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Research

Redistribution of lamina-associated domains
reshapes binding of pioneer factor FOXA2
in development of nonalcoholic fatty liver disease

Xiaolong Wei,' Megan A. Murphy,' Nihal A. Reddy," Yi Hao,' Taylor G. Eggertsen,?

Jeffrey ). Saucerman,? and Irina M. Bochkis'

' Department of Pharmacology, ?Department of Biomedical Engineering, University of Virginia, Charlottesville, Virginia 22908, USA

Nonalcoholic fatty liver disease (NAFLD) is highly prevalent in type 2 diabetes mellitus and the elderly, impacting 40% of
individuals over 70. Regulation of heterochromatin at the nuclear lamina has been associated with aging and age-dependent
metabolic changes. We previously showed that changes at the lamina in aged hepatocytes and laminopathy models lead to
redistribution of lamina-associated domains (LADs), opening of repressed chromatin, and up-regulation of genes regulating
lipid synthesis and storage, culminating in fatty liver. Here, we test the hypothesis that change in the expression of lamina-
associated proteins and nuclear shape leads to redistribution of LADs, followed by altered binding of pioneer factor FOXA2
and by up-regulation of lipid synthesis and storage, culminating in steatosis in younger NAFLD patients (aged 21-51).
Changes in nuclear morphology alter LAD partitioning and reduced lamin Bl signal correlate with increased FOXA2 bind-
ing before severe steatosis in young mice placed on a western diet. Nuclear shape is also changed in younger NAFLD pa-
tients. LADs are redistrubted and lamin Bl signal decreases similarly in mild and severe steatosis. In contrast, FOXA2 binding
is similar in normal and NAFLD patients with moderate steatosis and is repositioned only in NAFLD patients with more
severe lipid accumulation. Hence, changes at the nuclear lamina reshape FOXAZ2 binding with progression of the disease.
Our results suggest a role for nuclear lamina in etiology of NAFLD, irrespective of aging, with potential for improved strat-

ification of patients and novel treatments aimed at restoring nuclear lamina function.

[Supplemental material is available for this article.]

The prevalence of metabolic disease is rising rapidly in the United
States and the rest of the world. Metabolic syndrome, a collection
of symptoms that are associated with increased risk of developing
type 2 diabetes mellitus (T2D), affects 60% of the U.S. population
over 50. Nonalcoholic fatty liver disease (NAFLD) is highly preva-
lent in T2D (Portillo-Sanchez et al. 2015) and the elderly, impact-
ing 40% of individuals over 70 (Gan et al. 2011).

Mutations in LMNA, encoding one of nuclear lamina-associ-
ated proteins lamin A/C, result in nuclear lamina dysfunction
and cause the premature aging syndrome Hutchinson-Gilford
progeria (HGPS). Additionally, LMNA mutations lead to partial lip-
odystrophy, a condition associated with insulin-resistant diabetes,
hypertriglyceridemia, renal disease, cardiomyopathy, and hepatic
steatosis (Shackleton et al. 2000). Multiple enzymes modulating
covalent modifications to lysine 9 of histone 3 (H3K9), the mark
associated with heterochromatin in lamina-associated domains
(LADs) (Guelen et al. 2008), have been linked to fatty liver, hyper-
lipidemia, diabetes, diabetic nephropathy, and obesity (Picard
et al. 2002; Villeneuve et al. 2008; Tateishi et al. 2009; Sun et al.
2012; Wang et al. 2013, 2018).

Changes at the nuclear lamina have been observed in several
mouse models of NAFLD, including aged mouse and Zmpste24 mu-
tants (Whitton et al. 2018), a laminopathy model (Varela et al.
2005). We previously showed that changes in the expression of
lamina-associated proteins and shape of the nucleus in aged fatty
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hepatocytes and Zmpste24-deficient livers are linked to altered
binding of pioneer factor FOXA2, enabling an increase in chroma-
tin accessibility and derepression of expression of lipid metabolism
targets regulated by nuclear receptors NR1H3 (also known as LXR
alpha) and PPAR (Whitton et al. 2018). Hence, genetic laminop-
athy causes a fatty liver phenotype and changes in heterochroma-
tin that are completely reproduced in aging liver.

Several studies have reported changes at the nuclear lamina in
patients with metabolic disease and NAFLD. Genetic variants in
the nuclear lamina-related genes ZMPSTE24 and TMPO, which en-
code the lamina-associated polypeptide-2 (LAP2), have been asso-
ciated with NAFLD (Brady et al. 2018), and changes in nuclear
morphology parameters have been observed in NAFLD patients
(Segovia-Miranda et al. 2019). In addition, a high incidence of lam-
inopathy was found among patients with metabolic syndrome
(Dutour et al. 2011). Cells from these individuals presented with
dysmorphic nuclear shape and abnormal nuclear distribution of
lamin A. These patients, in addition to being younger, also had
hypertriglyceridemia and elevated alanine aminotransferase
(ALT) levels compared with other metabolic syndrome patients,
suggesting liver dysfunction. Furthermore, a heterozygous muta-
tion in ZMPSTE24 was found in a patient with severe metabolic
syndrome (Galant et al. 2016). Fibroblasts from this individual
showed nuclear shape abnormalities, and the patient presented
with early onset T2D, liver steatosis, and hypertriglyceridemia.
Collectively, these observations support the hypothesis that
changes at the nuclear lamina promote hepatic fat accumulation
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in humans. In this study, we test the hypothesis that change in ex-
pression of lamina-associated proteins and nuclear shape leads to
redistribution of LADs, leading to the altered binding of pioneer
factor FOXA2, derepression of nuclear receptor-dependent tran-
scription, and development of hepatic steatosis in a diet-induced
mouse model of NAFLD and yonger NAFLD patients (aged 21-51).

