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Comprehensive multi-omics analysis uncovers a
group of TGF-B-regulated genes among IncRNA EPR
direct transcriptional targets
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ABSTRACT

Long non-coding RNAs (IncRNAs) can affect multiple
layers of gene expression to control crucial cellular
functions. We have previously demonstrated that the
IncRNA EPR, by controlling gene expression at dif-
ferent levels, affects cell proliferation and migration
in cultured mammary gland cells and impairs breast
tumor formation in an orthotopic transplant model in
mice. Here, we used ChIRP-Seq to identify EPR bind-
ing sites on chromatin of NMuMG mammary gland
cells overexpressing EPR and identified its trans
binding sites in the genome. Then, with the purpose
of relating EPR/chromatin interactions to the reshap-
ing of the epitranscriptome landscape, we profiled
histone activation marks at promoter/enhancer re-
gions by ChIP-Seq. Finally, we integrated data de-
rived from ChIRP-Seq, ChiP-Seq as well as RNA-Seq
in a comprehensive analysis and we selected a group
of bona fide direct transcriptional targets of EPR.
Among them, we identified a subset of EPR targets
whose expression is controlled by TGF-pg with one
of them—Arrdc3—being able to modulate Epithelial
to Mesenchymal Transition. This experimental frame-
work allowed us to correlate IncRNA/chromatin in-
teractions with the real outcome of gene expression
and to start defining the gene network regulated by
EPR as a component of the TGF- pathway.

INTRODUCTION

In the last few years a large number of long non-coding
RNAs (IncRNAs) have been discovered in mammalian
genomes (1,2). Recent studies pointed to IncRNAs as reg-

ulators of fundamental aspects of biology due to their abil-
ity to reprogram gene expression and influence distinct cel-
lular functions including cell fate determination, cell cy-
cle progression, apoptosis and aging (3,4). Altered IncRNA
expression has been related to the dysregulation of cru-
cial cellular circuitries and may be involved in multiple hu-
man diseases including cancer (5,6). LncRNAs can affect
gene expression by controlling the function of transcrip-
tional complexes, modulating chromatin structure, partic-
ipating into ribonucleoprotein complexes or acting as de-
coys for proteins or micro-RNAs (4). The ability of IncR-
NAs to interact with other RNA molecules as well as
with DNA and proteins accounts for their multiple roles
in regulating distinct layers of gene expression (4). LncR-
NAs have been shown to control gene transcription at
the chromatin level by targeting chromatin-modifying en-
zymes or transcription regulators to specific genomic se-
quences either via direct interaction with nucleic acids or via
specific protein partners (3,4,7). Recently developed high-
throughput techniques—chromatin isolation by RNA pu-
rification (ChIRP), capture hybridization analysis of RNA
targets (CHART), chromatin oligo affinity precipitation
(ChOP), and RNA antisense purification (RAP)—have
boosted the discovery of chromatin targets of some IncR-
NAs (8-12). Nonetheless, limited attempts to correlate
IncRNA /chromatin interactions with the actual outcome in
terms of gene expression regulation have been made.

We have recently reported on EPR (acronym of Epithelial
Program Regulator, a.k.a. BC030870 in mouse), an inter-
genic IncRNA highly enriched in epithelial tissues and well
conserved in human and mouse (13). Although EPR con-
tains an open reading frame that is translated into a small
peptide localized at epithelial cell junctions, we reported
that the IncRNA profoundly affects gene expression with
the majority of changes being independent of the peptide
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biogenesis as shown by the phenotypic analysis of two inde-
pendent point mutants that abrogate the peptide biogenesis
(13). We also found that EPR overexpression prevents TGF-
B-induced Epithelial to Mesenchymal Transition (EMT)
and inhibits cell proliferation (13). This last aspect was
investigated in detail and we found that EPR regulates
the expression of Cdknla, the gene encoding the cyclin-
dependent kinase inhibitor CDKNIA (p21WAF1/Cipl),
at both transcriptional and post-transcriptional levels by
interacting with the transcription factor SMAD?3 and the
RNA-binding protein KHSRP (13). EPR overexpression in
mammary gland cells restrains cell proliferation and migra-
tion, and impairs breast tumor formation in an orthotopic
transplant model in mice (13).

Here, we identified EPR binding sites on chromatin
across the genome of EPR-overexpressing immortalized
NMuMG mammary gland cells by ChIRP-Seq and, with
the aim of relating EPR /chromatin interactions to the re-
shaping of the epitranscriptome, we profiled histone activa-
tion marks at promoter/enhancer regions by ChIP-Seq. The
integration of ChIRP-Seq, ChIP-Seq as well as RNA-Seq
data allowed us to derive a map of genuine direct transcrip-
tional targets whose expression is activated by EPR in mam-
mary gland cells and to identify a subset of targets that are
regulated during TGF-B-induced EMT in mammary gland
cells.

