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ABSTRACT

Obesity and nonalcoholic fatty liver disease (NAFLD) affect expres-
sion and function of cytochrome P450 genes (P450s). The increased
expression of inflammatory cytokines is a major driver of the
downregulation of P450 expression in NAFLD. Decrease in P450
expression could potentially lead to drug-drug interaction, ineffi-
cient pharmacological effect of a drug, or hepatotoxicity. An
epigenetic modifier, histone 3 lysine 9 methyl transferase enzyme
(G9a), known to increase histone 3 lysine 9 methylation, is down-
regulated in diet-induced obesity animal models. In a liver-specific
G9a knockout animal model, expression of P450s was downregu-
lated. Currently, the role of G9a in regulation of P450s in steatosis is
unknown. Our hypothesis is that in steatosis G9a plays a role in
downregulation of P450 expression. In this study, we used HepaRG
cells to induce steatosis using a combination of free fatty acids oleic
acid and palmitic acid. The G9a was knocked down and overex-
pressed using small interfering RNA and adenovirus mediated
approaches, respectively. Knockdown and overexpression of G9a
in the absence of steatosis decreased and increased expression of
nuclear receptors constitutive androstane receptor (CAR), pregnane

X receptor, small heterodimer partner, and CYP2B6, 2E1, 2C8, 2C9,
and 3A4, respectively. In steatotic conditions, overexpression of G9a
prevented fatty acid mediated decreased expression of CAR,
CYP2C19, 2C8, 7A1, and 3A4. Our current study suggests that G9a
might serve as a key regulator of P450 expression at both the basal
level and in early steatotic conditions. Single nucleotide polymor-
phism of G9a leading to loss/gain of function could lead to the poor
metabolizer or ultrarapid metabolizer phenotypes.

SIGNIFICANCE STATEMENT

The current study demonstrates that histone modification enzyme
G9a is involved in the regulation of expression of nuclear receptors
constitutive androstane receptor, pregnane X receptor, and small
heterodimer partner as well as drug-metabolizing cytochrome
P450s (P450s) at basal conditions and in fatty acid induced cellular
model of steatosis. Histone 3 lysine 9 methylation should be
considered together with histone 3 lysine 4 and histone 3 lysine 27
methylation as the epigenetic mechanisms controlling gene expres-
sion of P450s.

Introduction

Various factors affect cytochrome P450 (P450) expression and
function, such as single nucleotide polymorphisms (SNPs), epigenetic
influence, gender, age, and disease conditions. In nonalcoholic fatty liver
disease (NAFLD), the expression of P450 genes is downregulated
(Zanger and Schwab, 2013). In obese individuals, the prevalence of
NAFLD increases with increasing body mass index (Fabbrini et al.,
2010). Animal models, such as diet-induced obesity, or genetic models,
such as db/db or ob/ob, have shown to develop NAFLD with and
without high fat diet treatment, respectively. In these animals, the

expression and activity of P450 genes were observed to be down-
regulated (Yoshinari et al., 2006; Ghose et al., 2011). In steatosis
(accumulation of triglycerides in liver), the P450 expression is
moderately affected, whereas in a more severe inflammatory non-
alcoholic steatohepatitis (NASH), the expression is strongly affected due
to inflammation (Lake et al., 2011). The in vivo phenotype of steatosis,
which includes accumulation of lipid droplets, increased intracellular
triglyceride, and downregulation of P450 genes, can be replicated
in vitro by treating HepaRG and Huh-7 cells with fatty acids (FAs)
(Woolsey et al., 2015; Michaut et al., 2016).
Drug metabolizing P450 genes are transcriptionally regulated by the

xenobiotic nuclear receptors (NRs) constitutive androstane receptor
(CAR), pregnane X receptor (PXR), and aryl hydrocarbon receptor
(AHR). Similarly, an important bile acid synthesis gene, CYP7A1, is
regulated by the small heterodimer partner (SHP). CAR and PXR are
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ABBREVIATIONS: ACTB, beta-actin protein; AdV, adenovirus; AHR, aryl hydrocarbon receptor; CAR, constitutive androstane receptor; CI,
confidence interval; FA, fatty acid; FGF21, fibroblast growth factor 21; G9a, histone 3 lysine 9 methyl transferase; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; GFP, green fluorescent protein; H3K4, histone 3 lysine 4; H3K4me3, H3K4 trimethylation; H3K9, histone 3 lysine 9;
H3K27me3, histone 3 lysine 27 trimethylation; HNF1a, hepatocyte nuclear factor 1 alpha; HNF4a, hepatocyte nuclear factor 4 alpha; IPA, isopropyl
acetal; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NR, nuclear receptor; OA, oleic acid; ORO, oil red O; P450,
cytochrome P450; PA, palmitic acid; RT-PCR, real time quantitative polymerase chain reaction; PPARa, peroxisome proliferator activated
receptor alpha; PXR, pregnane X receptor; RXRa, retinoid X receptor alpha; siG9A, siRNA specific to G9A; siNC, siRNA negative control; siRNA,
small interfering RNA; SHP, small heterodimer partner; SNP, single nucleotide polymorphism; TBP, TATA-binding protein.
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expressed in the cytosol and translocated to the nucleus to regulate gene
expression upon trans-activation through binding of xenobiotic ligands,
such as phenobarbital (Mutoh et al., 2013) and rifampicin (Kliewer et al.,
2002), respectively (Timsit and Negishi, 2007). CAR, PXR, and
peroxisome proliferator activated receptor alpha (PPARa) form a heter-
odimeric complex with retinoid X receptor alpha (RXRa), which binds
to the response elements of the promoter region of a target gene to
regulate gene transcription.
NRs epigenetically regulate transcription of P450 genes through

