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LncRNA PVT1 links estrogen receptor alpha and the polycomb
repressive complex 2 in suppression of pro-apoptotic genes in
hormone-responsive breast cancer
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RNA-based therapeutics highlighted novel approaches to target either coding or noncoding molecules for multiple diseases
treatment. In breast cancer (BC), a multitude of deregulated long noncoding RNAs (IncRNAs) have been identified as potential
therapeutic targets also in the context of antiestrogen resistance, and the RNA binding activity of the estrogen receptor a (ERa)
points additional potential candidates to interfere with estrogenic signaling. A set of IncRNAs was selected among ERa-associated
RNAs in BC cell nuclei due to their roles in processes such as transcriptional regulation and epigenetic chromatin modifications.
Native immunoprecipitation of nuclear ERa-interacting RNAs coupled to NGS (RIP-Seq) was performed in MCF-7 cells, leading to the
identification of essential IncRNAs interacting with the receptor in multi-molecular regulatory complexes. Among these, PVT1,
FGD5-AS1 and EPB41L4A-AS1 were selected for further investigation. Functional assays and transcriptome analysis following
IncRNA knock-down indicated PVT1 as the master modulator of some of the most relevant BC hallmarks, such as cell proliferation,
apoptosis, migration and response to hypoxia. In addition, targeted experiments identified PVT1 as a key factor in the composition
of PRC2-ERa network involved in downregulation of tumor suppressor genes, including BTG2.
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INTRODUCTION
The increasing knowledge of the broad spectrum of functional
roles exerted by different classes of RNAs allowed, in recent years,
the advancement of RNA therapeutics from a hypothetical
concept to clinical reality, thus providing a novel way to target
coding as well as noncoding RNAs (ncRNAs) for the customized
treatment of multiple diseases. Indeed, deregulated gene expres-
sion may be controlled, either permanently or transiently, by
directly targeting specific RNAs or proteins with the aid of small
molecules endowed with therapeutic action. Therefore, RNA-
binding proteins (RBPs) and their connected molecules play
crucial roles in this context [1]. RBPs form ribonucleoprotein
complexes that specifically modulate gene expression through
alternative splicing, RNA decay, translocation or translation [2].
Moreover, their aberrant activity was described to contribute to
cancerous transformation and/or resistance to therapies [3]. In this
view, the disruption of RNA-protein networks represents a
promising avenue for cancer therapeutics, especially in the
absence of “druggable” molecules, or to counteract the occur-
rence of drug resistance [1].

In breast cancer (BC), the discovery that the estrogen receptor a
(ERa), the main hallmark of luminal-like hormone-responsive BC

subtype, acts as a non-canonical RBP, brought out a new
oncogenic signature under the control of this factor [4]. It has
been well established that, upon estrogen stimulation, ERa is
recruited, together with a host of transcriptional coregulators,
onto specific target sites within the chromatin for modulation of
target genes expression. Indeed, ERa can interact with epigenetic
readers, writers and erasers within multimolecular complexes able
to regulate gene expression in a combinatorial manner [5, 6]. More
recent evidences demonstrated also the ability of ERa to bind
several RNA species, among which a crucial functional role is likely
to be exerted by ncRNAs [4].

Furthermore, a multitude of deregulated ncRNAs has been
described as novel potential “druggable” targets for BC treatment
[7, 8]. Among these, the role of long ncRNAs (IncRNAs) have been
investigated for their involvement in both physiological and
pathological processes [9-11]. These are RNA molecules more
than 200 nucleotides long that are transcribed by RNA polymerase
I, 5' capped, polyadenylated and, in most cases, lack an open
reading frame (ORF) and therefore protein-coding ability [11, 12].
Recently, IncRNAs received growing interest for their involvement
in multiple cellular processes and for their functional roles in
epigenetics, transcriptional and post-transcriptional events,
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making them attractive target candidates for improvement of
cancer treatment efficiency [13, 14].

The blockade of the estrogenic signaling through ERa
inhibition using selective estrogen receptor modulators
(SERMs), selective estrogen receptor downregulators (SERDs)
or aromatase inhibitors (Als) represented, for many years, the
first line approach for hormone-based therapy in patients
suffering with ERa-positive BC [15]. The main problem,
occurring in ~30% of the cases, is the acquisition of resistance
to hormone therapies, nowadays representing the main cause
of death for these patients [16]. Despite recent advancements
in treatments based, for example, on new targeted and
chemotherapies, BC remains a significant threat for women’s
health, and this points to the urgent need to find novel targets
to overcome this hindrance [2, 7].

The role of ERa as RBP is still not well defined and understood,
although representing a new central piece of the puzzle. In this
study, we investigated whether the receptor would be enrolled
in modulating the expression of target genes, important for
tumor sustainment and neoplastic transformation, through the
association, within the nuclear compartment, with specific
IncRNAs. Firstly, ERa-interacting IncRNAs were identified by
using RNA-immunoprecipitation coupled to sequencing (RIP-
Seq), then, once identified the most informative interacting
RNAs, we evaluated the functional effects of their silencing on
cell proliferation, induction of apoptotic cell death and modula-
tion of the estrogenic signaling after RNA knock-down with
antisense-oligonucleotides (ASOs). Out of three IncRNAs
selected among those previously demonstrated to be essential
for BC cell growth [17], PVT1 emerged as the most significantly
associated with BC prognosis, since its overexpression corre-
lated with worse overall survival in TCGA and TARGET Pan
Cancer patients. Moreover, it emerged as a key component of
the estrogenic signaling acting as a bridge factor between
Polycomb Repressive Complex 2 (PRC2) activity and ERa
transcriptional modulation. In particular, the experimental
results identified PVT1 as a core molecule in the composition
of a transcriptional repressive complex allowing the functional
cooperation of PRC2 and ERa through PVT1-mediated associa-
tion of EZH2 and the receptor with the transcription unit of
tumor suppressive genes such as BTG2 (BTG family member 2/
NGF-inducible anti-proliferative protein PC3). Targeting PVT1 by
means of ASO-based silencing may thus represent an alternative
way to clinically interfere with estrogenic signaling and activate
the apoptotic cascade in BC.

MATERIALS AND METHODS
For detailed methods, see Supplementary Material.

