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Enhancers have been conventionally perceived as cis-acting
elements that provide binding sites for trans-acting factors.
However, recent studies have shown that enhancers are
transcribed and that these transcripts, called enhancer RNAs
(eRNAs), have a regulatory function. Here, we identified
putative eRNAs by profiling and determining the overlap
between noncoding RNA expression loci and eRNA-
associated histone marks such as H3K27ac and H3K4me1 in
hepatocellular carcinoma (HCC) cell lines. Of the 132 HCC-
derived noncoding RNAs, 74 overlapped with the eRNA loci
defined by the FANTOM consortium, and 65 were located
in the proximal regions of genes differentially expressed
between normal and tumor tissues in TCGA dataset.
Interestingly, knockdown of two selected putative eRNAs,
THUMPD3-AS1 and LINC01572, led to downregulation of
their target mRNAs and to a reduction in the proliferation
and migration of HCC cells. Additionally, the expression of
these two noncoding RNAs and target mRNAs was elevated
in tumor samples in the TCGA dataset, and high expression
was associated with poor survival of patients. Collectively,

our study suggests that noncoding RNAs such as THUMPD3-
AS1 and LINCO1572 (i.e., putative eRNAs) can promote
the transcription of genes involved in cell proliferation and
differentiation and that the dysregulation of these noncoding
RNAs can cause cancers such as HCC,
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INTRODUCTION

Cis-acting regulatory elements, including promoters, en-
hancers, and insulators, in the genome influence RNA poly-
merase Il (RNA pol Il) complex activity during the transcription
process by providing binding sites for transcription factors
(TFs) and cofactors (Bulger and Groudine, 2010; Maston et
al., 2006; Riethoven, 2010). Enhancers, in particular, play
central roles in the spatiotemporal regulation of transcription
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(Banerji et al., 1981; Moreau et al., 1981; Ong and Corces,
2011). It has been shown that enhancers not only provide
binding sites for trans-acting factors but also are accessed
and transcribed themselves by RNA pol II, leading to the gen-
eration of noncoding RNAs (ncRNAs) called enhancer RNAs
(eRNAs) (De Santa et al., 2010; Kim et al., 2010). Interest-
ingly, many long ncRNAs (IncRNAs) are known to be tran-
scribed from these enhancer regions (Vucicevi et al., 2015),
suggesting the role of INcRNAs as eRNAs. The eRNAs tran-
scribed from enhancer regions in the genome are generally
short in length (0.2-2 kb), lack a poly A tail, are transcribed
bidirectionally, and are pervasively transcribed throughout
the genome (although recent studies have found that some
eRNAs are long, have a poly A tail, and are transcribed in
one direction as either a sense or an antisense transcript) and
their expression is positively correlated with that of nearby
genes (Andersson et al., 2014; Chen et al., 2018; De Santa et
al., 2010; Kim et al., 2010; Melgar et al., 2011; Zhang et al.,
2019).

Tens of thousands of eRNAs have been further systemat-
ically identified and characterized under the basic definition
of ncRNAs transcribed from enhancer regions marked by
two histone modification signals, H3K4me1 and H3K27ac, in
various human tissues and cell types through the Functional
Annotation of the Mammalian Genome (FANTOM) consor-
tium (https://fantom.gsc.riken.jp/) (Andersson et al., 2014;
Creyghton et al., 2010). FANTOM has thus far compiled more
than 65,000 enhancers that have been identified to produce
eRNAs (Andersson et al., 2014). It is becoming clear that
active enhancers in the genome are associated with eRNA
production, i.e., transcription of eRNAs could be a hallmark
for the active state of enhancers (Andersson et al., 2014; De
Santa et al., 2010; Hah et al., 2013; Kim et al., 2010; Lam
et al, 2013; Li et al., 2013; Melgar et al., 2011; Wu et al,,
2014).

Although few findings contradicting the functional im-
portance of eRNAs as trans-acting regulators exist (Alva-
rez-Dominguez et al., 2017; Tsai et al., 2018), numerous
studies have shown that eRNAs function as upstream regula-
tors of adjacent gene expression. For instance, it was shown
that depletion of eRNAs was linked to decreased expres-
sion levels of neighboring target genes (Arner et al., 2015;
Creyghton et al., 2010; Lam et al., 2013; Li et al., 2013;
Mousavi et al., 2013; @rom et al., 2010; Schaukowitch et al.,
2014). According to Arner et al. (2015), the transcription of
eRNAs is the most upstream event preceding all other down-
stream transcriptional events during cell differentiation or ac-
tivation. More than one mechanism of action has also been
proposed as to how eRNAs promote target gene expression
(Arneretal., 2015). Li et al. (2013) showed that eRNAs could
activate target gene expression by forming a chromosomal
loop that allows stabilization of enhancer-promoter contact.
In contrast, Mousavi et al. (2013) suggested that eRNAs can
activate Myod gene expression without forming a chromo-
somal loop. Furthermore, Schaukowitch et al. (2014) pro-
vided another mechanism by which eRNA promote target
gene expression, i.e., by releasing the negative elongation
factor (NELF) complex from the target promoter to transition
paused RNA pol Il to active RNA pol Il (Schaukowitch et al.,
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2014).