alterations of histone modifications. The histone proteins H2A, H2B,
H3, and H4 are post-translationally modified at N-terminal lysine
residues. The methylation of lysine residues is associated with either
active or repressed chromatin. Rifampicin treatment increases histone 3
lysine 4 (H3K4) trimethylation (H3K4me3) and H3 acetylation, whereas
it decreases histone 3 lysine 27 trimethylation (H3K27me3) at the
CYP3A4 promoter to regulate its mRNA expression through activation
of PXR (Yan et al., 2017). Similarly, CYP2E1 and CYP2C9 genes are
regulated by H3 acetylation and H3K27me3 modification (Yang et al.,
2010; Englert et al., 2015). Treatment with 1,4-bis[2-(3,5-dichloropyr-
idyloxy)] benzene in neonatal mice led to permanent activation of CAR
and increased H3K4 mono-, di- and trimethylation and decreased
histone 3 lysine 9 (H3K9) trimethylation at Cyp2b10 locus (Chen et al.,
2012). The pregnenolone 16a-carbonitrile treatment in neonatal mice
caused persistent increase in expression of CYP3A11 due to increased
H3K4me3 and decreased H3K27me3 at the Cyp3a11 promoter (Wang
et al., 2019). Bile acid activated FXR increases expression of lysine
specific demethylase 1, which removes H3K4 methylation to repress
CYP7A1 expression and prevents bile toxicity (Kim et al., 2015).
Therefore, the status of histone modifications at different residues
determines either activation or repression of expression of P450s by
activated NRs.
H3K9 mono-, di-, or trimethylation is associated with either activated

or repressed chromatin. Histone 3 lysine 9 methyl transferase G9a
methylates H3K9 to mono- and dimethylation at N-terminal tail
(Hyun et al., 2017), whereas suppressor of variegation 3-9 homolog
1 methylates to H3K9 trimethylation to repress gene expression (Lehnertz
et al., 2003). G9a is transcribed by the gene euchromatic histone lysine
methyl transferase 2. The G9a protein plays a dual role of activation or
repression in epigenetic regulation of a gene based on its binding
partners (Bittencourt et al., 2012; Chaturvedi et al., 2012; Shankar et al.,
2013). The liver specific knockout of euchromatic histone-lysine
N-methyltransferase 2 (Ehmt2) in mice decreased expression of CAR,
PXR, AHR, and SHP along with decreased expression of CYP2E1 and
CYP3A11 (Lu et al., 2019). G9a was observed to be coimmunopreci-
pitated with SHP to repress CYP7A1 expression upon bile acid
treatment in HepG2 cells by increasing H3K9 methylation (Fang
et al., 2007).
FAs are endogenous ligands of PPARa. FAs activate transcription of

fibroblast growth factor 21 (FGF21) in response to fasting (Ge et al.,
2012;Matikainen et al., 2012) to regulate triglycerides. The transcription
factor, nuclear factor interleukin 3, also known as E4BP4, interacts with
G9a to increase H3K9 dimetylation at the FGF21 promoter to repress
FGF21 gene expression (Tong et al., 2013). Previously, it was observed
that treatment of Huh-7 cells with recombinant FGF21 protein resulted
in decreased nuclear transport of PXR, leading to decreased CYP3A4
transcription (Woolsey et al., 2016).
Currently, the role of G9a in regulation of NRs and drug metabolizing

P450 genes in steatosis has not been studied. In this study, we evaluated
the role of G9a in regulation of P450s in free FA-induced steatosis.
Differentiated HepaRG cells were selected as a model to perform gain of
function and loss of function experiments due to similar expression of
NR, P450s, and G9a to primary human hepatocytes (Hart et al., 2010).

A small interfering RNA (siRNA) mediated approach was used to
selectively knock down G9a, whereas an adenovirus approach was used
to overexpress G9a protein in HepaRG cells.

Materials and Methods

Chemicals and Reagents. HepaRG cells were purchased from Biopredic
International (Rennes, France). ADD710 growth medium supplement and
ADD720 differentiation medium supplement were purchased from Lonza
(Morristown, NJ). Collagen I coated 6/24-well plates, William’s E medium,
Opti-MEMmedium, Glutamax, silencer select siRNAs, and TaqMan probes were
purchased fromThermo Fisher Scientific (Carlsbad, CA). Collagen I coated flasks
were purchased from Corning (Corning, NY). siRNA negative control (siNC)
(4390843) and siRNA specific to G9A (siG9A) (s21469) were purchased from
Thermo Fisher Scientific. Adenovirus (AdV)–green fluorescent protein (GFP)
(000541A) and AdV-G9a (087726A) were obtained from Applied Biologic
Materials (Richmond, BC, Canada) at the titer 1 � 106 pfu/ml. Oleic acid (OA)
and palmitic acid (PA) were obtained from Sigma-Aldrich (St. Louis, MO).

