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ABSTRACT The importance of epigenetic changes in
the development of hepatic steatosis is largely unknown.
The histone variant macroH2A1 under alternative splicing
gives rise tomacroH2A1.1 andmacroH2A1.2. In this study,
we show that the macroH2A1 isoforms play an important
role in the regulation of lipid accumulation in hepatocytes.
Hepatoma cell line and immortalized human hepatocytes
transiently transfected or knocked down with macroH2A1
isoforms were used as in vitro model of fat-induced stea-
tosis. Gene expressions were analyzed by quantitative PCR
array and Western blot. Chromatin immunoprecipitation
analysis was performed to check the association of histone
H3 lysine 27 trimethylation (H3K27me3) and histone H3
lysine 4 trimethylation (H3K4me3) with the promoter of
lipogenic genes. Livers from knockout mice that are re-
sistant to lipid deposition despite a high-fat diet were used
for histopathology. We found that macroH2A1.2 is regu-
lated by fat uptake and that its overexpression caused an
increase in lipid uptake, triglycerides, and lipogenic genes
compared with macroH2A1.1. This suggests that mac-
roH2A1.2 is important for lipid uptake, whereas mac-
roH2A1.1 was found to be protective. The result was
supported by a high positivity for macroH2A1.1 in knock-
out mice for genes targeted by macroH2A1 (Atp5a1 and
Fam73b), that under a high-fat diet presented minimal
lipidosis. Moreover, macroH2A1 isoforms differentially
regulate the expression of lipogenic genes by modulating
the association of the active (H3K4me3) and repressive
(H3K27me3) histonemarks on their promoters. This study
underlines the importance of the replacement of non-
canonical histones in the regulation of genes involved in
lipidmetabolism in the progression of steatosis.—Podrini,
C., Koffas, A., Chokshi, S., Vinciguerra, M., Lelliott, C. J.,

White, J. K., Adissu, H. A., Williams, R., Greco, A. Mac-
roH2A1 isoforms are associated with epigenetic markers
for activation of lipogenic genes in fat-induced steatosis.
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THE RAPID INCREASE IN OBESITYworldwidewithunhealthydietary
patterns and sedentary lifestyles is associatedwith an increase
in nonalcoholic fatty liver disease (1, 2). Nonalcoholic fatty
liver disease is a pathologic condition that begins as simple
steatosis but may further develop into nonalcoholic steato-
hepatitisandsubsequently toadvancedfibrosis, cirrhosis, and
hepatocellular carcinoma (3–5). Hepatic steatosis is charac-
terized by the accumulation of excess triglycerides resulting
froman imbalance between synthesis, uptake, secretion, and
oxidation of fatty acids (6). Although aberrant regulation of
lipogenicgenes is knowntocontribute to thedevelopmentof
hepatic steatosis, the molecular mechanisms involved in the
regulation of lipogenic genes remain largely unclear (7).
Recent studies support a role for epigenetic mechanisms
including posttranslational modifications, changes in nu-
cleosome positioning, and the replacement of canonical
histoneswith their histone variants (8, 9).One suchhistone
variant named macroH2A1 consists of a histone H2A-like
domain fused to a large C-terminal nonhistone region
called a macrodomain (10, 11). MacroH2A1 RNA can be
alternatively spliced, giving rise to 2 different isoforms:
macroH2A1.1 and macroH2A1.2, which differ in their
macrodomain (12). Furthermore, macroH2A1 was re-
ported tobeenriched in thenucleosomeofgenes related to
lipidmetabolism, suggesting a role in the regulation of fatty
acid uptake (13, 14). It has also been reported thatmice fed
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amethyl-deficient diet showed considerable changes in the
level of macroH2A1 (15). Moreover, we recently reported
that the macroH2A1.2 isoform is up-regulated in a murine
model of fat induced-hepatocellular carcinoma (16).

In the present study, we show that modulation of the
expression of macroH2A1 isoforms induced by the accumu-
lation of lipids is necessary to alter epigenetic modifications
on the lipogenic gene promoters. We demonstrate that
macroH2A1 isoforms act antagonistically to regulate lipid
metabolismbyaffecting the stateofactive [histoneH3 lysine4
trimethylation (H3K4me3)] and inactive [histone H3 lysine
27 trimethylation (H3K27me3)] histone marks on the pro-
moter of key lipogenic genes. Our findings provide new in-
sight intohistonemodifications that, through thepresenceof
macroH2A1, isoforms modulate the expression of genes in-
volved in lipid metabolism and thereby have a direct in-
fluence on the development of hepatic steatosis.