MATERIALS AND METHODS
Cell lines, transient transfections and cell treatments

Murine immortalized NMuMG cells (ATCC, no. CRL-
1636) were cultured in DMEM plus 10% FBS and 10
wg/ml bovine insulin (Sigma-Aldrich). NMuMG cells sta-
bly over-expressing EPR (NMuMG-EPR) as well as cells
stably transfected with the empty vector (mock) have been
previously described (13) and were maintained in selec-
tive medium containing 800 pg/ml G418 (Sigma-Aldrich).
Both wild-type NMuMG and NMuMG-EPR cells were
transiently transfected with either control siRNAs or
siRNA designed to knockdown murine EPR (5-GAGC
AAAAGAGAAUGCUUA-3) (Thermo Fisher) using the
Lipofectamine 2000 (Thermo-Fisher). NMuMG-EPR were
transiently transfected with either control siRNA or with
endoribonuclease-prepared esiRNA designed to knock-
down murine Arrdc3 (EMU189761 from Sigma-Aldrich)
using the Lipofectamine 2000 (Thermo-Fisher). For some
experiments NMuMG and NMuMG-EPR cells were main-
tained in DMEM supplemented with 2% for 16 h prior to
the addition of 5 ng/ml human recombinant TGF-B1 pur-
chased from R&D Systems. SB431542 compound was pur-
chased from Sigma-Aldrich, dissolved in Dimethyl sulfox-
ide (DMSO), and used at a 1| wM concentration.

qRT-PCR, analysis of nascent transcripts

Total RNA was isolated using the TriPure reagent (Roche)
and retro-transcribed (50 ng) using Transcriptor Reverse
Transcriptase (Roche) and random hexamers according to
manufacturer’s instructions. Quantitative PCR was per-
formed using the Precision 2X QPCR master mix (Primer
Design), and the Realplex II Mastercycler (Eppendorf)

according to manufacturer’s instructions. The sequence-
specific primers utilized for PCR reactions are listed in
Supplementary Table S1 and have been synthesized by
TIB MolBiol (Genova). In order to analyze gene expres-
sion changes among the pool of nascent mRNAs, we
adopted the Click-iT Nascent RNA Capture kit (Ther-
moFisher) and performed experiments according to man-
ufacturer’s instructions. Either NMuMG-EPR or mock
cells were pulsed with 0.5 mM 5-ethynyl Uridine (EU) for
1 hour, clicked, retrotranscribed, and analyzed by qRT-
PCR according to Click-iT Nascent RNA Capture kit
instructions.

Chromatin isolation by RNA purification (ChIRP) and high-
throughput sequencing

Chromatin isolation by RNA purification (ChIRP) was per-
formed according to the protocol published by Chu et al.
(9) with minor modifications. Briefly, 2.5 x 10’ NMuMG-
EPR cells were crosslinked in 1% glutaraldehyde in PBS
at room temperature for 10 min on an end-to-end rotator.
After glutaraldehyde quenching and repeated washes, cell
pellets were weighted and resuspended in 1.0 ml of com-
plete lysis buffer (50 mM Tris—Cl pH 7.0, 10 mM EDTA,
1% SDS, 1x Complete (Roche), 500U RNAse inhibitor)
per each 100 mg of cell pellet. Cell suspensions were son-
icated for 90 min (power set to 70%) and the sonicated cell
lysate was centrifuged at 16 100 x g at 4°C forl0 minutes.
Lysates were divided into two 1 ml aliquots, transferred into
polypropylene tubes, mixed with 2 ml Complete Hybridiza-
tion Buffer (750 mM NacCl, 1% SDS, 50 mM Tris—Cl, pH
7.0, 1 mM EDTA, 15% formamide, 1x Complete, 1000 U
RNAse Inhibitor) and hybridized with 1 pl (100 pmol) of
either EVEN or ODD pools of 20-mer 3’ Bio-TEG DNA
oligonucleotides designed with single-molecule FISH on-
line designer (Stellaris) (see Supplementary Table S1), re-
spectively. Hybridization was carried out at 37°C for 4 h
under continuous shaking. Since the two pools of ODD
and EVEN probes are different, the two respective pools of
chromatin pulled-down by off-target hybridization would
be different while only the chromatin DNA associated with
EPR would be commonly pulled down by both the ODD
and EVEN probes (9). Seventy microliters of pre-washed
C-1 magnetic beads (Thermo Fisher) were added to each
hybridization mixture for 30 min at 37°C under continuous
shaking. Beads were immobilized and washed four times
for 5 min at 37°C with shaking (wash buffer: 2x NaCl and
sodium citrate (SSC), 0.5% SDS, 1x Complete). While one
aliquot (10% of the material) was utilized for RNA extrac-
tion, the remaining 90% was subject to DNA purification
by incubating two times each bead pellet with 150 pl com-
plete DNA elution buffer (50 mM NaHCO3, 1% SDS, 25
pg/ml RNAseA, 100 U/ml RNAseH) for 30 min at 37°C
with shaking. Eluted DNA was incubated with Proteinase
K (1 mg/ml final dilution) for 45 min at 50°C with shak-
ing, extracted with phenol/chlorophorm/isoamylalchool
and ethanol-precipitated. ChiRP was performed in tripli-
cate and precipitated DNA was utilized either for library
construction or gPCR analysis using specific primers (Sup-
plementary Table S1). Libraries were constructed using the
ChIP Elute Kit and DNA SMART ChIP-Seq Kit sequenc-
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ing library preparation from low-input DNA templates (Il-
lumina), 75 nt paired-end.

ChIP-Seq and ChIP-qPCR

ChIP experiments were performed as previously described
(13) with minor modifications. Briefly, lysates were gener-
ated from 40 x 10° cells. Each lysate was immunoprecip-
itated with 1 pg of anti-histone H3 lysine 4 trimethylated
(H3K4me3, ab8580 from Abcam), 2 wg anti-histone H3 ly-
sine 27 acethylated (H3K27ac, ab4729 from Abcam), 4 pg
anti-SMAD?3 (ab28379 from Abcam) antibodies (and the
corresponding control IgG). Antibodies were prebound to
20 pl of A/G protein-coupled paramagnetic beads (Thermo
Fisher) in PBS/BSA 0.5% for 2 h at 4°C. Beads were
then added to lysates, and incubation was allowed to pro-
ceed overnight. Beads were washed six times in a modi-
fied RIPA buffer (50 mM HEPES [pH 7.6], 500 mM LiCl,
I mM EDTA, 1% NP-40 and 0.7% Na-deoxycholate) and
once in TE containing 50 mM NaCl. DNA was eluted in
TE containing 2% SDS and crosslinks reversed by incuba-
tion at 65°C for 2 h. DNA was then purified by Qiaquick
columns (Qiagen). Each ChIP experiment was performed
in triplicate. DNA was utilized either for library construc-
tion or qPCR analysis using specific primers (Supplemen-
tary Table S1). Libraries were constructed using the ChIP
Elute Kit and DNA SMART ChIP-Seq Kit sequencing
library preparation from low-input DNA templates (Illu-
mina), 75nt paired-end. For some experiments the Magna
ChIP™ A /G Chromatin Immunoprecipitation Kit (Merck—
Millipore) was used with identical results.

