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ABSTRACT
◥

Multiple noncoding natural antisense transcripts (ncNAT) are
known to modulate key biological events such as cell growth or
differentiation. However, the actual impact of ncNATs on cancer
progression remains largely unknown. In this study, we identified a
complete list of differentially expressed ncNATs in hepatocellular
carcinoma. Among them, a previously undescribed ncNAT
HNF4A-AS1L suppressed cancer cell growth by regulating its sense
gene HNF4A, a well-known cancer driver, through a promoter-
specific mechanism.HNF4A-AS1L selectively activated theHNF4A
P1 promoter via HNF1A, which upregulated expression of tumor
suppressor P1-driven isoforms, while having no effect on the
oncogenic P2 promoter. RNA-seq data from 23 tissue and cancer
types identified approximately 100 ncNATs whose expression

correlated specifically with the activity of one promoter of their
associated sense gene. Silencing of two of these ncNATs
ENSG00000259357 and ENSG00000255031 (antisense to CERS2
and CHKA, respectively) altered the promoter usage of CERS2 and
CHKA. Altogether, these results demonstrate that promoter-
specific regulation is a mechanism used by ncNATs for context-
specific control of alternative isoform expression of their counter-
part sense genes.

Significance: This study characterizes a previously unexplored
role of ncNATs in regulation of isoform expression of associated
sense genes, highlighting a mechanism of alternative promoter
usage in cancer.

Introduction
Although treatment options are steadily improving, hepatocellular

carcinoma (HCC) remains the fourth most common cause of cancer-
related deaths worldwide (1, 2). To better understand the molecular
nature of HCC, international studies have profiled genetic, epigenetic,
and transcriptional changes in hundreds of patient samples (3, 4).
Although genetic driver mutations are the underlying cause of cancer
development, they are often rare, affecting on average 4.6 genes per
tumor, with different patients harboring a distinct mutational pro-
file (5). In contrast, transcriptional aberrations are widespread and
recently considered as nongenetic drivers for cancer (6). Transcrip-
tional controls in cancer cells can be disrupted via multiple mechan-
isms, such as alterations in promoter sequence (7), DNA methyla-
tion (8), transcription factor binding (9) as well as dysregulation of
important, yet poorly studied noncoding natural antisense transcripts
(ncNAT; ref. 10).

ncNATs are a specific class of noncoding RNA sequences that are
transcribed on the opposite strand relative to a protein-coding or non-
coding transcript (11). It has been reported that ncNATs can regulate
the expression of their counterpart sense genes through diverse
mechanisms, including competition for transcription factor binding
to the shared promoter(s), collision with RNA polymerase, induction
of DNA and histone modifications, modulation of mRNA stability,
degradation, and translation (2), among others. ncNATs have been
found to regulate key biological events such as cell differentiation and
carcinogenesis (12–15).

Most human protein-coding genes have multiple promoters that
direct transcription of promoter-specific gene isoforms. The choice of
promoter has been shown to be a major influence on the cancer
transcriptome (16, 17), as these promoters are deregulated across
tissues and cancer types, affecting cancer-related genes. When these
promoters are differentially activated within a particular gene and
derive isoform-specific protein variants with distinct functions, it is
much more informative and accurate to use promoter activity than
gene expression for survival analysis (17). Given the proximity of
ncNATs to sense transcripts, ncNATs are potential modulators of
promoter selection and activity of their counterpart sense genes.
However, as antisense RNAs are often expressed at very low abun-
dance, they tend to be poorly annotated and scarcely studied. There-
fore, their real impact on promoter regulation in cancer remains
largely unexplored.

Here, we analyzed publicly available RNA-seq data from The
Cancer Genome Atlas (TCGA), the Pan-Cancer-Analysis of Whole
Genomes (PCAWG), and the Genotype-Tissue Expression (GTEx)
project to study deregulated ncNATs in HCC. We identified a pre-
viously undescribed isoform of HNF4A antisense RNA that acts as a
promoter-specific regulator of its counterpart sense gene HNF4A, a
well-characterized cancer driver in HCC (18). Our results suggest
that ncNATs participate in promoter selection,modulating the expres-
sion of different promoter-specific gene isoforms that, as observed
for HNF4A, may exert distinct, or even opposed, cancer-related
functions. More importantly, our further pan-cancer analysis revealed
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approximately a hundred ncNATs whose expression correlates spe-
cifically with the activity of only one promoter of its counterpart sense
gene. This association was observed in multiple types of cancers,
suggesting a broaden role for ncNATs in regulation of isoform
expression across tissues and cancers.

