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ABSTRACT
Cytochrome P450 (P450) enzymes are responsible for metabo-
lizing drugs. Expression of P450s can directly affect drug
metabolism, resulting in various outcomes in therapeutic effi-
cacy and adverse effects. Several nuclear receptors are tran-
scription factors that can regulate expression of P450s at both
basal and drug-induced levels. Some long noncoding RNAs
(lncRNAs) near a transcription factor are found to participate in
the regulatory functions of the transcription factors. The aim of
this study is to determine whether there is a transcriptional
regulatory network containing nuclear receptors and lncRNAs
controlling both basal and drug-induced expression of P450s
in HepaRG cells. Small interfering RNAs or small hairpin
RNAs were applied to knock down four nuclear receptors
[hepatocyte nuclear factor 1a (HNF1a), hepatocyte nuclear
factor 4a (HNF4a), pregnane X receptor (PXR), and constitutive

androstane receptor (CAR)] as well as two lncRNAs [HNF1a
antisense RNA 1 (HNF1a-AS1) and HNF4a antisense RNA
1 (HNF4a-AS1)] in HepaRG cells with or without treatment of
phenobarbital or rifampicin. Expression of eight P450 enzymes
was examined in both basal and drug-induced levels. CAR and
PXR mainly regulated expression of specific P450s. HNF1a and
HNF4a affected expression of a wide range of P450s as well as
other transcription factors. HNF1a and HNF4a controlled the
expression of their neighborhood lncRNAs, HNF1a-AS1 and
HNF4a-AS1, respectively. HNF1a-AS1 and HNF4a-AS1 was
also involved in the regulation of P450s and transcription factors
in diverse manners. Altogether, our study concludes that a
transcription regulatory network containing the nuclear recep-
tors and lncRNAs controls both basal and drug-induced expres-
sion of P450s in HepaRG cells.

Introduction
Enzymes belonging to the cytochrome P450 (P450) super-

family are responsible for primarily metabolizing 70%–80%
of prescription drugs (Evans and Relling, 1999). Interindivid-
ual variability in P450-mediated drug metabolism exists in
the general population that leads to variability in therapeu-
tic efficacy and adverse drug reactions (Zanger and Schwab,
2013). In addition to genetic polymorphisms in the P450
genes, the variability in P450 expression is a major cause of

interindividual differences in P450-mediated drug metabolism
(Nebert and Vesell, 2004). Therefore, it is critical to un-
derstand how P450 expression is regulated, particularly at
the transcriptional level.
Transcription of P450 expression is regulated under two

different conditions: normal physiologic condition (basal level)
and challenged conditions when exposed to drugs or xenobi-
otics (induced level). It has been accepted that the basal
expression of P450s is regulated by two key transcription
factors: hepatocyte nuclear factor 1a (HNF1a) and hepatocyte
nuclear factor 4a (HNF4a). HNF1a and HNF4a have been
proven to be key transcriptional regulators in the control of
expression of a wide range of hepatic genes, including P450s,
under normal physiologic conditions across different species
(Chung and Bresnick, 1997; Cheung et al., 2003; Bell and
Michalopoulos, 2006; Kamiyama et al., 2007; Wortham et al.,
2007; Matsunaga et al., 2008; Rana et al., 2010; Chiang et al.,
2014; Dong et al., 2015). HNF1a and HNF4a mainly control
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the transcription of their target genes by directly binding
to the promoter regions (Waxman, 1999; Honkakoski and
Negishi, 2000). The existence of binding sites for liver-
enriched transcription factors in numerous liver-specific
genes further supports the important roles of HNF1a and
HNF4a in hepatic gene regulation (Cereghini, 1996; Schrem
et al., 2002).
The induced levels of P450s are controlled by two xenobi-

otic sensor nuclear receptors: constitutive androstane re-
ceptor (CAR) and pregnane X receptor (PXR). Activation of
these nuclear receptors by drugs can result in induced
expression of target P450 genes (Jana and Paliwal, 2007;
Timsit and Negishi, 2007; Tompkins and Wallace, 2007).
CARmainly regulates induction of the CYP2B subfamily and
can be activated by phenobarbital (PB) (Sueyoshi et al.,
1999). PXR mainly regulates induction of the CYP3A sub-
family and can be activated by rifampicin (RIF) (Lehmann
et al., 1998).
Studies have shown the complexity of the network interac-