Cell Culture. HepaRG cells were cultured according to the manufacturer’s
protocol (Biopredic International, Inc.). HepaRG cells were seeded in a tissue
culture plate of desired format. Cells were allowed to grow in a HepaRG growth
medium (William’s E medium 500 ml + 65.5 ml ADD710 + 5ml Glutamax) for 2
weeks, followed in a medium with 1:1 mixture of HepaRG growth medium and
HepaRG differentiation medium (William’s E Medium 500 ml + 76.7 ml
ADD720 + 5 ml Glutamax) for 1 week, further in a HepaRG differentiation
medium for another week to allow cells to be differentiated. Cells were then used
for treatment. During growth and differentiation processes, media were replaced
every 2 to 3 days. The differentiation of HepaRG cells was morphologically
confirmed for the presence of hepatocyte islands and formation of bile canaliculi
(Mayati et al., 2018).

siRNA Transfection. siRNA transfection was performed according to the
manufacturer’s protocol (Thermo Fisher Scientific). siRNAwas diluted to 10mM
concentration using nuclease free water. To transfect two wells of a 24-well plate,
1 ml of diluted siRNA was mixed with 50 ml Opti-MEM medium and 3 ml of
Lipofectamine RNAiMAX reagent in 50 ml Opti-MEM medium. The mixture
was incubated at room temperature before using for transfection. Cells were
incubated for 4 days before further analysis.

Adenovirus Mediated Transduction. Adenovirus transfections was per-
formed according to the manufacturer’s protocol provided by Applied Biologic
Materials. Differentiated HepaRG cells were treated with 1:100 dilution of
ViralPlus Transduction Enhancer (G698) to increase infectivity. Viral particles
were incubated with cells for 1 hour to attach the virus. Medium was aspirated
after 1 hour and replaced with the HepaRG differentiated medium, and incubation
was performed for 4 days before further analysis.

RNA Isolation and TaqMan Quantitative Polymerase Chain Reaction.
Total RNAswere isolated fromHepaRG cells using a TRIzol reagent according to
the manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA). RNA
concentration was measured by a Nano Drop spectrophotometer (Nano Drop
Technologies, Wilmington, DE) at 260 nm. Real-time quantitative polymerase
chain reaction (RT-PCR) analysis was performed on Quant Studio 12K Flex
instrument using an Advanced Fast Master Mix in a fast mode with off shelf
TaqMan probes (Thermo Fisher Scientific) for gene expression analysis of
TATA-binding protein (TBP), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), G9a, PXR, CAR, RXRa, AHR, SHP, FXR, PPARa, hepatocyte
nuclear factor 1 alpha (HNF1a), hepatocyte nuclear factor 4 alpha (HNF4a),
FGF21, CYP1A2, 2B6, 2C8, 2C9, 2C19, 2E1, 3A4, and 7A1. Relative mRNA
levels were determined by normalizing examined gene expression against mRNA
levels of TBP and GAPDH using the 22DDCt method (Livak and Schmittgen,
2001).

Western Blot. Cell lysates were prepared from treated HepaRG cells grown in
a six-well culture plate using a radioimmunoprecipitation assay buffer. Protein
concentrations were determined using a Pierce Bicinchoninic Acid Protein Assay
Kit (23227; Thermo Fisher). About 50 mg protein was loaded on a Mini-
PROTEAN 4%–20% precast gel (456-8095; BioRad) and transferred to
a nitrocellulose membrane (170-4158; BioRad). The membrane was blocked
with nonfat dry milk (5% in Tris buffered-saline plus Tween 20) for 1 hour. After
blocking, membrane was incubated with a primary antibody against G9a protein
(1:1000 dilution in 5% nonfat drymilk), CYP3A4 (1:1000), and beta-actin protein
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(ACTB) (1:1000) overnight at 4�C. On the following day, the blot was incubated
with a secondary antibody anti-rabbit IgG conjugated with horseradish peroxidase
(1:5000 in 5%nonfat dry milk) for 45minutes. The blot waswashed three times in
1� Tris-buffered saline plus Tween 20 solution before adding clarity Western
chemiluminescence solution. The blot was imaged using BioRad ChemiDoc.
Total protein normalization was performed with a stain-free total protein method
using Image Laboratory 6.0 software.

CYP3A4 Activity Using P450-GLO Assay. Cells were washed with PBS
before measuring CYP3A4 enzyme activity using a CYP3A4-GLO Assay
(V9001; Promega). Three micromolar luciferin-isopropyl acetal (IPA) stock
was prepared in HepaRG differentiation medium. Cells were treated with 50ml of
3 mM luciferin-IPA for 1 hour at 37�C. After completion of incubation, 25 ml
medium was aspirated and added to a white opaque plate. To each sample, 25 ml
CYP3A4/luciferin-IPA detection reagent was added, and the plate was incubated
at room temperature for 20 minutes before measuring luminescence on a plate
reader.