Materials and Methods
Analysis of RNA-seq data downloaded from TCGA and GTEx

Tumor and nontumor (NT) normal RNA-seq samples were
obtained from GTEx (19) and TCGA (20). Transcript expression and
promoter quantification were performed using Kallisto (21) and
proActiv (17). For the analysis of differential gene expression, TCGA
and GTEx samples were matched on the basis of their derived tissues
and divided between tumor and NT samples (tumor state). TCGA
datasets that were derived from the same tissue, but different tumor
types were considered separately from one another. We conducted a
batch effect correction for the samples based on their derived project
using the removeBatchEffect function in R from the limma pack-
age (22), and confirmed clustering of samples based on tissue type
and tumor state via principal component analysis. Differential analy-
sis was performed using the DESeq2 package in R for all annotated
ncNATs (23). For the identification of differentially expressed
ncNATs in HCC, our criteria for candidates require an absolute fold
change greater than 2 between the tumorous/NT conditions and a
Benjamini-Hochberg-adjusted P value of <0.01. To determine the
most likely associated gene for each ncNAT, we looked for the
following factors in genes encoded on the opposite strand in order
of priority; overlapping gene regions with similar gene name, over-
lapping gene region size, and chromosome distance up to a maximum
of 10,000 bp. Approximately 1.88%were assigned on the basis of name,
83.14% due to overlapping, 10.18% by general proximity and 4.80%
could not be assigned an associated gene with this method. Cancer
driver annotations were retrieved from the PCAWG study (5) hosted
by the ICGC Data Portal.

To identify ncNAT potentially implicated in the promoter selection
of their sense genes (ncNATs-sense gene pairs), we limited our search
to ncNATs with an associated sense gene controlled by two active
promoters. The list of considered promoters and their genomic
coordinates are specified in Supplementary Table S1. Both mean
ncNAT expression and promoter activity of the sense genes promoters
were required to be >1. NT or tumor samples with the 10% lowest and
highest ncNAT expression were categorized in "low-ncNAT" and
"high-ncNAT" groups for each ncNAT, respectively. This 10% thresh-
old ensures a dramatic difference in ncNAT expression between the
low/high ncNAT groups while keeping the statistical power of the
analysis. To classify ncNAT-sense gene pairs as significant positive or
negative correlation between ncNAT expression and promoter activity
of its associated sense gene, we applied two criteria, including (i) the
promoter (promoter a or b) activity of sense gene must be significantly
higher or lower in the “high-ncNAT” than that in “low-ncNAT group”
[fold change (high/low) >1.5 or <0.67; P < 0.001, a single-sided
Wilcoxon test], and (ii) promoter activity of sense gene is correlated
with the expression level of its associated ncNAT among all NT or
tumor samples (Pearson correlation score is >0.5 or <�0.5),
respectively.

To identify potential promoter switch ncNATs, we applied two
additional criteria: (i) It must demonstrate a significant positive or
negative correlation with either promoter a or b of its sense gene in NT
or tumor samples (defined as "pos and null" and "neg and null" in the
column Q of Supplementary Table S2 and S3); and (ii) if both

promoters (promoter a and b) pass the Wilcoxon test (P < 0.001),
this ncNAT will be excluded.

Cell culture
SNU-398 (CRL-2233, RRID: CVCL_0077, Homo sapiens, male,

Asian, 42-years-old, anaplastic HCC), PLC/PRF/5 (CRL-8024, RRID:
CVCL_0485, Homo sapiens, hepatoma) and HEK 293T (CRL-11268,
RRID: CVCL_0063, Homo sapiens, fetus, kidney) cell lines were
purchased from the ATCC. Huh7 (JCRB0403, RRID: CVCL_0336,
Homo sapiens, male, Asian, 57-years-old, differentiated hepatoma)
was obtained from the Japanese Collection of Research Bioresources
Cell Bank (JCRB). Cells were tested forMycoplasma and characterized
using STR profiling by the ATCC and JCRB, respectively. Cells were
used within six months of resuscitation. Unless otherwise stated, HEK
293T, Huh7, and PLC/PRF/5 were grown in DMEM High Glucose
(biowest) supplemented with 10% FBS (biowest) and SNU398 cells
were cultured in RPMI-1640 medium (biowest) also supplemented
with 10% FBS. Transfections were carried out in Opti-MEM (Gibco,
Thermo Fisher Scientific) in combination with lipofectamine 2000
transfection reagent (Thermo Fisher Scientific). All the cell lines were
cultured in a humidified incubator at 37�C, with 5% CO2.

Cell fractionation
Cell fractionation was carried out following the protocol of the

PARIS Kit (Life Technologies), to isolate pure nuclear and cytosolic
fractions of Huh7 cells. Each fraction was subjected to RNA extraction
and equivalent volumes of nuclear and cytosolic RNA were converted
into cDNA. The purity of these fractions was assessed through the
quantification of a well-known nuclear RNAMALAT1 and a cytoplas-
matic RNA GAPDH. Sequences of RT-qPCR primers are listed in
Supplementary Table S4.