Results

Nuclear lamina changes in diet-induced fatty liver

We previously showed that changes at the lamina in aged hepato-
cytes and laminopathy models lead to redistribution of LADs,
opening of repressed chromatin, and up-regulation of genes regu-
lating lipid synthesis and storage, culminating in fatty liver
(Whitton et al. 2018). To test the hypothesis that changes at the
nuclear lamina drive development of hepatic steatosis in NAFLD,
we used a diet-induced mouse model of NAFLD (study design in
Fig. 1A, mouse; Fig. 1B, NAFLD patients). Heterozygous C57BL/
6] (B6)/129S81/Svim] (S129) 8- to 12-wk-old mice were fed a west-
ern diet (WD; 42% kcal from fat and containing 0.1% cholesterol;
Harlan TD.88137) with ad libitum consumption of glucose and
fructose (SW; 23.1 g/L d-fructose +18.9 g/L d-glucose)
(Asgharpour et al. 2016). The nuclear shape in livers of mice on
WD, detected by LAMIN B1 immunofluorescence and DAPI fluo-
rescence staining, started diverging at 8 wk before substantial lipid
accumulation (mild steatosis) (Fig. 2A, top panel) and was
completely distorted by 12 wk, when steatosis was severe (Fig.
2A, hematoxylin & eosin staining, bottom panel; Supplemental
Fig. S1). The circularity of nuclei was significantly changed in livers
of mice on WD at 12 wk (Supplemental Fig. S1), correlating with
decreased expression of lamin B1 (LMNB1) (Fig. 2B). Then, we pro-
filed LADs using lamin B1 ChIP-seq in livers of mice on normal

A Diet-Induced Model of NAFLD in Mice

B Nonalcoholic Fatty Liver Disease

diet (ND) and WD. The number of LADs is comparable (1396
ND vs. 1508 western diet 8 wk [WD8]), and the lamin B1 ChIP-
seq signal is slightly decreased at WD8 (Fig. 2C-E). The number
of LADs is greatly reduced (1386 ND vs. 141 western diet 12 wk
[WD12]), and lamin B1 ChlIP-seq signal is decreased significantly
in WD12 (Fig. 2C-E). Next, we performed scanning motif of posi-
tional weight matrices in the JASPAR and TRANSFAC databases in
LADs in ND (left), WD8 (middle), and WD12 (right). PscanChIP
identified highly enriched consensus sites for A/T-rich sequences,
including TATA box (P-value < 8.9 x 107'°%) and the forkhead mo-
tif bound by Fox transcription factors (P-value < 8.8 x 107°%) in ND,
forkhead consensus (P-value<4.9 x 10719 and nuclear receptor
half-site (P-value < 6.7 x 10732) in WD8, and GATA consensus (P-
value<1.4x107%) and A/T-rich TATA box motif (P-value<1.8x
107%) in WD12 (Fig. 2F).

FOXAZ2 binding increases in diet-induced fatty liver

Because we found the forkhead motif to be enriched in LADs in ND
and WD8 and have shown that redistribution of LADs in aging and
laminopathy models of fatty liver led to altered FOXA2 binding
(Whitton et al. 2018), we performed FOXA2 ChlIP-seq in livers of
mice on ND and WD. PeakSeq, the algorithm we use to call peaks,
is sensitive to the size of the alignment file (Rozowsky et al. 2009).
Hence, we down-sampled all conditions to the same number of
reads. FOXA2 occupancy increases in WD8 (6985 sites in ND,
5189 in WDS8, 11,191 in WD12) (Fig. 3A), whereas FOXA2 protein
expression at either WD8 or WD12 remains constant (Fig. 3B).
Hence, changes in FOXA2 binding are independent of its expres-
sion. Although we called around 5000 FOXA2 binding sites in
WDS8, there appear to be additional sites on the heatmap (Fig. 3A)
that were not called because they did not reach the threshold.
FOXA2 binding at WD8, when steatosis is mild, is driven by bile
acid activation of NR1H4 (also known as
FXR) (Figs. 3C, 4E). In contrast, WD12 re-
sembles the severe steatosis observed in

(Western Diet) (NAFLD) Zmpste24 mutants, a laminopathy model

Duration Stage (Marifio et al. 2008). At 12 wk on WD,

Normal Diet Western Diet ~ Western Diet ; acute induction of FOXA2 binding by nu-
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* Nuclear shape: DAPI
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« Differential Expression: RNA-seq

* Nuclear shape: DAPI
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and altered FOXA2 occupancy is influ-
enced only by changes at the lamina
(Fig. 2A; Supplemental Fig. S1).

Next, we mapped FOXA2-bound
sites to closest genes using GREAT
(McLean et al. 2010) and selected 750
genes that mapped closest to the transcrip-
tion start site (TSS) for pathway analysis
with Enrichr (Fig. 3C; Kuleshov et al.
2016). Overrepresented pathways includ-
ed “bile acid and bile salt biosynthesis”

Figure 1. Study design. (A) We used a diet-induced mouse model of NAFLD (Asgharpour et al. 2016).
Heterozygous 8- to 12-wk-old C57BL/6) (B6)/12951/Svim] (S129) mice were fed a western diet (WD;
42% kcal from fat and containing 0.1% cholesterol; Harlan TD.88137) with ad libitum consumption
of glucose and fructose (SW; 23.1 g/L d-fructose +18.9 g/L d-glucose) for 8 wk (WD8) and 12 wk
(WD12), when the animals developed mild and severe steatosis, respectively. Nuclear shape was deter-
mined by DAPI staining, liver histology by hematoxylin and eosin (H&E) staining, and expression of lam-
ina proteins by western blot. Lamin B1 and FOXA2 ChlIP-seq were performed to identify LADs and
pioneer factor binding. Differential expression on different diets was determined by RNA-seq. (B) Liver
tissue samples from donors (three healthy, three NAFLD with mild steatosis, and three NAFLD with severe
steatosis; healthy, 26-45 yr old; NAFLD, 21-51 yr old) were obtained from Sekisui XenoTech Biobank.
Nuclear shape was determined by DAPI staining, liver histology by H&E staining, and expression of lam-
ina proteins by western blot. Lamin B1 and FOXA2 ChIP-seq were performed to identify LADs and pio-

neer factor binding.

