4© mice
exhibited strikingly different phenotypes, compared to RC
mutant mice. Hep-Ldb1°“C animals on HFD showed im-
proved glucose tolerance (IGTT) and increased insulin sen-
sitivity (ITT), compared to HFD Ldb 17/ control mice (Fig-
ure 4B). HFD hep-Ldb1°€° mice showed lower blood glu-
cose levels after glucagon stimulation (Supplementary Fig-
ure S8C), while glucose excursions were similar in response
to pyruvate (PTT) treatment (Supplementary Figure S§D).
Together, these results indicate complex, diet-dependent ef-
fects of LDBI1 loss on mouse liver metabolic functions.

Liver TG and cholesterol levels were similar in RC hep-
Ldb1°%0 and control mice (Figure 4C). As expected, HFD
feeding increased hepatic TG content in both genotypes
(Figure 4D). However, hepatic TG levels (and plasma TG
levels, Supplementary Figure S7E) were significantly lower
in HFD hep-Ldb1°€° mice, compared to HFD Ldb 1"/ con-
trols (Figure 4D). Hepatic cholesterol levels did not dif-
fer between genotypes (Figure 4D). RC hep-LdbhI<K? ani-
mals showed an increase in liver weight, compared to con-
trol mice (Figure 4C). However, HFD hep-Ldb1°%? animals
showed a reduction in liver weight (Figure 4D). Of note, the
relatively small sample size of experimental animals used in
our study may have failed to reveal some significant differ-
ences between hep-Ldb1°%C and Ldb 1"/ control mice. For
example, there was a decrease of average TG levels in hep-
Ldb1°%© mouse liver under both HFD and RC feeding, but
the difference only reached significance in HFD mice. A
larger sample size may increase the power to detect an in-
creased number of significant differences. Finally, we used
H&E and ORO staining of liver sections to examine changes
in liver cellularity and fat accumulation. The histological
appearance of livers of animals on RC appeared similar in
control and mutant mice (Figure 4E, Supplementary Figure
S9). However, there was a striking reduction of fat droplet
accumulation in livers of HFD hep-Ldh1°X° mice (Figure
4E, Supplementary Figure S9). Overall, decreased fat de-
position in the livers of HFD hep-Ldb1°%9, compared to
control mice, corresponded to improved glucose tolerance
and insulin sensitivity, smaller liver size and reduced serum
TG. These data indicate that lack of LDBI significantly im-
proves hepatic metabolic function under HFD.

Ji cKO
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Dysregulated metabolic gene expression in adult hep-
Ldb1%0 mice

To explore the cellular/molecular basis for the altered hep-
atocyte function observed in LDBI-depleted livers from
HFD mice, we carried out RNA-seq using liver cells har-
vested from both RC and HFD hep-Ldb1°%C and Ldb1//!
control mice. The expression of thousands of hepatic genes
is typically altered after HFD feeding (33). This was also the
case for hep-Ldb1°K? and Ldb1""" control mice (P,q; < 0.1)
(Supplementary Figure S10A and B). GO analysis revealed
similar enrichment of processes for the LdbI//f' and hep-
Ldb1K9 livers (Supplementary Figure S10C). Most DEGs
observed on HFD compared to RC were shared between
hep-Ldb1°%C and Ldb1//" control liver cells (65-67%), but
the remainder were uniquely dysregulated in either hep-
Ldb1K9 or Ldb1"/! control liver cells under HFD con-
ditions compared to RC feeding (Supplementary Figure
S10D). Most gene expression changes upon LDBI1 loss were
modest (<2-fold).

We intersected both sets of DEGs with promoter-capture
HiC performed for hepatocytes from mice fed a lipid-rich
diet comparable to an HFD used here or a carbohydrate-
rich diet comparable to RC used here (33). We selected
enhancers from these interacting fragments by filtering
for H3K27ac and H3K4mel enrichment. Motif analysis
using Homer for the enhancers interacting with DEGs
in common (3912) or unique to LdbI//# (2106) or hep-
Ldb1°%9 (1890) hepatocytes revealed enrichment for liver
factors (Supplementary Figure S10E), similar to HepG2
cells, and GATA factors, presumably reflecting occupancy
by GATAA4. In addition, the motif for NR5A2 was highly
enriched. NR5A2 encodes LRH-1, a liver cell receptor with
a role in hepatic lipid storage (34). These data indicate that
enhancers looped to LDB1 DEGs to regulate metabolic
genes in vivo are enriched for liver transcription factors.
The suggestion is that LDBI is involved to mediate these
long-range interactions, but this remains to be proven since
LDBI1 ChIP-seq in hepatocytes was unsuccessful.