Recently, the functional importance of eRNAs has been
studied in the context of the regulation of inflammatory
responses. For instance, the production of eRNAs in the
enhancer region of /L-1p induced by LPS contributes to
driving proinflammatory responses via the NF-kB signaling
pathway in monocytes (Ha et al., 2019). In macrophages,
Kdmeéa promotes IFN- transcription via transcription of eR-
NAs from the IFN-p enhancer region upon innate stimuli (Li
et al., 2017). Furthermore, Helicobacter pylori infection can
cause resistance to apoptosis by triggering the recruitment
of Brd4, which induces the synthesis of BIRC3 eRNA (Chen
et al., 2020). In addition, human diseases such as cancers
are another context in which the functional importance of
eRNAs has been investigated. Zhang et al. (2019) charac-
terized the oncogenic potential of an eRNA (NET7e) located
downstream of the oncogene NETT by finding it in the list
of differentially expressed genes (DEGSs) in breast cancers.
Similarly, Hsieh et al. (2014) have shown that KLK3 eRNA
(KLK3e) forms an androgen receptor (AR)-dependent loop-
ing complex, leading to transcriptional activation of AR-de-
pendent genes in prostate cancer. Melo et al. (2013) showed
that many genomic regions targeted by P53 colocalize with
enhancer chromatin marks, leading to enhanced long-dis-
tance p53-dependent gene expression regulation in multiple
cancer cell lines. Alterations in eRNA expression have also
been found to be associated with several other diseases, such
as autism spectrum disorders and Huntington’s disease (Bhat-
tarai et al., 2021).

To date, no eRNAs involved in hepatocellular carcinoma
(HCC) have been reported. In the present work, we attempt-
ed to identify putative eRNAs that are commonly expressed
in different human HCC cell lines by integrating two types of
chromatin signals, H3K4me1 and H3K27ac, and information
about ncRNAs derived from RNA-seq data. Subsequently, we
identified putative target mRNAs of each ncRNA identified
as a putative eRNA by investigating correlations with the
expression levels of the mRNAs. Furthermore, we attempted
to prove the function by conducting knockdown (KD) exper-
iments for two selected putative eRNAs: THUMPD3-AS1 and
LINCO1572.

MATERIALS AND METHODS

Preparation of ChIP-seq and RNA-seq data from seven
HCC cell lines

Chromatin immunoprecipitation sequencing (ChIP-seq) and
RNA sequencing (RNA-seq) data were obtained from seven
hepatocellular cell lines: Huh-7, Huh7.5, FT3-7, PLC-PRF-5,
SNU182, SNU387, and SNU449 (Alexander et al., 1976; Ku
and Park, 2005; Yi, 2010). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (for Huh-7, Huh7.5, and
FT3-7 cells; Gibco, USA) or Roswell Park Memorial Insti-
tute-1640 medium (for PLC-PRF-5, SNU182, SNU387, and
SNU449 cells; HyClone, USA) containing 10% fetal bovine
serum (FBS; Gibco) and 1% antibiotic-antimycotic (Gibco).
All of these cell lines were tested for mycoplasma contamina-
tion in the Core facility of National Cancer Center, Korea, and
verified to be negative.
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Total RNA was isolated using Hybrid-R (GeneAll, Korea) for
mRNA sequencing, library preparation was performed with
DNase I-treated total RNA using a TruSeq kit (Illumina, USA),
and paired-end sequencing was performed using the HiSeq
platform (lllumina). The total RNA-seq and ChlP-seq reads
for each cell line are summarized in Supplementary Tables S1
and S2, respectively. The peak calling results of the two active
histone marks, H3K4me1 and H3K27ac, positioned in the
genomic regions where the two putative eRNAs located are
listed in Supplementary Table S3.

The ChIP-seq and RNA-seq data set analyzed in this study
have been deposited in the Gene Expression Omnibus with
the project number PRINA737566 (Reviewer access: https://
dataview.ncbi.nlm.nih.gov/object/PRINA737566?review-
er=r8n75e8rhnls10h1m1nt440f07). ChIP-seq data visualized
in UCSC Browser (http://genome.ucsc.edu/s/yeeun/eRNA_
study_ChIP%2Dseq).

Extraction of publicly available RNA-seq data for five dif-
ferent cancer types

RNA-seq data for five different cancer types were download-
ed from TCGA (https://portal.gdc.cancer.gov/), including
liver hepatocellular carcinoma (LIHC), breast cancer (BRCA),
colorectal adenocarcinoma (COAD), stomach adenocarcino-
ma (STAD), and lung adenocarcinoma (LUAD) data. RNA-seq
data from 40 LIHC, 102 BRCA, 39 COAD, 16 STAD, and 52
LUAD matched normal-tumor samples of the same patient
were used for our analysis.