and “composition of lipid particles” for
both FOXA2 sites in ND and WDS.
Genes regulating lipid metabolism and
ER quality control were among FOXA2 tar-
gets in ND, consistent with our previous
reports (Bochkis et al. 2008, 2009, 2012).
Pathways including “statin inhibition of
cholesterol production” and “growth hor-
mone signaling pathway” were enriched
in FOXA2 sites bound in WDS8. A previous
study reported that the deletion of a
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Figure 2. Nuclear lamina changes in diet-induced fatty liver. (A) Nuclearimmunofluorescence (lamin B1; green) and DAPI nuclear staining of FFPE liver
sections from mice on normal diet (ND; top left), WD8 (top middle), and WD12 (top right). Nuclei in mice on ND have a round shape (white arrows),
whereas nuclei in mice on WD are irregular in shape and distorted (yellow arrows). Representative liver sections from ND and WD mice stained with
H&E (bottom). Lipid accumulation is apparent on histological sections by the presence of lipid droplets in livers of mice on WD at 12 wk. (B) Western
blot analysis of protein nuclear extracts from two control livers (ND) and four livers from mice on WD8 (left) and two control livers (ND) and two livers
from mice on WD12 (right) with antibodies to LBR, LMNB1, LMNA/LMNC, and ACTB (loading control). Protein expression of LBR is increased in WDS8,
whereas that of LMNA, LMB1, and LMNC is not altered (/eft). Protein expression of LBR is increased and LMNB1 (lamin B1) decreased in WD12, whereas
that of LMINA and LMNC is not changed (right). (C) Venn diagram showing the results of genome-wide location analysis for lamin B1 (ChIP-seq) in livers
on ND, WD8, and WD12, identifying 1396 domains in ND, 1508 in WD8, and 141 in WD12 called bound in both young and old livers by SICER. The
number of LADs is comparable in WD8 (1396 ND vs. 1508 WD8). The number of LADs is greatly reduced in WD12 (1396 ND vs. 141 WD12). (D) Lamin
B1 ChIP-seq signal (reads per kilobase, per million mapped reads [RPKM]) calculated at LADs decreases with WD progression. (E) ChIP-seq track view in
the Integrative Genome Viewer (IGV) of a representative LAD showing decreased lamin B1 ChlP-seq signal for WD at 12 wk. (F) Scanning motif of po-
sitional weight matrices in the JASPAR and TRANSFAC databases in LADs in ND (left), WD8 (middle), and WD12 (right). PscanChlP identified highly en-
riched consensus sites for A/T-rich sequences, including TATA box (P-value <8.9 x 107198 and the forkhead motif (P-value <8.8 x 107%) in ND,
forkhead consensus (P-value <4.9 x 107'%) and nuclear receptor half-site (P-value<6.7 x 10732) in WD8, and GATA consensus (P-value<1.4x 107%)
and A/T-rich TATA box motif (P-value < 1.8 x 107°) in WD12.
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Figure 3. FOXA2 binding increases in diet-induced fatty liver. (A) Heatmap of results of FOXA2 ChlIP-seq showing that binding increases in livers of mice on

WD (6985 sites in ND, 12,765 in WD8, 9695 in WD12). (B) Western blot analysis of protein nuclear extracts from two control livers (ND) and three livers from
mice on WD8 (left) and two control livers (ND) and three livers from mice on WD1 2 (right) with antibodies to FOXA2 and histone H3 (loading control). FOXA2
protein expression does not change in mice on WD8 and WD12; hence, changes in FOXA2 binding are independent of its expression. (C) Enrichr analysis of
overrepresented pathways in sites bound by FOXA2 in ND, WD8, and WD12. (D) Scanning motif of positional weight matrices in the JASPAR and TRANSFAC
databases in regions bound by FOXA2 in each condition by PscanChlP identified highly enriched forkhead consensus sites for FOXA2. (E) Lamin B1 ChlP-seq
signal (RPKM) calculated in the overlap pf lamin B1 domains in ND with FOXA2-binding sites in WD12 decreases with diet and steatosis progression. (F)
H3K9me3 ChiP-seq signal (RPKM) calculated in the overlap of lamin B1 domains in ND with FOXA2-binding sites in WD12 decreases only at WD12.

lamina-associated protein in mouse liver leads to steatosis and steato-
hepatitis through aberrant growth hormone signaling (Kwan et al.
2017). Pathways consistent with the phenotype, including “abnor-
mal hepatocyte morphology,” “abnormal lipid homeostasis,” and
“ppar-gamma coactivator pathway,” were overrepresented in
FOXA2-bound regions in WD12. The scanning motif of positional
weight matrices in the JASPAR and TRANSFAC databases in regions
bound by FOXA2 in each condition by PscanChIP (Zambelli et al.
2013) identified highly enriched forkhead consensus sites for
FOXA2 (Fig. 3D).