We next compared the effect of genotype on hepatic gene
expression in animals maintained on RC or HFD. There
were 509 DEGs comparing hep-Ldb1°%C and Ldb1//# con-
trol animals maintained on RC (P,g; < 0.1) (Figure 5A).
The magnitude of change in gene expression was relatively
small (<2-fold). GO analysis showed that downregulated
genes were associated with lipoprotein (e.g. Lsr, Saa4, Se-
lenos) and lipid storage (e.g. Mupl) pathways (Figure 5B).
Interestingly, upregulated genes were enriched for fatty acid
metabolic processes (e.g. Abhdl, Cyp2a22, Fads6, Acoxl).
Intersection of these data with the promoter-capture HiC
data revealed that putative enhancers interacting with these
DEGs were enriched for liver transcription factors and
NRS5A2 (Figure 5C). The GATA3 motif was enriched (P =
le—2), but the GATA4 motif was not. Considering the sim-
ilarities of these motifs and the presence of GATA4 but not
GATA3 in liver cells, we suggest that these motifs may be
occupied by GATA4.

We found few DEGs under HFD conditions in livers of
hep-Ldb1°%C compared to control mice: 30 genes were up-
regulated and 24 genes were downregulated (P,gj < 0.1),
again with relatively low fold change in gene expression
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Figure 4. Metabolic analysis of hep-Ldb°%? mice. (A) IGTT, PTT and glucose-induced insulin secretion test were performed in control Ldb 1/ mice and
hep-Ldb1°%0 mice fed RC. (B) IGTT, ITT and glucose-induced insulin secretion test were performed with control Ldb /! mice and hep-Ldb1<K0 mice
maintained on HFD. All studies were carried out with hep-Ldb1°¥0 male mice and LDBI// male littermates. For HFD studies, mice were fed RC for
8 weeks and then switched to the HFD for at least 11 weeks. Metabolic tests were performed with mice that were 19-22 weeks old (N = 4-7 per group).
RC mice were subjected to metabolic tests when they were 7-12 weeks old (N = 4-7 per group). (C) Liver tissue analysis of control Ldb//! mice and
hep-Ldb1°%0 mice fed with RC. (D) Liver tissue analysis of control Ldb !/l mice and hep-Ldbh1K° mice consuming HFD. Mice were maintained on the
HFD for 16 weeks prior to collection of liver samples (N = 5-13 per group). Livers were isolated from RC mice at 12 weeks of age (N = 5-8 per group).
(E) Hematoxylin and eosin (H&E) staining and Oil Red O (ORO) staining of liver sections collected from RC Ldb /7 control and hep-Ldb1°K0 mice (12
weeks of age, N = 5) or after 15 weeks of HFD feeding (23 weeks of age, N = 5). The ratio of ORO staining area to parenchymal cell area was quantified
with Imagel.
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(Figure 5D). Upregulated genes were enriched for fatty acid
metabolic process-related genes, similar to hep-Ldb1<X0 an-
imals on RC (e.g. Abhdl, Cyp2a22, Fads6, Acoxl) (Figure
5E). Downregulated genes did not display any enriched pro-
cess groups, and lipoprotein process genes Lsr, Saa4 and
Selenos were not downregulated as they were in RC hep-
Ldb1°%9 mice. About 24% of the DEGs comparing HFD
hep-Ldb1°%° and Ldb 1"/ control mice were shared with RC
DEGs (Figure SF). Positive or negative effects of hepato-
cyte LDBI loss on DEGs were highly correlated between
the two diet conditions (Supplementary Figure S11A).