MATERIALS AND METHODS

Cell culture, transfection, and vectors

Human hepatoma cell line HepG2 was obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA) and
was cultured in DMEM supplemented with 10% fetal bovine
serum and 100 U/ml penicillin/streptomycin solution (Invitrogen,
Paisley, United Kingdom) at 37°C under 5% CO2. Immor-
talized human hepatocytes (IHHs) isolated and immortal-
ized by lentiviral transduction with the SV40T antigen and
hTERT as described previously (17) were a kind gift from
M.V. and cultured as previously described (18). Cells were grown
to70%confluence in6/24-well plates and transiently transfected
with pCQXIP-macroH2A1.1-Flag or pCQXIP-macroH2A1.2-Flag
(kindlyprovidedbyDr.MatthewGamble,AlbertEinsteinCollegeof
Medicine, New York, NY, USA) (19) or empty green fluorescent
protein (GFP)-pLNCX2 plasmids using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Twenty-four hours after transfection, enhanced GFP was ob-
served under a green fluorescent microscope, and the trans-
fection efficiency was calculated based on the florescent intensity.
On the same day (24 h after transfection), lipid accumulation was
induced by incubating the cells with 0.2mM free fatty acids (FFAs)
consisting of a 1:1 mix of oleic acid/linoleic acid (Sigma-Aldrich,
Dorset, United Kingdom) for 24 h as described previously in
the fat-induced steatosis model of Cui et al. (20). As a control,
HepG2/IHH cells were incubated without addition of FFAs. After
incubation, the extent of fat accumulation was determined by
using 0.5% Oil Red-O solution (Sigma-Aldrich) in isopropanol
for 10 min. Subsequently, lipid droplets were examined with
a fluorescent microscope (Leica Epi Fluorescence microscope;
Leica Microsystems, Milton Keynes, United Kingdom) and quan-
tified by NIH ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Quantitative RT-PCR

Total RNA was extracted from HepG2/IHH cell lines by TRIzol
isolation (Invitrogen) according to the manufacturer’s instruc-
tions. cDNA was generated by using QuantiTect Reverse Tran-
scriptionKit (Qiagen,Manchester,UnitedKingdom).Quantitative
PCR was performed using the SYBR Green (Applied Biosystems,
Cheshire, United Kingdom) on an ABi7500 system. Gene ex-
pression data performed on key lipogenic genes [VLDLr, SCD,

FASN, FATP2, FATP4) were normalized to b-2-microglobulin
and expressed as fold changes. Specific primers were designed:
FATP2 forward 59-TGGTGTCGCCAGAACTACAAG-39, reverse
59-GAAAGAGTCAATCCCATCTGTGT-39; FATP4 forward 59-
CGGTTCTGGG-ACGATTGTAT-39, reverse 59-AACCTGGTGC-
TGGTTTTCTG-39; b-2-microglobulin forward 59-TGAGTGCT-
GTCTCCATGTTTGA-39, reverse 59-TCTGCTCCCCACCTCTAA-
GTTG-39; macroH2A1.1 forward 59-CCAGCCAAAAAGGCCAAG-
39 reverse 59-CCCTGCTTCTTGGATTTCCG-39; macroH2A1.2
forward 59-CCAGCCAAAAAGGCCAAGTC-39, reverse 59-TCAC-
CCTGCTTCTTCTTGGA-39; FASN forward 59-AGGATGTCAA-
CAAGCCCAAG-39, reverse 59-ACAGAGGAGAAGGCCACAAA-
39; Acyl-CoA synthetase long-chain family member 1 forward 59-
CTTCTGGTACGCCACGAGAC-39, reverse 59-GTCGCTGTCAA-
GTAGTGCG-39; VLDLr forward 59-TTCCAGTGCACAAATGGT-
CGCTGTA-39, reverse 59-ATCACATCTCCAGGACACTGGGATA-
39; SCD forward 59-CGAGCCGGAGTTTACAGAAG-39, reverse 59-
TATTTCCTCAGCCCCCTTTT-39.

A quantitative PCR array of 86 fatty liver genes was designed
andproducedby SABiosciences (PAMM-157ZA)(SABiosciences,
Manchester, United Kingdom). Samples were amplified by using
SYBR green PCR 2X SABiosciences RT2 qPCR Master Mix
(SABiosciences). Relative quantitation of gene expression was
performed using the 22DDCt method and analyzed by using the
manufacturer’s software (http://pcrdataanalysis.sabiosciences.com/pcr/
arrayanalysis.php). To define differentially expressed genes, a filter
consistent with statistical significance of P , 0.05 and a fold ex-
pression change greater than 1.5 was applied.