Treatment of HepaRG Cells with Fatty Acids. OA and PA were dissolved
in DMSO to prepare a 1 M stock solution. FAs were combined together in a 2:1
ratio of oleic to palmitic acid and further diluted to 600 mM in DMSO for
treatment. The diluted 600mMstock was diluted 100-fold inWilliam’s Emedium
supplementedwith serum free inductionmedium supplement (100mlWilliam’s E
+ 1 ml Glutamax + 2 ml HepaRG serum free induction medium supplement) for
treatment of cells.

Oil Red O Staining. Cells werewashedwith PBS and fixedwith 10% formalin
(in PBS) for 30 minutes. Working oil red O (ORO) solution was prepared by
mixing three parts of 0.05%ORO in isopropanol in two parts of water. Fixed cells
were again washed with PBS, and working ORO was added for 20 minutes. The
cells were washed a few times to remove excess ORO stain. Cells were
counterstained with hematoxylin for 1 minute and washed with PBS three times.
The cells were then viewed under a phase contrast microscope.

Cellular Viability Using CellTiter-GLO Assay (ATP Content). Cells were
washed with PBS before measuring viability. Fifty microliters of HepaRG
differentiation medium was mixed with 50 ml of CellTiter-GLO (G7570;
Promega) working solution. Cells were incubated for 10 minutes on a plate
shaker with a moderate shaking speed. Luminescence was measured using a plate
reader.

Lactate Dehydrogenase Release Assay. Fifty microliters of supernatant
media was aspirated upon completion of FA treatment. Fifty microliters of
CytoTox-ONE reagent was added to the aspirated media and incubated at room
temperature for 10 minutes. The fluorescence was then measured using a plate
reader.

Quantification of Intracellular Triglyceride. Intracellular triglyceride was
quantified using the Triglyceride Quantification Kit (MAK266; Sigma) by
following the manufacturer’s protocol. A standard curve was generated by using
serial dilution of a standard provided in the kit. Cells were lysed and treated with
lipase to convert triglyceride to glycerol and FA. Glycerol is enzymatically
oxidized to produce a fluorescence product. The fluorescencewas measured using
a plate reader.

Statistical Analysis. The data are presented as means6 S.D. The significance
of difference was determined using unpaired two-tailed Student’s t test. Each test
was performed independently without corrections for multiple comparisons.
Statistical analysis was performed using Prism 8 software. P value less than 0.05
was deemed as statistically significant.

Results

Knockdown and Overexpression of G9a Alter Expression of
Drug Metabolizing P450s in HepaRG Cells. To study the impact of
G9a knockdown on P450 expression, HepaRG cells were treated with
siG9a or siNC as a control. After 4 days of treatment, total RNAs were
isolated from all samples (n = 3 to 4 per group), and gene expression
analysis was performed using TaqMan probes specific for drug
metabolizing P450 genes. The efficiency of G9a knockdown was
evaluated at both mRNA and protein levels in the siRNA treated cells
(Fig. 1A). G9a mRNA expression was decreased to 21.8 log2 fold
change [95% confidence interval (CI): 22.1 to 21.5; P = 0.0005]
compared with the siNC control (Fig. 1A, left panel). At the protein

level, the decrease in G9a expression was prominent on Western blot.
Treatment of siRNA resulted in decreased expression of both isoforms
of G9a protein (Fig. 1A, right panel). Similarly, the effect of G9a
knockdown on mRNA expression of P450 genes was evaluated. The
comparison of siG9a with siNC showed decreased mRNA expression
of CYP3A4 (20.7 log2 fold change, 95% CI: 20.8 to 20.5; P =
0.0054), 2B6 (20.8, 95% CI:21.1 to20.6; P = 0.0007), 2C8 (21.1,
95% CI:21.3 to20.9; P = 0.0032), and 2E1 (21.2, 95% CI:21.6 to
20.9; P = 0.011). In contrast, mRNA expression of CYP1A2 gene
was increased (3.5 fold change, 95% CI: 3.3–3.8; P = 0.0001)
compared with siNC control (Fig. 1B). The expression of CYP2C9,
2C19, and 7A1 mRNA did not change. The siRNA knockdown
experiment showed that lower levels of G9a protein was associated

Fig. 1. Changes of gene expression by knockdown of G9a. (A) Efficiency of
knockdown of G9a at mRNA (left) and protein (right) levels in HepaRG cells at day
4 after transfection with siG9a in comparison with siNC. CYP3A4 protein was also
determined. ACTB was used as a housekeeping protein for a loading control. (B)
Changes of mRNA expression of P450 genes at day 4 after siRNA treatment. RT-
PCR data analysis was performed using 22DDCT method. Mean cycle threshold
values of TBP and GAPDH were used for DCT calculations. (C) Enzyme activity of
CYP3A4 at day 4 after siRNA treatment. Enzyme activity of CYP3A4 was
determined by using the P450-Glo CYP3A4 assay. Fold changes of siG9a treated
cells were calculated by comparing with the siNC control. The sample size for each
treatment group is n = 3 to 4. Data are presented as means 6 S.D. from a single
experiment. The experiment was repeated once to confirm the findings. *P , 0.05;
**P , 0.01; ***P , 0.001 compared with the controls using two-tailed unpaired
Student’s t test.
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with decreased expression of several P450s, including CYP2B6, 2C8,
2E1, and 3A4, but increased expression of 1A2. Interestingly, enzyme
activity of CYP3A4 did not change in siG9a-treated cells in
comparison with siNC treated cells (Fig. 1C), even though lower
protein expression of CYP3A4 was observed in siG9a treated samples
(Fig. 1A, right).
Furthermore, HepaRG cells were treated with adenovirus containing

G9a coding domain sequence (AdV-G9a) in comparison with an
adenovirus with green fluorescent protein (AdV-GFP) as a control to
examine effects of G9a overexpression. Treatment with AdV-G9a
caused a 244-fold (95% CI: 240.6–248.9; P = 0.0001) increase in G9a
mRNA expression compared with the AdV-GFP control (Fig. 2A, Left).