Western blot
Protein lysates were quantified using Bradford assay (Bio-Rad),

resolved on a 10% SDS-PAGE gel and subsequently transferred onto a
polyvinylidene difluoride membrane. The following antibodies were
used: mouse-anti HNF4A-P1 isoforms (1:1,500, 3 hours, room tem-
perature; R&D Systems PP-K9218–00, RRID: AB_1964277), mouse
anti-GAPDH (1:5,000, 3 hours, room temperature; Santa Cruz Bio-
technology sc-59540, RRID: AB_631587), anti-mouse IgG, horserad-
ish peroxidase–linked Antibody 7076P2 (1:10,000, 1 hour; room
temperature; Cell Signaling Technology 7076p2, RRID: AB_330924).
Amersham ECLWestern Blotting Detection Reagents (GEHealthcare
Life Sciences), an enhanced luminol-based detection system, was used
for luminescent signal generation.

Luciferase assay
Promoter regions of HNF4A P1 and HNF4A P2 were amplified by

PCR using the high-fidelity PrimeSTAR Max DNA Polymerase
(Takara) and cloned into the pGL3-basic luciferase reporter vector.
Different promoter length constructs were generated by deletion
following a directed-mutagenesis strategy. Sequences of used primers
are listed in Supplementary Table S4. Absence of mutations was
carefully confirmed by Sanger Sequencing in all the derivative con-
structs. For luciferase assay, Huh7, PLC/PRF/5 or SNU398 cells were
plated in 96-well plates and incubated for 48–72 hours with the
corresponding reporter constructs and the appropriate treatment,
using lipofectamine 2000 as transfection reagent. The pRL vector
encoding the Renilla protein (Rluc) was also cotransfected in every
well as an internal control to compensate the variability in both
transfection and harvest efficiencies. Luciferase and renilla protein
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production was revealed using the Dual-Luciferase Reporter Assay
System (Promega). Signal luminosity was measured in the EnVision
2105 Multimode Plate Reader (PerkinElmer).

shHNF4A-AS1L stable cell lines generation and in vitro
tumorigenicity assays

For virus packaging, HEK293T cells were cotransfected with
pLenti6-V5 packaging plasmids and the shHNF4A-AS1L/Scramble
pLKO.1-puro constructs using Lipofectamine 2000 transfection
reagent (Thermo Fisher Scientific) in Opti-MEM I Reduced Serum
Media for 24 hours. Transfection media were replaced with DMEM
supplemented with 10% FBS and left incubating for additional 24–
48 hours. Virus-containing media were collected and kept at �80 �C
for subsequent use. Huh7 cells in 10 cm plates were transduced in
DMEM supplemented with 10% FBS by adding 1 mL of lentivirus of
interest in the presence of polybrene for 6 hours, when media are
replaced. 24 hours after transduction, selection was carried out by
adding puromycin to themedia at a final concentration of 0.65 mg/mL.
A nontransduced huh7 cell plate is used as a reference to monitor the
selection process. For the foci formation assay, 5 � 103 cells were
seeded in a 6-well plate. After culturing for 14 days, surviving colonies
(>50 cells per colony) were counted and stained using crystal violet
solution (0.1% crystal violet, 25% methanol in water). Three inde-
pendent experiments were performed. For colony formation in soft
agar, 5� 103 cells in 0.4% bacto agar were seeded on top of a solidified
layer of 0.6% bacto agar in 6-well plates. Colonies consisting of more
than 50 cells were counted after 3 weeks. Three independent experi-
ments were conducted.

In vivo tumorigenicity assay
We subcutaneously injected approximately 1 � 106 cells into the

right flank of 4- to 5-week-old male SCID mice. We monitored tumor
formation in the SCID mice approximately a 4-week period and
calculated the tumor volume weekly by the formula V (volume) ¼
0.5� L (length)�W (width)�W (24). All animal experiments were
approved by and performed in accordance with the Institutional
Animal Care andUse Committees of National University of Singapore
(NUS, Singapore).

Data and materials availability
Strand-specific RNA-seq data from six pairs of HCC and normal

adjacent liver tissues have been deposited in Gene Expression Omni-
bus (GEO, https://www.ncbi.nlm.nih.gov/geo/) with the accession
number GSE174338. Codes for TCGA and GTEx data analysis are
available at https://github.com/GoekeLab/ncNAT_promoter_switch_
code. All other data files supporting the findings of this study are
available from the corresponding author upon reasonable request.