Bioinformatics pipelines for estimating the expression lev-
el of each gene from RNA-seq data

After the quality of raw sequencing reads was checked using
‘FastQC’ (v0.11.8) (Andrews, 2010) for the RNA-seq data
generated from the seven hepatocellular cell lines, the con-
taminating adaptor and unpaired reads were excluded using
‘Trimmomatic’ (v0.38; parameters: PE LEADING, 3; TRAIL-
ING, 3; SLIDINGWINDOW, 4:15; MINLEN, 36) (Bolger et al.,
2014). The cleaned reads were then aligned to the reference
genome (GRCh38/hg38; http://asia.ensembl.org/) using To-
phat (v2.1.1; parameters: --library-type fr-firststrand) (Trap-
nell et al., 2009), and the fragments per kilobase of transcript
per million mapped reads (FPKM) values were obtained by
running ‘Cuffquant’ (v2.2.1; parameters: --library-type fr-first-
strand --multi-read-correct --frag-bias-correct) (Trapnell et al.,
2010). After normalization of the 7 cell line library sizes using
‘Cuffnorm’ (v2.2.1; parameters: --library-type fr-firststrand
--library-norm-method classic-fpkm) (Trapnell et al., 2010),
ncRNAs with FPKM > 1 were mapped to the genomic regions
where the active enhancer marks H3K27ac and H3K4me1
were located.

Bioinformatics pipeline for layering ChiP-seq data onto
the reference genome

The ChiP-seq data generated from the seven hepatocellular
cell lines for H3K27ac and H3K4me1 were mapped to the
reference genomic regions as follows. The quality check and
trimming procedures for raw ChIP-seq reads were the same
as those used for the RNA-seq data described above. The
cleaned ChIP-seq data were then aligned to the reference
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genome (GRCh38/hg38) using ‘Bowtie’ (v1.3.0; parameters:
-S --fr) (Langmead et al., 2009). Subsequently, the reads
mapped to black-list regions from the ENCODE portal (identi-
fier: ENCFF356LFX; https://www.encodeproject.org/) (Sloan
etal., 2016) were filtered out using bedtools (2.27.0; param-
eters: intersect v) (Quinlan and Hall, 2010) and nonuniquely
aligned reads and potential PCR duplicates were excluded
using ‘MarkDuplicates’ of ‘Picard’ (v2.25.0; REMOVE_DUPLI-
CATES = true, ASSUME_SORTED = true, VALIDATION_STRIN-
GENCY = LENIENT) (Picard Toolkit, 2019), and peak calling
and peak annotation were performed using ‘MACS2’ (v2.2.4;
parameters: callpeak -f BAMPE -p 0.0001 [--narrow | --broad]
-g hs --SPMR [--call-summits | --no-model] -B --keep-dup 1
--mfold 10 100) (Zhang et al., 2008) and ‘annotatePeaks.pl
of ‘HOMER' (v4.11.1; parameter: hg38) (Heinz et al., 2010),
respectively.

Cell culture and transfection

The human HCC cell line FT3-7 was cultured in DMEM (Hy-
Clone) with 10% FBS (HyClone) and penicillin-streptomycin
(Gibco) and maintained at 37°C in an incubator containing
5% CO,. To knock down two selected eRNAs, THUMPD3-
AST (NR_027007.3) and LINCO1572 (NR_159370.1), anti-
sense oligonucleotides (ASOs) were designed and purchased
from Qiagen (Germany). The sequences of the ASOs were as
follows: negative control ASO: 5-AACACGTCTATACGC-3’,
THUMPD3-AS1 ASO: 5-GACACCTTAGAAAATT-3’, and
LINCO1572 ASO: 5-ACATAGAGACAGACTG-3’. The cells
were seeded in 6-well plates at a density of 5 x 10° cells/
well and transfected with 20 nM ASOs with Lipofectamine
RNAiMax (Invitrogen, USA) according to the manufacturer’s
instructions. The cells were transfected with ASOs twice for
72 h to increase the KD efficiency.

Cell counting kit-8 assays

Cell proliferation was assessed by cell counting kit-8 (CCK-8;
Dojindo, Japan) assays following the manufacturer’s proto-
col. In brief, cells were seeded in 96-well plates, and 10 ul of
CCK-8 reagent was added at the indicated time points (0, 24,
48, and 72 h). Cell viability was measured with a microplate
reader (Molecular Devices, USA) at 450 nm.

IncuCyte® cell proliferation assays

The cells were plated in 96-well plates (3595; Corning, USA).
The proliferation of cells was monitored for 4 days by an In-
cuCyte Live-Cell analysis system (Sartorius, Germany).

Colony formation assays

A total of 2,000 cells were plated in 6-well plates and main-
tained for 2 weeks. To visualize and count colonies grown
for 2 weeks, cells were fixed with 4% paraformaldehyde and
stained with 1% crystal violet.

Transwell assays for invasion and migration

To evaluate the invasion or migration of cancer cells, tran-
swell plates (8 um pore size, 3422; Corning) were coated
with Matrigel (354234, BD, USA) or gelatin (G1393; Sigma,
USA). Cells (3 x 10°/ml cells in 100 pl for invasion assays and
1.5 x 10°/ml cells in 100 pl for migration assays) in serum-free



medium were added to the upper chamber, and 600 pl of
10% FBS medium was added to the lower chamber. After
24-48 h, the invaded and migrated cells were fixed with 4%
paraformaldehyde and stained with 1% crystal violet. Six ran-
dom fields were photographed at x200 magnification with a
microscope (Carl Zeiss, Germany).