Similarly, an increase in G9a protein expression was also observedwhen
assessed byWestern blot (Fig. 2A, right). Compared with the AdV-GFP
control, increased mRNA expression of CYP3A4 (22.3 fold, 95% CI:
21.4–23.3; P = 0.0001), 1A2 (6.9 fold, 95% CI: 6.3–7.5; P = 0.0001),
2B6 (3.6 fold, 95% CI: 2.9–4.2, P = 0.0001), 2C19 (3.9 fold, 95% CI:
3.6–4.2; P = 0.0001), 2C8 (6.7 fold, 95% CI: 6.3–7.2; P = 0.0005), 2C9
(7.6 fold, 95%CI: 7.4–7.9: P = 0.0001), 2E1 (2.3-fold, 95% CI: 2.2–2.4;
P = 0.001), and 7A1 (1.7-fold, 95% CI: 1.2–2.1; P = 0.042) was
observed (Fig. 2B). An increase in CYP3A4 enzyme activity to
318% (95% CI: 240.8%–396.6%; P = 0.0297) was also observed in
theAdV-G9a treated cells in comparisonwith theAdV-GFP treated cells
(Fig. 2C). Similarly, protein expression of CYP3A4 was increased in
AdV-G9a treated samples (Fig. 2A, right).
Knockdown and Overexpression of G9a Alter Expression of

Xenobiotic NRs in HepaRG Cells. Knockdown of G9a also resulted in
alterations of mRNA expression of the NRs CAR, PXR, SHP, FXR,
PPARɑ, and AHR, but not RXRa (Fig. 3A). Decreased mRNA
expression of CAR (21.1 fold, 95% CI: 21.3 to 20.9; P = 0.034),
PXR (20.8 fold, 95% CI:20.8 to20.7; P = 0.0007), SHP (20.5 fold,
95% CI:20.49 to20.56; P = 0.0001), FXR (20.2 fold, 95% CI:20.17
to20.26; P = 0.014), PPARa (20.4 fold, 95%CI:20.28 to20.59; P =
0.016) was observed upon knockdown of G9a compared with the siNC
control. No change was observed in RXRɑ mRNA expression. The
mRNA expression of AHR showed a 1.4-fold increase (95% CI:
1.2–1.6; P = 0.023) (Fig. 3A). Overexpression of G9a showed the
opposite effects of knockdown. In AdV-G9a overexpressing HepaRG
cells, mRNA expression of CAR, PXR, and SHPwas increased 7.7-fold
(95% CI: 7.6–7.8; P = 0.0004), twofold (95% CI: 2.0–2.1; P = 0.0003),
and 1.5-fold (95% CI: 1.0–1.9; P = 0.021) respectively, compared with
the AdV-GFP control (Fig. 3B). mRNA expression of RXRa, AHR,
FXR, and PPARa genes was not affected by G9a overexpression.
Free FA Treatment in HepaRG Cells as a Cellular Model of

Steatosis. Differentiated HepaRG cells were treated with a combination
of FAs for 24 hours, and DMSO treated samples were used as a control.
ORO staining was performed to visualize intracellular accumulation of
triglyceride. Accumulation of triglyceride was visible as early as 6 hours
of treatment (data not shown) and more pronounced at 24 hours
(Fig. 4A). This was accompanied by no changes in cell viability
measured using Cell-Titer GLO assay (Fig. 4B) and lactate dehydroge-
nase release (Fig. 4C). Intracellular accumulation of triglyceride was
measured using a fluorescence assay. A significant increase in
accumulation of triglyceride was found in FA treated HepaRG cells at
24 hours (Fig. 4D). CYP3A4 mRNA expression was quantified using
TaqMan and at the protein level by Western blot to examine the effects
of FA treatment. CYP3A4 mRNA expression was decreased with20.9
log2 fold change (95% CI:20.7 to21.1; P = 0.017) (Fig. 4E) but with
no change at the protein level (Fig. 4F).
G9a Modulation in Steatotic HepaRG Cells Alters the Expres-

sion of Drug Metabolizing P450s. Steatotic HepaRG cells were treated
with siG9a or nonspecific siNC as a control to study the impact of G9a
knockdown on P450 expression. In both siNC and siG9a treatment
groups, FA treatment decreased P450 expression of CYP2C19, 2C8,
3A4, 2C9, 7A1, 1A2, and 2B6 compared with respective DMSO treated
control groups (Fig. 5A).
Similarly, steatotic HepaRG cells were treated with AdV-G9a and