Results
Identification of differentially expressed ncNATs in HCC

First, to identify ncNATs contributing to transcriptional regulation in
HCC, we retrieved publicly available The Cancer Genome Atlas Liver
Hepatocellular Carcinoma (TCGA-LIHC) RNA-seq data (https://www.
cancer.gov/tcga) of 374 tumors and 50NT liver samples as well as RNA-
seq data of 136 NT liver samples from the GTEx database (https://
gtexportal.org/; ref. 19).We scrutinized the expression of 6,748 current-
ly annotatedncNAT transcripts to identify those differentially expressed
in HCC. Our analysis revealed 85 ncNATs fulfilling our filter criteria:
Fold change of ncNAT expression (tumor/NT) >2 or <0.5 and Padj <
0.01 (Fig. 1A; Supplementary Table S5) and the differential expression

of six randomly selected ncNATs could be experimentally validated in
sixmatched pairs ofHCC and their adjacent NT liver samples (Fig. 1B).
In-house strand-specific RNA-seq data from these six pairs ofHCC and
NT liver tissues supported the existence of these ncNATs (Fig. 1C).
Among our list of 85 ncNATs deregulated in HCC, a high proportion
(49/85, 57.6%) had not been linked to cancer, whereas some (21/85,
24.71%) had been previously related toHCC (Supplementary Table S5),
supporting the robustness of our analysis. From the list of 85 ncNATs,
15 (18%) have an associated sense gene abundantly expressed in the
liver, and 7 out of these 15 ncNAT-sense gene pairs demonstrated a
strong correlation (r > 0.40) between expression of ncNAT and its
corresponding sense gene in both normal and tumor samples (Fig. 1A;
Supplementary Table S6), indicating a potential regulatory role of
these ncNATs in modulating the expression of their associated sense
genes. Next, we assessed whether any of these 85 ncNATs had a
counterpart sense gene previously reported as cancer driver (4), and
identified two such ncNAT-sense gene pairs:HNF4A-AS1-HNF4A and
ENSG00000255224-RUNX1 (Fig. 1A), among which, HNF4A was
specifically associated with HCC (18). HNF4A encodes a transcription
factor that participates in a wide array of hepatic functions and is
considered a master regulator of liver differentiation (25–27). Consid-
ering the relevance of HNF4A in liver development and HCC, we
selected HNF4A-AS1 for further study.

HNF4A-AS1L, a previously unannotated isoform of HNF4A-AS1,
functions as a tumor-suppressive ncNAT in HCC

Unlike protein-coding genes, noncoding RNAs are often incom-
pletely annotated in public databases, largely due to their low expres-
sion levels. To accurately determine the full-length sequence of
HNF4A-AS1 transcript(s), we performed rapid amplification of cDNA
ends (RACE) in NT liver samples. From our in-house strand-specific
RNA-seq data abovementioned, the HNF4A-AS1 region with the
highest read density was selected as “seed sequence” where the RACE
gene-specific primers were derived from (Fig. 2A). We identified a
previously undescribed 4.8 kb isoform of HNF4A-AS1 (78% of tran-
scripts, namely HNF4A-AS1L; Fig. 2A).HNF4A-AS1L encompasses a
large exon 3 (4.4 kb) that is not present in two previously annotated
HNF4A-AS1 isoforms in Ensembl (highlighted in blue, Fig. 2A).
Moreover, the wide extension of HNF4A-AS1L, residing between two
contrasting tumor-suppressor and oncogenic alternative promoters
(P1 and P2) of the HNF4A gene (Fig. 2B; refs. 28–33), led us to
hypothesize its role in specifically regulating the activities of these
promoters. Analysis of nuclear and cytoplasmic RNA fractions
revealed that HNF4A-AS1L appeared to predominantly accumulate
in the cell nuclei (Fig. 2C), suggesting its potential role in transcrip-
tional regulation (34).

On the basis of the data obtained from our in-house strand-specific
RNA-seq and RACE, HNF4A-AS1L is most likely the most abundant
HNF4A-AS1 isoform in liver tissues (Fig. 2A). Therefore, we aimed to
investigate its functional importance in HCC. We examined the
expression of HNF4A-AS1L in a HCC cohort of 89 patients with
available follow-up survival data, in which there were 35matched pairs
of HCC tumors and NT liver samples. HNF4A-AS1L was found to be
significantly decreased in HCC tumors when compared with their
matched NT samples (P < 0.001; Fig. 3A). Patients demonstrating
lower tumoral expression of HNF4A-AS1L had worse overall survival
than those with high level of HNF4A-AS1L (P ¼ 0.04; Fig. 3B),
indicating that this ncNATmay be a favorableHCCprognosismarker.
Furthermore, silencing of HNF4A-AS1L by specific shRNAs (sh#1
and/or sh#2) in Huh7 cells significantly promoted tumor aggres-
siveness, as manifested by in vitro culture-based foci formation and
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Figure 1.