Consideration of the more highly affected DEGs upon
LDBI loss under RC or HFD conditions (P, < 0.1,
top 50 DEGs with a symbol) revealed almost no overlap
(Figure 5G). More of these DEGs were upregulated than
were downregulated after LDBI loss (Supplementary Fig-
ure S11B). To better understand the striking metabolic phe-
notypes of HFD hep-Ldh1°¥° mice, we focused on the 39
genes that were uniquely dysregulated on that diet con-
dition in hep-Ldb1°“° mice (Figure 5G). Among those,
28 named genes were upregulated and 11 were downreg-
ulated in the livers of HFD hep-Ldb1°4° mice, as com-
pared with Ldb1#// mice (Figure SH). We evaluated whether
human orthologs of these genes showed peaks of occu-
pancy by LDBI1 in HepG2 cells. Forty-one percent of these
genes showed one or more such peaks but LDB1 was seem-
ingly not directly associated with the rest of the genes, al-
though LDBI may occupy their enhancers (Figure SH).
From these data, we conclude that the beneficial metabolic
effects displayed by HFD hep-Ldbh1°€° mice may reflect
both negative and positive regulation of gene expression by
LDBI.

Conditional deletion of LDB1 in mouse hepatocytes changes
the enhancer landscape

To explore how LDBI1 conditional KO affects enhancer
function in mouse hepatocytes, H3K27ac ChIP-seq was
performed in RC hep-Ldb1°¥0 and Ldb1/"/# control mouse
primary hepatocytes. We found 8175 H3K27ac differential
binding sites (FDR < 0.05) (Figure 6A). Similar to HepG2
cell, most sites (91%) have decreased H3K27ac modifica-
tion. Only a small portion of the sites display >2-fold
change of H3K27ac modification (Figure 6A). Promoters
were the most prominent location for H3K27ac diffbinds
in hepatocytes, but among diffbinds with >2-fold change
in H3K27ac, more were found at intergenic and intronic
sites (51%) where enhancers are located (Figure 6B and C).
We called 51 125 enhancers in hep-Ldb1°%C by overlap of
H3K4mel and H3K27ac modifications from ENCODE. Of
these, 11 272 (22%) were contained within 4769 (58%) of
the diffbinds, indicating a large effect of LDBI1 loss on the
enhancer landscape. Motif analysis of the H3K27ac diff-
binds using Homer revealed enrichment of motifs for liver
transcription factors FOXA1, TCF7 and HNF4A (Figure
6D). Motifs containing the canonical GATA motif are pre-
sumably occupied by GATAA4, as the only GATA factor ex-
pressed in liver cells. Published mouse liver ChIP-seq data
for GATA4, FOXA1 and HNF4A indicated preferential
colocalization with differentially occupied H3K27ac sites
with decreased modification upon LDBI loss (Figure 6E).

To understand how enhancers with differential H3K27ac
modification affect target gene expression, genes looped
to these enhancers were obtained by intersection with
promoter-capture HiC data. The 11 272 differential
H3K27ac enhancers were looped to 2415 genes. Compari-
son of these genes to LDB1 DEGs in hep-Ldb1K9 liver cells
revealed subsets of 29 downregulated genes and 37 upregu-
lated genes that were looped to enhancers with decreased
H3K27ac modification (Figure 6F). Among the upregu-
lated genes are Fasn and Acot4, which are involved in fatty
acyl-CoA biosynthesis and Acox! and Adh5, which are in-
volved in fatty acid oxidation, consistent with the enriched
process groups shown in Figure 5B. Putative enhancers of
these genes lost H3K27ac even though transcription of the
linked genes increased (Supplementary Figure S12). Alto-
gether, LDBI loss greatly affects the enhancer landscape in
RC hep-Ldb1K°.

DISCUSSION

LDBI is a protein that is critical for numerous devel-
opmental processes, including cardiogenesis, neurogenesis
and hematopoiesis (9). Molecular studies revealed it to be
a chromatin looping protein functioning to connect en-
hancers and genes through LIM-only and LIM home-
odomain partners in various cell types (12,35-37). Here, we
report the novel finding that LDB1 modulates hepatocyte
gene expression by regulating enhancer—promoter looping.
We demonstrated that LDB1 functions in concert with liver
transcription factors GATA4, FOXA1, HNF4A and TCF7
to regulate hundreds of liver metabolic genes through their
enhancers. Further, hep-Ldbh1°€° mice show glucose intol-
erance on RC, while demonstrating improved glucose tol-
erance on HFD, an effect that may be related to enhanced
fatty acid metabolic pathway gene expression. Accordingly,
hep-Ldb1°%Y mice maintained on HFD showed attenuated
hepatic steatosis and related pathologies.