AdV-GFP to evaluate effects on P450 expression. FA treatment resulted
in decreased expression of CYP2C19, 2C8, 3A4, 2C9, 7A1, and 2B6
compared with AdV-GFP DMSO treated control (Fig. 5B). In AdV-G9a
treatment groups, FA treatment did not decrease expression of
CYP2C19, 2C8, and 3A4 as observed in siNC group treated with FA.
CYP2C9mRNA expression showed the same level of repression as seen
in the siNC FA treated group. CYP7A1 expression was repressed to

Fig. 2. Changes of gene expression by overexpression of G9a. (A) Efficiency of
G9a overexpression at mRNA (left) and protein (right) levels in HepaRG cells at day
4 after transduction with AdV-G9a vs. AdV-GFP. CYP3A4 protein was also
determined. ACTB was used as a housekeeping protein for a loading control. (B)
Changes of expression of P450 genes at day 4 after adenovirus treatment. RT-PCR
data analysis was performed using 22DDCT method. Mean cycle threshold values of
TBP and GAPDH were used for DCT calculations. (C) Enzyme activity of CYP3A4
at day 4 after adenovirus treatment. Enzyme activity of CYP3A4 was determined by
using the P450-Glo CYP3A4 assay. Fold changes of AdV-G9a treated cells were
calculated by comparing with the AdV-GFP control. The sample size for each
treatment group is n = 3. Data are presented as means 6 S.D. from a single
experiment. The experiment was repeated once to confirm the findings. *P , 0.05;
**P , 0.01; ***P , 0.001 compared with the controls using two-tailed unpaired
Student’s t test.
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a lesser extent than the siNC FA treated group. CYP1A2 and 2E1
expression were unaffected in both siNC and siG9a FA treated groups.
G9a Modulation in Steatotic HepaRG Cells Alters the Expres-

sion of NRs. The expression of NRs was measured after modulation of
G9a expression in steatotic HepaRG cells. In the siNC group treated with
FA, the expression of CAR, SHP, and PPARa was decreased compared
with siNCDMSO treated control group after 24 hours. The expression of
PXR, AHR, and FXR showed slight to no change in expression
(Fig. 6A). In the siG9a group treated with FA, expression of CAR and
SHP was decreased to a greater extent than in the siNC FA treatment
group. The expression of PXR, AHR, FXR, and PPARa was not
affected (Fig. 6B).
Similarly, in the AdV-GFP group treated with FA, the expression of

CAR, SHP, and PPARa was significantly downregulated compared
with AdV-GFP DMSO treated controls. However, in the AdV-G9a
group treated with FA, the expression of CAR was unaffected, whereas
the decrease in expression of SHP and PPARa was similar to that in the
AdV-GFP FA treatment group. The expression of PXR, AHR, and FXR
showed decreasing trend of expression in the siNC FA treatment group
and comparable expression in the siG9a FA treatment group.
Alteration of mRNA Expression of FGF21 by Knockdown and

Overexpression of G9a. Knockdown of G9a showed an increase of
mRNA expression of FGF21 up to 2.1 log2-fold (95% CI: 1.8–2.3; P =
0.0073) in HepaRG cells (Fig. 7A), whereas overexpression of G9a
resulted in decreased FGF21 mRNA expression to 2.8 log2-fold
(95% CI: 23.0 to 22.6; P = 0.003) (Fig. 7B). Similarly, treatment of
FA followed by knockdown and overexpression of G9a showed
increased FGF21 expression 2.4 log2-fold (95% CI: 2.0–2.8; P =
0.0005) and 3.1 log2-fold (95% CI: 2.8–3.4; P = 0.0001), respectively
(Fig. 7, C and D).
Modulation of G9a Affects Hepatic Transcriptional Regulators

at Basal Level but Not in a Steatosis Condition. Overexpression of
G9a increased mRNA expression of both HNF1a 1.3 fold (95% CI:
1.27–1.32; P = 0.007) and HNF4a 1.65 fold (95% CI: 1.6–1.7; P =
0.0019). Knockdown of G9a showed decreased expression of HNF1a

20.41 log2-fold (95% CI: 20.42 to 20.39; P = 0.016) and HNF4a
20.43 log2-fold (95% CI: 20.59 to 20.29; P = 0.028). Fatty acid
treatment showed less than 0.5 log2-fold expression increases of both
HNF1a and HNF4a in knockdown and overexpression groups.