RNA-Seq analyses

RNA-Seq data were processed as previously described
in (13). Briefly, raw reads (GSE113178) were trimmed
at the ends to remove low-quality calls with FASTX
(http://hannonlab.cshl.edu/fastx_toolkit). Paired-end reads
were aligned and mapped to indexed mm10 genome with
STAR (v 2.3.0e_r291). To quantify expression levels,
mapped reads were counted from BAM files with HTSeq
counts version 1.2.1 in intersection-strict mode, feature
type exon and id attribute genme_name against reference
annotation Ensembl GRCm38.74. Abundance files were
imported in R.3.1.1 with the tximport function from the
package TxImport.1.2.0, with option txOut = TRUE to
quantify alternatively spliced transcripts. edgeR_3.16.5
and limma_3.30.13 were used to log, transform tran-
scripts count in count per million (cpm). Only transcript
with >1cpm in at least three samples were retained.
cpm were then transformed by library size and normal-
ized by mean variance with limma-voom. Statistics and
log-ratio were calculated with limma-eBayes (13). We
kept mock vs EPR differentially expressed transcripts
when the observed Bayesian statistic was significant
(Benjamini and Hochberg corrected P value < 0.01; llog
FCl> 1.5). In order to test for the biological coefficient
of variation and to predict statistical power we took
advantage of the RnaSeqSampleSize (Bioconductor)
package (https://bioconductor.org/packages/release/data/
experiment/html/RnaSeqSampleSizeData.html) applying
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the following set of parameters: (i) number of samples
in each group: 3; (il) minimal fold change between two
groups: 2.8 (log FC 1.5); (iii) prior data: User’s prior
dataset with nine samples; (iv). false discovery rate: 0.01.
Meta-analysis of EPR expression in mouse mammary
gland datasets derived from single cell RNA-Seq (14) was
performed using the online tool available at the website
https://marionilab.cruk.cam.ac.uk/mammaryGland/.

Analysis of h.EPR (LINC01207) expression in human sam-
ples

Meta-analysis of RNA-Seq data of h.EPR in normal sam-
ples was performed by searching for h.EPR (LINC01207)
expression in different subpopulations of FACS-sorted nor-
mal breast cells (15). Correlation analysis between the ex-
pression levels of EPR targets and epithelial markers in
both breast invasive carcinoma and normal samples from
the TCGA datasets as well as normal mammary gland tis-
sues was performed using GEPIA2 (an online tool for ana-
lyzing the RNA sequencing expression data, (16)). In order
to investigate h.EPR expression in breast cancer samples we
interrogated publicly available cancer omics TCGA data us-
ing the interactive web resource UALCAN (17).

ChIRP-Seq analyses

Raw reads were processed with BBDUK (https://jgi.doe.
gov/data-and-tools/bbtools/) to remove low quality and
adapters sequences from both ends. The resulting trimmed
reads were aligned by BWA-mem (18) with a mouse refer-
ence genome (mm10) and duplicate reads were marked with
Sambamba (19). BigWig profiles were generated to visu-
ally inspect genomic enrichments. Peaks were detected for
each sample using MACS2 (20) version 2.1.1 (parameters:
-g mm —llocal 100 000). A common set of peaks were ob-
tained by merging overlapping peaks between samples. R
3.6.2 Bioconductor package ChIPpeakAnno (21) version
3.20.0 was used to annotate the resulting peaks to the ref-
erence annotation Ensembl GRCm38 release 74. A gene is
associated with a peak as a proximal target while the center
of the peak itself is located up to 6 kb upstream or up to
500 bp downstream respect to the transcription start site
(TSS) of the gene. A gene is associated with a peak as a
distal target while: (i) the center of the peak itself is lo-
cated between 50 and 6 kb upstream respect to the tran-
scription start site (TSS) of the gene and (ii) it’s the nearest
gene to the peak. Motif analysis of the resulting peaks was
performed using HOMER (22) version 4.9.1 tool findMo-
tifsGenome.pl. DNA binding domains (DBD) analysis was
performed using Triplex Domain Finder (23) with the de-
fault randomization processes performed for 10 000 times
and the minimum length of triplex (1) set to 14. Raw data
along with processed files (BigWig) have been deposited
in the GEO (https://www.ncbi.nlm.nih.gov/geo/) database
with accession number GSE147208.

