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Abstract: The long non-coding RNA (lncRNA) hepatocyte nuclear factor-1 alpha (HNF1A) antisense
RNA 1 (HNF1A-AS1) is an important lncRNA for liver growth, development, cell differentiation, and
drug metabolism. Like many lncRNAs, HNF1A-AS1 has multiple annotated alternative transcripts
in the human genome. Several fundamental biological questions are still not solved: (1) How many
transcripts really exist in biological samples, such as liver samples and liver cell lines? (2) What
are the expression patterns of different alternative HNF1A-AS1 transcripts at different conditions,
including during cell growth and development, after exposure to xenobiotics (such as drugs), and
in disease conditions, such as metabolic dysfunction-associated steatotic liver disease (MASLD),
alcohol-associated liver disease (ALD) cirrhosis, and obesity? (3) Does the siRNA used in previous
studies knock down one or multiple transcripts? (4) Do different transcripts have the same or
different functions for gene regulation? The presented data confirm the existence of several annotated
HNF1A-AS1 transcripts in liver samples and cell lines, but also identify some new transcripts, which
are not annotated in the Ensembl genome database. Expression patterns of the identified HNF1A-AS1
transcripts are highly correlated with the cell differentiation of matured hepatocyte-like cells from
human embryonic stem cells (hESC), growth and differentiation of HepaRG cells, in response to
rifampicin induction, and in various liver disease conditions. The expression levels of the HNF1A-
AS1 transcripts are also highly correlated to the expression of cytochrome P450 enzymes, such as
CYP3A4, during HepaRG growth, differentiation, and in response to rifampicin induction.

Keywords: alternative transcript; CYP3A4; HepaRG; HNF1A-AS1

1. Introduction

The long non-coding RNA (lncRNA) hepatocyte nuclear factor-1 alpha (HNF1A) anti-
sense RNA 1 (HNF1A-AS1) is an important lncRNA for liver growth, development, cell
differentiation, and cellular functions, such as drug metabolism. HNF1A-AS1 was first
reported to be abnormally upregulated in esophageal tumorigenesis [1] and continuingly
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reported to be involved in proliferation and metastasis in various carcinomas, including
lung adenocarcinoma [2,3], gastric adenocarcinoma [4,5], hepatocellular carcinoma [6,7],
colorectal carcinoma [8,9], and other cancers [10,11]. HNF1A-AS1 has also been shown to
be involved in an HNF1A mediated transcriptional regulatory network to control the basal
and drug-induced expression of drug metabolizing cytochrome P450 (CYP) enzymes in
liver cells [12,13]. As a CYP regulator, HNF1A-AS1 can alter susceptibility of cytotoxicity in
liver cells and is induced by various drugs, such as acetaminophen [14] and ritonavir [15],
which are primarily metabolized by certain CYP enzymes. HNF1A-AS1 regulates CYP
expression at both transcription and post-transcription levels. At the transcriptional level,
HNF1A-AS1 serves as an RNA scaffold to interact with nuclear receptors, such as pregnane
X receptor (PXR), and histone modification enzymes, such as arginine methyltransferase 1,
to alter histone modifications of the CYP3A4 gene as a component of its transcriptional reg-
ulation [16]. At the post-transcriptional level, HNF1A-AS1 interacts with HNF1A protein
to block its interaction with the E3 ubiquitin ligase tripartite motif containing 25 (TRIM25)
for preventing HNF1A ubiquitination and protein degradation, further regulating the ex-
pression of CYP3A4 [16]. These studies demonstrate that HNF1A-AS1 is a critical lncRNA
involved in the regulation of liver growth, differentiation, and metabolic functions.

Individual alternative transcripts of HNF1A-AS1 have not been assessed for their
functions. The remarkable complexity and diversity of cellular and organismal functions in
eukaryotes cannot be solely attributed to the sheer number of genes in their genomes. In-
stead, it primarily arises from the intricate orchestration of gene expression, resulting in the
generation of multiple transcripts and proteins from the same genes. This phenomenon is
known as transcript diversification [17–23]. In the Ensembl genome browser (GRCh38.p14),
there are currently 19,830 annotated coding genes and 26,462 annotated noncoding genes.
Interestingly, these genes give rise to a much larger number of transcripts, estimated to be
252,989, with an average of around 5.5 transcripts per gene, indicating multiple transcripts
are a common phenomenon. Alternative promoter usage and alternative splicing are two
major processes driving transcript diversification at the RNA level [19,20]. Alternative
transcription involves the differential utilization of transcription start sites, which is influ-
enced by factors, such as regulatory elements, chromatin structure, and transcription factor
binding, resulting in the generation of multiple pre-RNAs [24–26]. Subsequently, pre-RNAs
undergo alternative splicing, where different combinations of exons are joined together,
leading to the production of RNA transcripts with distinct sequences. The regulation of
alternative splicing is mediated by splicing factors and regulatory elements, including
splice enhancers and silencers, which govern the selection of splice sites and exon inclu-
sion/exclusion decisions [27,28]. Both alternative transcription and splicing processes can
be tissue-specific, temporally regulated, or influenced by environmental cues, enabling
cells to adapt to different contexts [29].

Alternative promoter usage and alternative splicing mechanisms exhibit dynamic
variations across different tissues and developmental stages and are frequently disrupted in
human diseases [30]. This phenomenon has been observed in numerous cancer types, where
abnormal splicing patterns in tumor tissues have been identified using powerful high-
throughput sequencing technologies [31–33]. Moreover, investigations into the functional
roles of non-coding RNAs (ncRNAs) have unveiled many distinct functions, including
roles in alternative splicing events [34]. LncRNAs have garnered significant interest due to
their diverse functions. Following alternative splicing events, pre-lncRNAs can give rise to
distinct mature lncRNA transcripts that may possess either similar or divergent biological
functions. A compelling example is that of lncRNA-PXN-AS1, where alternative splicing
generates transcripts with and without exon 4. Interestingly, the transcript containing
exon 4 promotes liver cancer, while the transcript lacking exon 4 inhibits liver cancer
progression [35]. Another notable example involves the pre-lncRNA PVT1, which gives
rise to two distinct mature lncRNA transcripts. Both transcripts have been implicated
in promoting tumor growth in renal cell carcinoma [36]. Therefore, the identification
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and characterization of alternative RNA transcripts are crucial for understanding the
mechanisms in many human diseases, including cancer [30,31].

LncRNA HNF1A-AS1 is encoded by the HNF1A-AS1 gene, which is located on the
negative strand in the antisense direction relative to the HNF1A gene with a genomic locus
spanning nucleotides 120,941,728 to 120,980,968 on chromosome 12 in the Ensembl genome
browser based on the Human (GRCH38) database. As a typical lncRNA gene, HNF1A-AS1
has multiple alternative transcripts annotated by both Ensembl genome browser and UCSC
genome browser, including HNF1A-AS1-201, 202, 203, 204, 205, 206, 207, 208, and 209
produced by either alternative transcription or alternative splicing. Several fundamental
questions for the transcript diversity of HNF1A-AS1 are still not answered, including:
(1) How many transcripts really exist in biological samples, such as liver samples and
liver cell lines? (2) What are the expression patterns of different alternative HNF1A-AS1
transcripts at different conditions, including during cell growth and development, after
exposure to xenobiotics (such as drugs), and in disease conditions, such as metabolic
dysfunction-associated steatotic liver disease (MASLD), alcohol-associated liver disease
(ALD) cirrhosis, and obesity? (3) Does the siRNA used in previous studies knock down one
or multiple transcripts? (4) Do different transcripts have the same or different functions for
gene regulation? This study aims to explore these questions.

2. Results
2.1. Identification of HNF1A-AS1 Alternative Transcripts in Human Livers and Cultured Cells

HNF1A-AS1 gene is located at chromosome 12 from 120,941,728 to 120,980,968 bp
in the negative strand with nine identified exons (Figure 1A). Nine alternative HNF1A-
AS1 transcripts have been annotated, and these range from 343 bps (HNF1A-AS1-205)
to 2,455 bps (HNF1A-AS1-204) in the Ensembl genome browser based on the Human
(GRCH38.p14) build, with detailed information shown in Table 1. Alternative transcription
and alternative splicing contribute to the diversity of the nine annotated transcripts of
HNF1A-AS1 (Figure 1B). Alternative transcripts of HNF1A-AS1-201 to HNF1A-AS1-209
will be represented by transcript 201–209 in the following text. Transcript 204 is derived
from a single exon, Exon 5. Other transcripts contain two or more exons (up to 5 for 207).
Some pairs of transcripts may not share any sequence, for example 204 and 205, implying
that they may have different functions.