Discussion

Obesity and NAFLD affect expression and function of cytochrome
P450 genes. Decreased P450 activity could potentially lead to drug-drug
interaction, inefficient pharmacological effect of a drug, or hepatotox-
icity. For example, decreased activity of CYP3A4 enzyme may lead to
increased exposure of midazolam, a drug metabolized by CYP3A4
enzyme. Clinically, in a study when morbidly obese patients (body mass
index 40–68) presumably having severe NAFLD were treated with
midazolam orally and by intravenous route, the oral bioavailability was
increased due to decreased intestinal and hepatic CYP3A4 enzyme
function (Brill et al., 2015). In another study, the extent of increase in
plasma concentration of midazolam was increased from simple steatosis
to NASH. The increased concentration of plasma midazolam inversely
correlated with hepatic mRNA expression of CYP3A4 gene in both
simple steatosis and NASH when compared with healthy controls
(Woolsey et al., 2015). Animal models of diet-induced obesity are used
to study the regulation and function of P450s in NAFLD. In obese
individuals with type 2 diabetes, higher levels of H3K9 dimethylation
were found around interleukin-1A promoter and coding regions of the
phosphatase and tensin homolog gene in monocytes (Miao et al., 2010).
Similarly, H3 acetylation was observed to be increased at the promoter
region of the tumor necrosis factor-alpha and cyclooxygenase-2 genes
(Hou et al., 2011). Knockdown of lysine demethylase 3A in mice led to
development of adult obesity and metabolic syndrome (Koza et al.,
2006), suggesting that histone modification plays a key role in obesity.
To study the regulation and function of P450s in humans, cellular
models are employed to control the variations of in vivo studies. Various
hepatocellular carcinoma cell lines, such as HepG2, Huh-7, and
HepaRG cells, are preferred over primary human hepatocytes due to

Fig. 3. Changes of mRNA expression of nuclear receptor genes by
knockdown (A) and overexpression (B) of G9a. Expression of
nuclear receptor genes at day 4 after siRNAs or adenovirus
treatment was quantified by RT-PCR. The sample size for each
treatment group is n = 3. Data are presented as means 6 S.D. from
a single experiment. The experiment was repeated once to confirm
the findings. *P , 0.05; ***P , 0.001 compared with the controls
using two-tailed unpaired Student’s t test.
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minimal experimental variability between batches of cells. HepaRG is
a cell line of choice for majority of studies of drug metabolism and
regulation due to similar expression and function of P450s and NRs
(Hart et al., 2010).
In this study, G9a mediated regulation of P450s was studied in

HepaRG cells. siRNA mediated knockdown and adenovirus mediated
overexpression approaches were applied to study the transcriptional
effect of G9a on P450s. In congruence with the liver specific G9a
knockout experiment in mice, the knockdown of G9a led to decreased
expression of majority of drug metabolizing P450s and their regulator
NRs. To further strengthen the findings, the G9a overexpression showed
increased NR and P450 expression. CYP3A4 was studied as a represen-
tative enzyme to investigate functional consequences. CYP3A4 is

a major drug metabolizing enzyme, which metabolizes about 50% of
marketed small molecule drugs (Shimada et al., 1994; Rendic, 2002).
Knockdown of G9a did not affect CYP3A4 functional activity, whereas
overexpression led to increased CYP3A4 enzyme activity.
In steatotic conditions, FA treatment increased intracellular accumulation

of triglyceride. The mRNA expression of CYP3A4 was downregulated in
HepaRG cells, replicating the in vivo steatotic phenotype. Knockdown of
G9a and treatment of FA potentiated the decreased expression of CAR
compared with FA treated siNC control, but no significant difference was
observed in P450s and other NR expression. Conversely, overexpression of
G9a prevented FA mediated repression of CAR and thus prevented
downregulation of CYP3A4, 2C19, 2C8, and 7A1, suggesting CAR-
dependent regulation of P450s in steatosis is orchestrated by G9a.

Fig. 4. (A) Accumulation of fatty acids in
HepaRG cells visualized using Oil Red O
staining 24 hours after treatment. (B) Cellular
viability measured using quantification of ATP
by CellTiter-GLO assay after 24 and 48 hours
post-treatment. (C) Cellular damage caused by
fatty acid treatment measured using lactate
dehydrogenase release assay after 24 and 48
hours post-treatment. (D) Intracellular accumu-
lation of triglycerides upon fatty acid treatment
quantified using fluorescence assay at 24 hours
post-treatment. (E) mRNA expression of CYP3A4
at 24 hours after fatty acid treatment measured
using RT-PCR. (F) Protein expression of CYP3A4
using Western blot. Data analysis was performed
using 22DDCT method. Mean cycle threshold
values of TBP and GAPDH were used for
DCT calculations. The sample size for each
treatment group is n = 3 to 4. Data are presented
as means 6 S.D. from a single experiment. The
experiment was repeated once to confirm the
findings. *P , 0.05; **P , 0.01 compared
with the DMSO treated controls using two-tailed
unpaired Student’s t test.
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Hepatic transcription factors HNF1a and HNF4a, which are known
to regulate a number of hepatic genes including P450s (Chen et al.,
2018), showed an opposite effect upon G9a knockdown and over-
expression, but no change was observed in the FA treatment condition.
The data suggest that G9a-mediated modulation of hepatic transcription

factors HNF1a and HNF4a could be responsible for CAR-mediated
regulation of P450s at basal level. The adipokine FGF21, known to
reduce plasma triglyceride levels by a variety of mechanisms (Schlein
et al., 2016), was previously observed to regulate CYP3A4 expression
by decreasing nuclear transport of PXR. FAs are endogenous ligands of

Fig. 5. Changes of mRNA expression of P450 genes after knockdown
(A) and overexpression (B) of G9a followed by fatty acid treatment at
24 hours.RT-PCR data analysis was performed using 22DDCT method.
Mean cycle threshold values of TBP and GAPDH were used for
DCT calculations. Fold changes of siNC OA/PA treated cells
were calculated by comparing with the siNC DMSO control,
siG9a OA/PA treated cells were calculated by comparing with
siG9a DMSO control, AdV-GFP OA/PA treated cells were calculated
by comparing with AdV-GFP DMSO control, and AdV-G9a OA/PA
treated cells were calculated by comparing with AdV-G9a DMSO
control. The sample size for each treatment group is n = 3. Data are
presented as means6 S.D. from a single experiment. The experiment
was repeated once to confirm the findings. *P , 0.05; **P , 0.01;
***P , 0.001 compared with the controls using two-tailed unpaired
Student’s t test.