Western blot

Protein extraction was performed by using RIPA buffer (50 mM
Tris-HCl, pH 7.4, 1% Nonidet P-40; 0.5% sodium deoxycholate,
0.1% SDS, 150 mM NaCl). In brief, cells were suspended and
homogenized in 200 ml RIPA buffer and incubated on ice for
20min, followedby sonication.Sampleswerecentrifugedat13,000g
at 4°C for 30 min. Twenty to 40 mg of total protein from the cell
lysatewas subjected toelectrophoresis in 4–12%NuPAGEBis-Tris
Mini Gels (Invitrogen). Membranes were blocked for 30 min in
5% nonfat dry milk in Tris-buffered saline with Tween (TBS-T)
buffer (1MTris-HCL,pH8,5mMNaCl, and0.1%Tween-20)and
subsequently blotted with the appropriate antibodies in TBS-T
containing 5% nonfat dry milk. Antibodies were used at the
following concentrations: anti-FLAG (1:1000) (f-7425) (Sigma-
Aldrich), anti-macroH2A1.1 (1:100) (39871), anti-macroH2A1.2
(1:100) (61427), anti-H3K27me3 (1:2000) (39155), anti-
H3K4me3 (1:2500) (39159) (Active Motif, La Hulpe, Belgium);
anti-FASN (1:500) (sc-48357) and anti-SCD (sc-30435) (1:100)
(Santa Cruz Biotechnology, Heidelberg, Germany) were in-
cubated overnight at 4°C. Anti-actinin (1:5000) (sc-7454-R)
(Santa Cruz Biotechnology) or anti-H3 (1:1000) (61475) (Ac-
tive Motif) antibodies were used as loading controls. The mem-
branes were incubatedwith the secondary antibodies at 1:3000 in
TBS-T containing 5% nonfat dry milk for 1 h. For immunopre-
cipitation (IP), theprotein lysateswere immunoprecipitatedwith
anti-FLAG (3 mg) (Sigma-Aldrich) overnight at 4°C, and IgGs
were used as negative controls. The FLAG-enriched lysates were
subjected to electrophoresis in 4–12% NuPAGE Bis-Tris Mini
Gels (Invitrogen), and the binding was checked using anti-
H3K27me3, anti-H3K4me3 (Active Motif). Total lysates were
used as input.

FFA analysis

FFA levels were measured by enzymatic assay (Sigma-Aldrich)
according to the manufacturer’s instructions.
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Lipid peroxidation analysis

Lipid peroxidation (LPO) levels were determined using a
commercial lipid hydroperoxide assay kit from Calbiochem
(Merck-Millipore, KGaA, Darmstadt, Germany) according to
the manufacturer’s instructions. Briefly, cellular homogenates
(500ml)weredeproteinatedandextractedunderacidicconditions
with 1 ml of ice-cold deoxygenated chloroform, and the extracts
were removed following centrifugation (1500 g for 5 min at 0°C)
for LPO determination at the absorbance of 500 nm.

Immunofluorescence

Immunofluorescence was performed as follows: cells were fixed
in 4% paraformaldehyde for 5 min and permeabilized with
0.1% Triton X-100 (Sigma-Aldrich). Anti-FLAG (Sigma-Aldrich)
(1:1000) primary antibody was incubated overnight at 4°C. The
staining was developed using Alexa fluorescent conjugated sec-
ondary antibodies, and images were acquired using a Leica Epi
Fluorescence microscope.

MacroH2A1 silencing

Knockdown of macroH2A1 was performed by predesigned
small interfering RNA (siRNA) directed against human H2AFY
(SI04137749 and SI00433062) (Qiagen). HepG2 cells were trans-
fected in 6-well plates with simacroH2A1 variants and nontarget
siRNAasanegativecontrol (100nM)for48hbyusingDharmaFect
1 (Invitrogen) at 60%confluence according to themanufacturer’s
instructions. This was followed by FFA treatment for 24 h.

Chromatin immunoprecipitation analysis

Chromatin immunoprecipitation (ChIP) was performed using
ChIP-IT or Re-ChIP Express Chromatin Immunoprecipitation
Kit (Active Motif) according to the manufacturer’s instructions.
The chromatin was incubated with anti-H3K27me3, anti-
H3K4me3 (Active Motif) or rabbit normal IgG (sc-2027) (Santa
Cruz). For the simultaneous presence of 2 proteins at the same
genomic region, re-CHiP was performed. A sequential ChIP has
been performed by using anti-Flag (Sigma-Aldrich) followed by
anti-H3K27me3. The ChIP-enriched DNA samples were analyzed
by quantitative PCR. PCR primers were designed to locate the
transcription start site (TSS) of the FASN or SCDpromoters. A set
of primers (8 primers for SCD and 5 for FASN) were designed to
span the promoter region of FASN or SCD (;1 kb). Primers are
available on request. The most significant enrichment with
H3K27me3/H3K4me3 on the FASN and SCD promoters was
found on the following regions:2967 to2785 from theTSSof the
FASN promoter forward 59-TGTGGTGTGTGGGTTGGTAT-39,
reverse 59-AGGCTATCCCCATTTCGTCC-39; and +42 to +179
from the TSS of the SCD promoter forward 59-AGCTCTCATGG-
TAAGGCTCC-39, reverse 59-CAGTTGAGCCCAGAAACACC-39.
Results are represented as fold enrichment after normalization
with the DNA input.