tions between nuclear receptors in the regulation of P450s.
HNF1a deficiency in mice has been shown to alter expression
of several nuclear receptors (Cheung et al., 2003). HNF4a has
been shown to regulate PXR and CAR, which affect the
induction of downstream P450s (Tirona et al., 2003). Further-
more, HNF4awas reported to positively regulateHNF1a (Kuo
et al., 1992). However, no research has studied the network
among PXR, CAR, HNF1a, and HNF4a in a single system.
Long noncoding RNAs (lncRNAs) refer to RNA transcripts

longer than 200 nucleotides that have no protein coding
function (Guttman et al., 2009; Cabili et al., 2011). Recent
studies have shown that lncRNAs are involved in the regula-
tion of their neighborhood genes (Ørom et al., 2010; Kim et al.,
2012; Batista and Chang, 2013; Villegas and Zaphiropoulos,
2015; Engreitz et al., 2016). The involvement of lncRNAs has
been demonstrated in multiple physiologic processes, includ-
ing metabolism and disease pathogenesis (Kornfeld and
Brüning, 2014; Kwok and Tay, 2017). The gene encoding
lncRNA HNF1a antisense RNA 1 (HNF1a-AS1) is located on
human chromosome 12, next to the HNF1a gene. HNF1a-AS1
was first identified to regulate cell proliferation andmigration
of human esophageal adenocarcinoma cells (Yang et al., 2014).
Following studies showed that HNF1a-AS1 also is involved in
tumorigenesis and metastatic progression of several other
cancer types (Dang et al., 2015;Wang et al., 2017; Zhang et al.,
2017, 2018). The gene encoding lncRNA HNF4a antisense
RNA 1 (HNF4a-AS1) is located on human chromosome 20,
which overlaps with the HNF4a gene. Based on previous data
on lncRNAs, we hypothesized that HNF1a-AS1 and HNF4a-
AS1 are involved in a transcription network with other
transcription factors to regulate the expression of P450s.
HepaRG cells were selected as the experimental model due

to a previous study showing that HepaRG cells express
comparable levels of P450s and transcription factors as
primary human hepatocytes (Hart et al., 2010). Furthermore,
HepaRG cells also respond to different P450 inducers and
inhibitors (Aninat et al., 2006; Andersson et al., 2012; Gerets
et al., 2012). To study the control of expression of P450s by a
regulatory network containing nuclear receptors and
lncRNAs, we used small interfering RNA (siRNA) and small
hairpin RNA (shRNA) to perform gene knockdown in HepaRG
cells and investigated the effects on expression of selected
nuclear receptors, lncRNAs, and P450s.

Materials and Methods
Chemicals and Reagents. HepaRG cells were kindly provided

by Biopredic International (Rennes, France). ADD710 growth addi-
tives and ADD720 differentiation additives were purchased from
Biopredic International. William’s E Medium, collagen I coated T-25
flasks, collagen I coated 12-well plates, Glutamax Supplement, and
Opti-MEM medium were obtained from Thermo Fisher Scientific
(Carlsbad, CA). siRNAs, including a negative control, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), CAR (siRNA ID: s19369), PXR
(siRNA ID: 138582), HNF4a (siRNA ID: s6698), HNF1a (siRNA ID:
s13868), HNF1a-AS1 (siRNA ID: n265372), and HNF4a-AS1 (siRNA
ID: n356309), Lipofectamine RNAiMAX transfection reagent, and
Lipofectamine stem transfection reagent were provided by Thermo
Fisher Scientific. shRNA negative control and shRNAs targeting
HNF1a-AS1 were obtained from GeneCopoeia (Rockville, MD). Phe-
nobarbital sodium salt and rifampicin were purchased from Sigma-
Aldrich (St. Louis, MO). Antibodies against GAPDH, CAR, and PXR
were obtained from Abcam (Cambridge, MA). Anti-HNF1a antibody
and TRIzol reagent were purchased from Invitrogen (Carlsbad, CA).
Anti-HNF4a antibody and anti-rabbit IgG antibody were obtained
from Cell Signaling Technology (Danvers, MA).