RNA immunoprecipitation

For ERa-associated RNA immunoprecipitation (RIP), 7 ug of anti-ERa or
anti-lgG Isotype Control were conjugated overnight at 4 °C with 100 pl of
Dynabeads M-280 Sheep AntiRabbit IgG (Thermo Fisher). Cells were
washed twice with cold PBS supplemented with 0.1% of EDTA (500 mM),
harvested by scraping and collected in a tube. After a centrifugation at
3000 rpm for 5min at 4°C, the nuclear fraction was extracted by
resuspending the pellet in nuclear isolation Buffer (NIB) (1.28 M Sucrose,
40 mM Tris-HCl pH 7.5, 20 mM MgCI2 and 4% Triton X-100) supplemented
with 100 U/ml RNAse inhibitor (RiboLock RNase Inhibitor, Invitrogen) and
proteinase inhibitors (1 mM PMSF and 1x PIC). Samples were incubated
on ice for 20 min and then centrifuged at 2500 x g at 4 °C for 15 min.
Once removed the supernatant, nuclear pellets were resuspended in
400 pl of RIP Buffer (150 mM KCl, 25 mM Tris pH 7.4, 5 mM EDTA, 0.5 mM
DTT e 0.5% NP40) supplemented with 100 U/ml RNAse and proteinase
(1mM PMSF and 1x PIC) inhibitors. Cell nuclei were sonicated for 10
cycles (15" ON and 15" OFF) using Bioruptor (Diagenode, Denville, New
Jersey, USA) and subsequently centrifuged at 13,000 rpm for 10 min at
4°C. The resulting supernatant represented the nuclear protein extract
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whose concentration was measured with Bradford assay. Then, 2.5 mg of
nuclear extract was incubated at 4 °C for 2 h with the conjugated beads/
antibodies. After the binding, beads were washed 3 times with RIP Buffer
in rotation for 5min at 4°C, and twice quickly. Once discarded all the
supernatant, 1 ml of TRIzoI™ (Life Technologies, Thermo Fisher) was
added directly to the beads and RNA extraction was performed according
to the manufacturer’s guidelines.

RNA sequencing

Libraries preparation for transcriptome profiling was performed by using
the TruSeq Stranded Total RNA Library Prep Gold (Cat. 20020599, lllumina,
San Diego, California, USA) for RIP-Seq and silencing experiments, while
the lllumina Stranded Total RNA prep Ligation with Ribo-Zero Plus kit (Cat.
20040529, Illumina) was employed for Nascent-Seq, according to
manufacturers’ guidelines. RIP-Seq libraries were sequenced on NextSeq
500 (lllumina) using 2x75bp paired end mode. Total RNA-Seq and
Nascent-RNA Seq libraries were sequenced on Novaseq 6000 platform
(lllumina) using 2 x 100 bp paired end mode.

Chorioallantoic membrane (CAM) assay

CAM assay was performed as previously described by Bianco et al. [18]
with minor modifications. Briefly, fertilized chicken eggs were equilibrated
at 37°C in a humidified incubator from the 1st until the 8th day of
gestation. Then an artificial air sac was designed by piercing the eggshell
with a needle into the air sac and near the allantoic vein. Subsequently, a
vacuum was applied to the air sac hole to detach CAM from the eggshell
and a perforation of 1cm?, near the allantoic vein, was performed to
expose the CAM. MCF-7 cells, 6 h post ASO transfection, were inoculated at
5 x 10 cells/each CAM. In details, transfected cells were detached from the
culture dish, counted and suspended in 40 pl of a 1:1 mixture composed of
growth medium and BME (Cat. #3533-005-02, R&D Systems, Minneapolis,
USA). Cells were inoculated in an 8 mm sterile Teflon ring placed on the
membrane to prevent cells spreading. Embryos were incubated for 4 days
after which tumors were excised from the site of inoculation. Surface
measurements were performed by averaging the areas (width*width) of
each tumor.

Data analysis

Nascent, Total RNA-Seq and RIP-Seq data analysis was performed as
follows: Fastq were generated from bcl files using bcl2fastq (Illumina
v2.20.0.422), while the quality check was assessed using FastQC
(v0.11.9) [19]. The adapters were removed using cutadapt (v 3.3) [20]
and the resulted fastq were aligned on human genome (hg38) using
STAR [21] (v 2.7.8a) with assembly of GENCODE v37 as GTF file. The raw
counts were generated using featurecounts (v2.0.1) [22]. Differential
expression analysis and the normalized counts were produced using
DESeq2 (v 1.38.3) on R (4.2.2). Transcripts were considered differentially
expressed if they showed |FC|>1.5 and adjusted p-value <0.05 or
enriched if they showed |FC| > 1. Volcano plots were generated using
EnhancedVolcano (v 1.16.0) while Gene Ontology circos with GOplot
(v 1.0.2). All sequencing data are available in ArrayExpress database with
the following accession numbers: E-MTAB-14147, E-MTAB-14148, E-
MTAB-14149.

Furthermore, boxplots with TGCA data were produced on GEPIA2
[23] while TCGA and TARGET Pan Cancer BRCA data available on UCSC
Xena tool were used for the survival plot [24]. All the barplots, the
heatmaps and the related statistics were made using GraphPad Prism
version 8.0.0 for Windows, GraphPad Software, Boston, Massachusetts
USA, www.graphpad.com. All other plots and statistics were produced
on R with an alpha value set for p<0.05. Predictions of IncRNAs
interaction with DNA were calculated with the online version of
LongTarget (www.gaemons.net) [25] using the default parameters and
the entire hg38 for genome scale prediction. Sequence Searcher [26]
was used to identify the presence of ERE or imperfect ERE (allowing a
maximum of 2 mismatches) as explained by Driscoll et al. [27]. Chip and
CUT&Tag data, for EZH2 and H3K27me3 respectively, were downloaded
from GEODataset (GSE201262) produced by Tian et al. [28], while ERa
Clip-Seq was obtained from supplementary material of Xu et al. [4] and
converted to hg38 using liftOver from UCSC [29]. CHIA-PET long-range
chromatin interactions data was downloaded from GEODataset
(GSE176821). ERa Chip-Seq was re-analyzed from data previously
published by Nassa et al. [30] and converted to hg38 using liftOver
from UCSC.
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RESULTS