ChIP-Seq analyses

Raw reads were processed with BBDUK (https://jgi.doe.
gov/data-and-tools/bbtools/) to remove low quality and
adapters sequences from both ends. The resulting trimmed
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reads were aligned by BWA-mem (13) with a mouse
reference genome (mm10) and duplicate reads were re-
moved with GATK PicardTools MarkDuplicates (http://
broadinstitute.github.io/picard/). BigWig profiles were gen-
erated to visually inspect genomic enrichments. Peaks were
detected for each sample using MACS2 (20) version 2.1.1.
Differential binding analysis was performed separately for
H3K4me3 and H3k27ac experiments using R version 3.6.1
Bioconductor package DiffBind (24) version 2.14.0. R 3.6.2
Bioconductor package ChIPpeakAnno (21) version 3.20.0
was used to annotate the resulting differentially bound sites
to the reference annotation Ensembl GRCm38 release 74. A
gene is associated with a differentially bound site as a prox-
imal target while the center of the site itself is located up to
6 kb upstream or up to 500 bp downstream respect to the
transcription start site (TSS) of the gene. A gene is associ-
ated with a differentially bound site as a distal target while:
(1) the center of the site itself is located between 50 and 6
kb upstream respect to the transcription start site (TSS) of
the gene and (ii) it’s the nearest gene to the site. Volcano
plots showing differentially bound sites and their corre-
sponding annotated genes were rendered using R packages
ggplot2 (25) version 3.3.0. Raw data along with processed
files (BigWig) have been deposited in the GEO (https://
www.ncbi.nlm.nih.gov/geo/) database with accession num-
ber GSE148182.

Integrative multi-omics analyses

Intersections between annotated genes from RNA-seq,
ChIRP-seq, and ChIP-seq datasets were performed and
rendered using R version 3.6.1 package UpSetR (26) ver-
sion 1.4.0.

RESULTS
Systematic identification of EPR-chromatin—binding sites

We have previously shown that the IncRNA EPR over-
expression causes a vast reshaping of gene expression pat-
tern in immortalized NMuMG mammary gland cells and
we focused our previous studies on the transcriptional and
post-transcriptional regulation of Cdknla gene (13). Here
we wanted to systematically analyze the role of EPR on
transcriptional control at the genomic scale to uncover ad-
ditional direct target genes that may contribute to the mul-
tifaceted phenotype displayed by EPR-overexpressing cells.

First, we analyzed in depth our previous RNA-Seq data
and noticed that 67% of the genes whose expression is signif-
icantly affected (Benjamini and Hochberg corrected P value
< 0.01; llog, FCl > 1.5) in NMuMG-EPR when compared
mock is upregulated.

Some of the gene expression changes detected by RNA-
Seq were validated by RT-qPCR analysis in Rossi ez al. (13).
Here, in order to strengthen our results, we (i) extended
the validation to genes whose expression increment has a
FC closer to the minimum threshold (Supplementary Fig-
ure S1A) and (i1) performed statistical power analysis of the
data that yielded an estimation of 94%. Then, we measured
the nascent transcript levels of a number of genes upreg-
ulated in NMuMG-EPR and found that EPR overexpres-
sion results in a significant enhancement of gene transcrip-

tion (Figure 1A). To select direct transcriptional targets of
EPR, we adopted the experimental pipeline schematically
described in Figure 1B.

First, to perform genome-wide mapping of EPR bind-
ing sites, we used chromatin isolation by RNA purification
followed by high throughput sequencing (ChIRP-Seq) (9).
We generated an average of 12.5 million mapped paired-
end reads for each of two independent pools of EPR-bound
oligonucleotides (indicated as ODD or EVEN, see Ma-
terials and Methods and Supplementary Table S1). The
two pools of oligonucleotides yielded similar ChIRP-Seq
results, as revealed by a significant (P < 0.05) Pearson’s
correlation (r = 0.74). qRT-PCR-based analysis of input
and pulled-down RNA showed that both ODD and EVEN
oligonucleotides pulled-down >75% of EPR RNA while
they did not pull-down Rpl32 mRNA (non-specific control,
Supplementary Figure S1B). EPR binding to chromatin dis-
played a significant enrichment at its own genomic site of
transcription while no enrichment was detected at nearby
genes (in a 1 Mb region of chromosome 8) thus ruling out
a possible cis-regulatory role (Supplementary Figure SIC
and (13)).

Considering the concordant sites in both EVEN and
ODD pools, we identified 23,382 EPR binding sites. As re-
ported for other IncRNAs, EPR binding sites are numerous,
focal, and interspersed in the genome (9,12). Binding sites
are characterized by a median length of 393 nt, are evenly
distributed throughout the chromosomes (Supplementary
Figure S1D), and are enriched in gene-populated regions
(Supplementary Figure S1E, upper panel). More specifi-
cally, EPR binding sites accumulate in proximity of the tran-
scriptional units but are strongly depleted in the immediate
adjacency of the transcription start sites (TSS) (Supplemen-
tary Figure S1E, lower panel).

We analyzed the density of EPR binding sites in the
genomic regions spanning from the TSS to 500 kb up-
stream and tested the enrichment of genes upregulated in
NMuMG-EPR compared to mock at incremental distances
(50, 100, 150 and 500 kb upstream) (Fisher’s exact test).
As shown in the density plot presented in Supplementary
Figure S1F, the highest density of binding sites is located
in the region between TSS and —50 kb. Similarly, the high-
est concentration of peaks detected in genes upregulated in
NMuMG-EPR compared to mock is located in the same
region with a significant enrichment (P < 0.05, odds ra-
tio > 1) (Supplementary Figure S1F). Thus, we focused on
5777 EPR target genes that are in this genomic region and,
henceforth, we will indicate as ‘proximal’ targets those genes
that show EPR binding site in a region located between the
TSS and -6.0 kb and as “distal’ targets those genes that dis-
play EPR binding sites in a region spanning from —6.0 kb
and —50 kb. Examples of EPR interaction with proximal
and distal targets are shown in Figure 2A and qPCR-based
validation of the ChIRP-Seq results is shown in Figure 2B.