Cell Culture. HepaRG cells were cultured following a protocol
from Biopredic International. Briefly, a three-step protocol was used
to generate fully differentiated HepaRG cells. Cells were first thawed
and cultured in a HepaRG growth medium (William’s E Medium
supplied with Glutamax and ADD710 growth additives) for 2 weeks to
reach full confluence. Cells were next cultured in a 1:1 mixture of the
HepaRG growth medium and a HepaRG differentiation medium
(William’s E Medium supplied with Glutamax and ADD720 growth
additives) for 1 week. In the last step, cells were cultured in the
HepaRG differentiation medium for another week to reach a full
differentiation status. During the whole process, cells were incubated
at 37°C and 5% CO2 with the medium changed every 3 days. Fully
differentiated cells were either used directly in T-25 flash or trypsi-
nized and seeded into collagen I coated 12-well plates for further
treatment.

siRNA Transfection. For siRNA transfection, fully differentiated
HepaRG cells were transfected with different siRNAs (negative
control, HNF1a, HNF1a-AS1, HNF4a, HNF4a-AS1, CAR, and PXR)
using the LipofectamineRNAiMAXTransfectionReagent according to
the manufacturer’s protocol. Sixteen hours after transfection, the
siRNA-containing medium was replaced with a normal HepaRG
differentiation medium. RNAs and proteins harvested at 48 hours
after siRNA transfection were used for knockdown efficiency and
analysis of basal expression of P450s.

shRNA Transfection. For shRNA transfection, undifferentiated
HepaRG cells were stably transfected with four different shRNAs
targeting HNF1a-AS1 or a negative control shRNA using the Lip-
ofectamine stem transfection reagent. Positive transfected cells were
selected by puromycin treatment (3 mg/ml). After antibiotic selection,
cells were cultured to fully differentiated status and harvested for
RNA isolation.

Drug Treatment. For drug treatment, siRNA transfected Hep-
aRG cells were treated with 1 mM phenobarbital sodium salt, 10 mM
rifampicin, or phosphate-buffered saline (vehicle) for 24 hours. After
drug treatment, RNAs were isolated for analysis of P450 induction.

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (RT-PCR). Total RNAs were isolated from Hep-
aRG cells using a TRIzol reagent according to the manufacturer’s
protocol. RNA concentrations were measured by a Nano Drop
spectrophotometer (Nano Drop Technologies, Wilmington, DE) at
260 nm and RNA integrity was evaluated using an Agilent 2200 Tape
Station (Agilent Technologies, Santa Clara, CA). One microgram
of total RNAs was subjected to cDNA synthesis using an iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). RT-PCR
was performed using a CFX96 Real-Time System (Bio-Rad Laborato-
ries) with the primer sequences shown in Supplemental Table 1.
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Expression of GAPDH, HNF1a, HNF4a, CAR, PXR, aryl hydrocarbon
receptor (AHR), HNF1a-AS1, CYP1A2, 2B6, 2C8, 2C9, 2C19, 2E1, and
3A4 were measured using an iTaq Universal SYBR Green Supermix
(Bio-Rad Laboratories) and expression of HNF4a-AS1 was measured
using a TaqMan Gene expression assay (Life Technologies, Carlsbad,
CA). Relative mRNA expression levels were determined by normaliz-
ing examined gene expression against GAPDH expression using a
DDCt method.

Protein Sample Preparation and Quantification by Western
Blot. Cell lysates were prepared from HeapRG cells cultured in
collagen I coated T-25 flasks with a radioimmunoprecipitation assay
buffer (supplied with protease inhibitor cocktail). Protein concentra-
tions were determined using a Qubit 2.0 Fluorometer (Invitrogen).
Eighty micrograms of proteins were loaded and run on a polyacryl-
amide gel using a Mini-PROTEAN Tetra System (Bio-Rad Laborato-
ries). Proteins were then transferred onto a polyvinylidene difluoride
membrane and blocked in 5% bovine serum albumin for 1 hour. After
blocking, the membrane was incubated with an antibody diluted in
2.5% bovine serum albumin (anti-GAPDH, 1:4000; anti-HNF1a, 1:
1000; anti-HNF4a, 1:1000; anti-CAR, 1:500; and anti-PXR, 1:1000)
overnight. Then, the membrane was incubated in an anti-rabbit IgG
antibody (1:2000) diluted in 2.5% bovine serum albumin. Protein
bands were visualized using a ChemiDoc MP Imaging System (Bio-
Rad Laboratories). Semi quantification of proteins was calculated as
the relative expression against GAPDH using an ImageJ program
(National Institutes of Health, Bethesda, MD).