Identification of ERa-associated RNAs in BC cell nuclei
Previous work from our group, by applying Tandem Affinity
Purification (TAP) coupled to mass spectrometry (MS) followed by
in vitro RNAse digestion, demonstrated quantitative changes in
ERa association with a large subset of its nuclear interactors in
MCF-7 BC cell nuclei [31]. These ERa molecular partners include
enzymes and transcription regulators mainly demonstrated to be
part of chromatin-associated multiprotein complexes required for
ERa activity [31]. Among others, we noticed a reduction of ERa co-
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immunoprecipitation with epigenetic modulator proteins such as
the Bromodomain Adjacent To Zinc Finger Domain 1B (BAZ1B),
the scaffold protein menin 1 (MEN1) and the Enhancer Of Zeste 2
Polycomb Repressive Complex 2 Subunit (EZH2), previously
identified to be involved with ERa in controlling key BC hallmarks
(Fig. 1A) [32, 33]. This strongly suggested the potential involve-
ment of RNA(s) in ERa-associated nuclear multimolecular com-
plexes assembly, which may act as functional mediators of the
receptor transcriptional activity in the modulation of specific
target genes expression.
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Fig. 1 ERa interacts with several RNAs in MCF-7 BC cell nuclei. A WB showing BAZ1B, EZH2 and MEN1 enrichment following ERx
immunoprecipitation with or without RNase treatment in MCF-7 nuclear extracts. IgG was used as negative control. B Scatter plot (left)
showing enriched RNAs (log2 + 2) identified through ERa nuclear RIP-Seq. IgG was used as negative control. Pie chart (right) represents the
enriched RNAs categories (protein coding in blue and non-coding in red). C Donut chart showing non-coding categories with different red
shades. D Venn diagram (left) showing MCF-7 fitness IncRNAs among those interacting with ERa. Heatmap (right) showing screen score values
of the three IncRNAs FGD5-AS1, EPB41L4A-AS1 and PVT1 selected for our investigation. Each row represents one IncRNA while the columns
represent values observed in MCF-7 (left) and in ERa-negative MDA-MB-231 (right). Scale bar (up) represents the screen score (genes are
considered fitness starting from a threshold screen score of 7). E RIP coupled to RT-gPCR validating the enrichment of ERa-associated IncRNAs
in MCF-7 cell nuclei using IgG as negative control. IncRNA PRNCR1, selected among not enriched molecules, was used as negative control. The
results showed are the mean + SD of triplicate values. Asterisks indicate statistically significant differences using unpaired t-test (*p < 0.05 and
*%p < 0.005).
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coding while 141 (6.4%) are noncoding RNAs (Fig. 1B) and in them,
IncRNAs (107) were selected for our investigation (Fig. 1C).
Considering the growing interest in IncRNAs in cancer
biology, we directed our focus on those found to be essential
for BC growth and/or survival (defined as fitness IncRNAs) by

To investigate this hypothesis, a native ERa immunoprecipita-
tion coupled to RNA sequencing (RIP-Seq) was performed in
nuclear extracts from exponentially growing MCF-7 cells, leading
to the identification of 2212 ERa-interacting RNAs (Fig. 1B,
Supplementary Table S1). Among these, 2071 (93.6%) are protein
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Fig.2 Characterization of FGD5-AS1, EPB41L4A-AS1 and PVT1 as ERa-interacting IncRNAs. A Box Plots showing IncRNAs expression levels
(-log2(TPM + 1)) comparing tumor (red) and normal (gray) tissues from TCGA data by using GEPIA2 tool. The number of the tissues considered
in the analysis is listed below each comparison. Asterisk indicates statistically significant differences using One-Way ANOVA (*p < 0.05). B Bar
plots showing the expression levels of the selected IncRNAs in ERa-positive (MCF-7, T-47D and ZR-75-1), ERa-negative (Hs-578T, MDA-MB-231)
BC cell lines an in the mammary epithelial cell line MCF-10A. RT-gPCR results shown are the mean +SD of triplicate values using as
housekeeping internal control RPLPO. C Bar plots showing RT-gPCR results of fractionated (cytosol and nucleus) IncRNAs distribution relative
to total RNAs. MALAT1 and GAPDH were employed as housekeeping controls for nucleus and cytosol respectively. The results showed are the
mean = SD of triplicate values. Asterisks indicate statistically significant differences using unpaired t-test (**p <0.01, ***p <0.005 and
***¥n < 0.001). D Bar plots showing the expression levels (measured with RT-qPCR) of TFF1 mRNA (left) and of the three IncRNAs (right)
following 24 h of mitogenic E2 stimulation in hormone-deprived MCF-7. RPLPO was used as housekeeping. The results showed are the
mean = SD of three independent experiments. Asterisks indicate statistically significant differences using unpaired t-test (**p <0.01 and
**¥¥n < 0.001). E Bar plots showing RT-qPCR results of relative fold expression levels of the indicated transcripts following ESR1 knock-down.
ESR1 and TFF1 mRNA levels were analyzed as experimental controls. Data were analyzed with respect to the scramble (Silencer Select
Negative Control: CTRL). The results showed are the mean + SD of three independent experiments. Asterisks indicate statistically significant
differences using unpaired t-test (****p < 0.001). F Chromatin associated RNA immunoprecipitation (CARIP) coupled to RT-gPCR showing the
enrichment of ERa-associated IncRNAs on MCF-7 BC cell chromatin. IgG was used as negative control. IncRNA MALAT1 was used as positive
experimental control. The results showed are the mean = SD of triplicate values. Asterisks indicate statistically significant differences using

unpaired t-test (*p < 0.05, **p <0.01 and ****p < 0.001).
<

Liu et al. [17], that identified, through CRISPRi screening, fitness
IncRNAs in multiple tumor cell lines including some of the more
representative BC ones. The comparison between this dataset
and the generated list of ERa-interacting ncRNAs identified
five of them as essential in ERa-positive BC cells (Fig. 1D,
Supplementary Table S2). Among these, FGD5-AS1, EPB41L4A-
AS1 and PVT1 (Fig. 1D) were selected for further investigation,
based on published literature, fitness score and the predicted
biological meaning of their functional cooperation with ERa
[17, 34-38]. The interaction between ERa and these three
IncRNAs was confirmed in MCF-7 cells by RIP coupled to RT-
gPCR using as negative control the IncRNA PRNCR1, which was
not found here to bind ERa (Fig. 1E, Supplementary Table S1).
This result was validated also with a different primers set and in
both MCF-7 and T-47D cells (Supplementary Fig. STA and B).

Functional characterization of ERa-interacting IncRNAs

The expression levels of the selected IncRNAs were analyzed in BC
RNA-Seq data from TCGA (Fig. 2A) and measured by RT-qPCR in
ERa + BC cell lines (Fig. 2B). Results showed that FGD5-AS1
expression level is not significantly different in normal vs cancer
tissues and in luminal-like (MCF-7, T-47D and ZR-75-1), triple
negative (MDA-MB-231 and Hs-578T) BC and immortalized
epithelial (MCF-10A) breast cell lines. On the contrary,
EPB41L4A-AS1, previously described as a tumor suppressor [34],
resulted downregulated in tumor tissues and in BC cells,
compared to normal ones, while PVT1, previously described as a
pan-oncogene [35-37], resulted overexpressed in both. Further-
more, in native conditions, the three RNAs displayed a different
localization within the cell compartments. Specifically, EPB41L4A-
AS1 and FGDS5-AS1 appear more abundant in the cytoplasm
whereas PVT1 prevails in the nuclear compartment (Fig. 2C).