Cooperation between LDB1 and master liver transcription
factors regulates liver gene expression

HNF4A preferentially occupies enhancers genome-wide in
developing liver at E14.5 and in adult liver (38). More-
over, HNF4A and FOXA1 jointly occupy the liver enhancer
repertoire as it transitions during development (39). We
found that LDB1 primarily occupies enhancers together
with liver-specific transcription factors FOXA1, HNF4A,
TCF7 and GATA4 in HepG2 cells. LDBI interacts with
GATA4 and either directly or indirectly with HNF4A.
Thus, one mode of LDB1 chromatin occupancy in hepa-
tocytes may be through GATA4, analogous to GATA1 in-
teraction in erythroid cells, which depends on the bridging
function of LMO2 (12). Our RNA-seq data showed that the
only LIM domain protein transcribed at substantial levels
in HepG2 cells or in mouse hepatocytes in vivo is LMO7,
which has only one LIM domain. We observed strong in-
teractions of LMO7 with LDBI.

LMOY7 is a target of TGF-B and is involved in the devel-
opment of many cancers, including hepatomas, and is posi-
tively correlated with the invasive capacity of hepatoma cells
(40). In muscle cells, LMO7 interacts with emerin, which
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belongs to the LEM domain family and binds to the BAF
complex to regulate chromatin structure (41). The mech-
anism by which LMO7 can affect cell proliferation is still
unclear. Since KO of Ldbl in mouse liver enhances can-
cer development (10), the interaction between LDBI1 and
LMO7 that we demonstrated in liver cells may contribute
to this process. A second mode of LDBI chromatin bind-
ing is through a LIM homeodomain protein, exemplified by
LDBI1-ISL1 interaction in diverse tissues (35,36,42). How-
ever, LIM homeodomain proteins were almost undetectable
in HepG?2 cells or in hepatocytes in vivo, making this mode
of LDBI function unlikely.

Our ChIP-seq data obtained with HepG?2 cells revealed
that LDB1 peaks were predominantly at enhancers and
that half of the LDBI peaks were co-occupied by GATA4.
Both LDB1 + GATA4 peaks and LDB1-only peaks were
enriched for liver transcription factors. To obtain LDBI1
enhancers in hepatocytes, we intersected DEGs of hep-
Ldb1°%9 with promoter-capture HiC data for hepatocytes
from mice fed diets equivalent to those used in the present
study (RC and HFD) (33). More than 900 presumptive
LDBI-bound enhancers were obtained that were highly
enriched for HNF4A, FOXA1, TCF7 and the canonical
GATA motifs.

Interestingly, the NR5A2 motif was highly enriched at
these enhancers. NR5A2 encodes LRH-1, a liver cell re-
ceptor whose target genes are involved in hepatic choles-
terol uptake and efflux, HDL formation and cholesterol
exchange between lipoproteins and fatty acid synthesis.
LRH-1 controls the first step of hepatic glucose uptake
through direct transcriptional regulation of the glucokinase
gene (43). LRH-1 and HNF4A cooperate in regulating the
Cyp7al gene that encodes the first and rate-limiting enzyme
in the major bile acid synthetic pathway and promotes ac-
tive transcription histone marks on the Cyp7al promoter
(44). We found that Cyp7al gene expression in LDB1 KO
mouse liver was increased under RC feeding and that the
LRH-1 binding motif was enriched in LDBI presumptive
enhancers, suggesting that LDBI cooperates with LRH-1
to regulate gene expression.

Nr5a2 KO mice on an HFD develop steatosis and be-
come glucose intolerant (34), which are sequelae of HFD
consumption that are greatly attenuated in HFD Ldbl
KO mice. Indeed, a comparison of our Ldbl KO RNA-
seq data with the corresponding Nrja2 KO data revealed
co-regulation of 72 genes, most of which (61%) were up-
regulated by Ldbl KO and downregulated by Nria2 KO,
potentially explaining the opposite effect of their loss on
HFD-induced hepatic steatosis. Examples include Elovl5
and Fuads2, well-known targets of NR5SA2, that were oppo-
sitely regulated by LDBI1 and NR5A2 KO under both diet
conditions (RC and HFD).