Statistical Analysis. The data are shown as mean 6 S.D. The
significance of differences between mean values was determined
using a two-tailed unpaired Student’s t test. Each t test was done
independently with no correction for multiple comparisons. Statistical
analyses were performed using Prism7, version 7.01 from GraphPad
Software, Inc. (La Jolla, CA). Differences were regarded as statisti-
cally significant if P , 0.05.

Results
Impact on Regulation of P450s by Knockdown of

CAR. To evaluate the role of CAR in affecting the expression
of the selected transcription factors, lncRNAs, and P450s, the
HepaRG cells were transfected with a siRNA targeting CAR,
and then the mRNA expression of the selected genes was
evaluated by RT-PCR. Knockdown efficiency of CAR after
siRNA transfection into HepaRG cells was confirmed with a
decrease of 76% in mRNA level determined by RT-PCR and a
decrease of 65% in protein level detected by western blot
(Fig. 1A). Next, the mRNA expression of other examined
transcription factors involved in the P450 regulation was
analyzed. As shown in Fig. 1B, mRNA expression of HNF4a,
HNF1a, PXR, and AHR was not affected by CAR knockdown.
The expression of lncRNAs, HNF4a-AS1, and HNF1a-AS1,
were also not affected by CAR knockdown (Fig. 1C). Among
the selected drug-metabolizing P450s, basal mRNA expres-
sion of CYP2B6, 2C19, and 3A4, which were known CAR-
regulated P450s, showed statistically significant decreases
(Fig. 1D). In contrast, mRNA expression of CYP1A2 was
increased in HepaRG cells with CAR knockdown (Fig. 1D).
To measure the effect of CAR knockdown on drug-induced
P450 expression, HepaRG cells were treated with PB or RIF
after CAR knockdown by siRNA. As shown in Fig. 1E, the
induction levels were lower for CYP2B6 (3.4- to 1.5-fold
change in the induction level after CAR knockdown by PB
treatment), CYP2C19 (2.9- to 1.6-fold change in the induction
level after CAR knockdown by PB treatment), and CYP3A4
(9.3- to 4.3-fold change in the induction level after CAR
knockdown by PB treatment).

Impact on Regulation of P450s by Knockdown of
PXR. The role of PXR in expression of the selected transcrip-
tion factors, lncRNAs, and P450s was studied with a similar
experimental design as CAR. Knockdown efficiency of PXR
was evaluated by RT-PCR and western blot after siRNA
transfection into HepaRG cells. As shown in Fig. 2A, expres-
sion of PXR mRNA and protein was decreased to approxi-
mately 43% and 40% of the control, respectively. Expression of
HNF4a, HNF1a, and AHR was not affected by PXR knock-
down, while expression of CAR decreased after PXR knock-
down (Fig. 2B). For lncRNAs, there were slight decreases
in expression of HNF4a-AS1 and HNF1a-AS1 with no statis-
tical significance (Fig. 2C). For basal P450 expression, only
the PXR-regulated P450s CYP2B6 and 3A4 were de-
creased, whereas CYP1A2 was increased (Fig. 2D). Further-
more, induction of the PXR-regulated P450s was significantly
repressed by PXR knockdown compared with the control
group, as seen in CYP2B6 (3.4- to 1.6-fold change in the
induction level after PXR knockdown by PB treatment) and
CYP3A4 (9.3- to 1.4-fold change in the induction level after
PXR knockdown by PB treatment and 4.7- to 1.6-fold change
in the induction level after PXR knockdown by RIF treatment)
with statistical significance.
Impact on Regulation of P450s by Knockdown of

HNF1a. Next, the role of HNF1a was studied in an experi-
ment with the same design as CAR and PXR. Transfection of
small interfering HNF1a resulted in a decrease of 54% in
HNF1a mRNA level and a decrease of 59% in HNF1a protein
level (Fig. 3A). HNF1a knockdown also repressed mRNA
expression of PXR and CAR, while mRNA expression of AHR
was increased. The expression of HNF4a was not affected
(Fig. 3B). For lncRNAs, the expression of HNF4a-AS1 was
not affected (Fig. 3C). However, HNF1a knockdown caused a
decrease of 85% of HNF1a-AS1 expression as shown in
Fig. 3C. HNF1a knockdown also affected the expression of
multiple P450s in both basal and induced levels. Basal
expression of CYP2B6, 2C8, 2C9, 2C19, 2E1, and 3A4 showed
decreases with statistical significance (Fig. 3D). The expres-
sion of CYP2B6 and 3A4 was still induced by treatment with
either PB or RIF, but at a much lower fold compared with the
control group. Furthermore, the induction of CYP2C8, 2C9,
and 2C19 was completely abolished by HNF1a knockdown
(Fig. 3E).
Impact on Regulation of P450s by Knockdown of