In order to investigate their relationship with the estrogenic
signaling, IncRNAs expression levels were evaluated in hormone-
deprived MCF-7 cells stimulated with a mitogenic dose of estradiol
(E2 10 nM) for 24 h (Fig. 2D). Interestingly, the results obtained
showed a significant decrease of EPB41L4A-AS1 and an increase in
PVT1 expression level upon hormonal treatment, in line with the
presence of ER-binding motifs (EREs) within its transcription unit
(Fig. 2D, Supplementary Fig. S2A). To further confirm that the
observed modulation might be linked to ERa, the expression
levels of the three IncRNAs were evaluated in MCF-7 cells
following siRNA-mediated ERa gene (ESR1) knock-down. Results
showed that ERa kd resulted in a decrease of both PVT1 and
FGD5-AS1 levels. On the other hand, EPB41L4A-AS1 expression
was unaffected by receptor downregulation, indicating that this
IncRNA, although responding to estrogen stimulation, does not
appear to be a direct ER target (Fig. 2E).

Cell Death and Disease (2025)16:80

Chromatin associated ERa-RNA immunoprecipitation (CARIP)
coupled to RT-qPCR, confirmed an enrichment of the three
molecules investigated (Fig. 2F). This indicated that, although in
the presence of a different nuclear concentration among them,
since  PVT1 results highly expressed in this compartment
compared to the others, all three IncRNAs result associated with
chromatin, suggesting that all exert a functional role in the
genome of these BC cells. Furthermore, given the knowledge that
different IncRNAs are likely to act together by assembling in multi-
modular complexes for gene expression modulation [14], we first
pursued to identify putative IncRNA-DNA binding motifs within
MCF-7 cells genome and then compared common sites with ERa
binding sites previously identified in the same experimental
conditions [31]. This allowed the identification of a set of
commonly occupied genes, whose expression was predicted to
be regulated by a complex involving both ERa and these IncRNAs
(Supplementary Fig. S2B, Supplementary Table S3), thus suggest-
ing an involvement of these molecules in estrogen-responsive
regulation of gene expression in luminal-like cells.

A functional characterization of FGD5-AS1, EPB41L4A-AS1 and
PVT1 was then performed through silencing experiments, to
evaluate whether this would affect gene transcription and cell
proliferation rate. Specifically, despite the three molecules were
located in both cytoplasmic and nuclear compartments, isoform-
specific antisense oligonucleotides (ASOs) were employed for all
the experiments of this study, mainly because of their better
targeting in the nucleus where the estrogen-mediated transcrip-
tional regulation of gene expression takes place (Supplementary
Fig. S3A) [38]. Transcriptome profiling following FGD5-AST,
EPB41L4A-AS1 and PVT1 knock-down identified, respectively,
1445, 818 and 1128 differentially expressed genes, compared to
the effects of a scramble oligonucleotide used as negative control
(Fig. 3A left, Supplementary Table S4). Among these, 304 were in
common between all conditions and 86 hold at least one ERa
binding site as defined by Nassa et al. [30] (Supplementary Table
S5), suggesting a regulatory mechanism in which these molecules
might be involved (Fig. 3A right). Furthermore, the involvement of
the latter subset of deregulated genes in pathway crucial for BC
progression and invasion (Fig. 3B) corroborates the possibility to
consider them as putative therapeutic targets against this tumor
[39, 40]. Moreover, IncRNA silencing resulted in reduction of cell
proliferation rate, observed only in estrogen-responsive, ERa-
positive BC cell lines MCF-7, T-47D and ZR-75-1 but not in ERa-
negative MDA-MB-231 (TNBC) and MCF-10A (mammary epithelial)
cells (Fig. 3C, Supplementary Fig. S3A-E). The observed functional
effect was also accompanied by ERa protein reduction strongly
detected particularly after silencing of PVT1 (Fig. 3D). Contrarily to
what expected, based on screen score shown in Fig. 1D and on
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Fig. 3 Functional portrait of FGD5-AS1, EPB41L4A-AS1 and PVT1 following ASO-mediated silencing. A Volcano Plots (left) displaying
differentially expressed genes (green down, red up and blue common among all comparisons) identified following 72 h of ASO-mediated
IncRNAs silencing. Gray dots represent not statistically significant genes (—1.5>Fold change < 1.5). The Venn diagram (right) shows the
intersection between ERa binding S|tes [30] and the common differentially expressed genes identified after IncRNAs silencing
(hypergeometric test p-value < 1.81*1073). B Dot plot of the most significant IPA canonical pathways involving common differentially
expressed genes identified after silencing. Dot color ranges from red to blue depending on the -log of the p-value. Dot sizes depend on the
Gene Ratio as reported in the figure. C Proliferation rate assessed by using MTT assay in MCF-7, T-47D, ZR-75-1, MDA-MB-231 and MCF-10A
cells after 72 h of IncRNA silencing. Data are presented as the mean + SD of multiple results from a representative experiment performed in
multiple replicates. Results were displayed as percentage to NC and asterisks indicate statistically significant differences using unpaired t-test
(*p < 0.05, **p < 0.01, ***p < 0.005 and ****p < 0.001). D WB (upper panels) and relative densitometry (lower panels) showing ERa protein level
following 72 h of FGD5-AS1, EPB41L4A-AS1 and PVT1 silencing or treatment with ICI (1 pM) in MCF-7, T-47D and ZR-75-1 cell lines. Tubulin
(TUB) was used as loading control. Images were processed with ImageJ software (https://imagej.net) for densitometry readings. E Heatmap
showing ERa trans-activating activity assessed in MCF-7 cells stably expressing the ERE-Luc reporter gene following IncRNAs silencing or
treatment with ICl (1 pM) all in presence/absence of estrogen stimuli (10 nM). All data were analyzed with respect to the scramble NC in basal
condition. Data are presented as the mean of determinations from a representative experiment performed in four independent replicates
after 72 h of silencing.