LDBI1-only peaks may represent a novel type of LDBI
enhancer binding complex whose interaction with chro-
matin remains to be further explored. HNF4A function
may be important for LDB1 complexes in liver cells, since
HNF4A recruitment to LDBI sites in the SLC2A2 locus
was reduced after LDB1 KO. HNF4A binds DNA as a ho-
modimer, and chromatin residence could be stabilized by
LDBI. In contrast, the liver transcription factor FOXA1 re-
mains bound in the SLC2A2 locus in the absence of LDBI,

consistent with binding of this pioneer transcription fac-
tor being an early event in LDB1 enhancer activation and
with data showing the HNF4A binding is dependent on the
presence of FOXA factors at co-bound sites in liver cells
(45). Both FOXA factors and HNF4A contribute to main-
taining enhancer activity in adult liver (45,46). Our find-
ings provide evidence that LDBI1 forms protein complexes
with liver transcription factors to regulate metabolic gene
expression in hepatocytes through co-occupancy at regula-
tory sites that are primarily enhancers.

Notably, KO of GATA4, or both GATA4 and GATA6
by intravenous injection of AAV8-Tbg-Cre, in adult mouse
liver did not affect liver function although GATA4 ChIP-
seq in hepatocytes revealed >4000 binding sites that were
enriched for genes involved in lipid and glucose metabolism
(24). Moreover, gene expression detected by microarray in
GATAA4 KO hepatocytes revealed 716 DEGs (FDR < 25%)
that were enriched in liver function-associated pathways
such as fatty acid beta oxidation and bile acid biosynthesis.
However, DEGs upon GATA4 loss had little overlap with
those found in hepatocytes from hep-Ldb1%C mice.

Compared to Alb-Cre, which we used in this study to ex-
cise Ldbl, AAV8-Tbg-Cre is more hepatocyte-specific (47).
However, AAV8-Tbg-Cre can excise floxed sequences in
cholangiocytes in neonatal mouse liver (48) and manipu-
lation of mice with AAV8-Tbg-Cre can lead to reduction
in liver proliferation together with induction of the DNA
damage marker and transcriptional changes (47). These dif-
ferent Cre strategies may contribute to differences in hepatic
gene expression. The lack of a liver phenotype in Gata4 loss-
of-function mice contrasts with the glucose intolerance we
observed in RC hep-Ldb1°%0 mice, suggesting compensa-
tion in vivo for loss of the former but not the latter. Alterna-
tively, a GATA4-independent function of LDBI1 could un-
derlie the phenotype we observed in RC hep-Ldb1K9 mice.
This possibility is supported by our observation that en-
hancers of LDB1 KO DEGs were not specifically enriched
for the GATA4 motif. Gata4 loss-of-function mice were not
subjected to HFD feeding, which could reveal whether the
pathology-sparing effect of Ldbl ablation upon HFD feed-
ing is shared with Gata4.

LDBI regulates metabolic genes, including SLC2A42, by me-
diating enhancer looping

We found numerous liver genes that were dysregulated
by loss of LDB1 whose enhancers or putative enhancers
were occupied by LDBI together with liver transcription
factors FOXA1, HNF4A, GATA4 and TCF7. To estab-
lish the mechanism underlying this regulation, we focused
on GLUT?2, encoded by SLC2A42. GLUT2 is expressed in
various cell types, including hepatocytes and pancreatic B
cells, and functions as a glucose sensor. Loss of GLUT2
leads to early-onset diabetes in mice (49). Using our ChIP-
gPCR and published data from ENCODE for HepG?2 cells,
we observed that liver factors HNF4A, FOXA1, TCF7
and GATA4 co-occupy the SLC2A42 promoter and pu-
tative enhancers with LDBI1. The enhancers loop to the
SLC2A2 promoter and lack of LDBI disrupted the loops
and SLC2A2 transcription.



Interestingly, when Ldbl was ablated in mouse liver,
RC mice became glucose intolerant and showed increased
glucose-stimulated insulin secretion, suggestive of insulin
resistance. This phenotype was also observed after LdblI ab-
lation in pancreatic islet § cells in which RNA-seq indicated
dysregulation of the transcription factor network that es-
tablishes and maintains islet B cell fate, including downreg-
ulation of Slc2a2 (42). Ablation of Is/] in islet B cells in this
study phenocopied the Ldb! loss of function on RC, provid-
ing strong evidence that LDBI1 and ISL1 function together
in these cells. Moreover, a putative Slc2a2 enhancer, which
is conserved in human cells (E1, in our study), is occupied
by LDBI, ISL1 and islet factors PDX1, NKX2.2, NKX6.1
and FOXA?2 in islet B cells. However, while SLC2A42 was
downregulated upon LDBI loss in B cells and HepG2 cells,
it was unchanged in hep-Ldb1°%C, suggesting that LDB1
loss can be compensated in vivo, at least in the case of
Slc2a2. Together, these data suggest regulation of Slc2a?2 ex-
pression in pancreatic 3 cells and hepatocytes by different
tissue-specific LDB1 complexes. We demonstrated that the
LDBI complex regulates SLC2A2 in HepG2 cells by medi-
ating enhancer looping. A similar mechanism is likely to be
operative in 3 cells, although the LDB1 LIM domain part-
ner is different (42).