HNF4a. Cells transfected with small interfering HNF4a
showed 60% less expression of HNF4a mRNA and almost
depleted expression of HNF4a protein (Fig. 4A). In the anal-
ysis of the selected transcription factors, expression levels of
HNF1a, PXR, and CAR all decreased, while AHR expression
increased with HNF4a knockdown (Fig. 4B). Expression of
both lncRNAs was almost depleted with approximately a 90%
decrease in HNF4a-AS1 expression and a decrease of 63% in
HNF1a-AS1 expression (Fig. 4C). HNF4a knockdown also
decreased basal expression of CYP2B6, 2C8, 2C9, 2C19, 2E1,
and 3A4, but to a much greater extent than HNF1a knock-
down (Fig. 4D). P450 induction by treatment with PB or RIF
was also largely diminished by HNF4a knockdown (Fig. 4E).
Impact on Regulation of P450s by Knockdown of

HNF1a-AS1. To study the role of the lncRNAs in the
regulatory network in the control of expression of P450s,
HepaRG cells were first transfected with siRNA or shRNA to
knock down HNF1a-AS1. As shown in Fig. 5A, siRNA and
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shRNA transfection decreased HNF1a-AS1 expression by
approximately 40% and 75%, respectively. In terms of tran-
scription factors, HepaRG cells transfected with small

interfering HNF1a-AS1 only showed decreased mRNA ex-
pression of CAR, while HNF1a, HNF4a, PXR, and AHR
remained unchanged. However, HepaRG cells transfected

Fig. 1. Changes of gene expression by CAR knockdown. (A) Suppression of CAR expression in both mRNA (left) and protein (right) levels by siRNA
transfection into HepaRG cells. (B) Expression of the selected transcription factors after CAR knockdown. (C) Expression of HNF4a-AS1 or HNF1a-AS1
after CAR knockdown. (D) Expression of the selected P450s at basal levels after CAR knockdown. (E) Expression of the selected P450s at induced levels
with treatment of either PB or RIF after CAR knockdown. The sample size for each group was n = 3. Data are presented as log2 fold change and shown as
mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control in two-tailed unpaired Student’s t tests.
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Fig. 2. Changes of gene expression by PXR knockdown. (A) Suppression of PXR expression in both mRNA (left) and protein (right) levels by siRNA
transfection into HepaRG cells. (B) Expression of the selected transcription factors after PXR knockdown. (C) Expression of HNF4a-AS1 or HNF1a-AS1
after PXR knockdown. (D) Expression of the selected P450s at basal levels after PXR knockdown. (E) Expression of the selected P450s at induced levels
with treatment of either PB or RIF after PXR knockdown. The sample size for each group was n = 3. Data are presented as log2 fold change and shown as
mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control in two-tailed unpaired Student’s t tests.

Regulation of P450s by Nuclear Receptors and lncRNAs 753



Fig. 3. Changes of gene expression by HNF1a knockdown. (A) Suppression of HNF1a expression in both mRNA (left) and protein (right) levels by
siRNA transfection into HepaRG cells. (B) Expression of the selected transcription factors after HNF1a knockdown. (C) Expression of HNF4a-AS1 or
HNF1a-AS1 after HNF1a knockdown. (D) Expression of the selected P450s at basal levels after HNF1a knockdown. (E) Expression of the selected P450s
at induced levels with treatment of either PB or RIF after HNF1a knockdown. The sample size for each group was n = 3. Data are presented as log2 fold
change and shown as mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control in two-tailed unpaired Student’s t tests.
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with small hairpin HNF1a-AS1 showed decreased mRNA
expression in all examined transcription factors, amongwhich
HNF4a, HNF1a, and AHR had only a minor decrease (15%,

28%, and 22%, respectively), while CAR and PXR had a major
decrease (55% and 65%, respectively) (Fig. 5B). Expression of
lncRNA HNF4a-AS1 was only affected by small hairpin