Identification of differentially expressed ncNATs in HCC. A, Heatmap displaying the expression (Z-score) of 85 differentially expressed ncNATs [fold change
(tumor/nontumor) >2 or <0.5, and Padj < 0.01] sorted by fold change of gene expression. ncNATs names are shown on the right side following the Ensembl
nomenclature, whereas the top bar indicates the nature of the samples (tumoral or NT liver tissues). The three bars (1–3) on the left side relate to the
ncNAT-associated sense gene, as determined by the opposite strand proximity and encoding capability. The bar 1 reflects the expression level (Z-score) of each
ncNAT counterpart sense gene; the bar 2 indicates the expression correlation between each ncNAT and its sense gene; and the bar 3 specifieswhether the associated
sense gene has been identified as a cancer-driver gene in the PCAWG study (Pan-cancer Analysis of Whole Genomes, 2020). Seven ncNAT-sense gene pairs
demonstrating a strong correlation (r > 0.40) between expression of ncNAT and its corresponding sense gene in both NT and tumor samples are indicated by
an asterisk (�). B, qPCR analysis of six randomly selected ncNATs (highlighted in red in A) was conducted in six matched pairs of HCC tumors and their NT liver
samples. The expression of ncNATs transcripts in each pair of samples was calculated by the formula 2�DCt [DCt ¼ Ct(ncNAT) – Ct(b-actin)]. Bar indicates the
fold change of ncNAT expression in tumors, relative to their corresponding NT samples (defined as 1.0). Data are presented as mean� SEM of technical duplicates
from a representative experiment. C, An Integrative Genomic Viewer coverage plot of our in-house strand-specific RNA-seq data from one representative HCC or
NT liver sample, showing reads from both forward (top) and reverse strand (bottom) for each ncNAT (ENSG00000233554 and DLG5-AS1 from tumor sample of
case NT10; ENSG00000263400 and ENSG00000234678 from NT liver sample of case NT10).
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anchorage-independent (soft agar) assays as well as in vivo xeno-
graft assays (Fig. 3C–E; Supplementary Fig. S1). All these data
supported that HNF4A-AS1L functions as a tumor-suppressive
ncNAT in HCC and that loss of HNF4A-AS1L expression promotes
tumorigenesis.

Silencing HNF4A-AS1L selectively deactivates HNF4A
P1-derived isoform expression

HNF4A encodes up to 12 forms of HNF4A, a key transcription
factor for liver differentiation (25–27). HNF4A P1 and P2 promoters,

each transcribes six distinct isoforms (HNF4A a1–6 and HNF4A
a7–12, respectively; Fig. 2B) that are spatiotemporally expressed in
opposite ways: HNF4A-P2 isoform family is prevalent in undifferen-
tiated fetal liver, whereas HNF4A-P1 isoforms are predominantly
expressed in adult liver (35). In HCC, HNF4A-P1 isoforms appear
downregulated whereas the expression of HNF4A-P2 isoforms is
recovered (31, 33). Further studies provided solid evidence supporting
the tumor-suppressive and oncogenic roles of P1 and P2-derived
isoforms in HCC, respectively (31, 33, 36, 37). Moreover, the choice
and activity of HNF4A P1 and P2 promoters appear dysregulated in
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diverse types of cancer apart from HCC, including renal, colorectal,
and gastric (30, 38).

Because HNF4A-AS1L resides between the HNF4A promoters
(Fig. 2B) and its transcripts are predominately accumulated in the
nucleus, we set out to investigate the regulatory effect ofHNF4A-AS1L
on HNF4A P1 and/or P2 promoter activity. With this aim, we
experimentally evaluated the effect of HNF4A-AS1L knockdown on
the expression of HNF4A P1 or P2-derived isoforms in the HCC cell
lines Huh7 and PLC/PRF/5. SilencingHNF4A-AS1L by sh#1 and sh#2
led to a pronounced reduction in expression of P1-derived isoforms,
whereas no effect or only a subtle decrease was observed for P2-derived
isoforms (Fig. 4A). Moreover, a drastic decline in HNF4A protein
encoded byP1-derived isoforms (HNF4Aa1–6) could also be detected
in HNF4A-AS1L–depleted Huh7 cells (Fig. 4B). We could not detect
the protein expression of HNF4A P2 isoforms, due to their low basal
levels. In our aforementioned HCC cohort (Fig. 3A), significantly
reduced expression of HNF4A P1 isoforms was observed in those
patients with HCCwith relatively low levels ofHNF4A-AS1L in tumor

(Fig. 4C). This positive relationship between the expression ofHNF4A
P1 isoforms and HNF4A-AS1L was also confirmed in a case-by-case
correlation analysis (R ¼ 0.467 and P < 0.0001; Fig. 4D). All these
findings suggested that in normal condition, HNF4A-AS1L selectively
activates HNF4A P1 promoter, leading to expression of tumor-
suppressive P1-derived isoforms. InHCC, loss ofHNF4A-AS1L causes
the inactivation of the P1 promoter and the subsequent downregula-
tion of P1 isoforms, eventually driving HCC development.