Table 1. Information of the HNF1A-AS1 alternative transcripts in the genome browser.

Transcript ID * Name Length (bp) Exon Number

ENST00000619441.1 HNF1A-AS1-205 343 2
ENST00000647473.1 HNF1A-AS1-207 1144 5
ENST00000701967.1 HNF1A-AS1-209 357 2
ENST00000701238.1 HNF1A-AS1-208 582 2
ENST00000646404.1 HNF1A-AS1-206 557 3
ENST00000537361.1 HNF1A-AS1-203 659 2
ENST00000539163.1 HNF1A-AS1-204 2455 1
ENST00000433033.3 HNF1A-AS1-201 718 4
ENST00000535301.2 HNF1A-AS1-202 546 2

Note: * The notation of these transcripts is based on the location of their last exon in the antisense strand of
the genome.
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Figure 1. Identification of HNF1A-AS1 transcripts in human liver samples and liver cell lines. (A) 
The genomic organization of the HNF1A-AS1 gene with nine exons from 12: 120,941,728–
120,980,968 bp on chromosome 12. (B) Nine annotated HNF1A-AS1 transcripts after alternative 
transcription and alternative splicing are shown in the figure with color rectangles representing the 
relative lengths of each transcript. The forward primers (white bars) and reverse primers (black 
bars) were designed to amplify from the first exon to the last exon for each transcript. The distances 
between forward primers and reverse primers represent the relative lengths of the PCR products. 
However, primer lengths are not scaled. (C) In the four normal individual human liver samples, 
three transcripts of HNF1A-AS1 were confirmed with two annotated (205 and 204) and one new 
(205N). (D) In HepG2 cells, a total of six transcripts of HNF1A-AS1 with four annotated (205, 208, 
203, and 204) and two new (205N and 203N) were confirmed. (E) In HepaRG cells, three transcripts 

Figure 1. Identification of HNF1A-AS1 transcripts in human liver samples and liver cell lines. (A) The
genomic organization of the HNF1A-AS1 gene with nine exons from 12: 120,941,728–120,980,968 bp
on chromosome 12. (B) Nine annotated HNF1A-AS1 transcripts after alternative transcription and
alternative splicing are shown in the figure with color rectangles representing the relative lengths of
each transcript. The forward primers (white bars) and reverse primers (black bars) were designed to
amplify from the first exon to the last exon for each transcript. The distances between forward primers
and reverse primers represent the relative lengths of the PCR products. However, primer lengths are
not scaled. (C) In the four normal individual human liver samples, three transcripts of HNF1A-AS1
were confirmed with two annotated (205 and 204) and one new (205N). (D) In HepG2 cells, a total of
six transcripts of HNF1A-AS1 with four annotated (205, 208, 203, and 204) and two new (205N and
203N) were confirmed. (E) In HepaRG cells, three transcripts of HNF1A-AS1 with two annotated
(205 and 204) and one new (205N) were confirmed. (F) 205N contains a 94 bp exon (retaining intron
between exon 8 and exon 9). 203N represents a new transcript with a 73 bp exon (part of exon 5). The
sequences of all confirmed and new identified transcripts are listed in Supplemental Table S1.
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Though the existing information on transcript diversity is useful, it should be noted
that the annotated alternative transcripts of HNF1A-AS1 are based solely on the analysis
of RNA-Seq data from various biological samples, which have not been validated by
experiments. To determine the actual number of transcripts presented in human liver
samples and liver cell lines, primers for polymerase chain rection (PCR) were designed to
amplify each transcript. Forward primers were selected from the first exons (an open bar
in Figure 1B), while the reverse primers were chosen from the last exons (a solid black bar
in Figure 1B). The sizes of their amplification products are shown in Figure 1B and Table 2.
In four individual human liver samples, two bands were observed for 205, while one band
was observed for 204 (Figure 1C). Subsequently, all the bands were purified for Sanger
sequencing. The sequence results reveal that the upper band for 205 corresponds to a new
transcript called HNF1A-AS1-205N (205N), which contains a 94 bp exon (retaining intron
between exon 8 and exon 9) (Figure 1F). The lower band for 205 and the band for 204 were
found to match the annotations in the genome browser (Figure 1C). Notably, the expression
levels of 205N and 205 were similar in liver samples No.1 and No.2, but the expression
levels of 205N were lower than 205 in the liver samples of No.3 and No.4. Interindividual
variations may account for this observed phenotype. In comparison to the results of the
liver samples, the results of the liver cell lines yielded different findings. In HepG2 cells, a
total of seven bands were detected, including two bands for 205, one band for 208, three
bands for 203, and one band for 204 (Figure 1D). Sanger sequencing confirmed that the
upper band for 205 corresponds to 205N, the upper band for 203 represents a new transcript
with a 73 bp exon (part of exon 5) (Figure 1F), and the lower band for 203 was a mismatch.
The remaining bands were consistent with the annotated transcripts of 205, 208, 203, and
204, respectively. Furthermore, HepaRG cells exhibited the same band patterns as observed
in the human liver samples, with the only difference being that the expression level of
205N was more than that of 205 (Figure 1E). All the sequence information of the identified
transcripts is listed in Supplemental Table S1.

Table 2. PCR primer sequences for validation of the alternative transcripts of HNF1A-AS1.

Transcript Primer (Forward) 5′–3′ Primer (Reverse) 5′–3′ Amplicon Size (bp)

HNF1A-AS1-205 AGGAAGCACTTTGACCTCTG * CCTACCCCACAGAGTCTGAT 300
HNF1A-AS1-207 ATCCCACCAAAGGGGGCT TCACAGAAAAGAATCTGTTC 731
HNF1A-AS1-209 ATACAGGAAAGGGGAGCAGC ** TCCACATCAGGTCCCATG *** 220
HNF1A-AS1-208 AGGAAGCACTTTGACCTCTG * TCCACATCAGGTCCCATG *** 280
HNF1A-AS1-206 ATACAGGAAAGGGGAGCAGC ** TCCACATCAGGTCCCATG *** 387
HNF1A-AS1-203 AGGAAGCACTTTGACCTCTG * TGTTACAAGGTTCAGGGCTC 477
HNF1A-AS1-204 AGTTCCCTCCATCTAACATTCA TTGTCTGGACTGAAGGACAA 321
HNF1A-AS1-201 GCCTGTGGCCATACAGGA GACAGGAGCAAAACTGCT 501
HNF1A-AS1-202 AGGAAGCACTTTGACCTCTG * ACAGAAGGAGACCCTGTC 298

Note: *, **, *** indicates that transcripts share the same primers.

2.2. Design of Real-Time Quantitative PCR (RT-qPCR) Primers for Quantification of the
Identified Transcripts

RT-qPCR was used to measure expression levels of the alternative transcripts under
different conditions, using appropriately designed RT-qPCR primer pairs. In this study,
we designed specific primers for 205N, 208, 203N, and 204, targeting adjacent exons. To
distinguish between 205N and 205, and between 203N and 203, the forward primers for
205 and 203 were selected at the exon junctions (Figure 2A and Table 3). Gel electrophoresis
analysis of the amplification products revealed the presence of either a single band or
amplification of the majority of the specific transcripts in all the lanes, indicating the
suitability of these primers for subsequent RT-qPCR quantification (Figure 2B).
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fication of the individual transcripts. (B) The PCR results demonstrated the amplification of either a 
single band or amplification of the majority of the specific transcript using the respective RT-qPCR 
primer pairs. (C) PCR amplification of HNF1A-AS1-204 in normal individual liver samples using 
cDNA or RNA as templates. There was no amplification in lanes using RNA as a template, indi-
cating no detectable genomic DNA contamination. (D) PCR amplification of 204 in HepaRG and 
HepG2 cells using cDNA or RNA as templates. The faint bands were observed in lanes using RNA 
as a template, indicating minor genomic DNA contamination. 

Table 3. RT-qPCR primer sequences. 