Similar to our analysis in old livers (Whitton et al. 2018), we
compared increased FOXA2 binding to changes in lamin B1 occu-

pancy. We computed the overlap of all lamin B1 domains in ND
with FOXA2-binding sites in WD12 and found 826 such domains.
An average profile of lamin B1 occupancy at these sites in ND,
WD8, and WD12 is shown in Figure 3E. Lamin B1 signal is consid-
erably reduced at these regions with progression of the diet and
steatosis. We performed a similar analysis of heterochromatin
content using H3K9me3 ChIP-seq and show that a decrease in het-
erochromatin mark is observed only in WD12 when altered
FOXA2 binding is influenced by changes at the lamina
(Supplemental Fig. S1; Fig. 3F). Hence, the pioneering activity of
FOXA2 at WD12 correlates with opening of chromatin and dere-
pression of genes previously located in lamina domains.
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Figure 4. Differential expression analysis of genes on WD. (A) Venn diagram showing that the expression of 395 genes changes at WD8, whereas the
mRNA levels of 761 transcripts were altered at WD12 (overlap of 147 genes). (B) Ingenuity pathway analysis (IPA) of differential gene expression identified
multiple upstream regulators. Genes activated by the presence of cholesterol were activated, whereas cholesterol synthesis and other enzymes regulated by
SREBF2 were repressed in a negative feedback loop in both WD8 and WD12. Despite increased transcription of cholesterol-regulated genes, activity of
NR1H3, activated by binding of oxysterol, a derivative of cholesterol, is only partially activated in WD8. Changes at the nuclear lamina associated with
derepression of additional NRT1H3 targets lead to full activation of LXR-dependent gene expression in WD12. Although cholesterol controls gene expression
in WD8 and WD12 in the same direction, the activity of SREBF1 is repressed in WD8 but activated in WD12. (C) IPA also identified a network relating in-
creased activity of lamin B1 (LMNB1) with reduced expression of cholesterol-synthesizing enzymes in WD8. (D) mRNA levels of Fasn and Acaca genes,
SREBF1 targets crucial for lipogenesis, by quantitative RT-PCR. Expression of fasn and Acaca does not change in livers of mice on WD8 but significantly
increases in livers of mice on WD1 2, correlating to phenotypic changes (severe steatosis at WD12). (*) P-value < 0.05). (E) Pathways identified by IPA analysis
of differential gene expression include “cholesterol biosynthesis” and “NRF2 stress response,” which are enriched in WD8, and “liver steatosis” and “FXR/
RXR activation,” which are equally significant in both conditions. “Hepatic fibrosis,” “TGF B signaling,” and “liver damage” are highly enriched at WD12
before the fibrosis phenotype. (F) Lamin B1 ChlIP-seq signal (RPKM) calculated at loci with gene expression changes in WD8 (left) and WD12 (right) is re-
duced in both conditions; hence, changes at the nuclear lamina are directly linked to altered gene expression in WD.
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Changes at the nuclear lamina are linked to altered gene
expression in WD

We also performed RNA-seq in livers of mice on ND and WD and
determined that the expression of 395 genes changes at WDS,
whereas the mRNA levels of 761 of transcripts were altered at
WD12 (Fig. 4A). Ingenuity pathway analysis (IPA) of differential
gene expression identified multiple upstream regulators listed in
Figure 4B. Genes activated by the presence of cholesterol were acti-
vated, whereas cholesterol synthesis and other enzymes regulated
by SREBF2 were repressed in a negative feedback loop (Brown and
Goldstein 1997) in both in WD8 and WD12. IPA also identified a
network relating increased activity of lamin B1 (LMNB1) with re-
duced expression of cholesterol-synthesizing enzymes (Fig. 4C) in
WDS8. The analysis is based on a previous study reporting that over-
expression of lamin B1 in oligodendrocytes leads to decreased levels
of genes in the cholesterol synthesis pathway (Rolyan et al. 2015).
Although the expression of lamin B1 is not changed, protein levels
of its receptor, LBR, are increased at WDS8. It is possible that the in-
creased activity of lamin B1 predicted by IPA analysis is correlated to
induction of lamin B receptor (LBR) expression.

Despite increased transcription of cholesterol-regulated genes
(Fig. 4B), activity of NR1H3, activated by binding of oxysterol, a de-
rivative of cholesterol, is only partially activated in WD8 (Fig. 4B;
Supplemental Fig. S2, top left). Changes at the nuclear lamina as-
sociated with derepression of additional NR1H3 targets (Fig. 1)
leads to full activation of NR1H3-dependent gene expression in
WD12 (Fig. 4B; Supplemental Fig. S2, top right). We also observe
full activation of PPARA-dependent gene expression with a net-
work of 66 genes at WD12 (Supplemental Fig. S2, bottom).
Although cholesterol controls gene expression in WD8 and
WD12 in the same direction, the activity of SREBF1 is repressed
in WD8 but activated in WD12 (Fig. 4B). Lipogenesis is a critical
pathway regulated by the SREBF1 targets Fasn and Acaca.
Although the expression of both is not changed in WD8, mRNA
levels of these genes are significantly increased in WD12 (Fig.
4D), contributing to the observed fatty liver phenotype.

Pathways identified by IPA analysis of differential gene ex-
pression included “cholesterol biosynthesis” and “NRF2 stress re-
sponse,” which were enriched in WDS8, and “liver steatosis” and
“FXR/RXR activation,” which were equally significant in both con-
ditions. “Hepatic fibrosis,” “TGF B signaling,” and “liver damage”
were highly enriched at WD12 before the fibrosis phenotype (Fig.
4E). Lastly, we investigated whether lamin B1 occupancy changes
at loci of differentially expressed genes in WD. Lamin B1 ChIP-seq
signal is reduced for genes with expression changes in both WD8
(Fig. 4F, left) and WD12 (Fig. 4F, right). Hence, changes at the nu-
clear lamina are directly linked to altered gene expression in WD.