SPRINGER NATURE Cell Death and Disease (2025)16:80


https://imagej.net

8 - N [0 Wt ERa RBD
[ Mut ERa RBD
=
1’4
>
G 4+
£
£
2
£ 2
) |E| |_L‘ ﬂ
FGD5-AS1 EPB41L4A-AS1 PVT1
W Up regulated genes
[ Common up regulated genes
. [l Down regulated genes
4 L0 [0 Common down regulated genes

Log2 Fold Change

0 2 4 6 8 10 12 14 16
Log2 Mean Expression
5 150+
>
8
£8 1004
Q
MCF-7 3%
! &< 501
100 kDa -.:-, " HIF-1a ER
w
25kDa __ Belxt T ol Mo
1 1
55 kDa -.I- TUB 3 1507
]
N =
NS £5 1004 —
R Lz
22
8 %01 .I
X
@ 0“2,- N O
SRR
R
_ MCF-7 T-47D ZR-75-1
[
315 - 2.0 15 -
2 — . ——
<6 15
2210 1.0
€ g 1.0
X X
<3 0.5 05 05
2
goo T 0.0 T 0.0 A
[
NS N QQ‘ NS N QS\ ¥ @QS‘

what already observed by others [41], we experienced a
neglectable effect on the proliferation rate of triple negative
MDA-MB-231 cells following PVT1 silencing, probably due to the
isoform retrieved among ERa-enriched RNAs that was specifically
targeted.
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Finally, the influence of targeted IncRNA silencing on the
transcriptional activity of ERa was evaluated with a trans-
activation assay in hormone-deprived MCF-7 cells before and
after 24h E2 stimulation (10 nM). This resulted in a marked
decrease of ERa trans-activating efficiency, once again more
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Fig. 4 PVT1 affects multiple BC hallmarks. A RIP coupled to RT-qPCR showing the enrichment of ERa-associated IncRNAs in Hs-578T cell
clones expressing exogenous flagged ERa wt or mutated within its predicted RNA Binding Domain (RBD). IgG was used as negative control.
Data are presented as the mean of determinations from a representative experiment performed in three independent replicates after 72 h of
silencing. Asterisks indicate statistically significant differences using unpaired t-test (*p < 0.05). B Kaplan—Meier curves, generated using UCSC
Xena tool, showing the probability of overall survival in TCGA and TARGET Pan Cancer BRCA patients with low and high expression of PVT1.
C MAPIot showing differentially expressed genes identified following PVT1 silencing in both total RNA-Seq (72 h silencing) and Nascent RNA-
Seq (48 h silencing). Red and blue dots represent up and down regulated genes in RNA-Seq respectively. Orange and light blue dots
represent, respectively, common up and down regulated genes in both total and Nascent RNA-Seq. D GO-Plot showing some of the most
important pathways involving differentially expressed transcripts in total RNA-Seq data following 72 h of PVT1 silencing. Different pathways
are drawn with different colors with their relative genes. LogFC ranking from -3 (blue) to 2 (red) indicates down and up regulated genes
respectively. E WB (left panel) and relative densitometry (right panels) showing HIF-1a and Bcl-xL protein levels following 72h of
PVT1 silencing or treatment with ICI (1 uM) in MCF-7 cell line. Tubulin (TUB) was used as loading control. Densitometry results are shown as
percentage to NC. Images were processed with ImageJ software (https://imagej.net) for densitometry readings. F RT-qPCR showing BAX
mRNA relative expression level following 72 h of PVT1 silencing in MCF-7, T-47D and ZR-75-1. Results are relative to NC, used as negative
control. Data are presented as the mean of determinations from three independent experiments and asterisks indicate statistically significant
differences using unpaired t-test (**p < 0.01). G Scratch wound healing (upper) in MCF-7 at 0 and 72 h of PVT1 silencing. The percentage of
scratch area was evaluated compared to total by using Image) software. Data are presented as the mean of determinations from three

independent experiments and asterisks indicate statistically significant differences using unpaired t-test (***p < 0.005).

pronounced following PVT1 silencing (Fig. 3E), suggesting this as a
possible master co-regulator of ERa-mediated transcriptional
activity. On the contrary, the silencing of EPB41L4A-AS1 deter-
mined an increase of ERa activity (Fig. 3E), correlating with the
demonstrated oncosuppressive role of this IncRNA [36, 41].

The IncRNA PVT1 affects multiple BC hallmarks
The comparison between nuclear ERa RIP-Seq and cytoplasmatic
ERa CLIP-Seq datasets [4] allowed the identification of 17 shared
IncRNAs (Supplementary Table S6), including PVT1 and FGD5-AS1,
a result demonstrating their direct association with the receptor
also in the cytoplasm of MCF-7 BC cell line. In order to evaluate
whether this interaction would be mediated by the ERa RNA
binding domain (RBD) identified by Xu et al. [4], the same
constructs generated and kindly provided by these authors were
used here by applying RIP coupled to RT-qPCR in a system
composed of Hs-578T (ERa-negative BC cell line) stably expressing
full-length-3xFlag-ESR1 (Flag-ERa) with or without mutation in its
RBD. This model was chosen to avoid misleading interpretation
due to hetero-dimerization between endogenous and exogenous
receptor in ERa-positive cell lines. The RIP results showed a
reduction of IncRNAs enrichment after nuclear flagged ERa
immunoprecipitation in cells expressing mutant ERa RBD and this
was significant in particular for PVT1 (Fig. 4A). We thus decided to
further investigate the role of this IncRNA in regulation of
estrogen-dependent gene expression, supported by the evidence
that its high expression correlated with worse overall survival in
BC patients (Fig. 4B). To this purpose, we went back to evaluate
those genes whose expression was specifically affected by
PVT1 silencing. The comparison between whole transcriptome
data at 72 h of PVT1 silencing and nascent RNA profiles at 48 h
after silencing identified 391 (103 up and 288 down) deregulated
genes in common between the two conditions that were thus
likely to be affected already in the early phases of RNA synthesis
(Fig. 4C, Supplementary Table S7). These were mainly involved in
pathways significant for BC progression and survival such those
related to migration, response to hypoxia and cell death (Fig. 4D).

Of note, the observation of HIF-1a protein reduction corrobo-
rated the hypothesis of a deregulation of hypoxia signaling by
PVT1, which has been already demonstrated to have a key role in
HIF-1a stabilization in nasopharyngeal carcinoma [42]. Likewise,
the reduction of the antiapoptotic protein Bcl-xL and the increase
of the pro-apoptotic BAX mRNA asserted the activation of cell
death response (Fig. 4E, F). In addition, a decrease in BC cell
motility was also observed in the wound healing assay following
PVT1 knock-down (Fig. 4G).

To further confirm the in vitro results, we employed the chicken
chorioallantoic membrane (CAM) as extraembryonic in vivo model
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[18, 43]. On day 8th of embryo development, to achieve
PVT1 silencing MCF-7 cells were in-plate transfected for 6 h, to
allow the maximal effect of liposomes, as detailed in methods
section, then they were detached and 5 x10° cells were inoculated
into the CAMs; the tumor formation was then evaluated after
4 days. The treatment reduced both the weight and the area of
the tumors (Fig. 5A). Furthermore, PVT1 silencing modulated
apoptosis, as demonstrated by the increase of BAX mRNA and
decrease of Bcl-xL protein levels, and hypoxia through the
reduction of HIF-1a protein (Fig. 5B, C). The results were globally
strengthened by a parallel reduction of ERa protein level (Fig. 5C)
and confirmed after immunohistochemistry staining of FFPE
samples obtained in parallel from the same tumors (Fig. 5D).

