
















2021a). The present study highlights the involvement of the lncRNAs
HNF4A-AS1 and HNF1A-AS1 in RTV-induced hepatotoxicity.
Human HNF4A-AS1 is transcribed from an intergenic region on

chromosome 20, which contains four exons. In the current study,
HNF4A-AS1 was observed to carry a specific DNase signal in the
HepG2 cell line, suggesting that HNF4A-AS1 is active in the transcrip-
tion of hepatocytes. It is worth noting that most DNase I hypersensitive
sites (DHSs) are mapped to regulatory elements, such as promoters and
enhancers. However, in the current study, the specific DHS was found
in the intron region. We carefully examined the possible regulatory ele-
ments near the HNF4A-AS1 gene in the UCSC genome browser and
found a strong enhancer signal coincident with the location of this
DHS. Whether and how this enhancer acts as a remote regulatory ele-
ment that participates in the regulation of HNF4A-AS1 gene requires
further research. Additionally, histone modification H3K27Ac was
enriched close to the active regulatory region of HNF4A-AS1 in various
cell lines, suggesting that the transcriptional activity of HNF4A-AS1 is
susceptible to environmental conditions. This is consistent with our pre-
vious results showing that HNF4A-AS1 mRNA expression is elevated
approximately 2.8-fold after RIF exposure (data not shown). The high
expression of HNF4A-AS1 in human small intestine, liver, and kidney
suggests its potential role in drug metabolism. LncRNAs exist in both
the cytoplasm and nucleus, and the mechanisms through which they
regulate gene expression vary depending on their localization (Chen,
2016). The results of cytoplasmic and nuclear separation revealed that
HNF4A-AS1 is predominantly localized in the nucleus of hepatoma
cells, indicating its importance in the transcriptional regulation of

downstream genes. As we recently reported, HNF4A-AS1 negatively
regulates the expression of PXR and constitutive androstane receptor
(CAR), as well as CYPs in Huh7 cells (Wang et al., 2021a). The strong
correlation between HNF4A-AS1 and CYP3A4 was confirmed in the
current study. In both Huh7 and HepG2 cells, the expression of PXR
and CYP3A4 was increased after knockdown of HNF4A-AS1.
HNF1A-AS1 is another lncRNA that is transcribed from the neigh-

boring antisense of the human HNF1A gene. HNF1A-AS1 (located on
human chromosome 12) is 39.04 kb long and contains two exons and
one intron. The detailed characterization about the secondary structure
and tissue and organ distribution of HNF1A-AS1 has been reported ear-
lier (Chen et al., 2020a). As shown here and in previous studies
(Chen et al., 2018; Wang et al., 2019b), knockdown of HNF1A-AS1
markedly reduced the mRNA expression of PXR and CYP3A4, which
was in contrast to the results observed following the knockdown of
HNF4A-AS1.
The expression and activities of DMEs (including CYPs) are the

main factors affecting drug efficacy and adverse drug reactions.
Interestingly, a previous study in HepaRG cells revealed that
HNF4A-AS1 and HNF1A-AS1 can regulate the expression of acet-
aminophen-metabolizing CYPs, thus affecting susceptibility to
acetaminophen-induced liver injury (Chen et al., 2020b). Notably,
the bioactivation of RTV is mainly catalyzed by CYP3A4 (Kumar
et al., 1996; Denissen et al., 1997; Koudriakova et al., 1998; Gangl
et al., 2002; Yao et al., 2008; Li et al., 2011). Shehu et al. revealed
that isopropylthiazole ring-open metabolites of RTV were signifi-
cantly increased in PXR- and CYP3A4-humanized mouse models

