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ABSTRACT

Enhancer RNA (eRNA) is a type of long non-coding
RNA transcribed from DNA enhancer regions. De-
spite critical roles of eRNA in gene regulation, the
expression landscape of eRNAs in normal human
tissue remains unexplored. Using numerous sam-
ples from the Genotype-Tissue Expression project,
we characterized 45 411 detectable eRNAs and iden-
tified tens of thousands of associations between
eRNAs and traits, including gender, race, and age.
We constructed a co-expression network to iden-
tify millions of putative eRNA regulators and tar-
get genes across different tissues. We further con-
structed a user-friendly data portal, Human enhancer
RNA Atlas (HeRA, https://hanlab.uth.edu/HeRA/). In
HeRA, users can search, browse, and download the
eRNA expression profile, trait-related eRNAs, and
eRNA co-expression network by searching the eRNA
ID, gene symbol, and genomic region in one or mul-
tiple tissues. HeRA is the first data portal to charac-
terize eRNAs from 9577 samples across 54 human
tissues and facilitates functional and mechanistic in-
vestigations of eRNAs.

INTRODUCTION

An enhancer is a type of distal DNA regulatory element
that couples with a promoter to organize an enhancer–
promoter loop that initiates gene expression (1). As recent
studies demonstrated that an enhancer can transcribe non-
coding RNA, this element has been defined as enhancer
RNA (eRNA) (2). Thousands of eRNAs have been re-
ported across different human tissues (3), and eRNA has

been shown to act as a marker for activated enhancers (4,5)
and play critical roles in gene regulation (6). For exam-
ple, eRNA can act as a scaffold to maintain the stability
of the transcription complex (7,8). Growing evidence has
suggested that eRNA expression is associated with multi-
ple traits, characteristics, and diseases. For example, expres-
sion of the eRNA OLMALINC is associated with body
weight by regulating the gene stearoyl-coenzyme A desat-
urase, which is related to serum triglyceride metabolism (9);
and the expression of an eRNA is associated with autism
spectrum disorders in the human brain by affecting the tar-
get gene expression (10). Biogenesis of eRNA is regulated
by transcription factors (TFs), which are recruited to the
DNA enhancer region to modulate chromatin accessibility
and initiate eRNA transcription (6). For example, myogenic
differentiation 1 (MYOD1) induces more than 16,000 eR-
NAs during myogenic differentiation (11), while estrogen
receptor 1 (ESR1) induces thousands of eRNAs to maintain
transcriptional circuitry in breast cancer (12). Furthermore,
eRNA expression is critical in mediating the expression of
target genes. For example, NET1e regulates the expression
of oncogene neuroepithelial cell transforming 1 (NET1) in
breast cancer to promote tumorigenesis (3), while HPSEe
regulates the expression of heparanase (HPSE) to promote
cancer invasion and metastasis (13). From these various as-
sociations with eRNAs, we sought to comprehensively in-
vestigate the expression landscape and co-expression net-
work of eRNAs to facilitate our understanding of the mech-
anism of gene expression regulation and human pheno-
types.

The Genotype-Tissue Expression (GTEx) project pro-
vides large numbers of RNA-seq samples and multiple traits
across 54 human tissues (14). The Encyclopedia of DNA El-
ements (ENCODE) Project (15,16), Functional Annotation
of the Mammalian Genome (FANTOM) Project (17), and

*To whom correspondence should be addressed. Tel: +1 713 500 6039; Fax: +1 713 500 0652; Email: leng.han@uth.tmc.edu
Correspondence may also be addressed to Lixia Diao. Email: ldiao@mdanderson.org
Correspondence may also be addressed to Zhao Zhang. Email: zhao.zhang@uth.tmc.edu
†The authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.

C© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0002-7380-2640
https://hanlab.uth.edu/HeRA/


Nucleic Acids Research, 2021, Vol. 49, Database issue D933

Roadmap Epigenomics Project (18) provide comprehensive
annotations of enhancers. By integrating these datasets, we
characterized the expression landscape and regulatory net-
work of eRNAs and their associations with different traits
across human tissues. We further developed a comprehen-
sive data portal, the Human enhancer RNA Atlas (HeRA),
to benefit the research community.