Fig. 4. Changes of gene expression by HNF4a knockdown. (A) Suppression of HNF4a expression in both mRNA (left) and protein (right) levels by
siRNA transfection into HepaRG cells. (B) Expression of the selected transcription factors after HNF4a knockdown. (C) Expression of HNF4a-AS1 or
HNF1a-AS1 after HNF4a knockdown. (D) Expression of the selected P450s at basal levels after HNF4a knockdown. (E) Expression of the selected P450s
at induced levels with treatment of either PB or RIF after HNF4a knockdown. The sample size for each group was n = 3. Data are presented as log2 fold
change and shown as mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control in two-tailed unpaired Student’s t tests.
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HNF1a-AS1 transfection with a decrease of 33% (Fig. 5C).
Basal expressions of several P450s were also affected by
HNF1a-AS1 knockdown. HepaRG cells transfected with small
interfering HNF1a-AS1 showed an increase in CYP1A2
expression and a decrease in CYP2E1 expression with statis-
tical significance, accompanied by minor decreases in
CYP2B6, 2C8, and 2C9 (Fig. 5D). HepaRG cells transfected
with small hairpin HNF1a-AS1 showed extensively repressed
effects on all examined P450s (Fig. 5D).
Impact on Regulation of P450s by Knockdown of

HNF4a-AS1. The role of HNF4a-AS1 in the regulatory
network in the control of the expression of P450s was also
studied in HepaRG cells transfected with siRNA targeting
HNF4a-AS1. HNF4a-AS1 expression was decreased approx-
imately 70% by siRNA transfection (Fig. 6A). Next, the
expressions of the selected transcription factors were de-
termined. Expression of HNF4a and HNF1a were increased
slightly and expression of CAR was increased dramatically

after HNF4a-AS1 knockdown, while expression of AHR was
decreasedwith statistical significance (Fig. 6B). Knockdown of
HNF4a-AS1 did not affect expression ofHNF1a-AS1 (Fig. 6C).
mRNA expressions of the selected P450s were measured. As
shown in Fig. 6D, all selected P450s, except CYP2C8, had
increased the expression after HNF4a-AS1 knockdown with
statistical significance.

Discussion
Transcription factors play a prominent role in the regula-

tion of P450 expression (Honkakoski and Negishi, 2000;
Schrem et al., 2002). In the present study, we studied the
functions of CAR, PXR, HNF1a, and HNF4a. In addition,
HNF1a-AS1 and HNF4a-AS1, which are the neighborhood
lncRNAs of HNF1a and HNF4a, were also selected to test
their roles in the regulation of P450 expression. Efficient
knockdown of target genes was performed by siRNA or shRNA

Fig. 5. Changes of gene expression by HNF1a-AS1
knockdown. (A) Suppression of HNF1a-AS1 expression
by siRNA or shRNA transfection into HepaRG cells. (B)
Expression of the selected transcription factors after
HNF1a-AS1 knockdown. (C) Expression of HNF4a-AS1
after HNF1a-AS1 knockdown. (D) Expression of the
selected P450s at basal levels after HNF1a-AS1 knock-
down. The sample size for each group was n = 3. Data are
presented as log2 fold change and shown as mean6 S.D.
*P , 0.05; ***P , 0.001 vs. control in two-tailed
unpaired Student’s t tests.
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transfection into HepaRG cells. The effects on transcription of
the selected transcription factors, lncRNAs, and drug-
metabolizing P450 genes were measured by quantitative
RT-PCR.
CAR and PXR have been reported to regulate expression of

specific P450 subfamilies of CYP2Bs and CYP3As, respec-
tively (Lehmann et al., 1998; Sueyoshi et al., 1999). In our
experiment, knockdown of CAR or PXR only showed a minor
effect on expression of other transcription factors or lncRNAs
(Fig. 1, B andC; Fig. 2, B andC). Knockdown of CAR decreased
basal and phenobarbital-induced expression of CYP2B6
(Fig. 1, D and E), whereas knockdown of PXR reduced basal
and rifampicin-induced expression of CYP3A4 (Fig. 2, D and
E) in HepaRG cells. In addition, CAR knockdown also showed
a minor effect on phenobarbital-induced expression of CYP2C
and 3A families (Fig. 1E), while PXR knockdown showed
slightly diminished phenobarbital-induced expression of
CYP2B and 2C families (Fig. 2E).
The role of HNF1a in the regulation of multiple hepatic