Transcript Primer (forward) 5′–3′ Primer (reverse) 5′–3′ 
Amplicon size 

(bp) 
HNF1A-AS1-205N ATGCTGTTTGGGCTGGTC TGGGATTGGGTTCCTTTG 138 
HNF1A-AS1-205 CACTCAGCCAGGATGAGG   TTTCCCTACCCCACAGAG  207 
HNF1A-AS1-208 AGGAAGCACTTTGACCTCTG TCCACATCAGGTCCCATG 280 

HNF1A-AS1-203N TAAACACTAGCCAACACCC AGCAGCAGCTTGACAAAT 104 

Figure 2. Design of RT-qPCR primers for quantification of the identified transcripts. (A) Schematic
representation of the PCR primer locations designed for each transcript, ensuring specific quantifi-
cation of the individual transcripts. (B) The PCR results demonstrated the amplification of either a
single band or amplification of the majority of the specific transcript using the respective RT-qPCR
primer pairs. (C) PCR amplification of HNF1A-AS1-204 in normal individual liver samples using
cDNA or RNA as templates. There was no amplification in lanes using RNA as a template, indicating
no detectable genomic DNA contamination. (D) PCR amplification of 204 in HepaRG and HepG2
cells using cDNA or RNA as templates. The faint bands were observed in lanes using RNA as a
template, indicating minor genomic DNA contamination.
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Table 3. RT-qPCR primer sequences.

Transcript Primer (Forward) 5′–3′ Primer (Reverse) 5′–3′ Amplicon Size (bp)

HNF1A-AS1-205N ATGCTGTTTGGGCTGGTC TGGGATTGGGTTCCTTTG 138
HNF1A-AS1-205 CACTCAGCCAGGATGAGG TTTCCCTACCCCACAGAG 207
HNF1A-AS1-208 AGGAAGCACTTTGACCTCTG TCCACATCAGGTCCCATG 280

HNF1A-AS1-203N TAAACACTAGCCAACACCC AGCAGCAGCTTGACAAAT 104
HNF1A-AS1-203 ACTCAGCCAGCTGCTCCCTCTA GCTGTGGGTGGCAGAAGAGGAC 109
HNF1A-AS1-204 AGTTCCCTCCATCTAACATTCA TTGTCTGGACTGAAGGACAA 321

CYP3A4 GATTGACTCTCAGAATTCAAAAGAAACTGA GGTGAGTGGCCAGTTCATACATAATG 148
β-actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG 234

However, designing primers for the transcript 204 presented a unique challenge as it
comprises only one exon, raising potential concerns about genomic DNA contamination
influencing the qPCR results. To address this, we performed PCR amplifications for the
HNF1A-AS1-204 using both cDNA and RNA templates from individual normal liver
samples, as well as HepaRG and HepG2 cell lines. As demonstrated in individual normal
liver samples (Figure 2C), no amplification occurred in lanes using RNA as a template,
indicating no detectable genomic DNA contamination. When it came to HepaRG and
HepG2 cell samples (Figure 2D), amplification from cDNA templates produced clear bands
for 204, indicating robust expression. Conversely, when RNA templates were used, only
faint bands were observed, suggesting minor genomic DNA contamination. Furthermore,
to quantitatively assess the impact of this contamination, we conducted qPCR analyses
using RNA templates from individual normal livers, HepaRG, and HepG2 cells. The Cq
values were undetectable on the machine (C1000 TouchTM Thermal Cycler with CFX96TM
Real-Time System), strongly suggesting that the minor genomic DNA contamination in our
cell samples will not influence the subsequent qPCR results.

2.3. Expression Patterns of HNF1A-AS1 Transcripts during Stages of Hepatocyte Differentiation
from Human Embryonic Stem Cells (hESC)

Understanding the dynamics of transcript expression during the formation of hepato-
cytes is crucial before delving into a more comprehensive exploration of their functions in
drug metabolism in liver cells. In this study, we induced human embryonic stem cells to
differentiate into definitive endoderm, followed by hepatoblast cells, hepatocyte-like cells
(HLCs), and finally matured HLCs. Throughout these five stages, the expression profiles
of transcripts 205N (Figure 3A) and 205 (Figure 3B) were examined, which exhibited a
significant increase in expression specifically during the HLCs stage, and maintained this
elevated expression level in the subsequent matured HLCs stage. On the other hand,
transcripts 208 (Figure 3C), 203N (Figure 3D), 203 (Figure 3E), and 204 (Figure 3F) became
strongly expressed during the definitive endoderm stage. Notably, transcripts 208 and 203N
exhibited an initial increase but subsequently decreased in the matured HLCs stage. In
contrast, transcripts 203 and 204 displayed an initial increase in expression and maintained
a consistently high level throughout the following stages. In comparison to the relative
expression levels of all transcripts, it was evident that transcripts 203 and 204 exhibited
relatively higher expression levels compared to the other transcripts (Figure 3G).
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at different stages of hepatocyte differentiation from hESC using RT-qPCR. (G) Relative expression 
levels of all transcripts of HNF1A-AS1 at different stages from hESC to hepatocytes measured by 
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conducted using a t-test, comparing each column to its previous column. *p < 0.05; **p < 0.01; ***p < 
0.001. 

2.4. Expression Patterns of the Identified HNF1A-AS1 Transcripts during HepaRG Cell Growth 
and Differentiation. 

Figure 3. Expression patterns of the HNF1A-AS1 transcripts during different stages of matured
hepatocyte-like cells’ differentiation from human embryonic stem cells (hESC). (A–F) Quantification
of different HNF1A-AS1 transcripts of 205N (A), 205 (B), 208 (C), 203N (D), 203 (E), and 204 (F) at
different stages of hepatocyte differentiation from hESC using RT-qPCR. (G) Relative expression
levels of all transcripts of HNF1A-AS1 at different stages from hESC to hepatocytes measured by
RT-qPCR. The data are presented as mean ± standard deviation (SD) (n = 3). Statistical analysis
was conducted using a t-test, comparing each column to its previous column. * p < 0.05; ** p < 0.01;
*** p < 0.001; ns: no significance.

2.4. Expression Patterns of the Identified HNF1A-AS1 Transcripts during HepaRG Cell Growth
and Differentiation

The HepaRG cell line is widely regarded as an appropriate model for studying drug
metabolism due to its abundant expression of Cytochrome P450 (CYP) mRNAs and pro-
teins. HepaRG expand without differentiation for two weeks (growth phase), followed
by an additional two weeks for differentiation to reach a sufficiently mature state for ex-
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perimentation. In this study, we focused on CYP3A4, a representative CYP member, and
measured its expression levels at various stages of HepaRG cell growth and differentiation
using RT-qPCR. Interestingly, during the growth phase, CYP3A4 expression remained
relatively low. However, a significant increase was observed during the differentiation
period, indicating a correlation between CYP3A4 expression and the maturation of Hep-
aRG cells (Figure 4A). To gain further insights, we also measured the expression levels of
transcripts 205N (Figure 4B), 205 (Figure 4C), and 204 (Figure 4D) at the same time points.
Notably, these transcripts displayed similar expression kinetics as CYP3A4, with relatively
low expression during the growth phase and significantly higher expression during the
differentiation period. In comparison to the relative expression levels of all the transcripts,
it was evident that transcript 204 exhibited higher expression levels compared to the other
transcripts (Figure 4E). To explore the relationship between these transcripts and CYP3A4
during HepaRG maturation, we conducted a Pearson correlation analysis (Figure 4F–H).
Remarkably, all three transcripts exhibited a strong positive correlation with CYP3A4.
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Rifampicin is a well-known inducer that increases the expression of CYP3A4 after 

treatment. After the maturation of HepaRG cells at twenty-eight days, a treatment of 10 
nmol rifampicin was administered for 120 hours. Throughout this period, CYP3A4 ex-
pression levels were measured every 12 hours using RT-qPCR. The results reveal that 
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Figure 4. Expression patterns of the identified HNF1A-AS1 transcripts during HepaRG cell growth
and differentiation. (A) CYP3A4 mRNA levels at different stages of HepaRG cells from the growth
(3–14 d) to the differentiation (17–28 d) period measured by RT-qPCR. (B–D) Relative RNA expression
levels of different transcripts of HNF1A-AS1 at different stages of HepaRG cells from the growth to
the differentiation period measured by RT-qPCR. (E) Relative expression levels of all transcripts of
HNF1A-AS1 at different stages from the growth to the differentiation period measured by RT-qPCR.
Statistical analysis was performed using a t-test, comparing each column to the previous column.
* p < 0.05; ** p < 0.01; *** p < 0.001; ns: no significance. (F–H) Pearson correlation analyses between
different HNF1A-AS1 transcripts and CYP3A4 expression levels.
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2.5. Expression Patterns of HNF1A-AS1 Transcripts during Rifampicin Treatment