Animals and histopathology

Mice carrying knockout first conditional-ready alleles (21) for
Atp5a1 (Atp5a1tm1a(EUCOMM)Wtsi/Atp5a1+ heterozygous animals)
or Fam73b (Fam73btm1a(KOMP)Wtsi/Fam73btm1a(KOMP)Wtsi homozy-
gous animals)weregeneratedonaC57BL/6genetic background
by the Mouse Genetics Project (22). Genotyping, allele quality
control, and phenotyping were performed as described pre-
viously (23). In brief, at 4 wk of age, mice were transferred from
Mouse Breeders Diet (LabDiet 5021-3; IPS, Richmond, VA,USA)
to a high-fat (21.4% fat by crude content; 42% calories provided

by fat) dietary challenge (Special Diet Services Western RD
829100; SDS, Witham, United Kingdom). At 16 wk of age, mice
(n = 2 male and 2 female mice per mutant strain, plus matched
controls)werehumanelykilled, anda fullnecropsywasperformed,
including collection of the liver into 10% neutral buffered forma-
lin. Liver samples was fixed between 15 and 20 h, processed over-
night (Tek VIP 5; Sakura, Thatcham, United Kingdom),
embedded in paraffin, and sectioned at 4 mm for routine hema-
toxylin and eosin staining (24). All experiments were performed
according to protocols approved by the UK Home Office regu-
lations, UK Animals (Scientific Procedures) Act of 1986.

Immunohistochemistry

Liver sections were deparaffinized in xylene and rehydrated, and
antigen retrieval treatment was carried out in 2 NHCl buffer, pH
2 (preheated to 98°C). Sections were then cooled, rinsed, and
endogenous peroxidase blocked for 20 min with 0.5% H2O2.
Finally, the sections were washed in double-distillated water
followed by Tris-buffered saline with 0.01% Triton X-100 and
then rinsed. Mouse liver sections were incubated with anti-
macroH2A1.2 and anti-macroH2A1.1 (Active Motif) 1:100 over-
night at 4°C. Sections were rinsed and incubated with the
biotinylated antibody (Vector Laboratories, Peterborough,United
Kingdom) and revealed with the 3,39-diaminobenzidine horse-
radish peroxidase substrate kit (VectorLaboratories). The sections
were finally dehydrated and coverslipped. Samples processed
without primary antibodies served as negative controls. Five
digital images from nonoverlapping fields were taken, and the
number of positive nuclei was calculated.

Statistical analysis

All results are expressed as means 6 SEM. The statistical signifi-
cance of differences in mean values was assessed by Student t test
for the2groups.Allexperimentswereperformed in triplicateand
repeated 3 times independently unless otherwise stated.

RESULTS

Role of macroH2A1 isoforms in an in vitro model
of steatosis

To understand whether FFA differentially influences the
expression of the 2 isoforms, HepG2 and IHH cells were
used as an in vitro model of steatosis (20). In this study,
the mRNA and protein expression levels of endogenous
macroH2A1.1 were unchanged, whereas that for mac-
roH2A1.2 were significantly induced by FFA treatment
(Fig. 1A), suggesting that the macroH2A1.2 is the isoform
regulated by fat-induced steatosis.

The transient overexpression of macroH2A1.1 in the
presenceofFFAresulted inreduced levelof lipidscompared
with the cells transfected with macroH2A1.2 and the empty
GFP control vector (Fig. 1B). Quantitative analysis showed
a significant decrease (P, 0.01) of the average droplets size
and average total droplet surface area per cell for mac-
roH2A1.1 comparedwith themacroH2A1.2-overexpressing
cells and thecontrol inHepG2(Fig. 1C)andIHHcells in the
presence of FFAs (Supplemental Fig. S1A).

To distinguish between intracellular redistribution of
fat from true lipid accumulation, we measured the total
amount of triglycerides in the cells transfected with mac-
roH2A1.1 or macroH2A1.2 vs. cells transfected with the
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control vector. The level of triglycerides was significantly
reduced (P , 0.01) in cells overexpressing macroH2A1.1
compared with the control and macroH2A1.2 in the
presence of FFA in HepG2 (Fig.1D) and IHH cells (Sup-
plemental Fig. S1B).