The cooperation between PRC2 complex, PVT1 and ERa is
responsible for modulation of target genes expression
Transcriptome analysis following PVT1 silencing displayed, among
deregulated ones, the pathway related to PRC2 activity (Fig. 4D).
Since it was previously described the association between PVT1
and the PRC2-subunit EZH2 [44, 45] and given that the interaction
between EZH2 and ERa was demonstrated to be mediated by
RNAs (Fig. 1A), we hypothesized a nuclear cooperating machinery
involving ERa, EZH2 and the IncRNA PVT1. Based on the
knowledge that EZH2-mediated trimethylation of H3K27 is a
marker of gene silencing, we speculated a repression machinery
involving these three factors. For this reason, we searched among
genes downregulated following estrogen stimulation and those
upregulated following PVT1 silencing, identifying 124 common
targets involved in BC-related hallmarks such as hypoxia and
oxidative stress response, p53 and K-Ras pathway (Supplementary
Fig. S4A-B, Supplementary Table S8). Among them, 64 displayed at
least one ERa binding site in their transcription unit, 41 of which
holding a perfect/imperfect ERE and 15 an EZH2 binding site
(Fig. 6A). We then investigated whether PVT1 could affect the level
of the main protein components of the PRC2 complex (JARID2,
EZH2, SUZ12 and PHF1), but no differences were observed before
and after its silencing (Supplementary Fig. S4C). Interestingly, a
strong reduction in H3K27Me3, the histone modification specifi-
cally induced by EZH2 was observed following PVT1 knock-down
(Fig. 6B), indicating that indeed, as predicted by functional
analysis, this IncRNA is likely to modulate PRC2 activity by
affecting this histone mark.

Among the genes commonly occupied by ERa and EZH2, the
tumor suppressor BTG2 was selected for validation, based on its
crucial role as cancer antagonist [46, 47]. Analysis of publicly
available data from CUT&Tag experiments [28], performed in cell
models and experimental conditions comparable to ours, showed
an abundance of H3K27Me3 markers both upstream and
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Fig. 5 Functional characterization of PVT1 in extraembryonic CAM model. A Photographs of representative tumors obtained 4 days post-
implantation in CAMs of MCF-7 cells silenced or not for PVT1 (left). Absolute values of weight and area (right) of tumors derived from the CAM
experiment (three independent experiments were considered). Asterisk indicates statistically significant differences using unpaired t-test
(*p < 0.05). B RT-qPCR showing PVT1 (left) and BAX (right) relative expression with or without PVT1 silencing in CAM model. NC was used as
negative control. The results shown are the mean + SD of multiple values. Asterisks indicate statistically significant differences using unpaired
t-test (**p < 0.01 and ****p < 0.001). C WB (upper panel) and relative densitometry (lower panels) showing Bcl-xL, ERax and HIF-1a protein levels
following PVT1 silencing in CAM experiments. f-actin (ACTB) was used as loading control. Densitometry results are shown as percentage to
NC. Images were processed with ImageJ software (https://imagej.net) for densitometry readings. D Representative IHC micrographs (left) and
relative quantification (right). Sections were immunostained with ERx (upper) and the proliferation marker Ki67 (lower) in different conditions.
Relative quantitation was calculated on the entire section by using ImageJ software (https://imagej.net).

downstream BTG2 gene, which is more pronounced in corre- following estrogen stimulation (Supplementary Fig. S4D), while
spondence of the ERa-bound imperfect ERE motif (Fig. 6C). the blockade of either EZH2 or ERq, using GSK126 and Tamoxifen
Furthermore, CHIA-PET experiments (GSE176821) focusing on the respectively, causes an overexpression of the transcript (Supple-
long-range chromatin interactions show a good interaction score mentary Fig. S4E), confirming that both these factors are needed
(79) between BTG2 and the ERE motif in the investigated genomic for BTG2 trans-repression. Moreover, also PVT1 silencing induces
region, despite the presence of another ERa binding site in BTG2 an upregulation of BTG2 transcript in cell lines and in the CAM
upstream region. The hypothesized hormone depending trans- model (Fig. 6D, Supplementary Fig. S4F). In this view, we aimed to
repression complex induces a downregulation of BTG2 mRNA investigate whether the observed modulation was mediated by
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the IncRNA PVT1. To avoid confounding results depending upon
PVT1-induced endogenous ERa modulation, we employed a MCF-
7 cell clone expressing an exogenous Flag-ERa whose expression
was mostly unaffected by PVT1 silencing, as also demonstrated by
the neglectable effect observed on cell proliferation (Fig. 6E, F,
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Supplementary Fig. S4G). Using this approach, the immunopreci-
pitation of Flag-ERa following PVT1 silencing indicated a reduced
recruitment of the receptor on BTG2 gene compared to TFF1
promoter, used as control (Fig. 6G). In addition, the trimethylation
of H3K4, that is a marker of transcriptionally active chromatin, was
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Fig. 6 PVT1 cooperates with PRC2 and ERa for the regulation of target genes. A Tile plot showing 64 genes resulting downregulated
following E2 stimuli and upregulated following 72 h of PVT1 silencing and holding at least one ERa binding site. Each row represents a gene;
the columns indicate the genomic position of the ERa binding site followed by the presence/absence of ERE and EZH2 binding sites. The
legend is reported in the lower part of the panel. B WB (upper panel) and relative densitometry (lower panel) showing H3K27Me3 protein level
following 72 h of PVT1 silencing or treatment with ICl (1 uM) in MCF-7 cells. H3 was used as control. Densitometry results are shown as
percentage to NC. Images were processed with ImageJ software (https://imagej.net) for densitometry readings. C Integrative Genomics Viewer
(IGV) view of the long-range chromatin interactions of CHIA-PET experiments, the two replicates of H3K27Me3 Cut&Tag experiment showing
BTG2 surroundings, the imperfect ERE located on it and the nearest ERa binding site. D RT-gPCR showing BTG2 relative expression with or
without PVT1 silencing in CAM model. NC was used as negative control. The results shown are the mean £ SD of multiple values. Asterisks
indicate statistically significant differences using unpaired t-test (****p < 0.001). E WBs (left panels) and relative densitometry (right panels)
showing ERa and FLAG protein level following 72 h of PVT1 silencing or treatment with ICI (1 pM) in MCF-7 clones. $-actin (ACTB) was used as
control. Densitometry results are shown as percentage to NC. Images were processed with Image) software (https://imagej.net) for
densitometry readings. F Proliferation rate assessed by using MTT assay in MCF-7 clones stably expressing exogenous Flag-ERa after 72 h of
silencing. Data are presented as the mean £ SD of multiple results from a representative experiment performed in multiple replicates. Results
were displayed as percentage to NC and asterisks indicate statistically significant differences using unpaired t-test (****p <0.001). G ChIP
coupled to gPCR displaying the recruitment of Flag-ERx on TFF1 and BTG2 genes with or without 72 h of PVT1 silencing. IgG was used as
negative control. The results showed are the mean +SD of triplicate values. Asterisks indicate statistically significant differences using
unpaired t-test (*p <0.05 and **p <0.01). H ChIP coupled to qPCR displaying the enrichment of H3K4Me3 on BTG2 gene in presence or
absence of 72 h of PVT1 silencing. IgG was used as negative control. The results showed are the mean +SD of triplicate values. Asterisks
indicate statistically significant differences using unpaired t-test (****p < 0.001). I Schematic representation of the proposed model involving