DATA COLLECTION AND PROCESSING

eRNA annotation and quantification

We collected the annotation of enhancers from EN-
CODE (Ensembl 87, http://dec2016.archive.ensembl.org/
index.html) (15,16), FANTOM (https://fantom.gsc.riken.
jp/5) (17) and the Roadmap Epigenomics Project (http://
www.roadmapepigenomics.org) (18) (Supplementary Fig-
ure S1A). We transformed all annotations to hg19
version using Liftover (https://genome.ucsc.edu/cgi-bin/
hgLiftOver) (19). We then integrated the eRNA anno-
tations following the methods reported in our previous
study (3). In brief, extending ±3kb around the middle en-
hancer loci, we screened enhancers that were annotated
in at least two of these databases as a potential eRNA
region. We excluded eRNA regions that overlapped with
known transcripts (1 kb extension from both transcrip-
tion start site and transcription end site), including cod-
ing genes and non-coding genes (e.g. tRNA, snoRNA
and miRNAs) annotated in at least one of the following
databases: Ensembl (http://dec2016.archive.ensembl.org/
index.html) (15), UCSC (https://genome.ucsc.edu/index.
html) (20) and GENCODE (https://www.gencodegenes.
org/human/release 19.html) (21) (Figure 1). We collected
RNA-seq files from GTEx (phs000424.v7.p2 on 26 July
2018, Supplementary Table S1) (14). We filtered out du-
plicate files by retaining the one with the largest num-
ber of reads. We then followed the methods described in
previous GTEx publications (22–24), and mapped these
reads to the human genome (hg19) using HISAT2 (http:
//daehwankimlab.github.io/hisat2/) (25), a SNP intolerant
alignment approach. We obtained 9,577 bam files across
54 human tissues from 548 donors. We then character-
ized eRNA expression to calculate the number of reads
for eRNA using SAMtools (26) and normalized the ex-
pression value using the reads per million (RPM) method
(27). We considered only eRNAs with relatively high ex-
pression levels (RPM ≥ 1) as detectable eRNAs (Figure 1).
We also used quantile normalization for all these eRNAs by
R package preprocessCore (https://github.com/bmbolstad/
preprocessCore). We further showed that co-expression
analysis for trait-related eRNAs, eRNA-TF pairs and puta-
tive eRNA target genes, is highly consistent between RPM
and quantile normalization in three tissues, including lung,
liver, and brain cerebellum (Supplementary Figure S1B).

Trait-related eRNAs

From the GTEx portal (https://www.gtexportal.org/home),
we collected six traits: gender, race, age, height, weight, and
body mass index (BMI) (14). We calculated the association
between individual eRNA expression and each trait across

tissues (28). We used the Student’s t test to assess the statisti-
cal difference between eRNAs from male and female tissue
donors and defined |fold change| > 1.5 and false discovery
rate (FDR) < 0.05 as statistically significant. We used the
analysis of variance (ANOVA) test to assess the statistical
difference in eRNAs based on race and defined FDR <0.05
as significant. Only groups with ≥5 samples were included
in the analyses by gender and race. We used Spearman’s cor-
relation to assess the statistical difference for the continuous
traits of age, weight, height, and BMI, and defined |Rho| ≥
0.3 and FDR < 0.05 as significant (Figure 1). All statistical
analyses were analyzed by R, version 3.5.