Nuclear lamina changes in NAFLD patients

Based on the results in the diet-induced mouse model, we proceed-
ed to examine nuclear lamina changes in younger NAFLD patients
(normal controls, mild steatosis, severe steatosis; healthy, 26-45 yr
old; NAFLD, 21-51 yr old) (for study design, see Fig. 1). Indeed, the
nuclear shape in NAFLD patients with mild or severe steatosis was
altered (Fig. SA). The circularity of nuclei is significantly changed
in NAFLD patients with both mild and severe steatosis
(Supplemental Fig. S1). In addition, the protein expression of the
lamina-associated proteins LBR and lamin A (LMNA) is increased
in most patients with NAFLD. Protein levels of lamin B1
(LMNB1) are decreased in some NAFLD patients (Fig. 5B). We per-
formed lamin B1 ChIP-seq in human patients and found a similar

number of domains in control and NAFLD patients (1345 in nor-
mal, 1457 in mild steatosis, and 1616 in severe steatosis). About
a third of lamin Bl-associated regions are bound exclusively in
each condition (Fig. 5C), similar to the changes we reported in
an aged mouse model of fatty liver (Whitton et al. 2018). The
lamin B1 ChIP-seq signal decreases significantly in NAFLD pa-
tients, to the same extent in mild and severe steatosis (Fig. SD).
PscanChlIP identified highly enriched consensus sites for the fork-
head motif in all patients (Fig. SE).

FOXAZ2 binding is redistributed in NAFLD patients

Next, we assessed FOXA2 occupancy and found that it is redistribut-
ed in NAFLD livers (6623 regions in normal, 4578 regions in mild
steatosis, 9964 regions in severe steatosis) (Fig. 6A; for heatmap of
FOXA2 binding in each patient, see Supplemental Fig. S3).
PscanChIP motif analysis (Zambelli et al. 2013) identified highly en-
riched forkhead consensus sites for FOXA2 in all conditions (Fig.
6B). FOXA2 binding does not change in patients with mild steatosis
and is redistributed and increases in patients with severe steatosis
despite a reduction in FOXA2 protein levels (Fig. 6C). Similar to
the analysis in the mouse model (Fig. 3E), we computed an overlap
of all lamin B1 domains in normal patients with FOXA2 binding
sites in patients with severe steatosis and found 1029 such domains.
Lamin B1 signal is considerably reduced at these regions in NAFLD
patients to the same extent in mild and severe steatosis (Fig. 6D). We
have previously shown FOXA2 expression is reduced in human pa-
tients with cholestatic livers (subjects with biliary atresia [BA] and
primary sclerosing cholangitis [PSC]) (Bochkis et al. 2008). In addi-
tion, ligand activation of NR1H4 and NR1H3 increases FOXA2
binding three- to fivefold without changes in the FOXA2 protein
levels (Kain et al. 2021). Hence, a reduction in FOXA2 expression
in NAFLD is similar to changes observed in cholestasis. Additional
FOXAZ2 binding is likely owing to untethering of heterochromatin
owing to lamina shape changes (Fig. S5A) and reduction of lamin
B1 signal at all LADs (Fig. 5SD) and LADs with additional FOXA2
binding in NAFLD (Fig. 6D). Although LADs are redistrubted and
lamin B1 ChIP-seq signal decreases significantly in NAFLD patients,
to the same extent in mild and severe steatosis, FOXA2 binding is
repositioned only in patients with more severe steatosis. Hence,
changes at the nuclear lamina reshape FOXA2 binding with pro-
gression of the disease.

Next, we mapped FOXA2 bound regions to closest genes us-
ing GREAT (McLean et al. 2010) and selected 1000 genes that
mapped closest to the TSS for pathway analysis with Enrichr.
Overrepresented pathways included “bile acid and bile salt biosyn-
thesis,” “FOXA2 pathway,” and “nuclear receptors in lipid metab-
olism” for FOXA2 sites in normal patients. Pathways consistent
with the phenotype, including “oxysterol pathway,” “PPAR path-
way,” and “telomere attrition/genomic instability,” were overrep-
resented in FOXA2-bound regions in NAFLD livers (Fig. 6E).
Overall, changes at the nuclear lamina observed in a diet-induced
mouse model of fatty liver in young mice and the mechanism re-
lating chromatin regulation and binding of pioneer factors are cor-
roborated in younger human patients.

A model relating chromatin regulation at the nuclear lamina and
binding of pioneer factors in NAFLD

Our results in a diet-induced mouse model of fatty liver and
NAFLD patients led to a model relating chromatin regulation at
the nuclear lamina and binding of pioneer factors. In healthy con-
ditions, repressed heterochromatin regions that should not be
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Figure 5. Nuclear lamina changes in patients with NAFLD. (A) Nuclear immunofluorescence (lamin B1; green) and DAPI nuclear staining of frozen liver
sections from patients with normal (top left) and fatty livers (top middle and right). Nuclei in individuals with normal livers have a round shape, whereas nuclei
in NAFLD patients are irregular in shape and distorted. (Bottom) Representative liver sections from normal and NAFLD patients stained with H&E. Lipid
accumulation is apparent on histological sections by presence of lipid droplets in NAFLD livers. (B) Western blot analysis of protein nuclear extracts
from livers of three normal and six NAFLD patients with antibodies to LBR, LMNB1, LMNA/LMNC, and Histone H3 (loading control). Protein expression
of LBR and lamina A (LMNA) is increased in most patients with NAFLD. Protein levels of lamin B1 (LMNBT1) are decreased in some NAFLD patients. (C) Venn
diagram showing the results of genome-wide location analysis for lamin B1 (ChlIP-seq) in livers of normal and NAFLD patients, identifying 1345 domains in
normal, 1457 in mild steatosis, and 1616 in severe steatosis, of which 1355 were called bound in all conditions by Epic. (D) Lamin B1 ChIP-seq signal
(RPKM) calculated at LADs decreases significantly in NAFLD patients to the same extent in mild and severe steatosis. (E) PscanChlIP identified highly en-

riched consensus sites for the forkhead motif in all patients.