PRC2, ERa and PVT1 on BTG2 gene expression regulation.
<

significantly more pronounced on BTG2 following PVT1 silencing
(Fig. 6H). Based on the results described here, we propose a
mechanistic model for E2 depending BTG2 transcriptional
repression in which ERa needs the recruitment of PRC2 for
EZH2-mediated H3K27Me3 and chromatin closure and PVT1 acts
as a bridging factor between the two functional components
(Fig. 6l).

DISCUSSION

ERa is a mitogenic transcription factor in BC onset and progression
by modulating the expression of responsive target genes in
luminal-like BC cells [48].

Wide dissection of chromatin-associated ERa multiprotein
complexes has been performed in several experimental conditions
leading to partial definition of the nuclear dynamics associated
with standard therapies response or resistance in hormone-
dependent BCs [49, 50]. Nevertheless, the discovery of the
receptor’s ability to act as an RNA-binding protein [4] has opened
new perspectives in the possibility to identify new molecules
bridging protein-protein interactions in transcriptional modulation
of gene expression that would guide alternative multi-molecule
complexes formation in transcriptional activation and silencing.

Starting from these evidences and from our previous studies,
demonstrating the existence of a RNA-mediated ERa interactome
[31], we performed native nuclear ERa-associated RNA immuno-
precipitation and sequencing to identify novel molecules involved
in transduction of the estrogenic signaling to chromatin.

Among ERa interacting RNAs identified, we focused on IncRNAs
because of their known roles in transcriptional modulation of gene
expression. Indeed, although the known functional relationship
between ERa and several IncRNAs in BC [7], there was no clear
evidence demonstrating physical association of the receptor with
these regulatory molecules so far. Comparing the dataset
generated here with previously published data identifying
functional IncRNAs in multiple cancer models [17], FGD5-AST,
EPB41L4A-AS1 and PVT1 were selected for further experimental
evaluations based on their fitness score demonstrated in BC cell
models, average expression and ERa-enrichment in our experi-
mental models (Fig. 1D, E).

After a first functional evaluation, indicating specific expression
and intracellular compartmentalization for each molecule, we
observed that all of them were able to associate with BC cell
chromatin and participate in transcriptional transduction of the
estrogenic signaling, since their silencing determined deregula-
tion of estrogen-responsive genes and inhibition of ERa-positive

Cell Death and Disease (2025)16:80

BC cell proliferation (Fig. 3A-C). The stronger effect observed for
PVT1, its positive correlation with ERa protein expression and
trans-activating function and the significant inverse correlation
with BC patients’ overall survival, suggested this as a nodal factor
from the mechanistic point of view (Figs. 3D, E and 4B). Indeed,
although PVT1 has been functionally studied and demonstrated to
act as a pan-oncogene in several cancer models, including BC, its
direct and nuclear functional association with ERa and the
estrogenic signaling has not been investigated so far. By
comparing the functional effects elicited by PVT1 silencing in
our models with what already known, we hypothesized that this
IncRNA could act as a core molecule in the functional cooperation
between ERa-mediated transcriptional regulation and the activity
of the PRC2 complex in suppression of specific genes. Indeed, it
has been recently demonstrated that PVT1 acts as a molecular
partner of PRC2 in multiple myeloma through its physical
interaction with the enzymatic subunit EZH2, that catalyzes
H3K27 trimethylation [38], and it was previously shown that
PVT1 is involved in non-small cell lung cancer metastasis through
EZH2 [51].

On the other hand, EZH2 expression has been demonstrated to
be modulated by ERa in BC [52], where both are involved within a
transcriptional axis with GREB1 in induction of tamoxifen
resistance [53]. Moreover, EZH2 was among ERa partners whose
association with the receptor was found to be RNA-dependent
[31] (Fig. 1A).

To strengthen previous observations, “PRC2 methylase histone
and DNA” was among the functional pathways significantly
affected when considering ERa target gene deregulation induced
by PVT1 silencing (Fig. 4D). To investigate the possible existence of
a multi-modular transcriptional repression complex involving ERa,
PRC2 and PVT1, we focused on ERa down-regulated genes whose
expression was affected by PVT1 kd and that were characterized
from the presence of both ERa and EZH2 binding sites within their
transcription units (Fig. 6A). Among them, BTG2 caught our
attention, as it has been demonstrated to be an estrogen/ERa
down-regulated tumor suppressor significantly associated with
low survival rate in luminal-like BC, and proposed as possible
molecular target for the treatment of these tumors [46, 54]. We
speculated that, as previously observed in different cancer models,
PVT1 binds to and carries PRC2 complex to target genomic
regions to suppress transcription of specific genes. In hormone-
responsive BC cells, this would be achieved through the
coordinated recruitment of EZH2 involving ERa-associated multi-
molecules complexes to down-regulate pro-apoptotic and/or
tumor suppressor genes such as BTG2, thus allowing cell
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proliferation and invasion reduction. Given that, in the proposed
model, EZH2 and ERa proteins are both required for target genes
modulation, disrupting their association through PVT1 inhibition
might be a useful tool for blocking anti-estrogen resistant cell
proliferation, since both PVT1 and EZH2 have been already
involved in resistance to therapy in several models [55-57]. The
recognized therapeutic value of ASO administration will now

make

it possible to consider PVT1 silencing as a novel

pharmacological tool to be used alone or in combination with
standard therapies in the treatment of ERa-positive BCs.