HNF4A-AS1L specifically activates transcription of HNF4A P1
isoforms through HNF1A

To shed light on the regulatory mechanism of HNF4A-AS1L on
HNF4A, we generated reporter constructs by inserting the 1 kb DNA
fragment upstream of the transcription starting site (TSS) of HNF4A
P1 and P2 isoforms upstream of a luciferase reporter. Upon HNF4A-
AS1L knockdown, a significant decrease in luciferase activity of the P1
promoter but not P2, was observed in Huh7 cells (Fig. 5A, Supple-
mentary Fig. S2A).
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Silencing of HNF4A-AS1L promotes tumorigenesis in HCC. A, qPCR analysis of HNF4A-AS1L expression was conducted in 35 matched pairs of HCC tumors and
their NT liver samples (paired Student t test). The expression of HNF4A-AS1L transcripts in each sample was calculated by the formula described in Fig. 1B and
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their HNF4A-AS1L expression status in tumor. Expression of HNF4A-AS1L was measured in 89 patients by qPCR. The relative expression of HNF4A-AS1L in
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Student t test (� , P < 0.05; �� , P < 0.01). C and D, Data are presented as the mean � SEM of technical triplicates (C) or six replicates (D) from a representative
experiment of three independent experiments. Statistical significance was determined by unpaired, two-tailed Student t test (�� , P < 0.01).
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After perceiving the capability ofHNF4A-AS1L to driveHNF4A P1
activity, we searched for regulatory elements within the P1 promoter.
Reporter constructs successively shorter in length were generated for
luciferase studies, and when we narrowed down the proximal pro-
moter region from 125 to 50 bp, a dramatic drop in the luciferase signal
was observed in both Huh7 and PLC/PRF/5 cells (Fig. 5B, Supple-
mentary Fig. S2B). This indicated that the region 50 to 125 bpupstream
of the TSS of P1 isoforms contains the core promoter sequence
essential for P1-driven transcription. In silico predictions using the
MatInspector software (39) pointed out the existence of a HNF1A
consensus–binding site (BS) at 92–99 bp upstream of the HNF4A P1
TSS (top, Fig. 5C; Supplementary Table S7). We disrupted this
HNF1A-BS in the P1 reporter constructs by introducing either dele-
tion or point mutations (bottom, Fig. 5C). In the HCC cell line,
SNU398 that expresses HNF1A at an approximately 2,500-fold lower
level than Huh7 cells (Supplementary Fig. S3), overexpression of
HNF1A effectively led to a nearly 3-fold increase in the luciferase
activity for the intact P1 reporter construct, whereas no effect was
observed for the HNF1A BS-deleted or -mutated construct
(top, Fig. 5D). No increase in the luciferase signal upon HNF1A
overexpression was observed in Huh7 cells, due to its HNF1A basal
saturation (bottom, Fig. 5D). Furthermore, when HNF1A BS was
either deleted or mutated, a drastic loss in the luciferase activity

occurred in Huh7 cells (bottom, Fig. 5D). All these data demonstrated
that HNF1A is indeed a transcription factor strongly involved in the
transcriptional activation of HNF4A P1 isoforms. We further inves-
tigated whether silencing HNF4A-AS1L could inhibit transcription of
HNF4A P1 isoforms via HNF1A. Even though we only included the
125 bp region (�125 to�1) upstream of theHNF4A P1 TSS where the
HNF1A BS is located, depletion ofHNF4A-AS1L by shRNA-mediated
knockdown (sh#1 and sh#2) led to a significant decrease in the
luciferase activity for the intact P1 reporter construct (Fig. 5E). On
the basis of these observations, we assumed that HNF4A-AS1L might
regulate theHNF1A-mediated transcriptional activation ofHNF4AP1
isoforms by enhancing the binding of HNF1A to its BS in the P1
promoter. As detected by chromatin immunoprecipitation (ChIP)
followed by qPCR (ChIP-qPCR) analysis, silencing HNF4A-AS1L in
Huh7 cells led to a reduced occupancy of HNF1A in the HNF4A P1
promoter (Fig. 5F). To further explore how HNF4A-AS1L cooperates
with HNF1A to promote HNF4A P1 expression, we performed RNA
immunoprecipitation assay to pull down HNF1A-bound RNAs in
Huh7 cells, followed by detection of HNF4A-AS1L transcripts
using qPCR with primers targeting different regions of HNF4A-AS1L
(R1-R20 covering the 4.8 kb full-length sequence of HNF4A-AS1L;
Fig. 5G, top). As a result, HNF1A was found to bind to the 50 end of
HNF4A-AS1L, as supported by our observation that four adjacent
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Silencing HNF4A-AS1L selectively deactivates expression of HNF4A P1-derived isoforms. A, qPCR analysis of expression levels of HNF4A-AS1L, HNF4A P1, and P2-
derived isoforms in Huh7 (left) and PLC/PRF/5 (right) cells treated with shScr, sh#1, or sh#2. Data are presented as the mean � SEM of duplicates from a
representative experiment of three independent experiments (unpaired, two-tailed Student t test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; n.s., not significant).
B,Western blot analysis of protein level of HNF4A P1 isoforms (HNF4A a1–6) in Huh7 cells treated with shScr, sh#1, or sh#2. GAPDH was used as a loading control.
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regions (R3-R6) ofHNF4A-AS1L showed significant enrichment in the
HNF1A pulldown sample compared with the IgG counterparts
(Fig. 5G, bottom). These results indicated the binding of HNF1A to
HNF4A-AS1L and suggested that the interaction between HNF4A-
AS1L and HNF1Amay enhance the binding of HNF1A to theHNF4A
P1 promoter, thereby activating the transcription of P1-derived
isoforms.