expressed in hepatocytes are sequestered to the lamina (Fig. 7A).
Changes at the lamina, owing to either a genetic mutation or en-
vironment (diet), lead to untethering of heterochromatin (Fig.
7B) and subsequent recruitment of pioneer factor FOXA2 to previ-
ously repressed regions (Fig. 7C). Binding of FOXA2 opens chro-
matin for additional factors, leading to derepression of gene
expression regulating lipid synthesis and storage and resulting in

steatosis (Fig. 7D). We have previously reported this mechanism
in aged mouse and genetic laminopathy models. Genetic lamino-
pathies cause a fatty liver phenotype and changes in heterochro-
matin that are completely reproduced in aging liver (Whitton
etal. 2018). In this study, we show that a similar mechanism leads
to steatosis irrespective of aging in both young mice placed on WD
and younger NAFLD patients.
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Figure 6.

FOXA2 binding is redistributed in NAFLD patients. (A) Heatmap of results of FOXA2 ChlIP-seq showing that binding increases in livers of mice on

WD (6623 sites in normal, 4578 in mild steatosis, 9664 in NAFLD). (B) PscanChIP motif analysis identified highly enriched forkhead consensus sites for
FOXAZ2 in both conditions. (C) Western blot analysis of protein nuclear extracts from the livers of three normal and six NAFLD patients with antibodies
to FOXA2 and histone H3 (loading control). FOXA2 protein levels decrease in NAFLD patients. (D) Lamin B1 ChIP-seq signal (RPKM) calculated in the over-
lap of lamin B1 domains in normal patients with FOXA2-binding sites in NAFLD patients with severe steatosis is considerably reduced in NAFLD patients to
the same extent in mild and severe steatosis. (E) Enrichr analysis identified overrepresented pathways “bile acid and bile salt biosynthesis,” “FOXA2 path-
way,” and “nuclear receptors in lipid metabolism” for FOXA2 sites in normal patients. Pathways consistent with the phenotype, including “oxysterol path-
way,” “PPAR pathway,” and “telomere attrition/genomic instability,” were overrepresented in FOXA2-bound regions in NAFLD livers.

Discussion

Our previous study in aging liver underscored the importance of
examining how dysregulation of heterochromatin at the nuclear
lamina results in metabolic dysfunction (Whitton et al. 2018).
Several studies have reported changes at the nuclear lamina in pa-
tients with metabolic disease and NAFLD. Genetic variants in the
nuclear lamina-related genes ZMPSTE24 and TMPO, which encode
LAP2, and changes in nuclear morphology parameters have been
observed in NAFLD patients (Brady et al. 2018; Segovia-Miranda
et al. 2019). In addition, a high incidence of laminopathy was
found among patients with metabolic syndrome (Dutour et al.
2011). Cells from these individuals presented with a dysmorphic
nuclear shape and abnormal nuclear distribution of lamin
A. These patients, in addition to being younger, also had hypertri-
glyceridemia and elevated ALT levels compared with other
metabolic syndrome patients, suggesting liver dysfunction.
Furthermore, a heterozygous mutation in ZMPSTE24 was found
in a patient with severe metabolic syndrome (Galant et al. 2016).

Fibroblasts from this individual showed nuclear shape abnormali-
ties, and the patient presented with early onset T2D, liver steatosis,
and hypertriglyceridemia. Collectively, these observations support
the hypothesis that changes at the nuclear lamina promote hepat-
ic fat accumulation in humans.

In this study, we show that changes in nuclear morphology
alter LAD partitioning (LADs profiled by lamin B1 ChIP-seq) and
reduced lamin B1 signal correlate with increased FOXA2 binding
before severe steatosis in young mice placed on WD. These alter-
ations precede severe triglyceride accumulation and activation of
enzymes crucial for lipogenesis. We also show that the nuclear
shape and expression of several lamina-associated proteins are
changed in NAFLD patients with varying degrees of steatosis. In
addtion, LADs are redistrubted and lamin B1 ChIP-seq signal de-
creases significantly in younger NAFLD patients to the same extent
in mild and severe steatosis. In contrast, FOXA2 binding is similar
in normal and NAFLD patients with moderate steatosis and is repo-
sitioned only in NAFLD patients with more severe lipid accumula-
tion. Hence, changes at the nuclear lamina reshape FOXA2
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Figure 7. A model relating chromatin regulation at the nuclear lamina and binding of pioneer factors
in NAFLD. (A) In normal healthy conditions, repressed regions that should not be expressed in a given
tissue are sequestered and tethered to the nuclear lamina. (B) Disturbance in nuclear architecture, either
owing to a genetic mutation or environment (diet), leads to portions of heterochromatin to detach from
the nuclear lamina, as well as destabilization of the nuclear membrane and nuclear blebbing. (C)
Condensed heterochromatin that is no longer attached to the nuclear lamina can be bound by pioneer
factors such as FOXA2. Sequences associated with the lamina as well as forkhead binding motifs are A/T-
rich. (D) Binding of FOXA2 opens previously repressed chromatin, facilitating recruitment of additional
factors, such as PPAR and LXR, and activation (or derepression) of gene expression. We observe activation
of LXR- and PPAR-dependent gene expression in livers of mice on WD. Also, LXR and PPAR pathways are

enriched at loci bound by redistributed FOXA2 in NAFLD patients.

binding with progression of the disease. Overall, changes at the
nuclear lamina observed in the diet-induced mouse model of fatty
liver and the mechanism relating chromatin regulation and bind-
ing of pioneer factors are corroborated in human patients. Our re-
sults suggest a role for nuclear lamina in the etiology of NAFLD
irrespective of aging, possibly leading to improved stratification
of patients and novel treatments aimed at restoring nuclear lamina
function.