Fig. 6. Changes of mRNA expression of nuclear receptors after
knockdown (A) and overexpression (B) of G9a followed by fatty
acid treatment at 24 hours. RT-PCR data analysis was performed
using 22DDCT method. Mean cycle threshold values of TBP and
GAPDH were used for DCT calculations. Fold changes of siNC
OA/PA treated cells were calculated by comparing with the siNC
DMSO control, siG9a OA/PA treated cells were calculated by
comparing with siG9a DMSO control, AdV-GFP OA/PA treated
cells were calculated by comparing with AdV-GFP DMSO control,
and AdV-G9a OA/PA treated cells were calculated by comparing
with AdV-G9a DMSO control. The sample size for each treatment
group is n = 3. Data are presented as means 6 S.D. from a single
experiment. The experiment was repeated once to confirm the
findings. *P , 0.05; **P , 0.01; ***P , 0.001 compared with the
controls using two-tailed unpaired Student’s t test.
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PPARa, which activate transcription of FGF21 in response to fasting
(Ge et al., 2012; Matikainen et al., 2012). In this study, FA treatment
showed increased expression of FGF21 irrespective of G9a knockdown
or overexpression. The expression of PPARa was not affected by FA
treatment. The functional activity of PPARa was speculated to be
increased based on increased transcription of FGF21 mRNA. In the
absence of steatosis, knockdown and overexpression of G9a showed
increased and decreased expression of FGF21, respectively, suggesting
an inhibitory effect of G9a on FGF21, as observed previously (Tong
et al., 2013).
Xenobiotic ligands like 1,4-bis[2-(3,5-dichloropyridyloxy)] benzene

bind directly to CAR to induce nuclear translocation, whereas ligands
like phenobarbital increase nuclear translocation of CAR without direct
binding to the ligand-binding domain (Yang and Wang, 2014). In many
mammalian cells, CAR has shown a unique ability of constitutive
activation in the absence of ligands (Choi et al., 1997; Dussault et al.,
2002). Similarly, cyclin-dependent kinase signaling in mice increases
nuclear translocation of PXR in the absence of ligand binding
(Mackowiak and Wang, 2016), suggesting that besides ligand binding,
various signaling pathways can increase nuclear translocation of CAR
and PXR. Previously, it was observed that treatment of Huh-7 cells with
recombinant FGF21 resulted in decreased nuclear transport of PXR and
thus decreased CYP3A4 transcriptional expression (Woolsey et al.,
2016). A direct relationship between CAR and FGF21 is currently not
studied. In future experiments, the nuclear translocation of CAR could
be assessed using immunofluorescence to understand the effect of G9a
knockdown and overexpression on CAR mediated P450 regulation.
Similarly, the effect of recombinant FGF21 on CAR nuclear trans-
location needs to be assessed because an inverse relationship of CAR
and P450s was observed with FGF21 expression in this study.
In conclusion, the opposite effects produced by the knockdown and

overexpression approaches suggest that G9a might be a key player in
regulation of P450 genes through NRs. G9a is observed to positively
regulate the basal expression of P450 genes in HepaRG cells. In
a cellular model of steatosis, G9a was observed to regulate drug
metabolizing P450s in a CAR-dependent manner. G9a is a histone
methyl transferase enzyme responsible for the H3K9 mono- and

dimethylation. In this study, we did not evaluate H3K9 methylation
due to the scope of the study. In future experiments, the goal is to
measure H3K9 methylation at theCYP3A4, PXR, andCAR promoters to
study the direct and indirect effect of G9a on CYP3A4 regulation.
Transcriptional regulation is an interplay among a variety of histone
modification changes. Increased expression of NR and P450s associated
with G9a overexpression may have increased levels of H3K4me3 and
H3 acetylation at the CYP3A4 promoter. Similarly, knockdown of G9a
may have decreased levels of H3K27me3 at the CYP3A4 promoter.
Measuring other histone modifications along with H3K9 will highlight
the mechanism of crosstalk between histone modifications and could be
an objective of following studies. Similarly, the HepaRG cells were used
as a representative cellular model to study the effect of G9a. The
applicability of similar approaches of knockdown and overexpression in
Huh-7 and primary human hepatocytes would provide more compelling
evidence of G9a-mediated regulation of P450 expression. Clinically,
there is limited information available about SNPs leading to G9a gain or
loss of function. This study emphasizes a very important aspect of
possible interindividual variability and drug-metabolism phenotype
arising due to G9a SNPs. Undiagnosed steatosis or development of
NAFLD in patients with G9a SNPs maymisrepresent the P450 function,
leading to hepatotoxicity or inefficient pharmacodynamic effect of drug
treatment.
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