Identification of DEGs in KD experiments

Triplicate RNA-seq data were generated from each of the two
KD experiments, i.e., the THUMPD3-AS1 KD and LINCO1572
KD experiments. Quality checking and cleaning of the raw
sequencing reads was performed using ‘FastQC and ‘Trimmo-
matic’ (the same bioinformatics pipelines that were applied
to the RNA-seq datasets and ChIP-seq datasets derived from
the seven HCC cell lines described above). After the cleaned
reads were aligned to the reference genome (GRCh38/hg38)
using ‘STAR’ (v2.7.6a; parameters: --runMode alignReads
--outFilterMultimapNmax 10 --alignintronMin 61 --alignin-
tronMax 265006 --outSAMtype BAM SortedByCoordinate)
(Dobin et al., 2013), the raw read counts were estimated
using ‘HTSeq’ (vO.11.2; parameters: -s reverse -m intersec-
tion-nonempty -r pos -f bam -t exon) (Anders et al., 2015).
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Subsequently, DEGs were estimated using ‘DESeq2’ (Love et
al., 2014) by comparing the normalized read counts between
the control (i.e., wild-type cell lines) and the case (i.e., KD cell
lines) groups after removing batch effects using the ‘ComBat’
package (v3.36.0; Leek et al., 2012) of R (4.0.3).

Survival analysis of TCGA-LIHC data

Kaplan—Meier survival plots and hazard ratios (HRs) for the
two selected ncRNAs, THUMPD3-AS1 and LINCO1572, were
estimated using Gene Expression Profiling Interactive Analysis
(GEPIA) (http://gepia.cancer-pku.cn/index.html) (Tang et al.,
2017). The two eRNAs and their target gene names were
put into the search engine by setting parameters as follows:
‘Methods’, disease-free survival; ‘Group Cutoff’, 75% and
25% for both ‘Cutoff-High” and ‘Cutoff-Low’; ‘Hazard Ratio’,
Yes; ‘95% Confidence Interval’, No; ‘Axis Units’, Months; and
‘Dataset Selection’, LIHC.

Data analysis

All statistical tests and plots were conducted using the R
(4.0.3) and Python (3.6.8) languages. Kendall’s correlation
analysis and linear regression analysis were performed with

To find eRNA-targeted mRNA relationship

eRNAs mRNAs

: |
Select overlapping eRNAs in 4 cell .
lines clustered together in the PCA [Pzt @i (Rl @etmes, AANM £ 1

132 Common eRNAs 7,763 mRNAs
| |

Correlation test
| tau | > 0.6, Correlation test significance 0.05, R?> 0.4

v
44,650 significant eRNA-mRNA pairs

Type

. Antisense
. lincRNA

Pseudogene

. Not assigned

. Sense overlapping ncRNA

. Sense intronic ncRNA

\

Fig. 1. Workflow of our study and types of defined putative eRNAs. (A) Overall workflow. To identify putative eRNAs transcribed from
genomic locations with two active enhancer chromatin marks, H3K4me1 and H3K27ac, the overlap of genomic positions onto which
ChlIP-seq data mapped and positions where ncRNAs are transcribed was determined. Only those ncRNAs commonly transcribed in the
active enhancer regions in four different HCC cell lines (FT3-7, Huh7.5, PLC-PRF-5, and SNU182) were defined to be putative eRNAs.
Subsequently, putative mRNA targets were searched for by investigating correlations between each putative eRNA and mRNA transcripts
expressed in seven HCC cell lines. Please refer to the main text for details. (B) Pie chart of the types of defined putative 132 eRNAs. The
types of eRNAs were determined by the annotation information in the GTF file (GRCh38/hg38).

Mol. Cells 2021; 44(9): 658-669 661



Identification of Novel eRNAs from HCC
Ye-Eun Lee et al.

the ‘scipy.stats.stats’ and ‘sklearn.linear_model’ packages,
respectively, of Python (3.6.8). Gene ontology (GO) analysis
was performed using the DAVID tool (https://david.ncifcrf.
gov/home.jsp) (Jiao et al., 2012). Other batch works were
performed with home-built Python scripts.

RESULTS

Workflow

Active enhancers with two histone modification signals,
H3K4me1 (i.e., an enhancer chromatin mark) and H3K27ac
(i.e., an active chromatin mark), are known to produce eR-
NAs (Creyghton et al., 2010; Heintzman et al., 2007; 2009).
Figure 1 shows our workflow used for identifying and detect-
ing eRNAs: we used two types of ChlIP-seq signals marking
active enhancers and total RNA-seq data. Our rationale for
identifying eRNAs was to select only ncRNAs transcribed from
the genomic regions that are supposed to be active enhancer
regions.