We previously reported that EPR recruits SMAD?3
molecules at the Cdknla promoter thus affecting its tran-
scription (13). Using the HOMER tool (22) to search for de
novo DNA-binding motifs in chromatin regions targeted by
EPR, we found a significant enrichment, among others, of
SMAD3 consensus motifs in proximal targets (Figure 3A,
P < 1e-26). We validated the interaction of SMAD3 to a
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Experimental framework
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Figure 1. (A) qRT-PCR analysis of nascent mRNAs in NMuMG cells stably transfected with either the empty vector (mock, black bars) or EPR (NMuMG-
EPR, green bars). Please note the logarithmic scale of the graph. The values of qRT-PCR experiments shown are averages (:SEM) of three independent
experiments performed in triplicate. Statistical significance: **P < 0.001 (Student’s 7 test). (B) Schematic representation of the experimental framework

adopted in this study.

representative number of EPR target sites by anti-SMAD?3
ChIP analysis (Figure 3B).

Altogether, ChIRP-seq analysis allowed us to identify
trans-genomic binding sites for EPR with many of them be-
ing associated to potential regulatory regions.

Interaction mode of EPR with chromatin

Formation of triple helix nucleic acid structures, involving
Hoogsteen base-pairing interactions between RNA and the
major groove of double-stranded DNA, has been described
(27). Tt has been reported that several of IncRNAs use
this mechanism to directly target specific sequences across
the genome and exert their regulatory functions (28-30).
A computational method, denominated Triplex Domain
Finder (TDF), has been recently developed by Costa et al.
to detect triplex forming regions in IncRNAs and in their
targets across the human genome (23). We adopted TDF
to investigate the ability of EPR to form triplexes with ei-
ther its proximal or distal targets. TDF analysis revealed
six distinct DNA Binding Domains (DBDs, designated I-
VI) with domains I, V and VI displaying a high propensity
(higher z-score) to form triple helices with EPR targets (Fig-
ure 3C). Our analysis revealed also that EPR has the poten-
tial to form triple helices in cis at the exact location where it
is transcribed (so-called autobinding, (23,30)) (Figure 3C).
Figure 3D shows that approximately two thirds of EPR tar-
gets can associate to its DBDs thus originating triplex target
DNA sites (TTSs). Interestingly, these results are similar for
proximal and distal regulatory targets.

Altogether, our data suggest that EPR has the potential
to interact with the majority of its targets through triple he-
lix formation.

Chromatin profiling reveals that EPR overexpression
reshapes the landscape of histone marks at active
promoter/enhancer regions

We investigated on a genomic scale whether EPR over-
expression in NMuMG cells affects the deposition of
epigenetic marks of transcriptional activation on chro-
matin. To this purpose, we profiled by ChIP-Seq analy-
sis the genomic occupancy of histone H3 lysine 27 acety-
lated (H3K27ac)—a mark associated with active promot-
ers and enhancers (31,32)—and of histone H3 lysine 4
trimethylated (H3K4me3)—which selectively marks active
and poised transcription start sites (33,34)— in NMuMG-
EPR compared to mock. As shown in the heatmaps pre-
sented in Supplementary Figure S2A and S2B, EPR over-
expression enhances the deposition of either H3K27ac
or H3K4me3 marks, respectively, at a large number of
genes. We validated ChIP-Seq results by ChIP-qPCR anal-
ysis as presented in Supplementary Figure S2C. Vol-
cano plot analyses shown in Figure 4A and B show that
EPR over-expression strongly enhances the number of
genes that are transcriptionally activated or poised to be
transcribed.

In order to correlate the induction of histone activation
marks with gene expression changes, we intersected the list
of genes displaying enhanced levels of either H3K27ac or
H3K4me3 marks with the list of genes whose expression
is increased in NMuMG-EPR when compared to mock.
Figure 4C shows that 50% of genes whose expression is
upregulated in NMuMG-EPR presents enhanced levels of
H3K27ac (39.1% in proximal, and 9.9% in distal regions,
respectively). As expected, the number of genes that dis-
play enhanced H3K4me3 mark at distal regulatory location
is extremely limited (0.84%) while 37.4% of genes whose
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Figure 2. ChIRP-Seq analysis of chromatin targets of EPR. (A) Representative snapshots of ChIRP-Seq experiments—centered on the indicated
genes—showing two proximal (Z/6ra, Mettl7al) and two distal (Hdacll, Ocln) targets of EPR. The genomic coordinates of each target gene are repre-
sented on the top of each panel. The position of the relevant ChIRP peaks (overlapping in both EVEN and ODD samples) is marked by a green arrowhead
while blue arrows indicate the transcription direction. (B) qPCR analysis of the EPR genomic targets. Both input DNA and DNA purified using either
ODD (red bars) or EVEN (blue bars) tiling oligonucleotides were analyzed by qPCR to amplify a region in Rp/32 and B2m genes (negative controls) or
the indicated target genes. Values, represented as percentage of input, are averages (:SEM) of three independent experiments performed in triplicate.

expression is upregulated in NMuMG-EPR presents en- Bona fide direct transcriptional targets of EPR

hanced levels of this activation mark at proximal regions

(Figure 4D).

Altogether, our data indicate that approximately one half
of genes induced by EPR overexpression display accumu-
lation of histone marks of gene transcriptional activation

predominantly at their promoter/TSS regions.

Final aim of this study was to identify bona fide direct tar-
gets of EPR among genes that display enhanced deposition
of histone activation marks at their promoter/enhancer re-
gions and whose expression is increased in NMuMG-EPR.