Putative regulators of eRNAs

We collected TFs from four TF data portals, An-
imalTFDB (http://bioinfo.life.hust.edu.cn/AnimalTFDB/)
(29), DBD (http://www.transcriptionfactor.org/) (30), JAS-
PAR (http://jaspar.genereg.net/) (31) and TF2DNA (http:
//www.fiserlab.org/tf2dna db/) (32), and retained TFs that
were annotated in at least one of these databases (Sup-
plementary Figure S2A). The expression matrix of TFs in
human tissues was obtained from the GTEx portal. We
then identified putative regulators of eRNAs based on the
co-expression between eRNA and TF across tissues. Co-
expression showing Spearman’s correlation Rho ≥ 0.3 and
FDR < 0.05 was considered to be significant. Furthermore,
we screened potential TF binding sites (TFBS) to vali-
date these eRNA–TF pairs. We collected TFBS based on
ChIP-seq datasets from ENCODE project (https://www.
encodeproject.org/) (33), and mapped them to those eR-
NAs co-expressed with TFs accordingly. Several TFs (e.g.,
CTCF, EP300, and RUNX3) have relatively high TFBS ev-
idences for eRNA–TF pairs (>90%, Supplementary Fig-
ure S2B and Table S2). For those TFs with low percent-
age evidences, we speculated that this is due to the lim-
ited number of ChIP-seq experiments in ENCODE, that
the majority of them are examined in ≤5 tissues/cell lines
(34). We also performed GO enrichment by DAVID on-
line tool (https://david.ncifcrf.gov/) (35) and observed that
top 30% TFs with higher/lower TFBS discovery rates were
both enriched in transcription related modules (Supplemen-
tary Figure S2C). We will update our data portal when new
ChIP-seq data released by ENCODE or other consortiums.

Putative eRNA target genes

We collected gene annotations from ENSEMBL
(http://dec2016.archive.ensembl.org/index.html)
(15), GENOCODE (https://www.gencodegenes.org/
human/release 19.html) (21) and UCSC (https:
//genome.ucsc.edu/index.html) (20) and merged them.
We collected the expression matrix of these genes across
human tissues from the GTEx portal. We identified
putative eRNA target genes based on relatively close dis-
tance (≤1MB) and significant co-expression (Spearman’s
correlation Rho ≥ 0.3 and FDR < 0.05) in each tissue.
We also performed random sampling (10 000 pairs) of
interchromosomal pairs, and observed that the Rho is
around 0.02 and FDR is around 0.3 (Supplementary
Figure S3A), which is much lower than our cutoff (Rho >
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Figure 1. Computational framework for HeRA database. Blue blocks denote datasets used in this study. RNA-seq, traits and gene expression matrix were
collected from GTEx. Enhancer annotation was collected from ENCODE, FANTOM and Roadmap Epigenetics Project. Transcription factors (TFs) were
collected from AnimialTFDB, DBD, JASPAR and TF2DNA. Gene annotations were collected from ENSEMBL, GENCODE and UCSC. Red blocks
denote processed data, including eRNA expression, traits, regulators and target genes. All processed data are available for downloading.

0.3 and FDR < 0.05), suggesting that our cutoff is reliable.
The strength of eRNA-target gene associations is inversely
dependent on the distance (Supplementary Figure S3B),
which is consistent with previous studies (e.g. FAMTOM5
and ENCODE) (36,37). In addition, non-strand specific
RNA-seq collected in GTEx dataset is not appropriate
to identify eRNA transcribed from antisense strand
(https://www.gtexportal.org/home/documentationPage)
(38). Therefore, we filtered out putative associations in
which the eRNA was located in the intronic region of the
target gene (3,39).

Web design of HeRA

We developed the interface of HeRA using the Boot-
strap 4 framework, which includes HTML, CSS and
JavaScript code (http://getbootstrap.com/). We designed the
HeRA website using Python 2.7.2, with the Django web-

framework. To perform data analyses and data plotting, we
used R, version 3.5.3. We provide all the data, including
eRNA expression, trait-related eRNAs, eRNA regulators,
and eRNA target genes, for browsing and querying in each
module of HeRA.