expressions of P450s has previously been studied in an
HNF1a-deficient mouse model (Cheung et al., 2003). Our data
showed that HNF1a knockdown in HepaRG cells led to
decreased expression of PXR and CAR, while it increased
expression of AHR. Knockdown of HNF1a in HepaRG cells
also decreased the basal mRNA levels of CYP2B6, 2C8, 2C9,
2C19, 2E1, and 3A4, while it increased the mRNA level of
CYP1A2 (Fig. 3D). Compared with the HNF1a-deficient mice

data, we observed a similar regulation pattern in the CYP2C
and 2E subfamilies and an opposite regulation pattern in the
CYP1A, 2B, and 3A subfamilies. Furthermore, the phenobar-
bital- and rifampicin-induced levels of the most examined
P450s were also greatly inhibited by HNF1a knockdown,
where the inhibition of CYP2B and 3A subfamilies might
be partially due to decreased expression of CAR and PXR
(Fig. 3E).
The role of HNF4a in the regulation of hepatic-specific P450

genes has been studied in several species. In HepaRG cells, we
found that HNF4a knockdown decreased the expression of
HNF1a, CAR, and PXR, while it increased the expression of
AHR (Fig. 4B). Similar to HNF1a knockdown, HNF4a knock-
down led to decreased expression of CYP2B6, 2C8, 2C9, 2C19,
2E1, and3A4,while it increased theCYP1A2expression (Fig. 4D).
In addition, phenobarbital- and rifampicin-induced P450 expres-
sion was greatly inhibited, which might be partially contributed
by the decreased expression of CAR and PXR (Fig. 4E).
In the current study, we found that knockdown of HNF1a

and HNF4a was able to decrease the expression of PXR and
CAR. This agrees with previous studies showing HNF4a
crosstalks with PXR and CAR in the regulation of P450
expression (Li and Chiang, 2006; Miao et al., 2006). In
addition, HNF4a has also been reported to directly regulate
expression of PXR and CAR and subsequent induction of
P450s through these two nuclear receptors (Kamiya et al.,
2003; Tirona et al., 2003).

Fig. 6. Changes of gene expression by HNF4a-AS1 knockdown. (A) Suppression of HNF4a-AS1 expression by siRNA transfection into HepaRG cells.
(B) Expression of the selected transcription factors after HNF4a-AS1 knockdown. (C) Expression of HNF1a-AS1 after HNF4a-AS1 knockdown.
(D) Expression of the selected P450s at basal levels after HNF4a-AS1 knockdown. The sample size for each group was n = 3. Data are presented as log2
fold change and shown as mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001 vs. control in two-tailed unpaired Student’s t tests.
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The interaction between HNF1a and HNF4a has been
documented in several previous studies (Kuo et al., 1992;
Bailly et al., 2001). A study showed that HNF4a positively
regulates HNF1a in rat hepatoma cells, evidenced by the fact
that deleting theHNF4a binding site in the promoter region of
the HNF1a gene abolished the promoter activity (Kuo et al.,
1992). Another study showed that HNF1a was able to
negatively regulate HNF4a, evidenced by the identification
of a binding site of HNF1a in the HNF4a promoter region
(Bailly et al., 2001). However, in the study onHNF1a-deficient
mice, the expression of HNF4a was not changed (Cheung
et al., 2003). In our result, HNF1a knockdown only had a
minor effect on mRNA expression of HNF4a (Fig. 3B), which
agreed with the mouse data. HNF4a knockdown decreased
mRNA expression of HNF1awith statistical significance (Fig.
4B), which agreed with the rat hepatoma cell data. Our data
imply the existence of a transcription regulatory network
containing transcription factors of HNF4a, HNF1a, and
CAR/PXR in an order to control the basal and drug-induced
expression of major P450s involved in drug metabolism.
In recent years, utilizing the Encyclopedia of DNAElements

projects, studies have revealed that over 70% of the human
genome are capable of being transcribed into RNAs (Djebali
et al., 2012). However, not all transcribed primary RNAs have
protein coding ability. In human, only approximate 2% of the
transcribed RNAs are translated into proteins (Szymanski
and Barciszewski, 2002). Other than housekeeping noncoding
RNAs (ribosomal RNAs, transfer RNAs, and small nuclear
RNAs), whose biologic functions have been well defined,
regulatory noncoding RNAs (siRNAs, microRNAs, and
lncRNAs) have recently been shown to be actively involved
in physiologic regulations (Djebali et al., 2012; Kornfeld and
Brüning, 2014). Furthermore, lncRNAs have been shown to
perform transcriptional regulation through interaction with
transcription factors in different tissues (Clark and Black-
shaw, 2014; Herriges et al., 2014).
We identified two lncRNAs as our target lncRNAs of