First, to define if EPR binding to regulatory regions up-
stream of the TSS influences the deposition of histone acti-
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Figure 3. Analyses of EPR genomic targets. (A) HOMER de novo transcription factor binding motifs enriched in either proximal (left) or distal (right)
binding sites of EPR to chromatin. P-values for motif enrichment are shown. (B) Chromatin prepared from NMuMG-EPR was immunoprecipitated using
either normal mouse I1gG (cIgG) or mouse monoclonal anti-SMAD3 antibody. The association of SMAD3 with a select group of EPR binding sites on
chromatin was verified by qPCR using specific primers. The values of qPCR experiments shown are averages (=SEM) of three independent experiments
performed in triplicate. Statistical significance: **P < 0.001 (Student’s ¢ test). (C) Triplex Domain Finder (TDF) analysis of the interaction between EPR
and its proximal (left) or distal (right) targets. Upper panels, the number of triplexes is shown in blue while regions highlighted in grey indicate significant
DNA binding domains (DBDs) (y-axis). The position of triplexes and DBDs is presented with respect to the EPR sequence (x-axis). Pink bars mark the
position of EPR regions able to undergo autobinding. Lower panels, TDF analysis reveals a high propensity (higher z-score) of domains I, V and VI of
EPR to form triple helices when compared to other domains. (D) Pie charts showing the percentage of EPR target sequences that can associate with EPR
DNA binding domains.
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Figure 4. Profiling of activation histone marks. (A and B). Volcano plots showing genes with differential occupancy by either H3K27ac (panel A) or
H3K4me3 (panel B) marks in NMuMG-EPR versus mock. (C and D) Pie graphs showing the percentage of genes that, among those induced in NMuMG-
EPR when compared to mock, display enhanced occupancy by either H3K27ac (panel C) or H3K4me3 (panel D) marks in proximal and distal regions as

indicated.

vation marks, we intercrossed ChIRP-Seq data with ChIP-
Seq profiles. As presented in Figure SA, 17.25% of the prox-
imal EPR target sites show enhanced deposition of the
H3K4me3 mark upon EPR overexpression while, as ex-
pected, there was a minimal enrichment of H3K4me3 in the
distal regions. In parallel, we calculated that 26.5% of EPR
target genes (15.6% proximal and 10.87% distal) display en-
hanced accumulation of the H3K27ac mark in NMuMG-
EPR compared to mock (Figure 5B).

Next, we intersected data derived from ChIRP-Seq with
our previous RNA-Seq (13). As shown in Figure 5C, ~20%
of upregulated genes display binding sites for EPR in their
promoter/enhancer regions (10.5% in proximal and 8.4% in
distal regions, respectively).

To comprehensively integrate our data, we used UpSet
plot representations. The matrix shown in Figure 5D, left

panel, provides a synthetic view of the number of EPR di-
rect genomic targets that are enriched with histone activa-
tion marks. The right panel of Figure 5D provides a view of
the number of EPR targets that are enriched with the two hi-
stone activation marks and whose expression is enhanced in
NMuMG-EPR compared to mock. This analysis resulted
in the selection of 42 genes listed in Table 1. We calculated
that 21 of these targets possess a TTS specifically associated
with a DBD of EPR and, thus, may form a triple helix. Vali-
dation of the enhanced expression of a subset of these genes
in NMuMG-EPR is shown in Figure SE. Most important,
Figure SF shows that EPR silencing in both NMuMG-EPR
and NMuMG cells significantly reduced the expression lev-
els of a group of direct EPR target genes.

Altogether, our strategy brought us to the identification
of a set of genes that are bona fide functional direct tran-
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Figure 5. Identification of bona fide direct transcriptional targets of EPR. (A) Pie graph showing the percentage of genes that, among those directly bound

by EPR, display enhanced H3K4me3 deposition at proximal or distal target regions upon EPR overexpression. (B) Pie graph showing the percentage of

genes that, among those directly bound by EPR, display enhanced H3K27ac deposition at proximal or distal target regions upon EPR overexpression. (C)
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(lower) transiently transfected with either control siRNA (siC) or siRNA designed to silence EPR expression (siEPR). The values of qRT-PCR experiments
shown are averages (:SEM) of three independent experiments performed in triplicate. Statistical significance: *P < 0.01, **P < 0.001 (Student’s 7 test).
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Table 1. Bona fide direct transcriptional targets of EPR

Gene name Known biological function TGF-B Gene name Known biological function TGF-B
Anks4b Intermicrovillar adhesion regulator ° Hdacll Histone deacetylase °
Arrde3 Negative regulator of locomotion ° Hectd? Ubiquitin protein ligase
Cdknla Negative regulator of cell growth Kif13b Cytoskeleton reorganizer °
Celsrl Cell adhesion regulator ° Man2b2 Protein deglycosylase
Cndp2 Glutathione biosynthetic process Myold Microfilament motor activity regulator °
regulator
Cp Copper/iron ions transporter ° Naip2 Inflammasome complex component °
Cpne8 Modulator of cellular response to Nrbp2 Intracellular signal transducer
calcium ion
Cth Cysteine biosynthetic process ° Ocln Cell-cell junction organizer °
component
Cxcl5 Chemokine-mediated signaling ° Parml Endoplasmic reticulum component
pathway component
Dnml Receptor-mediated endocytosis Pik3c2b PI3K family member, cell-cell °
regulator junctions
Ddit4 Negative regulator of TOR signaling Pilrb2 Immune system regulator °
Endodl Endonuclease Plac8 Chromatin binding protein °
Erbb3 Growth factor receptor, tight junctions ° Plekha7 Epithelial cell-cell adhesion regulator °
component
Fignl2 Microtubule dynamics regulator Scamp5 Regulator of calcium-dependent °
exocytosis
Fgdl Actin cytoskeleton organizer Slcl2a2 Regulator of ionic balance and cell °
volume
Fst Activin antagonist Smagp Regulator of epithelial cell-cell °
contacts
Gcele Component of the cellular response to ° Spint2 Negative regulator of cell motility °
various stimuli
Gimdl (Gm5549) GTP binding protein ° Stap2 Signaling linker °
Gsap Regulator of proteolysis ° Syt7 Regulator of calcium-dependent
exocytosis
Gripl GTPase activator ° Tobl Anti-proliferative factor °
Ho6pd Glucose metabolism regulator, ° Wtdc2 Protease inhibitor °
hallmark of EMT

List of bona fide direct transcriptional target genes of EPR. Dots mark genes whose expression is significantly down-regulated by TGF-3 (24 h treatment,

P < 0.001, Student’s 7 test, see (36)).

scriptional targets of EPR upon its binding to chromatin
(from now on indicated as EPR targets).