Briefly, only those ncRNAs transcribed from genomic po-
sitions at which the two types of ChIP-seq signals were com-
monly located were selected after excluding other RNAs tran-
scribed from the genomic regions mapped to transcription
start sites (TSSs), transcription termination sites (TTSs), and
exons of protein-coding genes (Fig. 1A). A list of the ncRNAs
that were considered to be transcribed from active enhancer
regions was generated for each of seven different HCC cell
lines: FT3-7, Huh-7, Huh7.5, PLC-PRF-5, SNU182, SNU387,
and SNU449. Subsequently, those ncRNAs commonly iden-
tified from four different cell lines were defined as putative
eRNAs with high confidence (Fig. 1A).

We decided to overlap the lists of eRNAs from four cell
lines, Huh7.5, SNU182, FT3-7, and PLC-PRF-5, rather than
from all seven cell lines because principal component analysis
(PCA) showed that the gene expression profiles of three cell
lines, SNU387, SNU449, and Huh-7, were substantially differ-
ent from those of the remaining four cell lines (Supplemen-
tary Fig. S1). As expected, the list of overlapping eRNAs from
all seven cell lines that included the three cell lines with very
different gene expression profiles had a substantially reduced
number of confident eRNAs such that further exploration
would have been difficult. The numbers of ChIP-seq signals,
transcribed ncRNAs, and ncRNAs detected in the active en-
hancer regions are summarized in Supplementary Table S4.

Consequently, a total of 132 ncRNAs that were commonly
detected in the four cell lines were defined to be putative eR-
NAs (Supplementary Table S5), i.e., ncRNAs transcribed from
active enhancer regions. Interestingly, all 132 ncRNAs were
INcRNAs by definition with lengths > 200 nt. Small ncRNAs,
such as miRNAs, piRNAs, and siRNAs, were also present in
the individual cell lines we used to produce the ChIP-seq
and RNA-seq data, but all disappeared when the ncRNAs
from the four different cell types overlapped. Subsequent-
ly, by referencing the annotation information in GTF files
(GRCh38/hg38), the IncRNAs were subcategorized into an-
tisense ncRNAs, long intergenic noncoding RNA (lincRNAS),
pseudogenes, sense overlapping NncRNAs and sense intronic
ncRNAs, of which antisense ncRNAs and lincRNAs were the
most frequent types (Fig. 1B). No chromosomal bias seemed
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to be present in the ncRNAs identified as putative eRNAs
(Supplementary Table S5). Approximately 56% (74/132) of
the genomic positions that were found to produce ncRNAs
identified as putative eRNAs also overlapped with the ‘tran-
scribed eRNAS’ identified with FANTOM, producing a signif-
icant enrichment of FANTOM eRNAs in the list of eRNAs de-
tected in the present work (chi-squared test, P < 0.01). Only
13% of the ncRNAs overlapped with the FANTOM eRNAs.
Note that the entire regions where ncRNAs co-localizing with
the two active enhancer marks are produced were defined
as ‘eRNA-transcribing regions’. According to previous studies,
‘eRNA-transcribing regions’ are wider than ChlIP-seq peaks;
Zhang et al. (2019) defined = 3 kb (6 kb around regions)
while Hauberg et al. (2019) defined + 1.5 kb (3 kb around
regions) from the middle site of the enhancers as ‘eRNA-tran-
scribing regions’.

Expression analysis of the putative eRNAs in TCGA liver
cancer data

Next, to determine whether the expression of 132 ncRNAs
identified as putative eRNAs is altered during tumor forma-
tion, we investigated the expression profiles of these ncRNAs
in TCGA LIHC data. Approximately 49.2% (65/132) of the
132 ncRNAs were found to be significantly differently ex-
pressed (i.e., DEGs) between normal and tumor tissues in
the TCGA-LIHC dataset (Fig. 2A). The volcano plot in Fig. 2B
shows that the magnitude of the changes in the expression
levels of these ncRNA genes was relatively weak but still sig-
nificant. Notably, the number of upregulated ncRNAs was
greater than that of downregulated ncRNAs (49 upregulated
and 16 downregulated). The ChIP-seq peak locations and
shapes for two putative eRNAs, THUMPD3-AS1 (an antisense
ncRNA) and LINCO1572 (a lincRNA), are shown in Fig. 2C
(THUMPD3-AS1) and Fig. 2D (LINCO1572). In addition, in the
other four TCGA cancer types, we found that changes in the
expression levels of these 132 putative eRNAs substantially
varied in terms of the number of overlaps with DEGs and the
ratio between upregulated and downregulated genes (Sup-
plementary Fig. S2).

Identification of putative eRNA-target mRNA pairs by cor-
relation analysis

We next tried to identify putative eRNA-target mRNA pairs by
correlation analysis using information on the expression levels
of these genes from the seven different HCC cell lines. The
rationale for this approach was that the expression levels of
an eRNA should be correlated (either positively or negatively,
although a positive correlation seems to be more likely as-
suming that enhancers act as trans-acting regulatory factors)
with the expression levels of its target mRNA if the putative
eRNA does indeed target the promoter of the mRNA.