Fig. 5. PXR is involved in the HNF4A-AS1- and HNF1A-AS1-mediated expression of CYP3A4 and RTV-induced hepatotoxicity. qRT-RT-PCR and LDH assays
showing the mRNA expression of HNF4A-AS1, HNF4A, PXR, and CYP3A4, and RTV-induced cell damage (A and B) in Huh7 cells transfected with shHNF4A-AS1
or pLKO.1 as well as those co-transfected with shPXR or shcontrol, (C and D) in HepG2 cells transfected with shHNF1A-AS1 or pLKO.1, and those co-transfected
with PXR or pSG5. Data are shown as the means ± S.D. of three independent experiments. ANOVA was used to compare the differences among groups. *P< 0.05,
**P< 0.01, ***P< 0.001.
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pretreated with RIF (Shehu et al., 2019), whereas the ring-open
metabolites of thiazole derivatives can result in liver injury through
further oxidizing (Mizutani and Suzuki, 1996; Ji et al., 2007),
which showed that human PXR and CYP3A4 play a crucial role in
RTV-induced hepatotoxicity. HNF4A-AS1 and HNF1A-AS1
expression was significantly correlated with PXR and CYP3A4
expression in hepatoma cells, further supporting the potential roles

of these two lncRNAs in RTV-induced hepatotoxicity. In the pre-
sent study, our data suggested that knockdown of HNF4A-AS1 sig-
nificantly increased the cytotoxicity of different concentrations of
RTV; however, knockdown of HNF1A-AS1 reduced the cytotoxic-
ity of RTV in both Huh7 and HepG2 cells. These results elucidated
an important feature of the two lncRNAs in the regulation of
CYP3A4 expression and RTV-induced hepatotoxicity.

Fig. 6. HNF4A-AS1 and HNF1A-AS1 are involved in the altered susceptibility to RTV-induced hepatotoxicity caused by RIF exposure in HepG2. (A) qRT-RT-PCR
assay showing the mRNA expression of CYP3A4 in HepG2 cells after 10 mM RIF treatment of 24, 48, 72, or 96 hours. LDH assays indicating (B) RTV-induced cell
damage in HepG2 cells following pretreatment with RIF for 48 hours, and those transfected with (C) HNF4A-AS1 and (D) shHNF1A-AS1. Data are shown as the
means ± S.D. of three independent experiments. Statistical analyses were performed using an unpaired Student’s t test. *P< 0.05, **P< 0.01, ***P< 0.001 versus NC
group.

Fig. 7. Mechanisms underlying the effects of HNF4A-AS1 and HNF1A-AS1 on CYP3A4 expression and RTV-induced hepatotoxicity. As the key cofactors in gene
regulation, HNF4A-AS1 and HNF1A-AS1 affect the PXR enrichment and histone modification status in the PXRE regions of the CYP3A4 promoter, resulting in
changes in CYP3A4 expression and RTV-induced hepatotoxicity.
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Researchers have verified the emerging roles of histone modifications
in the regulation of CYPs (Yan et al., 2017; Wang et al., 2019a;
Pande et al., 2020). In the present study, knockdown of HNF4A-AS1
increased H3K4me3 and reduced H3K27me3, whereas knockdown of
HNF1A-AS1 resulted in reduced H3K4me3 enrichment in the PXRE
regions of the CYP3A4 promoter. Both H3K4me3 and H3K27me3 are
important epigenetic markers of gene transcription, indicating gene acti-
vation and silencing, respectively. Therefore, alterations in histone
modification status caused by knockdown of HNF4A-AS1 and
HNF1A-AS1 were considered to be factors affecting the expression of
CYP3A4. LncRNAs exert regulatory functions by interacting with other
molecules via four mechanisms: decoy, signal, guide, and scaffold
(Wang and Chang, 2011). For example, long intergenic noncoding
RNA (lincRNA) HOTAIR acts as a scaffold to specify the histone mod-
ification patterns on target genes by providing binding surfaces for his-
tone modification enzymes (Tsai et al., 2010). Hence, we deduce that
HNF4A-AS1 and HNF1A-AS1 may serve as scaffolds for the binding
of diverse histone modification enzymes to the CYP3A4 promoter, thus
regulating CYP3A4 expression and RTV-induced hepatotoxicity. How-
ever, further study is needed to clarify the accurate mechanism of
action.
In general, the binding of transcription factors to their target genes