We observe changes in expression of several lamina-associat-
ed proteins, LBR, lamin A, and lamin B1, in both mice with fatty
liver and NAFLD patients. In mice, the activation of LBR precedes
severe triglyceride accumulation, and reduction in lamin B1 ex-
pression is detected later. Reducing LBR up-regulation or restoring
lamin B1 expression in the diet-induced fatty liver could reestab-
lish proper nuclear shape and reduce triglyceride accumulation
and warrants further study. In addtion, it is not clear why expres-
sion of these proteins changes in the mouse model of fatty liver
and NAFLD patients. One explanation could be that metabolic
changes during the progression of the disease produce ligands
for nuclear receptors, such as LXR and PPAR, and activate ligand-
dependent gene expressin, including Lbr, Lmna, and Lmnb1.

We have confirmed the relationship between changes at the
lamina and binding of pioneer factors, first reported in an aging liv-
er and laminopathy model, in younger NAFLD patients. Lamina
shape changes and LAD redistribution before severe triglyceride ac-
cumulation in mice correlate with increased FOXA2 binding,
whereas FOXA2 expression is not changed in a mouse model of
NAFLD. In contrast, although LADs are repartitioned in NAFLD pa-
tients with both mild and severe steatosis, FOXA2 binding, despite
reduced expression, is reshaped only in individuals with severe

from accessing those regions.

No specific cause of NAFLD has
been established, and currently, there is
no approved treatment for the disease.
We propose a novel mechanism relating
changes at the nuclear lamina that alter
binding of a pioneer factor, leading to
opening of previously repressed chroma-
tin and up-regulation of lipid synthesis
and storage pathways to development
of steatosis in NAFLD (Fig. 7). We hy-
pothesize that maintaining the nuclear
lamina function and keeping the nucleus and the genome intact
will keep the organism healthy. Then, the cell will be able to main-
tain integrity of the genome by preserving DNA in its proper con-
figuration to activate and repress gene expression appropriate for
each cell type. Hence, treating NAFLD as a laminopathy and test-
ing approaches to restore the nuclear lamina shape and function
in a diseased state could lead to reversal of the phenotype.

Methods

Animals

We used a diet-induced mouse model of NAFLD for our studies
(Asgharpour et al. 2016). Eight- to 12-wk-old heterozygous
CS57BL/6] (B6)/129S1/SvIm] (S129) mice were fed WD (42% kcal
from fat and containing 0.1% cholesterol; Harlan TD.88137)
with ad libitum consumption of glucose and fructose (SW; 23.1
g/L d-fructose +18.9 g/L d-glucose) (Asgharpour et al. 2016) for
8-12 wk.

Human studies

Liver tissue samples from donors (three healthy, three NAFLD with
mild steatosis, and three NAFLD with severe steatosis) were ob-
tained from the Sekisui XenoTech Biobank. Donors were 21-51
yr old (healthy, 26-45; NAFLD, 21-51).

Immunofluorescence and immunohistochemistry

Frozen sections were fixed with precooled acetone:100%EtOH
(1:1) for 10 min and subsequently washed with 1x PBS (5 min x
three). Fresh liver tissue was fixed in 4% PFA overnight at 4°C
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and embedded in paraffin as previously described (Zhang et al.
2005). Indirect immunofluorescence (lamin B1, Abcam
Ab16048, 1:1000) and immunohistochemistry were performed
as previously described (Zhang et al. 2005). Slides subject to immu-
nohistochemistry were counterstained with H&E. DAPI DNA fluo-
rescent stain (Sigma-Aldrich; 1 pg/mL) was used to detect nuclei.

Chromatin immunoprecipitation and ChlP-seq

Snap-frozen mouse or human liver (100 mg) was used to prepare
chromatin. ChIP and ChIP-seq were performed as reported previ-
ously (Kain et al. 2021). Briefly, liver tissue was minced in cold
PBS and cross-linked in 1% formaldehyde/PBS for 15 min with
constant rotation in a Labquake tube rotator. Cross-linking was
quenched by adding glycine to a final concentration of 0.125
M. Nuclear lysate was sonicated using a Diagenode Bioruptor
Pico for 14 cycles (30 sec on/30 sec off). FOXA2-specific rabbit an-
tiserum (Seven Hills Bioreagents WRAB-1200), rabbit antibody to
lamin B1 (Abcam Ab16048), and anti-Histone H3 (trimethyl K9)
rabbit antibody (ab8898) were used for immunoprecipitation.
Libraries were made according to standard Illumina protocol
(end-repair of ChIP DNA, addition of A base to the 3’-ends, adapter
ligation, and amplification). We used multiplex adapters for se-
quencing and Kapa HiFi DNA polymerase (Kapa Biosystems) for
PCR amplification (16 cycles). Library fragments were isolated us-
ing Pippin Prep agarose gel. The purified DNA was captured on an
[llumina flow cell for cluster generation. Libraries were sequenced
on [llumina NextSeq 500 and NextSeq 2000 instruments following
the manufacturer’s protocols.