Because excess FFAs were previously suggested to
trigger lipid peroxidation, a signature of cellular dam-
age, in cultured hepatocytes (25), we measured the
formation of lipid peroxides in macroH2A1.1 or 1.2
overexpressing cells in the presence of FFAs. It was found
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Figure 1. macroH2A1 isoforms regulate lipid uptake. A) (Left) Relative mRNA levels of macroH2A1 isoforms in HepG2 and IHH
cells 6 FFA, examined by real-time PCR. Values for control were set at 1. Right) Western blot analysis of macroH2A1 isoforms in
HepG2 and IHH cells. H3 was used as a loading control. B) Immunofluorescence of HepG2 and IHH overexpressing
macroH2A1 isoforms and empty vector GFP as a control. Showing macroH2A1-Flag-tagged in green, lipid droplets stained with
ORO (red) and DAPI (blue) for nuclear stain with original magnification, 340. Representative pictures of 3 independent
experiments. C) Quantification of individual lipid droplet size per surface area in .100 cells using ImageJ software. *P , 0.05,
**P , 0.01; n = 3. D) Triglyceride measurement in HepG2-overexpressing cells. Values are normalized with the amount of
protein. *P , 0.05, **P , 0.01; n = 3. E) Lipid peroxidation measurement in HepG2-overexpressing cells. Values are normalized
with the amount of protein. Error bars represent SEM. *P , 0.05, **P , 0.01; n = 3. Results are represented as means 6 SEM of $3
independent experiments. F) Western blot analysis of macroH2A1 overexpressing in HepG2 cells 6 FFA for anti-Flag and actinin
as loading control.
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that macroH2A1.1-overexpressed cells decreased lipid
peroxidation significantly (P , 0.05) in the presence of
FFA compared with the control andmacroH2A1.2 in the
presence of FFAs (Fig. 1E). These observations suggest
that macroH2A1 isoforms have a distinct and opposite
role in lipid uptake, with macroH2A1.1 playing a pro-
tective role in lipid uptake compared withmacroH2A1.2.

Lipid metabolic genes regulated by
macroH2A1 isoforms

A quantitative PCR array profile of the genes involved in
lipid accumulation was performed to gain insight into
genes and pathways modulated by the macroH2A1 iso-
forms in HepG2 cells.

The expression of key genes, involved in lipid accumu-
lation and hepatic insulin resistance, was measured by

comparing the control cells without FFAs vs. controls cells
and macroH2A1-overexpressed isoforms with FFAs. The
presence of FFAs caused an up-regulation of genes in-
volved in lipid metabolism (Table 1). This was also con-
firmed in IHHcells for key lipogenic genes (Supplemental
Fig. S2A).

Hierarchical clustering of the expression data revealed
similar profiles in the control and macroH2A1.2-
overexpressing cells with addition of exogenous FFAs. This
similar response might be caused by the endogenous up-
regulation of macroH2A1.2 in the presence of FFAs.
Overexpression of macroH2A1.1 resulted in a minimal
gene expression changes (Fig. 2A). Overall, a set of 36
genes, involved in lipid synthesis, glucose uptake, and
b-oxidation,was found tobeup-regulated inmacroH2A1.2
and control cells after FFA administration compared with
macroH2A1.1-overexpressing cells (Table 1).

TABLE 1. Gene expression analysis in macroH2A1-overexpressing cells

Gene name

CTR FFA macroH2A1.2 FFA macroH2A1.1 FFA

Fold
change P value

Fold
change P value

Fold
change P value

Lipid metabolism/transport
APOA1 3.42 0.0002 2.18 0.00065 1.33 0.0020
ACADL 1.81 0.0110 2.27 0.0151 0.98 0.1680
SREBF1 1.62 0.0110 1.53 0.0294 0.74 0.0340
SREBF2 1.76 0.0050 2.26 0.0072 0.21 0.0413
HNF4A 1.69 0.0220 1.50 0.0350 0.36 0.0055
APOC3 3.07 0.0010 2.60 0.0063 1.21 0.0496
PPARGC1A 1.54 0.0003 1.69 0.0020 1.2 0.0002
SCD 1.73 0.0129 2.37 0.0051 1.31 0.0438
CNBP 1.79 0.0526 1.21 0.1310 1.04 0.3420
CYP7A1 2.08 0.0446 1.80 0.0178 1.44 0.0451
APOE 1.09 0.2140 1.58 0.0226 1.21 0.0040
LDLR 1.45 0.0460 1.63 0.0220 0.97 0.4979
FABP1 1.73 0.0038 3.63 0.0023 1.42 0.0009
FABP2 1.13 0.0001 1.73 0.0186 1.01 0.3972
CD36 1.66 0.0357 1.68 0.0186 1.05 0.3972
PNPLA3 0.44 0.0177 1.53 0.0319 1.45 0.0345
XBP1 0.89 0.3180 0.79 0.0700 0.05 0.1800

Glucose transporters,
gluconeogenesis, insulin
resistance, and inflammation

SLC2A1 1.97 0.0477 2.24 0.0121 1.39 0.0084
SLC2A2 1.86 0.0312 2.03 0.0082 1.15 0.0009
SLC2A4 1.61 0.0040 1.54 0.0280 1.12 0.0005
G6PC 2.16 0.0090 3.24 0.0050 1.56 0.0480
GCK 1.57 0.1100 1.78 0.0230 1.40 0.0003
AKT1 2.06 0.0115 2.04 0.0006 0.99 0.4420
IRS1 1.80 0.0013 1.75 0.0001 0.62 0.0450
IL6 1.45 0.0130 2.67 0.0071 2.50 0.0146
MAPK1 0.98 0.1030 1.50 0.0358 1.03 0.2738
FOXA2 0.70 0.0015 0.93 0.3820 0.46 0.0567
IFNG 3.18 0.0003 1.16 0.0239 2.14 0.2002
IGFBP1 0.34 0.0079 2.53 0.0040 1.19 0.0001
TNFRSF6 2.52 0.0950 1.53 0.0365 1.94 0.1345