Rifampicin is a well-known inducer that increases the expression of CYP3A4 after treat-
ment. After the maturation of HepaRG cells at twenty-eight days, a treatment of 10 nmol
rifampicin was administered for 120 h. Throughout this period, CYP3A4 expression levels
were measured every 12 h using RT-qPCR. The results reveal that during the initial 48 h,
CYP3A4 expression levels remained relatively low. However, from 60 h onwards, there
was a significant increase in CYP3A4 expression, reaching a plateau until 84 h, after which
it decreased back to a similar level as that observed from 12 to 48 h (Figure 5A). To compare
the expression profiles of the HNF1A-AS1 transcripts with CYP3A4, their expression levels
were measured at the same time points. Notably, all three transcripts displayed similar
expression patterns to CYP3A4 (Figure 5B–D). Furthermore, when comparing the expres-
sion levels of all the transcripts together, it was observed that transcript 204 exhibited the
highest level of expression (Figure 5E). To analyze the relationship between CYP3A4 and
these three transcripts during the drug induction process, Pearson correlation analyses
were conducted. The results demonstrate strong correlations between all the transcripts
and CYP3A4 (Figure 5F–H).
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2.6. Expression Patterns of the Identified HNF1A-AS1 Transcripts in Different Liver
Disease Conditions

Analyzing the expression levels of the HNF1A-AS1 transcripts in various disease
conditions could provide valuable insights into their functional roles, disease associations,
and pharmacological implications. To investigate further, a comprehensive set of liver
samples was collected, including eleven normal livers, six cases of MASLD, eight cases of
ALD cirrhosis, and four livers from obese individuals with body mass index (BMI) > 35.
The expression levels of the transcripts 205N, 205, and 204 were assessed in these liver
samples. The results reveal an interesting finding: among the tested transcripts, only 204
demonstrated a significant increase specifically in cases of ALD cirrhosis (Figure 6C). At the
same time, the other transcripts exhibited elevated expression levels in the same disease
condition; however, the differences did not reach statistical significance (Figure 6A,B).
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conditions. (A–C) Expression levels of the HNF1A-AS1 transcripts in four distinct groups: normal
livers, metabolic dysfunction-associated steatotic liver disease (MASLD), alcohol-associated liver
disease (ALD) cirrhosis, and liver samples from obesity individuals (BMI > 35). Each group consisted
of four to eleven samples. Statistical analysis was performed using t-tests to compare the expression
levels between the disease groups and the normal group. * p < 0.05.

3. Discussion

The current study has addressed the following fundamental biological questions for
alternative transcripts of HNF1A-AS1.

Question One: How many transcripts really exist in biological samples, such as liver
samples and liver cell lines? Using specific designed PCR primers for each annotated
transcript, the expressions of transcripts 204 and 205 were confirmed in the human liver
samples and HepaRG cells, whereas the expressions of 203, 204, 205, and 208 were validated
in HepG2 cells (Figure 1). In addition, two new transcripts of 203N and 205N were
identified, which are not listed in the annotated database. Whether the alternative HNF1A-
AS1 transcripts are tissue-specific needs to be investigated in future studies to derive a
transcription profile of all transcripts in various tissues.

It is important to note that these findings indicate variations in the expression patterns
of the identified transcripts among the different individual liver samples (sample 1-4) and
liver cell lines (HepG2 vs. HepaRG). The results obtained from the Sanger sequencing
provide valuable insights into the existence and characteristics of these transcripts, shedding
light on the complexity of gene expression in human livers and liver cell lines. Further
investigations are warranted to fully understand the functional implications of these
variations and their potential contributions to liver biology.

Question Two: What are the expression patterns of different alternative HNF1A-AS1
transcripts at different conditions, including during cell growth and development, after
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exposure to xenobiotics (such as drugs), and in liver disease conditions (such as MASLD,
ALD cirrhosis, and obesity liver)?

Under certain culture conditions, hESC cells are able to generate hESC-derived ma-
tured hepatocyte-like cells via multiple phases as they differentiate into definitive endo-
derm, hepatoblasts, hepatocyte-like cells, and matured hepatocyte-like cells [37,38]. All
alternative HNF1A-AS1 transcripts identified in the human liver samples and liver cell
lines are expressed only at very low levels in hESC cells, if at all. Expression levels of nearly
all transcripts are first induced in definitive endoderm, and further increased in hepatoblast-
and hepatocyte-like, cells (Figure 3). Transcripts 204 and 203 are relatively more abundant
than other transcripts during the differentiation process. These findings provide valu-
able insights into the dynamic expression patterns of these transcripts during hepatocyte
development, and suggest potential developmental roles worthy of further investigation.

HepaRG cells, a proliferative human hepatoma-derived cell line, have the ability to
differentiate into hepatocyte-like and biliary-like cells after being cultured in the growth
phase for two weeks (day 1–14) followed by the differentiation phase for an additional
two weeks (day 15–28) [39]. HepaRG cells maintain significantly higher expression levels
of metabolism functions, including drug transporters and metabolizing enzymes, such as
CYP3A4 (shown in Figure 4A), in the differentiation phase than the growth phase.

Transcripts 204, 205, and 205N all express significantly higher levels at the differentiated
stage from day 17 to day 28 compared to the growth stage from day 1 to 14 (Figure 4B–D).
Their expression levels are also significantly correlated with CYP3A4 levels throughout the
entire growth and differentiation period (Figure 3F–H), suggesting their potential involve-
ment in the alteration of CYP expression during HepaRG growth and differentiation. These
findings imply that transcripts 204, 205, and 205N may play crucial roles in modulating
CYP activity during HepaRG cell maturation.

Induction of expression of drug metabolizing enzymes in liver cells by numerous drugs
is the major mechanism causing drug–drug interactions (DDIs) in clinical practice [40].
Rifampicin is a well-known CYP inducer causing DDIs, which involves the activation of
nuclear receptors, such as PXR [41]. A significant increase in CYP3A4 expression is observed
after the treatment of HepaRG cells with rifampicin for 60 h (Figure 5A). Transcripts 204,
205, and 205N also show a significant increase in expression at 60 h in comparison to 48 h
in HepaRG cells (Figure 5B–D). For 120 h after the treatment of rifampicin in HepaRG cells,
expression levels of CYP3A4 are highly correlated with 204, 205, and 205N in a Pearson
correlation analysis (Figure 5F–H), indicating their potential functional involvement during
the rifampicin induction process. These findings suggest that these transcripts may play
important roles in modulating CYP3A4 expression and function during drug treatment.

HNF1A-AS1 was first identified as the most upregulated lncRNA in esophageal
tumorigenesis, indicating its potential association with diseases [1]. This study examined
relative expression levels of the alternative transcripts 204, 205, and 205N (Figure 6) in
normal, MASLD, ALD cirrhosis, and obesity liver samples. Although the sample sizes
are limited for each group, a significantly higher level of expression of 204 is identified in
the ALD cirrhosis groups in comparison to the normal group. This observation suggests
that transcript 204 may play a distinctive role in the context of ALD cirrhosis, potentially
indicating its involvement in the disease pathogenesis or response to alcohol-induced liver
damage. Future studies with bigger sample sizes for more disease conditions are needed to
evaluate the role of HNF1A-AS1 in disease progress. HNF1A-AS1 has been suggested as a
tumor-associated lncRNA [42] and has potential medical implications in cancer prevention
and treatment [43].

Question Three: Do the siRNAs used in previous studies knock down one or multiple
transcripts? siRNAs and shRNAs are the main approaches for knocking down HNF1A-AS1
in various in vitro systems to investigate its functions across different biological processes.
Among the transcripts, HNF1A-AS1-204 is the most frequently studied. The siRNAs re-
ported in the literature specifically target 204 [1,9,12,13,44]. However, the shRNA used in
a study of Ritonavir-induced hepatoma cells targets multiple transcripts of HNF1A-AS1,
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specifically 204 and 206 [15]. It is important to note that not all publications provided
the shRNA targeting sequences, which means the specific transcripts targeted remain
unidentified [12,14,45]. In addition, the specificity of the primers used in all studies
also requires careful consideration. While most papers only focused on the expression
level of 204 [1,9,12,44], the primers used in some studies target two transcripts, 204 and
201 [13,15,16]. All the issues highlighted here may pose challenges for researchers seeking
to repeat and compare the conclusions drawn in the publications. To address this, future
studies should consistently provide clear information about the transcript IDs, siRNA and
shRNA targeting sequences, and corresponding primers to enhance the reliability and
reproducibility of research findings.