As a result, we found a total of putative 44,650 eRNA-tar-
get mRNA pairs (highlighted in dark blue in Fig. 3A) using
weak thresholds (R?> > 0.4 [i.e., criterion to evaluate the
goodness of fit from the linear regression analysis], [tau| >
0.6 [i.e., correlation coefficient estimated from Kendall's cor-
relation analysis], and P < 0.05), and a total of 3,861 putative
eRNA-target mRNA pairs using more stringent thresholds (R?
> 0.7, [taul > 0.9, and P < 0.05) (highlighted in dark red in
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Fig. 2. Characteristics of the 132 putative eRNAs. (A) Heat map constructed after comparing the 132 putative eRNAs to the list of DEGs
from the TCGA-LIHC dataset. A total of 65 out of the 132 eRNAs overlapped with the DEGs estimated by comparing gene expression
between normal and tumor samples from the TCGA-LIHC dataset (P < 0.05), and 49 and 16 eRNAs were found to be upregulated and
downregulated, respectively, in tumor tissues. (B) A volcano plot of the DEGs estimated from the TCGA-LIHC dataset in (A). All the DEGs
(gray), 49 upregulated eRNAs (red), and 16 downregulated eRNAs (blue) are depicted accordingly. (C and D) Integrative Genomics
Viewer (IGV) views showing the genomic locations of ChIP-seq signals and RNA-seq data estimated in the four different hepatocellular
cell lines for the two selected eRNAs, THUMPD3-AS1 (C) and LINCO1572 (D). The red bars in the figure boxes indicate putative enhancer

regions where the two active chromatin peaks are located.

Fig. 3A). For instance, a total of 343 and 400 mRNAs were
found to be significantly correlated with THUMPD3-AS1 and
LINCO1572, respectively, as listed in Supplementary Tables S6
and S7, and the putative eRNA-target mRNA pairs obtained
by the stringent thresholds are shown in Figs. 3B and 3C,
respectively. The number of positively correlated pairs were
slightly more than that of negatively correlated pairs for both
THUMPD3-AS1 (i.e., 53.6%), 184 positively correlated pairs vs
159 negatively correlated pairs) and LINCO1572 (i.e., 56.8%,
227 positively correlated pairs vs 173 negatively correlated
pairs). The percentage of positively correlated pairs was in-
creased for THUMPD3-AS1T when more stringent thresholds
were applied (62.5%, 20 positively correlated pairs vs 12
negatively correlated pairs), whereas no significant changes
were found for LINCO1572 when the stringent thresholds
were used. Interestingly, GO analysis showed that the mR-
NAs correlated with THUMPD3-AS1 showed enrichment of
genes involved in DNA repair, whereas the mRNAs correlated

with LINCO1572 showed enrichment of genes involved in the
RNA-pol Il transcription process.

Subsequently, we investigated whether these correlated
genes were located in the same topology associating do-
mains (TADs) where each of the ncRNAs identified as putative
eRNAs was positioned. Surprisingly, there were few genes in
the same TADs as THUMPD3-AS1 and LINCO1572, only 13
and 3 genes, respectively. The two ncRNAs and the correlat-
ed genes present in the same TADs as the two ncRNAs will be
discussed in more detail in the Discussion section.

KD experiments for the two putative eRNAs THUMPD3-
AS1 and LINCO1572

We next investigated which genes had their expression
altered by knocking down these two ncRNAs under the
assumption that the expression of target genes should be
altered by KD of their upstream regulator eRNAs. For this
purpose, ASOs were employed to KD expression in the FT3-
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7 HCC cell line. One ASO was designed to target exon 3 of
THUMPD3-AS1, and another was designed to target exon 6
of LINCO1572 (Supplementary Fig. S3). These two ncRNAs
were selected for the KD experiment because they are rel-
atively novel IncRNAs of two different categories of eRNA,
and both were upregulated in the tumor tissues compared to
normal tissues of TCGA LIHC. We first determined whether
the KD of both THUMPD3-AS1 and LINCO1572 was success-
ful by confirming that the expression levels of these ncRNAs
were significantly reduced (Figs. 4A and 4B). PCA showed
that the gene expression profiles of the cells before and after
ncRNA KD were significantly changed, and the cells could be
clustered into two different states (Figs. 4C and 4D).

DEGs before and after KD were then identified using the
threshold P < 0.01, and a total of 379 (181 upregulated
and 198 downregulated) and 188 (121 upregulated and 67
downregulated) DEGs were identified for the THUMPD3-
AST and LINCO1572 KD experiments, respectively (Figs. 4E
and 4F). The numbers of DEGs were significantly reduced to
79 and 53 for THUMPD3-AS1 and LINCO1572, respectively,
by adding another threshold, |fold change| > 2, indicating
that the fold changes in target gene expression caused by
KD of these ncRNAs were relatively small, i.e., less than 2%
of genes seemed to have their expression levels affected by
the KD. Notably, the proportions of upregulated or down-
regulated DEGs were significantly different in the two KD

664 Mol. Cells 2021; 44(9): 658-669

experiments: 52.2% downregulated vs 47.8% upregulated
DEGs for THUMPD3-AS1 and 35.6% downregulated vs
64.4% upregulated DEGs for LINCO1572. Consistently, GO
analysis showed that some genes altered by KD of these two
putative eRNAs were enriched in tumorigenesis and angio-
genesis functions, but these genes were mostly assigned
to different specific functional categories. Notably, genes
involved in translational regulation and lipoprotein metabolic
processes and inflammatory genes were downregulated with
THUMPD3-AS1 KD, whereas genes involved in cell migration,
vasoconstriction, and the ERK1/2 cascade were downregulat-
ed with LINCO1572 KD (Figs. 4G and 4H).