interest, HNF1a-AS1 and HNF4a-AS1, which are located in
the neighborhood regions of the HNF1a and HNF4a genes,
respectively. Evidence has shown that antisense lncRNAs are
likely to be involved in the regulatory functions of their
neighborhood coding genes (Villegas and Zaphiropoulos,
2015). Hence, we examined the role of two selected lncRNAs
in the regulation of P450 expression. We found that the
expression of HNF1a-AS1 and HNF4a-AS1 is largely de-
pendent on its neighborhood transcription factors of HNF1a
and HNF4a, respectively. HNF1a knockdown depleted the
expression of HNF1a-AS1 without alteration of expression of
HNF4a-AS1 (Fig. 3C). The knockdown of HNF4a decreased
expression of both HNF1a-AS1 and HNF4a-AS1 (Fig. 4C). We
believed that HNF4a-AS1 was dependent on the expression of
HNF4a and decreased expression of HNF1a was responsible
for the decrease of HNF1a-AS1.
In the lncRNA knockdown experiments, HNF1a-AS1

knockdown by siRNA and shRNA showed very similar regu-
lation trends on most examined genes (Fig. 5). Knockdown of
HNF1a-AS1 by shRNA decreased mRNA expression of all
examined transcription factors and basal levels of P450s as
well as expression of HNF4a-AS1 (Fig. 5, B–D). The effect
of HNF1a-AS1 knockdown was very similar to HNF1a
knockdown, indicating that HNF1a-AS1 might work as a
downstream cofactor of HNF1a in the regulation of other

transcription factors and P450s. The knockdown of HNF4a-
AS1 showed opposite regulatory effects on almost all exam-
ined genes compared with knockdown of HNF1a, HNF4a, and
HNF1a-AS1 (Fig. 6, B–D), indicating the potential inhibitory
role of HNF4a-AS1 in the regulation of P450s by the
transcription factor network. These results confirmed our
hypothesis that the lncRNAs of HNF1a-AS1 and HNF4a-
AS1 participate in the regulation of drug-metabolizing P450
enzymes.
Even though we have observed involvement of the lncRNAs

in the regulation of P450 expression, the underlying mecha-
nisms are still unclear. Several mechanisms in regulation
of gene expression by lncRNAs have been identified at
different levels of gene expression, including transcriptional
and post-transcriptional regulation levels (Engreitz et al.,
2016; Schmitz et al., 2016). Generally, the regulatory roles of
lncRNAs are dependent on the interactions with their partner
molecules, such as proteins, RNAs, and DNAs (Villegas and
Zaphiropoulos, 2015). Proteins are believed to be the major
binding partners of lncRNAs due to the existence of distinct
protein binding domains. By binding with protein molecules,
lncRNAs can either work as scaffold molecules to promote the
formation of protein complexes or work as decoy molecules to
remove proteins from a specific location. Depending on the
interacted protein functions, lncRNAs can have different
impacts on expression of their regulated target genes (Ray
et al., 2013). Interactions between lncRNAs and other RNAs
can regulate targeted RNA properties, including RNA stabil-
ity and translation efficiency. For example, an antisense
lncRNA located next to mouse coding gene Uchl1 is able to
regulate the translation efficiency of UCHL1 protein through
activation of polysomes (Carrieri et al., 2012). Several specific
examples have revealed the interactions between lncRNAs
and DNAs, but whether these interactions are widespread in
a genome is still unclear. For example, a noncoding RNA,
promoter associated RNA, has been shown to mediate de novo
methylation of its targeted DNAs by forming a DNA:RNA
triplex, which can be recognized by DNA methyltransferases
(Schmitz et al., 2010). This evidence suggests that lncRNAs
are associated with a complexity of gene regulation processes.
Based on current assays, in future experiments we will study
how HNF1a-AS1 and HNF4a-AS1 regulate their targeted
genes and their involvement in the regulation network in
control of basal and drug-induced expression of P450s. In
conclusion, the present study demonstrates the existence of a
transcription regulatory network containing different nuclear
receptors and lncRNAs in the regulation of both basal and
drug-induced expression of P450s in HepaRG cells.
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