Question Four: Do different HNF1A-AS1 transcripts have the same or different func-
tions related to the regulation of gene expression of CYPs? Although encoded by the
HNF1A-AS1 gene, the transcript of 204 has completed different sequences without any
overlap with 203, 205, and 205N. Whether they have the same or different functions for
gene regulation needs to be determined in future studies. Further experiments, such as
knockdown and overexpression experiments targeting each transcript individually, should
be performed in the future to gain a deeper understanding of their specific functions and
mechanisms of action. Their subcellular locations in either nuclei or cytoplasm should be
determined in different cells and different conditions.

In conclusion, the lncRNA HNF1A-AS1 gene can transcribe multiple alternative tran-
scripts in different tissues and cells by alternative transcription and splicing. Some tran-
scripts have been annotated in the human genome, but not all have been experimentally
determined. The transcripts expressed in hepatocyte cells, including 204, 205, and 205N,
have dynamic expression patterns during hepatocyte differentiation from hESC cells, in the
cell growth and differentiation of HepaRG cells, and in the induction of gene expression
in HepaRG cells by xenobiotics, such as drugs. The dynamic expression patterns are also
highly correlated with the expression patterns of CYP enzymes, such as CYP3A4. The
previous studies on the functions of HNF1A-AS1 using siRNA and shRNA knockdown
approaches only knocked down a particular transcript, but no other alternative transcripts.
The identified HNF1A-AS1 transcripts have distinguished RNA sequences without any
overlap, indicating that different HNF1A-AS1 transcripts may have different functions
in the regulation of the expression of their target genes, which need to be determined in
future studies.

4. Materials and Methods
4.1. Human Liver Samples Collection

Human liver RNA samples from seven normal individuals, six MASLD patients,
and eight ALD cirrhosis patients were provided by the University of Kansas Liver Tissue
Biorepository supported by grant 1P20GM144269-01 from the National Institute of General
Medical Sciences. The samples were obtained in accordance with ethical guidelines and
with appropriate informed consent.

In addition, human liver RNA samples from four normal individuals and four obesity
patients were provided by the Department of Pharmacology and Toxicology of Rutgers
University. Four obesity patients (BMI > 35), aged 18 to 80 years, undergoing bariatric
surgery, required laparoscopic liver biopsy for suspected chronic liver disease. Liver biopsies,
obtained via the wedge or needle core technique from the left liver lobe, were divided.
A portion underwent standard pathological diagnosis, while the rest was allocated for
research. Collected biopsies were promptly placed on ice, transported, and flash-frozen
within 15 min to preserve the cellular and molecular integrity of the specimen. Four control
liver specimens (BMI < 30) were sourced from established channels: the Cooperative Human
Tissue Network (CHTN) and the National Disease Research Interchange (NDRI) (links to their
respective websites: https://www.chtn.org/about/index.html and https://ndriresource.
org/about-us; access date both on 12 January 2023). CHTN, backed by the National Cancer
Institute, furnished human biospecimens and fluids from routine medical procedures for

https://www.chtn.org/about/index.html
https://ndriresource.org/about-us
https://ndriresource.org/about-us
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research purposes. NDRI, a nonprofit, provided human tissues from diverse healthy and
afflicted donors. A standardized dataset, encompassing demographic details (age, race,
gender), alongside tissue diagnosis quality control, was obtained from CHTN and NDRI.
Accompanying the samples were deidentified pathology reports, following established
confidentiality norms. The use of these de-identified human specimens was determined
as exempt research by the Rutgers Biomedical Health Sciences Institutional Review Board
(Pro2019001020). A total of 8 subjects were included. After exclusions, the study retained
8 participants. Exclusions were made for specimens from subjects with infectious diseases,
a history of alcohol abuse/addiction, hepatitis A, B, or C infection (self-reported/medical
records), and poor RNA quality. Ethical compliance was ensured via approval from the RBHS
institutional review board under protocols Pro2020002744 and Pro2019001020, safeguarding
ethical guidelines and participant welfare.

4.2. Differentiation of hESC to Hepatocytes In Vitro

ESCs were grown in mTeSR1 (#85850, Stem cell Technologies, Cambridge, MA, USA)
on Matrigel (35 µg/cm) until the diameter of ESC colonies became 1-2 mm. To initiate the
differentiation process, a similar method was followed to that in previous papers [37,38].
Briefly, on day 1, mTeSR1 medium was replaced by induction medium to produce defini-
tive endoderm. The induction medium contained RPMI 1640 (#11875093, Gibco, Carls-
bad, CA, USA) with 0.3% bovine serum albumin (#15561020, Gibco, Carlsbad, CA, USA),
1 × non-essential amino acids (#11140076, Gibco, Carlsbad, CA, USA), 2 mM glutamine
(#A2916801, Gibco, Carlsbad, CA, USA) and 100 ng/mL Activin A (#CYT-569, Prospec
Inc., East Brunswick, NJ, USA). On day 2, the induction medium was replaced with fresh
induction medium containing 0.1 × insulin transferrin selenium complexes (ITS) (#I1884,
Sigma, St. Louis, MO, USA) and on day 3 the culture medium was replaced with fresh
induction medium containing 1 × ITS. Hepatocellular lineages were induced on day 4
with HCM containing 20 ng/mL BMP4 (#CYT-361, Prospec Inc., East Brunswick, NJ, USA)
and 10 ng/mL FGF2 (#FGF2, R&D Systems, Minneapolis, MN, USA) for 5 days. On day
9, hepatoblasts formed and were switched to HCM containing 20 ng/mL HGF (#100-39,
Peprotech Inc., Cranbury, NJ, USA) and cultured for 5 days to generate hepatocyte-like
cells. After that, hepatocyte-like cells were cultured for another 5 days in HCM containing
10 ng/mL oncostatin M (OSM) (#CYT-231, Prospec Inc., East Brunswick, NJ, USA) and
0.1 µM dexamethasone (#D-085, Sigma, St. Louis, MO, USA) until harvest of the mature
hepatocyte-like cells for analysis.

4.3. RNA Extraction and Reverse Transcription

Regarding the RNA isolation procedure from human liver samples, ~50 mg of liver
tissue, which was preserved in an RNAlater Stabilization Solution (#AM7024, Invitrogen,
Carlsbad, CA, USA), was used to perform the RNA isolation using the miRNeasy col-
umn purification kit (#217004, Qiagen, Germantown, MD, USA) with on-column DNase
treatment using the RNase-Free DNase Set (#79254, Qiagen, Germantown, MD, USA) ac-
cording to the manufacturer’s instructions. The homogenization of tissue in 700 µL QIAzol
(miRNeasy kit) was performed with a Power Gen 35 Homogenizer (Fisher Scientific, Ken-
nebunk, ME, USA) for 5–10 s at 75% of the maximum speed until tissue was fully disrupted
and the tissue/QIAzol mixture was clarified. Nuclease-free water was used for the final
elution of RNA from the purification column. Concentrations and O.D. 260/280 purity ratio
were determined by a Nanodrop 8000 (ThermoFisher, Waltham, MA, USA). RNA integrity
was assessed using a TapeStation 4200 RNA ScreenTape assay (Agilent Technologies, Santa
Clara, CA, USA).

Extraction of total RNA from each cell sample was performed using the TRIzol reagent
(#15596018, Invitrogen, Tewksbury, MA, USA) according to the manufacturer’s instruc-
tions. Subsequently, the extracted total RNA was subjected to reverse transcription using
the iScript™ cDNA Synthesis Kit (#1708891, Bio-Rad, Carlsbad, CA, USA) following the
manufacturer’s protocol.
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4.4. Primer Design for PCR and Quantitative RT-qPCR

PCR primers were designed to specifically amplify the target transcripts. Forward
primers were chosen from the first exon of each transcript, while reverse primers were
selected from the last exon. The precise positions of the PCR primers for each alternative
transcript are illustrated in Figure 1B and the sequence information is provided in Table 2.