LDBI1 regulates metabolism in adult mouse liver cells

Recent studies have indicated the importance of LDBI1 in
regulating the function of metabolic tissues and cell types.
Endocrine cell-specific Ldb1¥° mice showed decreased
numbers of pancreatic islet o, B and +y cells (50). KO of
Ldb1 in adult mouse pancreatic B cells resulted in defective
insulin secretion and glucose homeostasis (42). Global het-
erozygous LdbI*/~ mice maintained normal glucose home-
ostasis but had improved insulin sensitivity along with de-
fects in energy expenditure and altered metabolic gene ex-
pression in brown adipose tissue (51). These authors also
observed improved insulin sensitivity with no change in
energy balance in inducible B-cell-specific Ldbl KO mice.
However, it remained unclear whether LDB1 might affect
metabolic functions of adult hepatocytes.

We found that RC hep-LdhI¥° mice became glucose
intolerant. Moreover, hepatocytes from hep-Ldb1°%° mice
showed increased glucose output and gluconeogenesis, as
compared to control hepatocytes. In agreement with this
observation, treatment of hep-LdbI®C mice with pyru-
vate resulted in significantly elevated blood glucose levels.
Hundreds of genes that are enriched for metabolic path-
ways were dysregulated in RC hep-Ldh1€° mice. Among
these, some catabolic processes were upregulated, while
lipid storage-related processes were downregulated. This re-
sult supports the idea that changes in gene expression may
underlie the metabolic phenotype of RC hep-LdhI€° mice
but also suggests that the phenotype is likely to be the
outcome of complex changes in the expression of multiple
genes, most probably also involving resulting compensatory
responses.

LDBI loss resulted in decreased H3K27ac at the GLUT?2
enhancers, reduced looping to the promoter and reduced
transcription in HepG2 cells. However, in hepatocytes,
while almost all enhancers lost H3K27ac, there were only a
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limited number of Ldbl DEGs that displayed increased or
decreased expression. The results are consistent with recent
reports showing that reduction of H3K27ac at enhancers
may not always have major effects on gene transcription
and can result in both up- and downregulation of genes
(52,53). The molecular mechanisms involved in these pro-
cesses remain unknown. In erythroid cells, predominance of
co-repressor ETO2 over Ldbl in the Ldb1 complex switches
the activity of the complex from positive to negative regu-
lation of target genes (54-57). Future studies involving the
endogenous tagging of Ldbl should facilitate localization
of the protein in the genome to determine direct targets and
identify repressive protein components in the LDB1 com-
plex in liver cells.

Unexpectedly, relatively few genes were significantly dys-
regulated in HFD hep-Ldb1€° mice. Nevertheless, the obe-
sity, liver steatosis and insulin resistance associated with
HFD were greatly attenuated in HFD hep-Ldb1°4C mice.
The upregulated fatty acid metabolic process genes (Abhdl,
Cyp2a22, Fads6, Acox1, Akrlcl9, Cyp2c29) in HFD hep-
Ldb1°%° mice may contribute to the phenotype. Acoxl,
which is the first rate-limiting enzyme in the fatty acid
beta-oxidation pathway, was among the top 50 upregulated
genes in HFD hep-Ldb1°€° mice but not in RC mice. Also,
lipoprotein process genes Lsr, Saa4 and Selenos were not
downregulated as they were in RC hep-Ldh1¢¥° mice. It ap-
pears that both up- and downregulated genes upon LDBI1
loss may be relevant to the improved liver phenotype ob-
served on HFD, supporting the idea that the phenotype is
likely to be the result of complex changes in gene expression
networks governing physiological changes. Further studies
in the future will be needed to identify the molecular basis
of the observed metabolic phenotypes of hep-LdhIK° mice
and to clarify how LDBI loss ameliorates liver steatosis in
mice caused by an obesogenic diet. It is possible that Ldbl
could emerge as a potential target to reduce the negative
outcomes of obesity or fatty liver disease.
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