Validation of putative eRNA-target mRNA pairs in the TC-
GA-LIHC dataset

We next analyzed which genes in the lists from the
THUMPD3-AS1 and LINCO1572 KD experiments overlapped
with the putative targets defined by the correlation analyses
shown in Fig. 3. A total of thirteen (out of the 379 DEGs) and
six (out of the 188 DEGs) genes overlapped with THUMPD3-
AST and LINCO1572 KD-driven DEGs, respectively, showing
that approximately 3%-4% of the KD-driven DEGs were in
the lists of genes highly correlated with the two putative eR-
NAs (Figs. 5A and 5B). Interestingly, not only the two ncRNAs
but also most of the putative target genes shown in Figs. 5A
and 5B were found to be significantly upregulated in tumors
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compared to normal tissues in the TCGA-LIHC dataset (Figs.
5C and 5D).

Seven genes, AEBP2, COMTD1, DDX46, NSRP1, RPS6KA4,
SAC3D1, and UNC93B1, shown in Fig. 5C are particularly
interesting because their expression levels were significantly
correlated with the expression of THUMPD3-AS1; the ex-
pression of these genes was also altered by THUMPD3-AS1
KD and during tumorigenesis in liver cancers. Interestingly,
DDX46 (which encodes DEAD-box helicase) and NSRP1
(which encodes nuclear speckle splicing regulator) are in-
volved in transcription regulation, and AEBP2 encodes adi-
pocyte enhancer binding protein 2, which seems to be con-
sistent with the idea that THUMPD3-AS1 is actually an eRNA
that regulates transcription. Furthermore, the three remain-
ing genes, RPS6KA4, SAC3D1, and UNC93B1, are known
to be involved in cell proliferation, which explains why they
were found to be significantly upregulated in the TCGA-LIHC
dataset.

Similarly, five genes, CCDC24, HMGAZ2, MEX3D, SAP30L,
and TIGD5, shown in Fig. 5D were detected in the LINCO1572
correlation analysis and KD experiment and in the list of TC-
GA-LIHC DEGs; the HMGAZ2 and SAP30L proteins are involved
in histone modification, and MEX-3 is an RNA binding protein,
and the functions of the proteins they encode support the
idea that these genes are possible targets of LINCO1572.

Furthermore, the expression levels of some of these genes
were found to be associated with the overall survival of LIHC

patients (Figs. 5E and 5F): upregulation of the genes con-
ferred an approximately two times more likely chance of poor
survivals (odds ratio: approximately 1.6-2.0) (Fig. 5G).

THUMPD3-AS1 and LINCO1572 are required for the pro-
liferation and migration of HCC cells

As mentioned in the Introduction, several eRNAs are known
to have oncogenic potential. Consistently, we showed
(Fig. 5) that the two putative eRNAs, THUMPD3-AS1 and
LINCO1572, were upregulated in the tumor tissues of the TC-
GA-LIHC dataset, and the genes affected by KD experiments
were found to be involved in cell proliferation and migration.
Therefore, we attempted to investigate whether these two
ncRNAs could promote the progression of HCC cells using
CCK-8 assays and IncuCyte proliferation assays. As shown
in Figs. 6A-6D, we found that KD of THUMPD3-AS1 or
LINCO1572 inhibited the proliferation of cells in proliferation
assays. Consistently, the colony formation assays also showed
a more than 40% reduction in colony numbers in KD cells
compared to control cells (Fig. 6E).

Subsequently, we examined whether these putative eRNAs
could affect the invasion and migration of HCC cells using
transwell assays. Invaded and migrated cells were detected
after allowing the cells to migrate for 24-48 h. As shown
in Figs. 6F and 6G, the invasion and migration abilities of
THUMPD3-AS1 KD and LINCO1572 KD cells were reduced
by 20%-30% compared to those in the control group. Taken
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together, these results suggest that both THUMPD3-AS1 and
LINCO1572 are required for the proliferation of HCC cells,
supporting oncogenic roles of these two putative eRNAs in
HCC cells.

DISCUSSION

In the present work, a total of 132 putative eRNAs were
identified by intersecting the genomic positions identified
from three types of information: (i) enhancer chromatin
marks (H3K4me1), (ii) active chromatin marks (H3K27ac),
and (jii) transcribed ncRNAs. Subsequently, we identified pu-
tative target mRNAs for each of the 132 ncRNAs and tested
the hypothesis that the ncRNAs identified as putative eRNAs
could regulate the expression of downstream target genes
by knocking down two selected eRNAs, THUMPD3-AS1 and
LINCO1572.