For RT-qPCR analysis, primers were carefully selected to ensure high specificity and
efficiency in amplifying the target transcripts. The schematic diagram illustrating the primer
design is depicted in Figure 2A, and the sequence information is provided in Table 3. All
primers used in this study were synthesized by Integrated DNA Technologies (Coralville,
IA, USA).

4.5. PCR

PCR amplification was conducted using the specifically designed primer pairs. The
PCR reaction mixture comprised the cDNA template, primers, dNTPs (#R0241, Thermo
Scientific, Waltham, MA, USA), and DreamTaq DNA polymerase (#EP0713, Thermo Sci-
entific, Waltham, MA, USA). The amplification reactions were performed following the
manufacturer’s instructions.

4.6. Gel Electrophoresis

Amplified PCR products were resolved by gel electrophoresis on 2% agarose gels
(#IB70051, IBI Scientific, Dubuque, IA, USA). Subsequently, the gels were stained with
ethidium bromide (#E1510, Sigma-Aldrich, Burlington, MA, USA) for 30 min. The DNA
bands were visualized using ChemiDoc™ MP (Bio-Rad, Carlsbad, CA, USA), and their sizes
were estimated by comparison to a 100 bp ladder (#SM0243, Thermo Scientific, Waltham,
MA, USA).

4.7. Purification of PCR Products and Sanger Sequence

PCR products were subjected to purification from the gel using the QIAquick Gel
Extraction Kit (#28704, QIAGEN, Germantown, MD, USA) according to the manufacturer’s
instructions. The purified DNA samples were subsequently sent to Eurofins Scientific
(Boston, MA, USA) for Sanger sequencing, aiming to determine the nucleotide sequence of
the amplified fragments.

4.8. RT-qPCR

The RT-qPCR reactions were performed using iTaq™ Universal SYBR® Green Super-
mix (#1725121, Bio-Rad, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The annealing temperature was set to 60 ◦C. β-actin was employed as the internal control
for RT-qPCR normalization.

4.9. Data Analysis

The data are presented as means ± standard deviation (S.D.). Statistical analyses for
data were performed using GraphPad Prism (La Jolla, CA, USA). Statistically significant
differences in gene expression between two groups were assessed by a t-test. Significant
p-values are indicated with asterisks as follows: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Pearson correlation was used for the correlation analyses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ncrna10020028/s1, Supplemental Table S1. Sequence.information
of 6 confirmed transcripts.

Author Contributions: X.-b.Z. provided supervision of this study. J.J., A.W., R.S., T.M.S., G.L.G., T.P.R.
and X.-b.Z. contributed to the experimental design and analysis of the data. A.W., R.S., T.M.S., G.L.G.
and T.P.R. provided RNA samples of liver tissues and cells produced by directed differentiation
of pluripotent cells to hepatic lineages for the study. J.J. and L.T.G.N. performed experimental
measurement. J.J. undertook the original draft preparation. X.-b.Z. performed the writing—review

https://www.mdpi.com/article/10.3390/ncrna10020028/s1
https://www.mdpi.com/article/10.3390/ncrna10020028/s1


Non-Coding RNA 2024, 10, 28 16 of 18

and editing as well as project administration and funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: The study was partly supported by the National Institute of General Medical Sciences
(R35GM140862 for X.-b.Z.; R01GM124046 for G.L.G.; and 1P20GM144269 for the University of
Kansas Liver Tissue Biorepository), Rutgers University Center for Research, and Robert Wood
Johnson Foundation.

Institutional Review Board Statement: The IBC Registration #115C titled “Regulation of hepatic
cytochrome P450 enzymes in mice and in vitro liver cells” has been approved by the Institutional
Biosafety Committee (IBC) of the University of Connecticut under the NIH Guidelines.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study at Rutgers University and the University of Kansas Medical Center.

Data Availability Statement: All raw data and processed data are stored on the OneDive of Zhong
laboratory at the University of Connecticut. The data can be made available to the public upon
request. When published, all raw data and processed data will also be deposited into an NIGMS
dedicated repository followed by the NIGMS Data Management and Sharing Plan policy.

Acknowledgments: The specimens used in this study were provided by the University of Kansas
Liver Tissue Biorepository supported by grant 1P20GM144269-01 from the National Institute of
General Medical Sciences. The authors acknowledge the contribution of the patients who donated
specimens for research as well as the physicians, nurses and researchers who procured the specimens.
Acknowledgment is also given to Michael Donaire, Lora Melman, Keith King, and Lisa Siracusa, who
are the surgeons and physician assistants who aided in human liver specimen collection at New Jersy
Advanced Surgical and Bariatrics.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yang, X.; Song, J.H.; Cheng, Y.; Wu, W.; Bhagat, T.; Yu, Y.; Abraham, J.M.; Ibrahim, S.; Ravich, W.; Roland, B.C.; et al. Long

Non-Coding RNA HNF1A-AS1 Regulates Proliferation and Migration in Oesophageal Adenocarcinoma Cells. Gut 2014, 63,
881–890. [CrossRef] [PubMed]

2. Wu, Y.; Liu, H.; Shi, X.; Yao, Y.; Yang, W.; Song, Y. The Long Non-Coding RNA HNF1A-AS1 Regulates Proliferation and Metastasis
in Lung Adenocarcinoma. Oncotarget 2015, 6, 9160–9172. [CrossRef]

3. Ma, Y.-F.; Liang, T.; Li, C.-R.; Li, Y.-J.; Jin, S.; Liu, Y. Long Non-Coding RNA HNF1A-AS1 up-Regulation in Non-Small Cell Lung
Cancer Correlates to Poor Survival. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 4858–4863.

4. Liu, H.-T.; Liu, S.; Liu, L.; Ma, R.-R.; Gao, P. EGR1-Mediated Transcription of LncRNA-HNF1A-AS1 Promotes Cell-Cycle
Progression in Gastric Cancer. Cancer Res. 2018, 78, 5877–5890. [CrossRef] [PubMed]

5. Dang, Y.; Lin, L.; Ouyang, X.; Zhang, F.; Chen, S.; Wang, B.; Zhang, Z.; Chen, S.; Deng, L.; Wang, W.; et al. LncRNA Expression
Profiling in Advanced Resected Gastric Adenocarcinoma Tissues. Clin. Lab. 2019, 65. [CrossRef]

6. Liu, Z.; Wei, X.; Zhang, A.; Li, C.; Bai, J.; Dong, J. Long Non-Coding RNA HNF1A-AS1 Functioned as an Oncogene and Autophagy
Promoter in Hepatocellular Carcinoma through Sponging Hsa-MiR-30b-5p. Biochem. Biophys. Res. Commun. 2016, 473, 1268–1275.
[CrossRef]

7. Wang, C.; Mou, L.; Chai, H.-X.; Wang, F.; Yin, Y.-Z.; Zhang, X.-Y. Long Non-Coding RNA HNF1A-AS1 Promotes Hepatocellular
Carcinoma Cell Proliferation by Repressing NKD1 and P21 Expression. Biomed. Pharmacother. 2017, 89, 926–932. [CrossRef]

8. Fang, C.; Qiu, S.; Sun, F.; Li, W.; Wang, Z.; Yue, B.; Wu, X.; Yan, D. Long Non-Coding RNA HNF1A-AS1 Mediated Repression
of MiR-34a/SIRT1/P53 Feedback Loop Promotes the Metastatic Progression of Colon Cancer by Functioning as a Competing
Endogenous RNA. Cancer Lett. 2017, 410, 50–62. [CrossRef]

9. Zhu, W.; Zhuang, P.; Song, W.; Duan, S.; Xu, Q.; Peng, M.; Zhou, J. Knockdown of LncRNA HNF1A-AS1 Inhibits Oncogenic
Phenotypes in Colorectal Carcinoma. Mol. Med. Rep. 2017, 16, 4694–4700. [CrossRef] [PubMed]

10. Shi, Y.; Zhang, Q.; Xie, M.; Feng, Y.; Ma, S.; Yi, C.; Wang, Z.; Li, Y.; Liu, X.; Liu, H.; et al. Aberrant Methylation-mediated Decrease
of LncRNA HNF1A-AS1 Contributes to Malignant Progression of Laryngeal Squamous Cell Carcinoma via EMT. Oncol. Rep.
2020, 44, 2503–2516. [CrossRef]