Context-specific regulation of alternative promoters by ncNATs
Alternative promoter switching has been described across all cancer

types, yet the precise mechanism of regulation is largely not well
understood. After demonstrating HNF4A-AS1L participation in
HNF4A P1 selection, we intended to evaluate the global impact of
ncNATs on promoter-specific regulation across different tissues and
cancer types.With simplification purposes, we focused our analysis on
those ncNAT-sense gene pairs where; ncNAT is sufficiently expressed
and, its corresponding counterpart sense gene has specifically two
active promoters (Fig. 6A). Using RNA-seq datasets of 14,912 cancer
and NT normal samples from TCGA and GTEx databases, we
identified 521 and 353 unique ncNATs expressed in NT and tumor
samples, respectively, following the aforementioned criteria (Supple-
mentary Tables S2, S3, S8, and S9). Strikingly, approximately half of
these unique ncNATs (268 out of 521 in NT samples, whereas 156 out
of 353 in tumor samples) were specifically identified in only one tissue/
cancer type (Supplementary Fig. S4A). There was a lower prevalence of
unique ncNATs in tumors comparedwithNT samples across nearly all
tissue/cancer types (Supplementary Fig. S4B), consistent with a pre-
vious study where ncNAT expression was found overall downregu-
lated in cancer (40). We further assessed how the expression level of
every ncNAT correlates with the promoter (P1 and P2) activity of their
corresponding counterpart sense gene. With stringent criteria (Mate-
rials and Methods and Fig. 6B), of all the ncNAT-sense gene pairs
analyzed, 16.2% and 20.1% of ncNATs exhibited significant correla-
tion with either or both of the two sense gene promoters in NT and
tumor samples, respectively (Fig. 6C and D).

Next, we aimed to identify those ncNATs that, like HNF4A-AS1L,
selectively and specifically regulate the promoter activity of only one
promoter of their associated sense gene and defined them as “pro-
moter-switch ncNATs.” With this purpose, first, we selected all
ncNAT-sense gene pairs where ncNAT expression correlated with
only one sense promoter but not with the other (Fig. 6C and D;
“positive and null” and “negative and null” groups). And subsequently,
we refined this selection to those pairs with the best promoter-specific
association (Materials and Methods). As a result, we obtained a list of
90 unique “promoter-switch ncNATs” (Supplementary Table S10). Of
these, 65 and 35 ncNATs were positive hits in NT and tumor samples,
respectively, with 10 ncNATs fulfilling our selection criteria in bothNT
and tumor groups (Fig. 7A; Supplementary Figs. S5A–S5C and S6A–
S6B). To further prove the true “promoter-switch” capacity of these
candidate ncNATs, we designed shRNAs against six of them, including
all four ncNATs candidates detected in the NT liver (antisense to, and
theoretically regulating SH3GL1, FAM92A1, CHKA, and CLSTN3;
Fig. 7A) and two additional ncNATs (antisense to SUN2 and CERS2)
that do not fulfill our stringent requirements for promoter-switch
ncNATs, but whose expression was notably correlated with the
promoter activity of their corresponding sense gene in both NT and
liver tumor samples (Supplementary Tables S2 and S3). Because the
majority of these six ncNATs was expressed at extremely low level, we
only managed to knockdown ENSG00000255031 (antisense toCHKA)
and ENSG00000259357 (antisense to CERS2) in Huh7 cells (Fig. 7B).
Upon knockdown of ENSG00000255031 or ENSG00000259357, the

promoter usage ofCHKA andCERS2was skewed toward the P2 andP1
promoter, respectively (Fig. 7C). This observation was indeed
matched with the change in the promoter usage of CHKA and CERS2
between the high-ncNAT and low-ncNAT groups from the analysis of
the TCGA LIHC datasets (Supplementary Tables S2 and S3, Supple-
mentary Fig. S7A and S7B). Altogether, these findings suggest a
context-dependent regulation of sense gene expression by their asso-
ciated ncNATs through modulating the selection and activity of the
sense gene promoters.

Discussion
Most genes have at least two distinct promoters that control the

production of discrepant RNA and protein isoforms (41). Promoter
regulation can become particularly relevant when distinct promoters
within the same gene originate functionally diverse or even opposed
products. Consequently, it is not surprising that survival of patients
with cancer is more accurately predicted by promoter activity than by
gene expression (17). However, how alternative promoters are regu-
lated is often unknown. Up to date, diverse studies evidence that
ncNATs can modulate the overall expression of their overlapping
sense genes (14, 42, 43). Our analysis identified a novel ncNAT
HNF4A-AS1L that, in liver, regulates the expression of HNF4A iso-
forms through a highly promoter-specific mechanism. HNF4A-AS1L,
through its binding to HNF1A, facilitates an independent control of
the tumor-suppressive HNF4A P1-derived isoforms, demonstrating
that this mechanism can functionally impact hepatocellular tumori-
genesis. Although ncNATs have been reported tomodulate sense gene
expression, this is the first time where an ncNAT was found to
participate in the promoter selection of its associated sense gene.