DATABASE CONTENT AND USAGE

Sample summary and expression landscape of human eRNAs

We collected 9577 samples across 54 normal human tissues,
ranging from 5 in cervix - endocervix to 477 in muscle -
skeletal, with median of 141 in liver and artery––coronary
(Supplementary Table S1). In these tissues, we identified
45 411 detectable eRNAs in total. The number of de-
tectable eRNAs in different tissues ranged from 2069 in
heart––left ventricle to 14 232 in testis, with median of 4629
in esophagus––mucosa (Supplementary Table S1).

https://www.gtexportal.org/home/documentationPage
http://getbootstrap.com/
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Data searching and browsing for four modules

We developed HeRA for browsing, searching, and down-
loading eRNA expression and trait-related eRNAs and the
co-expression network. HeRA consists of four modules: ex-
pression, traits, regulators and target genes (Figure 2A). In
each module, we designed two boxes: a tissue selection box,
in which users can select one or more tissues for querying
(Figure 2B); and an eRNA search box, in which users can
search eRNAs through the genomic region, eRNA ID or
gene symbol for querying (Figure 2C). For the eRNA search
box, typing in a genomic region eRNA will query all eRNAs
that overlap with that genomic region; typing in an eRNA
ID will query the unique eRNA with this ID; and typing in
a gene symbol will query all eRNAs located ±1 MB around
the transcription start site of the selected gene. In the mod-
ule traits, we supply an additional box for trait selection, in
which users can select one or more traits for querying (Fig-
ure 2D).

In the expression module, users can search the eRNA
expression landscape across tissues. For example,
ENSR00000282266, the eRNA located on chr17:6785018–
6791019 within 1 MB of tumor protein P53 (TP53), is
detectable in 32 tissues, and the mean expression value
in the brain - cortex is 2.55 (Figure 2E), suggesting this
might be a novel eRNA for P53. We also provided the
‘Download’ button to allow users to download sequence
in FASTA format for the queried eRNAs. In the traits
module, users can search trait-related eRNAs across
tissues. For example, ENSR00000246683, the eRNA
located on chrX:53211191–53217192 and within 1 MB
of lysine demethylase 5C (KDM5C), and sourced from
lung tissue, showed differential expression between male
and female tissue donors (Student’s t test, fold-change
= ––1.99 and FDR < 2.2 × 10−16, Figure 2F). This is
consistent with expression alternation of KDM5C be-
tween male and female in lung tissue (Supplementary
Figure S4A). ENSR00000191822, the eRNA located on
chr6:384543–390544 within 1 MB of interferon regulatory
factor 4 (IRF4), and sourced from splenic tissue, showed
significant association with the age of the tissue donor
(Spearman correlation Rho = 0.32, FDR = 0.028, Figure
2G). This is consistent with expression correlation of IRF4
and age in spleen tissue (Supplementary Figure S4B). In
the regulators module, users can search putative regulators
(e.g. TFs) of each eRNA across tissues. We used significant
co-expression (Rho ≥ 0.3 and FDR < 0.05) between eRNA
and TFs to identify the putative regulatory relationship.
For example, the expression of ENSR00000189515 is sig-
nificantly correlated with CCCTC-binding factor (CTCF),
a TF, in the brain – hippocampus (Rho = 0.69, FDR =
1.90 × 10−12), which suggests that CTCF is a potential
regulator of ENSR00000189515 (Figure 2H). In the target
genes module, users can search putative targets of eRNAs
across tissues. We used close distance (within 1 MB between
eRNA and gene) and significant co-expression (Rho ≥ 0.3
and FDR < 0.05) to identify putative target genes. For
example, ENSR00000341426 is within 1 MB of the andro-
gen receptor (AR), and significantly correlates with AR in
prostate tissue (distance = 474 778 bp, Rho = 0.46, FDR
= 1.39 × 10−5), which suggests that ENSR00000341426

may regulate the expression of AR in the prostate (Figure
2I).