11. Xu, J.; Zou, J.; Wu, L.; Lu, W. Transcriptome Analysis Uncovers the Diagnostic Value of MiR-192-5p/HNF1A-AS1/VIL1 Panel in
Cervical Adenocarcinoma. Sci. Rep. 2020, 10, 16584. [CrossRef]

12. Chen, L.; Bao, Y.; Piekos, S.C.; Zhu, K.; Zhang, L.; Zhong, X.-B. A Transcriptional Regulatory Network Containing Nuclear
Receptors and Long Noncoding RNAs Controls Basal and Drug-Induced Expression of Cytochrome P450s in HepaRG Cells. Mol.
Pharmacol. 2018, 94, 749–759. [CrossRef] [PubMed]

https://doi.org/10.1136/gutjnl-2013-305266
https://www.ncbi.nlm.nih.gov/pubmed/24000294
https://doi.org/10.18632/oncotarget.3247
https://doi.org/10.1158/0008-5472.CAN-18-1011
https://www.ncbi.nlm.nih.gov/pubmed/30185552
https://doi.org/10.7754/Clin.Lab.2019.190432
https://doi.org/10.1016/j.bbrc.2016.04.054
https://doi.org/10.1016/j.biopha.2017.01.031
https://doi.org/10.1016/j.canlet.2017.09.012
https://doi.org/10.3892/mmr.2017.7175
https://www.ncbi.nlm.nih.gov/pubmed/28791380
https://doi.org/10.3892/or.2020.7823
https://doi.org/10.1038/s41598-020-73523-0
https://doi.org/10.1124/mol.118.112235
https://www.ncbi.nlm.nih.gov/pubmed/29691280


Non-Coding RNA 2024, 10, 28 17 of 18

13. Wang, Y.; Yan, L.; Liu, J.; Chen, S.; Liu, G.; Nie, Y.; Wang, P.; Yang, W.; Chen, L.; Zhong, X.; et al. The HNF1 α-Regulated LncRNA
HNF1 α-AS1 Is Involved in the Regulation of Cytochrome P450 Expression in Human Liver Tissues and Huh7 Cells. J. Pharmacol.
Exp. Ther. 2019, 368, 353–362. [CrossRef] [PubMed]

14. Chen, L.; Wang, P.; Manautou, J.E.; Zhong, X. Knockdown of Long Noncoding RNAs Hepatocyte Nuclear Factor 1 α Antisense
RNA 1 and Hepatocyte Nuclear Factor 4 α Antisense RNA 1 Alters Susceptibility of Acetaminophen-Induced Cytotoxicity in
HepaRG Cells. Mol. Pharmacol. 2020, 97, 278–286. [CrossRef] [PubMed]

15. Wang, X.; Yu, Y.; Wang, P.; Yang, K.; Wang, Y.; Yan, L.; Zhong, X.; Zhang, L. Long Noncoding RNAs Hepatocyte Nuclear Factor
4A Antisense RNA 1 and Hepatocyte Nuclear Factor 1A Antisense RNA 1 Are Involved in Ritonavir-Induced Cytotoxicity in
Hepatoma Cells. Drug Metab. Dispos. 2022, 50, 704–715. [CrossRef] [PubMed]

16. Wang, Y.; Wang, P.; Wang, Q.; Chen, S.; Wang, X.; Zhong, X.; Hu, W.; Thorne, R.F.; Han, S.; Wu, M.; et al. The Long Noncoding
RNA HNF1A-AS1 with Dual Functions in the Regulation of Cytochrome P450 3A4. Biochem. Pharmacol. 2024, 220, 116016.
[CrossRef] [PubMed]

17. Chretien, S.; Dubart, A.; Beaupain, D.; Raich, N.; Grandchamp, B.; Rosa, J.; Goossens, M.; Romeo, P.H. Alternative Transcription
and Splicing of the Human Porphobilinogen Deaminase Gene Result Either in Tissue-Specific or in Housekeeping Expression.
Proc. Natl. Acad. Sci. USA 1988, 85, 6–10. [CrossRef] [PubMed]

18. Wright, C.J.; Smith, C.W.J.; Jiggins, C.D. Alternative Splicing as a Source of Phenotypic Diversity. Nat. Rev. Genet. 2022, 23,
697–710. [CrossRef] [PubMed]

19. Pal, S.; Gupta, R.; Davuluri, R.V. Alternative Transcription and Alternative Splicing in Cancer. Pharmacol. Ther. 2012, 136, 283–294.
[CrossRef]

20. de Klerk, E.; ’t Hoen, P.A.C. Alternative MRNA Transcription, Processing, and Translation: Insights from RNA Sequencing. Trends
Genet. 2015, 31, 128–139. [CrossRef]

21. Shabalina, S.A.; Ogurtsov, A.Y.; Spiridonov, N.A.; Koonin, E.V. Evolution at Protein Ends: Major Contribution of Alternative
Transcription Initiation and Termination to the Transcriptome and Proteome Diversity in Mammals. Nucleic Acids Res. 2014, 42,
7132–7144. [CrossRef] [PubMed]

22. Pan, Q.; Shai, O.; Lee, L.J.; Frey, B.J.; Blencowe, B.J. Deep Surveying of Alternative Splicing Complexity in the Human Transcrip-
tome by High-Throughput Sequencing. Nat. Genet. 2008, 40, 1413–1415. [CrossRef] [PubMed]

23. Wang, E.T.; Sandberg, R.; Luo, S.; Khrebtukova, I.; Zhang, L.; Mayr, C.; Kingsmore, S.F.; Schroth, G.P.; Burge, C.B. Alternative
Isoform Regulation in Human Tissue Transcriptomes. Nature 2008, 456, 470–476. [CrossRef]

24. Wang, X.; Hou, J.; Quedenau, C.; Chen, W. Pervasive Isoform-specific Translational Regulation via Alternative Transcription Start
Sites in Mammals. Mol. Syst. Biol. 2016, 12, 875. [CrossRef] [PubMed]

25. Naftelberg, S.; Schor, I.E.; Ast, G.; Kornblihtt, A.R. Regulation of Alternative Splicing through Coupling with Transcription and
Chromatin Structure. Annu. Rev. Biochem. 2015, 84, 165–198. [CrossRef] [PubMed]

26. Xu, C.; Park, J.K.; Zhang, J. Evidence That Alternative Transcriptional Initiation Is Largely Nonadaptive. PLoS Biol. 2019,
17, e3000197. [CrossRef] [PubMed]

27. Wang, Y.; Liu, J.; Huang, B.; Xu, Y.-M.; Li, J.; Huang, L.-F.; Lin, J.; Zhang, J.; Min, Q.-H.; Yang, W.-M.; et al. Mechanism of
Alternative Splicing and Its Regulation. Biomed. Rep. 2015, 3, 152–158. [CrossRef] [PubMed]

28. Zhang, Y.; Qian, J.; Gu, C.; Yang, Y. Alternative Splicing and Cancer: A Systematic Review. Signal Transduct. Target. Ther. 2021,
6, 78. [CrossRef]

29. Baralle, F.E.; Giudice, J. Alternative Splicing as a Regulator of Development and Tissue Identity. Nat. Rev. Mol. Cell Biol. 2017, 18,
437–451. [CrossRef]

30. Yang, Q.; Zhao, J.; Zhang, W.; Chen, D.; Wang, Y. Aberrant Alternative Splicing in Breast Cancer. J. Mol. Cell Biol. 2019, 11, 920–929.
[CrossRef]

31. Jung, H.; Lee, D.; Lee, J.; Park, D.; Kim, Y.J.; Park, W.Y.; Hong, D.; Park, P.J.; Lee, E. Intron Retention Is a Widespread Mechanism
of Tumor-Suppressor Inactivation. Nat. Genet. 2015, 47, 1242–1248. [CrossRef] [PubMed]

32. Dvinge, H.; Bradley, R.K. Widespread Intron Retention Diversifies Most Cancer Transcriptomes. Genome Med. 2015, 7, 45.
[CrossRef] [PubMed]

33. Chen, L.; Tovar-Corona, J.M.; Urrutia, A.O. Increased Levels of Noisy Splicing in Cancers, but Not for Oncogene-Derived
Transcripts. Hum. Mol. Genet. 2011, 20, 4422–4429. [CrossRef]