The fact that enhancer regions in the genome are tran-
scribed by RNA pol Il to produce ncRNAs has been confirmed
by numerous studies (Andersson et al., 2014; Arner et al,,
2015; De Santa et al., 2010; Kim et al., 2010; Melgar et
al., 2011) since the first reports in 2010 (Kim et al., 2010),
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which have integrated gene expression information with
data regarding active chromatin and open chromatin marks
such as H3K27ac, DNase hypersensitivity sites, and enhancer
chromatin marks such as H3K4me1 and RNA pol Il marks.
Here, we integrated two active enhancer chromatin marks,
H3K4me1 and H3K27ac, along with transcribed ncRNA
data. Only those ncRNAs transcribed from supposedly active
enhancer regions commonly detected in four different HCC
cell lines were defined to be putative eRNAs with high confi-
dence. Putative target mMRNAs of each ncRNA defined to be
an eRNA were identified by selecting eRNA-mRNA pairs with
significantly high correlation in seven HCC cell lines (Supple-
mentary Tables S6 and S7) because we assumed that such a
correlation indicates eRNA regulation of the target mRNA.
Several other studies have already successfully estimated the
relationship between eRNAs and their target mRNAs (Carullo
et al.,, 2020; Chen et al., 2018; Hsieh et al., 2014; Mousavi et
al., 2013; Schaukowitch et al., 2014; Zhang et al., 2019).

We also investigated how often the putative target mMRNAs
defined by the correlation analysis were located within the
TADs of THUMPD3-AS1 or LINCO1572 using TAD informa-
tion derived from human tissues in the human liver STLO11
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dataset downloaded from (http://3dgenome.fsm.northwest-
ern.edu/) (Wang et al., 2018). Thirteen genes out of the 343
putative targets of THUMPD3-AS1 and only three of the 400
putative targets of LINCO1572 were found to be located in
the same TADs (Supplementary Tables S6 and S7). It seems
that this low overlap between the correlated genes and the
TAD-localized genes was primarily because the TAD informa-
tion derived from the human liver STLO11 dataset may not be
suitable for estimating chromosomal contact points in HCC,
given the high tissue specificity of known TAD genes. Ac-
cording to Andersson et al. (2014), different cell types have
different enhancer/gene ratios and cell type-specific eRNA
transcription; for example, immune cells and hepatocytes
have relatively higher enhancer/gene ratios and higher cell
type-specific eRNA transcription, whereas fibroblasts and ep-
ithelial cells have lower enhancer/gene ratios and lower cell
type-specific eRNA transcription (Andersson et al., 2014).
Interestingly, the thirteen genes located within the
THUMPD3-AS1 TAD were found to have significantly higher
R? values than the R’ values estimated for the other non-
TAD genes in a permutation analysis estimating the R? values
for 343 genes randomly chosen from the total genes during
10,000 iterations (Supplementary Fig. S4), indicating that
the expression of these genes is actually likely to be regulated
by THUMPD3-AS1. In contrast, the analysis of LINCO1572
showed no statistical differences in R* values between genes

within the TAD and the other non-TAD genes. This result
indicates that the two putative eRNAs THUMPD3-AS1 and
LINCO1572 might exert different mechanisms of action in
regulating target genes and that some putative LINCO1572
target mMRNAs might not be directly regulated by a transcrip-
tion regulator function of LINCO1572.

While extensive transcription in enhancer genomic regions
may no longer be a novel aspect of genomic metabolism, the
mechanisms of action by which eRNAs are involved remain to
be further studied. As seen in Fig. 1B, we showed that all the
putative eRNAs identified in the present work were IncRNASs,
and the action mechanism of eRNAs can be inferred based
on the known mechanisms of action of IncRNAs. As sum-
marized by Ali and Grote (2020), IncRNAs can regulate gene
expression not only through transcriptional products but also
through other mechanisms of action. Namely, IncRNAs are
known (i) to function as trans-acting factors that bind to tar-
get DNAs to regulate target gene expression, (ii) to provide
regulatory elements (located within the transcriptional units
of IncRNAs), and (iii) to control gene expression through
the transcription process itself. Studies have concluded that
roles (i) and (iii) exist, as the levels of target mRNAs are al-
tered by deleting IncRNA genomic regions or by blocking
the transcriptional processes that occur at the promoters or
TSSs upstream of the IncRNA genes but not by lowering the
levels of the INncRNAs (Ali and Grote, 2020). Previous studies
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have concluded that the role (i) works, when the expression
of target mRNAs is affected by blocking eRNAs (i.e., the
transcriptional products of enhancer regions). Given that the
result shown in Fig. 4 shows that the expression of down-
stream genes was affected by knock down of either of the
two selected putative eRNAs, we can exclude the (i) and (iii)
mechanisms of action, at least for these two NncRNAs.

Taken together, our results confirm that eRNAs are widely
transcribed in active enhancer regions, consistent with many
other previous studies. Our results also suggest that the con-
clusion that eRNAs are trans-acting transcriptional regulators
is more reasonable than the conclusion that eRNAs are just
markers representing active enhancers in the genome. In ad-
dition, we provide some experimental evidence that upreg-
ulation of the two selected putative eRNAs, THUMPD3-AS1
and LINCO1572, may have an oncogenic function.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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