RNA isolation, analysis, and sequencing

Liver RNA was isolated from heterozygous C57BL/6] (B6)/129S1/
SvimJ (S129) mice fed either control or WD as described previously
(Kain et al. 2021). The quality of the RNA samples was analyzed
using an Agilent RNA 6000 nano kit (Bioanalyzer, Agilent
Technologies). Samples with RIN scores above 9.5 were used in li-
brary preparation. One microgram of total RNA was used to isolate
mRNA (NEBNext Poly(A) mRNA magnetic isolation module).
Libraries of the resulting mRNA were prepared using a NEBNext
Ultra II RNA library preparation kit. All samples were sequenced
on an Illumina NextSeq 500. Four replicates were sequenced for
ND and WDS; three replicates, for WD12. Analysis of mRNA ex-
pression levels for these samples was performed as described previ-
ously (Whitton et al. 2018). Gapdh was used as normalizing gene
for quantitative RT-PCR analysis. Primer sequences are provided
in Supplemental Table S1. Lists of differentially expressed genes
for WD8 and WD12 are provided in Supplemental Table S2.

Protein analysis

Protein extracts preparation and protein immunoblot analysis
were performed as reported previously (Bochkis et al. 2008). The
primary antibodies used were rabbit antibody to FOXA2 (Seven
Hills Bioreagents WRAB-1200, 1:1000), rabbit antibody to histone
H3 (Cell Signaling 4499, 1:4000), mouse antibody to LAMIN A/C
(Cell Signaling mAb 4777, 1:2000), rabbit antibody to LAMIN B
(Abcam ab16048, 1:1000), mouse antibody to LBR (Millipore
MABT831, 1:1.000), and mouse antibody to ACTB (Sigma-
Aldrich A3854, 1:5000).

ChlIP-seq analysis

Reads were aligned to the mouse genome (mm10; NCBI Build 38)
and human genome (hg19; NCBI build 37) using BWA v0.7.12 (Li
and Durbin 2009). Duplicate reads were removed using Picard v

1.134 (http://picard.sourceforge.net). Reads (Phred score>30)
that aligned uniquely were used for subsequent analysis. Data
from two murine biological replicates were merged for FOXA2,
lamin B1, and H3K9me3 ChIP-seq comparison (two ND, two
WDS8, two WD12). Data from three human patients were merged
for FOXA2 and lamin B1 binding (three normal and three
NAFLD). LADs in mouse lamin B1 ChIP-seq were determined by
SICER (mm10 as species, window size 10,000 bp, gap size 10,000
bp, FDR 10%) (Xu et al. 2014). Using hg19 (GRCh37) as opposed
to the GRCh38 build would not significantly change the conclu-
sions because a very strong forkhead motif was detected in
FOXA2 ChlIP-seq, and significant A/T-rich motifs were identified
in lamin B1 ChIP-seq, as expected. Epic peak caller (Xu et al.
2014; https://github.com/biocore-ntnu/epic2) was used to deter-
mine lamin Bl-associated domains in human patients (hg19 as
species, window size of 10 kb, gap size of three, FDR 5%).
PeakSeq (Rozowsky et al. 2009) was used to identify FOXA2 bound
peaks against input controls (mouse: FDR 5%, Q-value< 1.5 x 107%;
human: FDR 5%, Q-value<0.07).

RNA-seq analysis

RNA-seq reads were aligned using STAR (Dobin et al. 2013) to
mouse genome build mm10. Expression levels were calculated us-
ing RSEM (Li and Dewey 2011). Differential expression analysis of
RNA-seq (P-value < 0.05) was performed in R using edgeR package
(Robinson et al. 2010) with a Benjamini-Hochberg FDR of 5%.
Four replicates were sequenced for ND and WDS; three replicates,
for WD12.

Functional analysis

Sequencing reads were visualized with the Integrative Genome
Viewer (IGV) (Robinson et al. 2011). Heatmaps of ChIP-seq cover-
age were generated by deepTools (Ramirez et al. 2014). The overlap
between different categories of binding sites was computed using
Galaxy genome analysis tools (Hillman-Jackson et al. 2012).
Sequence analysis for overrepresented transcription factor binding
motifs in regions from ChIP-seq experiments was performed by
PscanChlIP (Zambelli et al. 2013). ChIP-seq peaks were associated
with closest genes using GREAT (McLean et al. 2010), which
were subsequently used for pathway analysis with Enrichr
(Kuleshov et al. 2016). IPA was used for pathway and network anal-
ysis of differentially expressed genes.

Image quantification

Images were analyzed with the open-source CellProfiler software
package. This software uses an automated algorithm to identify
and measure nuclear morphology. This algorithm first loads imag-
es of DAPI-stained nuclei. Gaps in circular objects are filled to bet-
ter preserve disk shapes. All images are background-subtracted
based on object intensity. Distinct objects are then identified
and segmented using an Otsu threshold of the DAPI image. A
smoothing filter is applied to eliminate artifacts around the edges
of the nuclei. Finally, the area and perimeter of these nuclei are
measured and used to calculate circularity, which we defined by
the following equation:

4
Circularity = 77,*7‘”8‘12 .

perimeter
Statistics

LADs in mouse lamin B1 ChIP-seq were determined by SICER (FDR
10%). Epic peak caller was used to determine lamin Bl-associated
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domains in human patients (FDR 5%). PeakSeq was used to iden-
tify FOXA2 bound peaks against input controls (mouse: FDR 5%,
Q-value<1.05x107%; human: FDR 5%, Q-value< 0.07).
Differential expression analysis of RNA-seq (P-value<0.05) was
performed in R (R Core Team 2022) using edgeR package with a
Benjamini-Hochberg FDR of 5%. Fisher’s exact test was used by
both IPA and Enrichr for overrepresented pathway analysis. A
Student’s two-sample t-test was used to analyze the Q-PCR data.
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https://www.ncbi.nlm.nih.gov/geo/) under accession number
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