34. Liu, Y.; Liu, X.; Lin, C.; Jia, X.; Zhu, H.; Song, J.; Zhang, Y. Noncoding RNAs Regulate Alternative Splicing in Cancer. J. Exp. Clin.
Cancer Res. 2021, 40, 11. [CrossRef] [PubMed]

35. Yuan, J.H.; Liu, X.N.; Wang, T.T.; Pan, W.; Tao, Q.F.; Zhou, W.P.; Wang, F.; Sun, S.H. The MBNL3 Splicing Factor Promotes
Hepatocellular Carcinoma by Increasing PXN Expression through the Alternative Splicing of LncRNA-PXN-AS1. Nat. Cell Biol.
2017, 19, 820–832. [CrossRef] [PubMed]

36. Yang, T.; Zhou, H.; Liu, P.; Yan, L.; Yao, W.; Chen, K.; Zeng, J.; Li, H.; Hu, J.; Xu, H.; et al. LncRNA PVT1 and Its Splicing Variant
Function as Competing Endogenous RNA to Regulate Clear Cell Renal Cell Carcinoma Progression. Oncotarget 2017, 8, 85353.
[CrossRef] [PubMed]

37. Cai, J.; Zhao, Y.; Liu, Y.; Ye, F.; Song, Z.; Qin, H.; Meng, S.; Chen, Y.; Zhou, R.; Song, X.; et al. Directed Differentiation of Human
Embryonic Stem Cells into Functional Hepatic Cells. Hepatology 2007, 45, 1229–1239. [CrossRef] [PubMed]

https://doi.org/10.1124/jpet.118.252940
https://www.ncbi.nlm.nih.gov/pubmed/30602592
https://doi.org/10.1124/mol.119.118778
https://www.ncbi.nlm.nih.gov/pubmed/32029527
https://doi.org/10.1124/dmd.121.000693
https://www.ncbi.nlm.nih.gov/pubmed/34949673
https://doi.org/10.1016/j.bcp.2023.116016
https://www.ncbi.nlm.nih.gov/pubmed/38176619
https://doi.org/10.1073/pnas.85.1.6
https://www.ncbi.nlm.nih.gov/pubmed/3422427
https://doi.org/10.1038/s41576-022-00514-4
https://www.ncbi.nlm.nih.gov/pubmed/35821097
https://doi.org/10.1016/j.pharmthera.2012.08.005
https://doi.org/10.1016/j.tig.2015.01.001
https://doi.org/10.1093/nar/gku342
https://www.ncbi.nlm.nih.gov/pubmed/24792168
https://doi.org/10.1038/ng.259
https://www.ncbi.nlm.nih.gov/pubmed/18978789
https://doi.org/10.1038/nature07509
https://doi.org/10.15252/msb.20166941
https://www.ncbi.nlm.nih.gov/pubmed/27430939
https://doi.org/10.1146/annurev-biochem-060614-034242
https://www.ncbi.nlm.nih.gov/pubmed/26034889
https://doi.org/10.1371/journal.pbio.3000197
https://www.ncbi.nlm.nih.gov/pubmed/30883542
https://doi.org/10.3892/br.2014.407
https://www.ncbi.nlm.nih.gov/pubmed/25798239
https://doi.org/10.1038/s41392-021-00486-7
https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1093/jmcb/mjz033
https://doi.org/10.1038/ng.3414
https://www.ncbi.nlm.nih.gov/pubmed/26437032
https://doi.org/10.1186/s13073-015-0168-9
https://www.ncbi.nlm.nih.gov/pubmed/26113877
https://doi.org/10.1093/hmg/ddr370
https://doi.org/10.1186/s13046-020-01798-2
https://www.ncbi.nlm.nih.gov/pubmed/33407694
https://doi.org/10.1038/ncb3538
https://www.ncbi.nlm.nih.gov/pubmed/28553938
https://doi.org/10.18632/oncotarget.19743
https://www.ncbi.nlm.nih.gov/pubmed/29156724
https://doi.org/10.1002/hep.21582
https://www.ncbi.nlm.nih.gov/pubmed/17464996


Non-Coding RNA 2024, 10, 28 18 of 18

38. Krueger, W.H.; Tanasijevic, B.; Barber, V.; Flamier, A.; Gu, X.; Manautou, J.; Rasmussen, T.P. Cholesterol-Secreting and Statin-
Responsive Hepatocytes from Human ES and IPS Cells to Model Hepatic Involvement in Cardiovascular Health. PLoS ONE 2013,
8, e67296. [CrossRef]

39. Young, C.K.J.; Young, M.J. Comparison of HepaRG Cells Following Growth in Proliferative and Differentiated Culture Conditions
Reveals Distinct Bioenergetic Profiles. Cell Cycle 2019, 18, 476–499. [CrossRef]

40. Hakkola, J.; Hukkanen, J.; Turpeinen, M.; Pelkonen, O. Inhibition and Induction of CYP Enzymes in Humans: An Update. Arch.
Toxicol. 2020, 94, 3671–3722. [CrossRef]

41. Chen, J.; Raymond, K. Roles of Rifampicin in Drug-Drug Interactions: Underlying Molecular Mechanisms Involving the Nuclear
Pregnane X Receptor. Ann. Clin. Microbiol. Antimicrob. 2006, 5, 3. [CrossRef] [PubMed]

42. Liu, Y.; Zhao, F.; Tan, F.; Tang, L.; Du, Z.; Mou, J.; Zhou, G.; Yuan, C. HNF1A-AS1: A Tumor-Associated Long Non-Coding RNA.
Curr. Pharm. Des. 2022, 28, 1720–1729. [CrossRef] [PubMed]

43. Zhang, Y.; Shi, J.; Luo, J.; Liu, C.; Zhu, L. Regulatory Mechanisms and Potential Medical Applications of HNF1A-AS1 in Cancers.
Am. J. Transl. Res. 2022, 14, 4154–4168. [PubMed]

44. Zhan, Y.; Li, Y.; Guan, B.; Wang, Z.; Peng, D.; Chen, Z.; He, A.; He, S.; Gong, Y.; Li, X.; et al. Long Non-Coding RNA HNF1A-AS1
Promotes Proliferation and Suppresses Apoptosis of Bladder Cancer Cells through Upregulating Bcl-2. Oncotarget 2017, 8,
76656–76665. [CrossRef]

45. Wang, Z.; Huang, Y.F.; Yu, L.; Jiao, Y. Sh-HNF1A-AS1 Reduces the Epithelial-Mesenchymal Transition and Stemness of Esophageal
Cancer Cells. Neoplasma 2022, 69, 560–570. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0067296
https://doi.org/10.1080/15384101.2019.1578133
https://doi.org/10.1007/s00204-020-02936-7
https://doi.org/10.1186/1476-0711-5-3
https://www.ncbi.nlm.nih.gov/pubmed/16480505
https://doi.org/10.2174/1381612828666220520113846
https://www.ncbi.nlm.nih.gov/pubmed/35619319
https://www.ncbi.nlm.nih.gov/pubmed/35836869
https://doi.org/10.18632/oncotarget.20795
https://doi.org/10.4149/neo_2022_211102N1555

	Introduction 
	Results 
	Identification of HNF1A-AS1 Alternative Transcripts in Human Livers and Cultured Cells 
	Design of Real-Time Quantitative PCR (RT-qPCR) Primers for Quantification of the Identified Transcripts 
	Expression Patterns of HNF1A-AS1 Transcripts during Stages of Hepatocyte Differentiation from Human Embryonic Stem Cells (hESC) 
	Expression Patterns of the Identified HNF1A-AS1 Transcripts during HepaRG Cell Growth and Differentiation 
	Expression Patterns of HNF1A-AS1 Transcripts during Rifampicin Treatment 
	Expression Patterns of the Identified HNF1A-AS1 Transcripts in Different Liver Disease Conditions 

	Discussion 
	Materials and Methods 
	Human Liver Samples Collection 
	Differentiation of hESC to Hepatocytes In Vitro 
	RNA Extraction and Reverse Transcription 
	Primer Design for PCR and Quantitative RT-qPCR 
	PCR 
	Gel Electrophoresis 
	Purification of PCR Products and Sanger Sequence 
	RT-qPCR 
	Data Analysis 

	References