results in the upregulation of gene expression. For example, some CYPs
are induced by activation of PXR or CAR (Burk et al., 2004). This may
also explain the alterations in CYP3A4 expression and RTV-induced
hepatotoxicity after knockdown of HNF4A-AS1 or HNF1A-AS1 that
the diverse enrichment of PXR in PXRE regions of the CYP3A4 pro-
moter. Knockdown of HNF4A-AS1 and HNF1A-AS1 altered the
expression of PXR (although the specific mechanism remains to be
explored), which may indirectly affect the expression of CYP3A4.
Importantly, further experiments have confirmed that silencing of
HNF4A-AS1 or HNF1A-AS1 increased or decreased CYP3A4 expres-
sion and RTV-induced hepatotoxicity, whereas knockdown or overex-
pression of PXR prevented these effects, respectively (Fig. 5). These
findings indicated that PXR plays a vital role in the regulation of
CYP3A4 expression and RTV-induced hepatotoxicity via HNF4A-AS1
and HNF1A-AS1. It was noticed that overexpression of PXR did not
completely reverse the protective effect of shHNF1A-AS1 in HepG2
cells treated with 20 or 40 mM RTV. This may be because, after knock-
down of HNF1A-AS1, the increased cytotoxicity of RTV following
transfection with PXR plasmids might not be enough to offset the
effects of increased RTV concentration.
Clinical studies have reported hepatotoxicity in 100% of patients

treated with RTV-containing regimens following pretreatment with
RIF or EFV (Shehu et al., 2019). Our findings verified that the hep-
atotoxicity of RTV at different concentrations increased signifi-
cantly when HepG2 cells were pretreated with RIF. Notably, the
increase in RTV-induced hepatotoxicity was attenuated by HNF4A-
AS1 overexpression or HNF1A-AS1 knockdown, indicating the
potential roles for HNF4A-AS1 and HNF1A-AS1 in RTV-induced
hepatotoxicity and RTV susceptibility induced by RIF exposure.
These findings provide direction for future research on the roles
and mechanisms of HNF4A-AS1 and HNF1A-AS1 under different
physiologic conditions. During the time course of liver repair and
regeneration after liver injury, the expression and activities of
CYPs, as well as drug effectiveness and adverse drug reactions, are
altered (Bao et al., 2021). Therefore, early prediction of hepatotox-
icity is important for the rational use of drugs. lncRNAs in plasma
and serum are stable, which causes a potential value for relevant
clinical diagnosis, like plasma H19 for gastric cancer (Zhou et al.,
2015) and serum LINC00161 for hepatocellular carcinoma (Sun
et al., 2018). HNF4A-AS1 and HNF1A-AS1, as lncRNAs that have

opposite impacts on CYP3A4 expression, may also be used to pre-
dict the effects and toxicity of drugs metabolized by CYP3A4 in
the future.
The expression of DMEs is not constitutive. There may exist a regu-

latory loop containing HNF4A-AS1 and HNF1A-AS1 that regulates the
expression of CYP3A4 to maintain homeostasis in hepatic metabolism.
However, the specific mechanism needs further research. In the current
study, Huh7 and HepG2 cells were used to investigate the roles of
lncRNAs in RTV-induced hepatotoxicity. However, there are some lim-
itations to hepatoma cell models. Huh7 is a highly deteriorated liver
tumor cell line, whereas the HepG2 cell line is derived from a heterozy-
gous patient carrying a CYP3A4*1G mutation, and the expression lev-
els of nuclear receptors and DMEs are low in both cell lines. Human
induced pluripotent stem cell-derived hepatocytes or primary human
hepatocytes should be used to validate these findings in the future.
In summary, HNF4A-AS1 and HNF1A-AS1 were identified as

lncRNAs with the ability to alter RTV-induced hepatotoxicity with con-
trasting effects, mainly by regulating CYP3A4 expression via alteration
of PXR enrichment and histone modification status in the PXRE regions
of the CYP3A4 promoter. HNF4A-AS1 and HNF1A-AS1 are also
involved in the altered susceptibility to RTV-induced hepatotoxicity
caused by RIF exposure.
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