Functional characterization of select EPR targets

‘We have reported that in both murine and human mammary
gland cells EPR is expressed nearly exclusively in the lumi-
nal lineage (13). Thus, we investigated if EPR targets share
the same cellular distribution with the IncRNA. Metadata
analysis revealed that all EPR targets are expressed in lu-
minal cells and, importantly, a large group of targets has
prominent expression in mature and progenitor luminal
cells when compared to other lineages as shown by both
single cell RNA-Seq in mouse and RNA-Seq in human
datasets (Supplementary Figure S2A and S3B, respectively,
and data not shown, refs. 14,15).

Next, taking into account that EPR down-regulation
by TGF-B signaling contributes to achieve the full spec-
trum of TGF-B effects in mammary gland cells (13), we
wanted to investigate whether EPR targets undergo TGF-3-
dependent regulation. Interestingly, the analysis of our pre-
vious RNA-Seq data derived from NMuMG cells treated
with TGF-B (35), revealed that two thirds of EPR tar-
gets (28 out of 42) are significantly down-regulated in cells
treated with TGF- compared to control cells (Table 1). Ex-
amples of strong down-regulation of EPR targets upon 24
h of TGF-B treatment are presented in Figure 6A. The re-

quirement of TGF-B type I receptor signaling was demon-
strated by the ability of SB431542 compound (a selective in-
hibitor of ALKS, 4 and 7, (13)) to hinder TGF-B-induced
down-regulation of EPR targets (Supplementary Figure
S4). Importantly, EPR overexpression prevented TGF-3-
induced down-regulation of the same targets (Figure 6B)
thus indicating that EPR antagonizes the effect of TGF-8
on the expression of its target genes.

Among EPR targets, we focused on a-arrestin domain-
containing protein-3 (ARRDC3) given its importance as
a tumor suppressor in metastatic breast cancer (36,37)
and evaluated the consequences of its siRNA-mediated si-
lencing in NMuMG-EPR. Figure 6C shows that down-
regulation of Arrdc3 in cells overexpressing EPR signifi-
cantly increased the expression of the mesenchymal mark-
ers Fnl, Cdh2, Snail and Tnc that are hallmarks of EMT
(38). Finally, Figure 6D shows that Arrdc3 knock-down in
NMuMG-EPR significantly enhanced TGF-B-dependent
induction of EMT markers.

Altogether our data uncover a group of TGF-B-regulated
genes among EPR targets ARRDC3 being able to modulate
Epithelial to Mesenchymal Transition.

DISCUSSION

Although some advances have been made over the last years
through the development of novel technologies aimed at
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Figure 6. A group of direct EPR targets is regulated by TGF-B and silencing of the Arrdc3 gene upregulates the expression of EMT factors. (A) qRT-PCR
analysis of the indicated targets of EPR in NMuMG cells serum-starved (2% FBS, 16 h) and either treated with TGF- (5 ng/ml) for 24 h or untreated. (B)
qRT-PCR analysis of the indicated EPR target transcripts in either mock or EPR-overexpressing (EPR) NMuMG cells serum-starved and either treated
with TGF-B (+) for 24 h or left untreated (—). (C) qRT-PCR analysis of the indicated transcripts in NMuMG-EPR transiently transfected with either
control esiRNA (siC) or esiRNA designed to silence Arrdc3 expression (sidrrde3). (D) qRT-PCR analysis of the indicated transcripts in NMuMG-EPR
transiently transfected with either control esiRNA (siC) or esiRNA designed to silence Arrdc3 expression (siArrdce3). 24 hours after transfection, cells were
serum starved and then either treated with TGF- (+) for 24 h or left untreated (—). The values of qRT-PCR experiments shown are averages (:=SEM) of
three independent experiments performed in triplicate. Statistical significance: *P < 0.01, **P < 0.001 (Student’s 7 test).
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characterizing IncRNA /chromatin contacts, understanding
the transcriptional control operated by IncRNAs remains
a formidable challenge. A still open question in the field
is to predict and define the transcriptional functionality of
IncRNAs bound to chromatin. To our best knowledge, very
few studies attempted to provide a comprehensive and sys-
tematic comparison between IncRNA /chromatin interac-
tions and the final modulation of the expression of target
genes (12,39). Here, we applied a combination of genomic
approaches to identify target genes whose transcription is
directly controlled by EPR in mammary gland cells over-
expressing the IncRNA and uncovered, among them, select
targets that belong to the TGF-B-modulated EMT pathway.
As it was described for other IncRNAs, EPR binds to nu-
merous genes (9-12). To our surprise, the multi-omics se-
lection strategy that we adopted yielded 42 genes that ful-
fill our experimental requirements, (i) to be directly con-
tacted by EPR in regulatory regions upstream of the TSS,
(i1) to show enhanced histone activation marks at their
promoter/enhancer regions and (iii) to be upregulated in
NMuMG-EPR when compared to mock. The selected
genes can be considered as bona fide direct transcriptional
targets of EPR and their small number can be undoubt-
edly ascribed to the stringent criteria that we applied to the
analysis of RNA-Seq data with the purpose of minimiz-
ing the number of false positives (see Materials and Meth-
ods section). However, there can be other explanations that
imply the existence of additional functional outcomes for
EPR-chromatin interactions besides transcriptional activa-
tion. Although we observed a predominant upregulation of
gene expression in NMuMG-EPR, it is possible that EPR
interaction with some regulatory regions provokes down-
regulation of the expression of some target genes and ad-
ditional studies will be required to explore this aspect. In-
deed, our de novo motif analysis of EPR-bound genomic
regions revealed enrichment of potential binding sites for
transcription factors able to take part into either activation
or repression complexes thus leaving open the possibility
that EPR /chromatin interaction may result in either pos-
itive or negative control of gene expression. We must also
consider that EPR binding to chromatin could be required
for the co-transcriptional recruitment of protein complexes
involved in post-transcriptional modifications of mRNA,
such as polyadenylation and alternative splicing as it was
suggested for other IncRNAs (40-42). Indeed, preliminary
data from our laboratory indicate that EPR can associate
with a polyadenylation complex (P.B. et al., unpublished).
Another interesting outcome derived from the matrix
analysis presented in Figure 5D, is that we show a group of
genes that are upregulated in NMuMG-EPR—in the pres-
ence or in the absence of histone activation marks—and do
not interact with EPR in the regulatory regions that we an-
alyzed. Indeed, it is possible that these genes are indirectly
regulated by EPR through changes in the expression of di-
rect EPR targets. We can also envisage the possibility that
EPR binding to genomic regions that we did not analyze in
this study (intronic or far-upstream enhancers) could me-
diate long-range three-dimensional arrangements of chro-
matin that can lead to enhanced expression of some genes.
To this respect, chromosome conformation capture com-
bined with high-throughput sequencing experiments ap-