b-Oxidation and lipogenesis
ABCA1 1.54 0.0161 1.97 0.01740 1.20 0.127
ATP5C1 1.94 0.0132 1.99 0.01130 0.92 0.405
PPA1 1.75 0.0139 1.80 0.02660 0.97 0.443
NDUFB6 1.70 0.0482 1.87 0.01530 0.92 0.462
PPARG 1.32 0.0261 1.58 0.03040 0.84 0.210
FASN 2.36 0.0002 2.90 0.00450 1.11 0.270
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MacroH2A1.1-overexpressing cells in the presence of
FFAs did not significantly induce the expression of genes
involved in lipogenesis (FASN; P . 0.05) and genes in-
volved in gluconeogenesis (G6PC and GCK; P , 0.05)
compared with macroH2A1.2 cells. This shift from fatty
acid oxidation to de novo lipid synthesis was mediated by
a decreased activity of sterol regulatory element-binding
transcription factor1/2 (SREBF1, SREBF2; P , 0.05).
SREBF1/2, master regulators of lipogenic genes such as
SCD and FASN (26), were found to be down-regulated
(P , 0.05) in FFA treatment. Further, the comparison be-
tween control with FFAs vs. macroH2A1.1-overexpressing
cells in the presence of FFAs showed an overall down-
regulationof the lipogenic genes (SupplementalTable S1).

On the contrary, overexpression of macroH2A1.2
resulted in the up-regulation of genes involved in gluco-
neogenesis (G6PC and GCK; P , 0.05) and glucose
transporters (SLC2A1, SLC2A2, and SLC2A4; P , 0.05).
Moreover, the expression of genes related to de novo lipo-
genesis (PPARg; P , 0.05) and b-oxidation (ABCA1,
ACADL,ATP5C1, PPA1, andNDUFB6;P,0.05)were also
increased, as well as genes involved in hepatic insulin re-
sistance (AKT1 and IRS1; P, 0.01).

To further explore thedirect role playedbymacroH2A1
isoforms in lipidmetabolism, studieswerecarriedoutusing
siRNA-mediated gene silencing as an experimental ap-
proach to generate a cellular model deficient in total
macroH2A1 (Fig. 3A). The knockdown of macroH2A1
showed a reduction of lipid accumulation by Oil-Red Oil
(ORO) staining in HepG2 (Fig. 3B, C) and IHH (data not
shown) cells, concomitant with a down-regulationofmRNA
expression for the fatty acid transporters (FATP2 and
FATP4) and key lipogenic genes (SCD, FASN, andVLDLr)
(Fig. 3D). On macroH2A1 knockdown, the expression of
these genes remained down-regulated, even after FFA
treatment, at the mRNA (Fig. 3D) and protein levels

(Fig. 3E). These observations raised the possibility that
macroH2A1 is fundamental in the regulation of key lipo-
genic genes and that the isoformsplay an antagonistic role
in the activation and/or repression of lipogenic genes.

Genetically induced mouse models fed a high-fat diet
present high positivity of macroH2A1.1 isoform

Previous studies have shown that several genes, belonging
to ATP-dependent membrane transporters (Atp) and
family with sequence similarity members (Fam), are tar-
geted by macroH2A1 (27). Atp family members encode
proteins that have direct or inferred connections with the
transport of lipids (28–30). Atp5a1 is a component of ATP
synthase complex (31), and Fam73b encodes a conserved
membrane protein of unknown function, but recent evi-
dence suggests that Fam73b has been associated to defects
of bone strength andmineralization (32).Recent evidence
further suggests that disruption of the genes Atp5a1 and
Fam73b cause metabolic defects (22). Specifically, the ab-
sence ofAtp5a1decreases the efficiency of ATPgeneration
via the oxidative phosphorylation route, suggesting that
alternative mechanisms such as glycolysis will be up-
regulated and may cause a lean phenotype (33).

To better characterize the role of macroH2A1 in the de-
velopment of steatosis, we checked the expression of the 2
isoforms in genetically modified mice null for Atp5a1 and
Fam73b. Interestingly, both lines presented with a lean
phenotype, decreased body weight, and decreased body
fat (22). Despite high-fat diet consumption, and consistent
with the observed clinical phenotypes, both lines presented
minimal or absent lipidosis (Fig. 4A). In this context, we
checked the expression of macroH2A1 isoforms. The im-
munohistochemistry analysis showed high positivity for
the macroH2A1.1 isoform (P , 0.01) compared with