Data download and maintenance

We provide download functions for all four modules of
HeRA. In the expression module, users can download the
image file as a PDF and table file in csv format and se-
quence file in FASTA format for a queried eRNA in each
tissue. The PDF file is consistent with the displayed image
in the expression module (e.g. Figure 2E) and the table file
includes the eRNA expression in each sample. In the traits
module, we provide a table file for all queried results and
a PDF for each queried trait (e.g. Figure 2F, G). For the
regulator module and target genesmodule, users can down-
load an image for each eRNA-gene pair as a PDF (e.g. Fig-
ure 2H, I). In addition, we provide a download page (https:
//hanlab.uth.edu/HeRA/download) to allow users to down-
load the whole dataset, including expression, co-expression,
and sequence for customized analysis.

SUMMARY AND FUTURE DIRECTIONS

By integrating multiple datasets, including ENCODE,
FANTOM, and GTEx, we systematically quantified the
expression of eRNA, trait-related eRNAs, putative eRNA
regulators, and putative eRNA target genes across 54 nor-
mal human tissues. We developed a user-friendly data
portal, HeRA, through which users can query, browse
and download eRNA and eRNA-related events across tis-
sues. HeRA can serve as a valuable resource for under-
standing the expression, association with traits, biogene-
sis and targets of eRNAs in human tissues. In this data
resource, we followed the computational pipeline intro-
duced by GTEx, that we used the SNP intolerant align-
ment. It is possible that reference mapping bias can lead
to false positive co-expression patterns. Further studies
are necessary to assess the impact of reference mapping
bias on the co-expression studies, and whether more com-
putationally expensive allele specific RNA-seq alignment
is necessary or not. Furthermore, it is a long-known
widespread consensus in the human genetic and systems bi-
ology field that for larger scale association studies, such as
GWAS, eQTL and co-expression network analysis (3,40–
43), RPM/RPKM/FPKM normalizations can be vulner-
able to confounding artifacts. There have been a number
of proposed solutions, including principal component nor-
malization (44), that can be used to reveal sources of con-
founders and build co-expression network. Furthermore, it
might be interesting to investigate the cross-species conser-
vation, despite the fact that it is still challenging to charac-
terize the cross-species conservation of ncRNAs (45), espe-
cially for the newly emerging eRNAs. We will conduct above
analyses to further refine HeRA data portal in the future.
In summary, we comprehensively characterized the eRNA
expression landscape across human tissues and provide a
useful data portal for investigating the function and under-
lying mechanism of eRNAs. We will continue to update this
useful resource along with the booming number of related
samples to benefit the research community.

https://hanlab.uth.edu/HeRA/download
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Figure 2. Overview of HeRA database. (A) Four modules of HeRA: expression, traits, regulators, and targets. (B) Interface of search boxes for tissues in
each module. Users can select one or more tissues for querying. Default is all tissues. (C) Interface of search boxes for eRNA in each module. Users may
query through the genomic region, eRNA ID, or gene symbol. (D) Trait selection function in the traits module. Users can select one or more traits for
querying. (E) Mean expression of ENSR00000282266 across tissues (bar) and in each individual sample of brain––cortex (dot). (F) Differential expression
of ENSR00000246683 in lung tissue between females and males. (G) Significant correlation of ENSR00000191822 with age in splenic tissue. (H) Co-
expression of ENSR00000189515 and putative regulator CTCF in brain––hippocampus. (I) Co-expression of ENSR00000341426 and putative target gene
AR in prostate tissue.



Nucleic Acids Research, 2021, Vol. 49, Database issue D937

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Genetic effects on gene expression across human tissues. Nature, 550,
204–213.

43. Tian,D., Wang,P., Tang,B., Teng,X., Li,C., Liu,X., Zou,D., Song,S.
and Zhang,Z. (2020) GWAS Atlas: a curated resource of
genome-wide variant-trait associations in plants and animals. Nucleic
Acids Res., 48, D927–D932.

44. Parsana,P., Ruberman,C., Jaffe,A.E., Schatz,M.C., Battle,A. and
Leek,J.T. (2019) Addressing confounding artifacts in reconstruction
of gene co-expression networks. Genome Biol., 20, 94.

45. Diederichs,S. (2014) The four dimensions of noncoding RNA
conservation. Trends Genet., 30, 121–123.