plied to select genes that are upregulated in NMuMG-EPR
overexpression—and do not display EPR binding to the ge-
nomic regions analyzed in this study—are in progress in
our laboratory. Finally, taking into account that EPR was
originally identified through its interaction with the mRNA
decay promoting factor KHSRP and its ability to impair
KHSRP activity (13), we can explain the upregulation of a
group of genes that neither display direct interaction with
EPR nor show enhanced histone activation marks with the
hypothesis that their expression changes may result from the
ability of EPR to prevent mRNA decay.

It has been suggested that IncRNAs may interact with
chromatin via different modes (43). IncRNAs can be tar-
geted to DNA through interaction with either chromatin
and DNA modifiers, or proteins endowed with the dual ca-
pability to bind to RNA and DNA, or RNA binding pro-
teins that, in turn, facilitate their interaction with DNA
binding proteins (43). Although this represents a possible
scenario for EPR that could be investigated through com-
prehensive searches for nuclear protein partners, our atten-
tion was drawn by the presence of stretches of high sequence
homology between EPR and a large number of its target
sequences. R-loops have been described as three-stranded
RNA-DNA stretches that can form co-transcriptionally in
the DNA template strand and mainly affect gene expres-
sion in cis. However, the evidence that EPR fails to inter-
act with targets in cis, prompted us to exclude this mecha-
nism and to investigate the possibility that EPR forms triple
helix with DNA targets. Indeed, growing body of evidence
supports the sequence-specific interaction of IncRNAs with
DNA via triple-helix, a structure based on the insertion of
a third strand into the major groove of the DNA duplex
(27-30). This arrangement is based on the Hoogsteen base
pairing rules, is usually enriched in promoters and other reg-
ulatory regions, and can play significant roles in the control
of gene expression as supported by numerous experimental
evidences (27-30). Intriguingly, two thirds of genes bound
by EPR can associate with the IncRNA via triple-helix for-
mation suggesting that this is the prevailing mode of EPR-
DNA interaction.

In conclusion, we have identified several genes that are
direct EPR targets in the genome and whose expression
is regulated upon modulation of EPR levels. Interestingly,
many of the bona fide direct transcriptional targets that
we identified encode proteins involved in epithelial cell
adhesion, polarity, migration, and proliferation account-
ing, at least in part, for the biological effects elicited by
EPR in both cell cultures and animal models (13). We
have previously provided evidence that EPR is rapidly and
potently downregulated by TGF-B while its overexpres-
sion prevents TGF-B-induced EMT in mammary gland
cells (13). Interestingly, our present data allow us to sug-
gest that a large portion of EPR targets is regulated by
TGF-B and silencing of one of them—the tumor suppres-
sor Arrdc3—in NMuMG-EPR, enhances the expression
of EMT mesenchymal markers. Considering that EPR di-
rectly activates at the transcriptional level a group of tar-
get genes whose expression is downregulated during TGF-
B-induced EMT, it is tempting to hypothesize that EPR
downregulation upon TGF- results in downregulation of
a set of EPR targets contributing to EMT. This hypothe-
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sis is corroborated also by the evidence that one of EPR
targets, Ocln (a.k.a. Occludin), is a tight junction protein
downregulated during EMT (44). Supplementary Figure
S5A shows that OCLN expression—besides being well cor-
related with the prototypical epithelial factor CDHI1 (a.k.a.
E-Cadherin)—correlates also very well with some of the
other EPR targets. Finally, the evidence that some of the
EPR targets are down-regulated in breast adenocarcino-
mas in comparison to normal tissues is in keeping with our
evidence that EPR overexpression restrains tumor growth
in an animal model of orthotopic transplantation (Supple-
mentary Figure S5B, (13)).

EPR targets that we have defined in this study represent
the starting point to uncover further ramifications of EPR-
centered signaling pathways.
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