Encouraged by this finding, we examined how expression ofmultiple
ncNATs correlates with the promoter activity of their associated sense
genes in numerous tissues and cancer types. Our analysis of the TCGA
and GTEx data suggests that this highly promoter-specific regulation
might be a mechanism occurring across many tissue and cancer types,
thereby enabling context-specific regulation of alternative isoform
expression. We centered our efforts in identifying those ncNATs that
can regulate the activity of specifically one promoter of their associated
sense gene, and called them “promoter-switch” ncNATs. Notably, the
majority of these “promoter-switch”ncNATswere detected in a tissue or
tumor type–specificmanner, suggesting a context-dependent regulation
of sense gene expression by associated ncNATs throughmodulating the
selection and activity of sense gene promoters. Of our list of 90
“promoter-switch” ncNATs candidates, some are antisense to known
cancer drivers, such as VEGFA and FGFR1. Focusing our efforts on the
liver, we managed to validate two additional ncNATs apart from
HNF4A-AS1L, as promoter activity regulators of their counterpart sense
genes CHKA and CERS2. Interestingly, CHKA and CERS2 have been
reported to modulate carcinogenesis in diverse types of cancer (44–47),
includingHCC (48, 49). Isoform-specific functional characterization for
these two genes will help to understand the impact of their associated
ncNATs in cancer progression. Overall, these experimental results
confirm the validity of our analysis and pave the way for further
explorations of this promising field.

Most of the annotated antisense RNAs are believed to be non-
coding; however, they might still contain open reading frames or
encode for small proteins. Although in silico analysis of protein-
coding capability of HNF4A-AS1L, ENSG00000255031 and
ENSG00000259357 indicated a very low coding potential, there are
several open reading frames potentially encoding small (<110 aa)
proteins. Further studies will be needed to fully understand the
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regulatory mechanism of ncNATs-mediated regulation of sense
gene promoters.

It is also feasible that functionally characterized ncNATs can
be targeted by antisense oligonucleotides, to disrupt the interaction
of ncNAT-sense transcripts via degradation or transcriptional
derepression at the chromatin level (50), suggesting the clinical
utility of targeting oncogenic ncNATs for cancer treatment.

Altogether, we demonstrate an unexplored role of ncNATs
in the regulation of their counterpart sense gene expression
through controlling alternative promoter usage. This regulative
ability has an impact on hepatocellular tumorigenesis. We
proved that HNF4A-AS1L can modulate the expression of
HNF4A promoter-specific isoforms that exert distinct cancer-
related functions.
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Tissue-wide correlation between ncNATexpression and sensegenepromoter activity.A,Schematic representationof ncNAT-sensegenepairs selected for our study.
ncNAT-sense gene pairs where expressed ncNATs have a counterpart sense gene with specifically two active promoters were selected for further study. Datasets
were independently considered and analyzed for each tissue/tumoral type. B, For those pairs fulfilling the criteria in A, correlation between ncNAT expression and
activity of P1 and P2 sense gene promoters was evaluated (seemore details in Materials and Methods). Illustration only shows P1 for simplification purposes. FC, fold
change.C andD,Doughnut charts depict the percentages of ncNATs showing either no correlation (gray) or a significant correlation (yellow) between its expression
and the promoter activity of either one or both promoters of their ncNAT-associated sense gene, as determined in B, in NT (left, C) and tumor (left, D) samples. The
10� 10 dot plots illustrate the proportions of ncNAT-sense gene pairs, demonstrating either no correlation (null) or any direction of significant correlation [positive
(Pos) or negative (Neg)] between ncNAT expression and the promoter activity of each promoter of the counterpart sense gene in NT (right, C) and tumor (right, D)
samples. “Pos and Pos” group, activities of both sense gene promoters are significantly positively correlated with expression of the corresponding ncNAT. “Pos and
null,” positive correlation is found for one sense gene promoter, but not for the other; “Pos and Neg,” positive correlation is found for one sense gene promoter, but
negative correlation for the other; “Neg and null,” negative correlation is found for one sense gene promoter, but not for the other; and “Neg and Neg,” negative
correlation is found for both sense gene promoters.
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Our pan-cancer analysis provided a valuable list of ninety promot-
er-switch ncNATs potentially exerting a promoter-specific regulation
of their associated sense gene in multiple types of tissues and cancers.
Further investigation of those inferred promoter-switch ncNATs that
are deregulated in tumor will elucidate their functional implications in
cancer development as well as their mechanisms of action.
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