CTR

CTR FFA

mH2A1.2

mH2A1.2 FFA

mH2A1.1

mH2A1.1 FFA

Magnitude of gene expression

min avg max

Figure 2. Heat map profile of fatty liver genes regulated by macroH2A1 isoforms in HepG2-overexpressing cells in control,
macroH2A1.2, and macroH2A1.1 6 FFA treatment. The graphic color of each gene is assigned on the basis of the measured
signal ratio to the housekeeping genes GADPH, ACTB, and b-2-microglobulin. Expression levels are represented in a color scale
from green (low expression) to red (high expression). Results are represented as means of $3 independent experiments.
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macroH2A1.2 (Fig. 4B). This suggests that the high pos-
itivity for the macroH2A1.1 isoform is related in vivo
to the protection of the hepatocytes from a fat-induced
model of steatosis.

macroH2A1 isoforms affects the expression of
epigenetic marks

MacroH2A1 is a repressive epigenetic mark and is highly
associated with trimethylation of H3K27me3. However,
macroH2A1may play a positive role in gene expression in
a subset of genes when it is bound in transcribed regions
(34). In the in vitromodel of steatosis, we found that FFAs
induced H3K27me3, a transcriptional repressive histone
code, and increased level of trimethylation of H3K4me3,
a transcriptional active histone code. The silencing of
macroH2A resulted in a reduced expression of both re-
pressive and active histone marks that were maintained
even in the presence of exogenous FFA, suggesting that
both histone marks are strongly associated with the pres-
ence of macroH2A1. Moreover, the overexpression of the

macroH2A1.2 isoform not only restored the expression of
the histone marks, but also of the lipogenic genes (FASN
and SCD) (Fig. 5A). This was also confirmed by quantita-
tive PCR (Supplemental Fig. 3).

Next, IP showed that H3K27me3 and H3K4me3 were
strongly associated with both macroH2A1 isoforms, sug-
gesting thatmacroH2A1 can affect chromatin compaction
(Fig. 5B) by the modulation of the histone marks.

macroH2A1 isoforms affect epigenetic histone marks
of lipogenic promoters

Because SCD and FASN expression was differentially reg-
ulatedby themacroH2A1 isoforms in thepresenceofFFAs,
we further investigated whether macroH2A1 can affect
the expression of SCD and FASN by altering the level of
the 2 transcriptionally active (H3K4me3) and inactive
(H3K27me3) histone marks.

ChIP analysis showed that in the control HepG2
cells, the level of H3K4me3 was increased, whereas the
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Figure 3. Lipid accumulation and gene expression in macroH2A1 knockdown in HepG2 cells. A) Protein expression level in
simacroH2A1 isoforms 6 FFA. B) Immunofluorescence showing ORO (lipid stain) in simacroH2A1 6 FFA. C) Quantification of
individual lipid droplet size per surface area in .100 cells using ImageJ software. *P , 0.05, **P , 0.01; n = 3. D) Relative
lipogenic gene mRNA levels in simacroH2A1 HepG2 6 FFA. Values for control were set at 1. Error bars represent SEM. *P , 0.05,
**P, 0.01; n = 3. E) Western blot analysis of FASN and SCD in simacroH2A1 HepG26 FFA, and actinin was used a loading control.
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repressive histone mark H3K27me3 was decreased on the
SCD and FASN promoter in the presence of FFA. In-
terestingly, SCD and FASN promoters showed high levels
of both transcriptional marks after the knockdown of
macroH2A1, suggesting that SCDandFASNpromoters are
retained in a bivalent state that can change in either di-
rection to an open or closed state (lack of expression)

under a specific stimuli. However, the reoverexpression of
macroH2A1 isoforms resolved the FASN and SCDbivalent
promoters toward an active histone code H3K4me3 when
macroH2A1.2 is reoverexpressed and toward a repressed
histone code H3K27me3 when macroH2A1.1 is reover-
expressed (Fig. 6A). Further, macroH2A1 isoforms and
the epigenetic mark (H3K27me3) were sequentially
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macroH2A1.1 and macroH2A1.2. A) Histopathology revealed absent or minimal hepatic lipidosis in Atp5a12/+ and Fam73b2/2
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immunoprecipitated (Re-ChIP). The simultaneous pres-
ence of macroH2A1 isoforms and H3K27me3 on the pro-
moter of SCD has been measured (Fig. 6B). The results
suggest that the associationofmacroH2A1.1 isoformon the
SCD promoter is strongly correlated with the epigenetic
mark (H3K27me3) independently of the presence of FFAs.

These observations suggest that the macroH2A1 iso-
forms differentially modulate the association of histone
marks in the regulation of lipogenic genes.

DISCUSSION

Excessive caloric intake in the western diet over the last
decade is responsible for the increased levels of obesity that
is expected to double by 2025 (35), and obesity is themost
significant single risk factor for the development of hepatic
steatosis. From an epigenetic point of view, the excess in-
takeof nutrients was shown to alter the expression of genes
and their transcriptional activity by affecting histone
methylation (36). The novel findings described in this
study represent a new mechanism for explaining how
posttranslational modifications of lipogenic genes could
be modulated by macroH2A1 histone variants in hepatic
steatosis. In an in vitromodel of fat-induced steatosis, only
the macroH2A1.2 variant is up-regulated compared with
the macroH2A1.1, which was also confirmed in a previous
observation by using a murine model of fat-induced he-
patocellular carcinoma (16). However, the mechanisms
underlying theeffects of the2 isoformson the regulationof
gene expression related to lipid intake have not yet been
reported. By using an in vitromodel of steatosis transiently
expressing the 2 isoforms, we demonstrated that isoform
1.2 responds to the FFA stimuli by inducing lipid accu-
mulation, triglyceride levels, and LPO. In contrast, mac-
roH2A1.1 was identified as the isoform with the capability
to protect hepatocytes from lipid accumulation and LPO

damage induced by FFAs. Previous studies showed that
macroH2A1 has a role in the regulation of gene expres-
sion. Furthermore, broad-based examination of gene ex-
pression in macroH2A1 knockout mouse livers has
identified an increased expression level of a cluster of
genes directly involved in fatty acidmetabolism (13, 14). In
addition, macroH2A1 knockout mice fed a high-fat diet
resulted in decreasedbodyweight and fatmass (37). In the
present study, we found that the overexpression of mac-
roH2A1.2 up-regulated genes involved in gluconeogene-
sis, glucose transporters, and genes involved in de novo
lipogenesis and b-oxidation differently from mac-
roH2A1.1. It is noteworthy that the up-regulation of lipo-
genic genes is strongly associated with the expression of
macroH2A1. Indeed the absence of macroH2A1 pre-
vented the expression of the lipogenic genes in the pres-
ence of exogenous FFAs. Taken together, these results
suggest that fat uptake is not sufficient to modulate the
lipogenic genes unless macroH2A1 is present. Moreover,
the absenceofAtp5a1 and Fam73b, known tobe targetedby
totalmacroH2A1 (27), is correlated with the prevention of
the development of hepatic steatosis inmice under a high-
fat diet. This might be due to an increased expression of
the macroH2A1.1 isoform, reaffirming its protective role.
The lean phenotype and the predominance of mac-
roH2A1.1 suggests that an alternative pathway may be in-
volved as a solution to bypass ATP deficiency and could
play a new role for the control of mitochondrial function.
However, this warrants further investigation to ascertain
the precise role of this histone variant.

The important role ofmacroH2A1 in the transcriptional
regulation has been previously reported to positively cor-
relate with H3K27me3 and also negatively with marks for
transcription including RNA polymerase II and histone
H3K4me3 methylation. However, macroH2A1 can play
a positive role in gene expression in a subset of geneswhen
it is bound in the transcribed regions (34). In this study, we
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Figure 6. Recruitment of epigenetic histone marks on FASN and SCD promoters. A) HepG2 simacroH2A1 and reoverexpressing
macroH2A1 isoforms6 FFA were used for ChIP analysis with the indicated antibodies. Quantitative PCR was used to measure the level
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showed that the abrogation of macroH2A1 can affect the
level of epigenetic marks (H3K27me3 and H3K4me3) on
the promoter of specific lipogenic genes, FASN and SCD,
and this can affect their expression even in the presence of
FFAs. This suggests that macroH2A1 may have a dynamic
role in themodulation of histonemethylation status of the
promoters of specific genes. Inparticular, the regulationof
FASN and SCD has been associated with environmental
factors such as nutritional conditions that can affect his-
tone methylation in liver. The methylation status of these
lipogenic genes can suppress their expression even in the
presence of SREBF1, which is the specific transcription
factor of SCD and FASN (38). Interestingly, our results
show that the absenceofmacroH2A1can inducehigh level
of both active (H3K27me3) and repressive (H3K4me3)
marks causing a bivalent state. The bivalent chromatin is
defined by the presence of both activating and repressive
histone modifications (39), also observed in Pparg and
Fabp7 promoters, a key regulator of adipogenesis and fatty
acid uptake, respectively (40). The bivalent statemaintains
chromatin in a condition with the potential for rapid gene
activation(41). Indeed, thebivalent state is resolved toward
an active or a repressed state in the presence of mac-
roH2A1.2 or macroH2A1.1, respectively.

In conclusion, this study is the first to demonstrate that
macroH2A1 isoform expression, influenced by fat uptake,
can differentially regulate lipid genes by modulating
their level of histonemethylation. The antagonistic role of
macroH2A1 isoforms in chromatin conformational
changes lead to the activation or repression of lipid genes,
which in turn affect the development of hepatic steatosis.
The protective role of macroH2A1.1 needs further in-
vestigation to understand the molecular mechanisms be-
hind its overexpression in relation towhichnutrients could
induce its activation.

This study is thefirst detailed analysis of themacroH2A1
isoforms in the regulation of lipogenic genes by histone
methylation, thereby leading tobetterunderstandingof the
molecular mechanism underlying the epigenetic regula-
tion of lipogenic genes and thus of hepatic steatosis.
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