DATA AVAILABILITY

The datasets generated and/or analyzed in the current study are available in the
ArrayExpress repository with the following accession numbers: E-MTAB-14147, E-
MTAB-14148, and E-MTAB-14149. Uncropped original western blots are available as
Supplementary Material.

REFERENCES

1.

20.

21.

22.

Bertoldo JB, Miiller S, Hiittelmaier S. RNA-binding proteins in cancer drug dis-
covery. Drug Discov Today. 2023;28:103580.

. Cen Y, Chen L, Liu Z, Lin Q, Fang X, Yao H, et al. Novel roles of RNA-binding

proteins in drug resistance of breast cancer: from molecular biology to targeting
therapeutics. Cell Death Discov. 2023;9:52.

. Pereira B, Billaud M, Almeida R. RNA-Binding Proteins in Cancer: Old Players and

New Actors. Trends. Cancer2017;3:506-28.

. Xu'Y, Huangyang P, Wang Y, Xue L, Devericks E, Nguyen HG, et al. ERa is an RNA-

binding protein sustaining tumor cell survival and drug resistance. Cell
2021;184:5215-5229.e17.

. Mann M, Cortez V, Vadlamudi RK. Epigenetics of estrogen receptor signaling: role

in hormonal cancer progression and therapy. Cancers. 2011;3:1691-707.

. Karsli-Ceppioglu S, Dagdemir A, Judes G, Ngollo M, Penault-Llorca F, Pajon A,

et al. Epigenetic mechanisms of breast cancer: an update of the current knowl-
edge. Epigenomics 2014;6:651-64.

. Melone V, Salvati A, Brusco N, Alexandrova E, D'Agostino Y, Palumbo D, et al.

Functional Relationships between Long Non-Coding RNAs and Estrogen Receptor
Alpha: A New Frontier in Hormone-Responsive Breast Cancer Management. Int J
Mol Sci. 2023;24:1145.

. Dvorska D, Brany D, Nachajova M, Halasova E, Dankova Z. Breast Cancer and the

Other Non-Coding RNAs. Int J Mol Sci. 2021 Mar 23;22:3280.

. Liu Y, Sharma S, Watabe K. Roles of IncRNA in breast cancer. Front Biosci.

2015;7:94-108.

. Zhang T, Hu H, Yan G, Wu T, Liu S, Chen W, et al. Long Non-Coding RNA and

Breast Cancer. Technol Cancer Res Treat. 2019;18:1533033819843889.

. Sun M, Kraus WL. Minireview: Long noncoding RNAs: new “links” between gene

expression and cellular outcomes in endocrinology. Mol Endocrinol. 2013;27:
1390-402.

. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev

Biochem. 2012;81:145-66.

. Fang Y, Fullwood MJ. Roles, Functions, and Mechanisms of Long Non-coding

RNAs in Cancer. Genomics Proteomics Bioinformatics. 2016;14:42-54.

. Statello L, Guo C-J, Chen L-L, Huarte M. Gene regulation by long non-coding

RNAs and its biological functions. Nat Rev Mol Cell Biol. 2021;22:96-118.

. Saatci O, Huynh-Dam K-T, Sahin O. Endocrine resistance in breast cancer: from

molecular mechanisms to therapeutic strategies. J Mol Med. 2021;99:1691-710.

. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68:394-424.

. Liu SJ, Horlbeck MA, Cho SW, Birk HS, Malatesta M, He D, et al. CRISPRi-based

genome-scale identification of functional long noncoding RNA loci in human
cells. Science. 2017 Jan 6;355:aah7111.

. Bianco G, Coto-Llerena M, Gallon J, Kancherla V, Taha-Mehlitz S, Marinucci M,

et al. GATA3 and MDM2 are synthetic lethal in estrogen receptor-positive breast
cancers. Commun. Biol 2022;5:373.

. Andrews S. FastQC: a quality control tool for high throughput sequence data.

2010. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Martin M. Cutadapt removes adapter sequences from high-throughput sequen-
cing reads. EMBnet J. 2011;v.17:10-12.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast
universal RNA-seq aligner. Bioinformatics 2013;29:15-21.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics 2014;30:923-30.

SPRINGER NATURE

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45,

46.

47.

48.

49.

Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server for large-
scale expression profiling and interactive analysis. Nucleic Acids Res. 2019;47:
W556-60.

Goldman MJ, Craft B, Hastie M, Repecka K, McDade F, Kamath A, et al. Visualizing
and interpreting cancer genomics data via the Xena platform. Nat Biotechnol.
2020;38:675-8.

Wen Y, Wu Y, Xu B, Lin J, Zhu H. Fasim-LongTarget enables fast and accurate
genome-wide IncRNA/DNA binding prediction. Comput Struct Biotechnol J.
2022;20:3347-50.

Marass F, Upton C. Sequence Searcher: A Java tool to perform regular expression
and fuzzy searches of multiple DNA and protein sequences. BMC Res Notes.
2009;2:14.

Driscoll MD, Sathya G, Muyan M, Klinge CM, Hilf R, Bambara RA. Sequence
requirements for estrogen receptor binding to estrogen response elements. J Biol
Chem. 1998;273:29321-30.

Tian C, Zhou J, Li X, Gao Y, Wen Q, Kang X, et al. Impaired histone inheritance
promotes tumor progression. Nat Commun. 2023;14:3429.

Hinrichs AS, Karolchik D, Baertsch R, Barber GP, Bejerano G, Clawson H, et al. The
UCSC Genome Browser Database: update 2006. Nucleic Acids Res. 2006;34:
D590-8.

Nassa G, Salvati A, Tarallo R, Gigantino V, Alexandrova E, Memoli D, et al. Inhi-
bition of histone methyltransferase DOT1L silences ERa gene and blocks pro-
liferation of antiestrogen-resistant breast cancer cells. Sci Adv. 2019;5:eaav5590.
Nassa G, Giurato G, Salvati A, Gigantino V, Pecoraro G, Lamberti J, et al. The RNA-
mediated estrogen receptor a interactome of hormone-dependent human breast
cancer cell nuclei. Sci Data. 2019;6:173.

Salvati A, Melone V, Sellitto A, Rizzo F, Tarallo R, Nyman TA, et al. Combinatorial
targeting of a chromatin complex comprising Dot1L, menin and the tyrosine
kinase BAZ1B reveals a new therapeutic vulnerability of endocrine therapy-
resistant breast cancer. Breast Cancer Res. 2022;24:52.

Adibfar S, Elveny M, Kashikova HS, Mikhailova MV, Farhangnia P, Vakili-Samiani S,
et al. The molecular mechanisms and therapeutic potential of EZH2 in breast
cancer. Life Sci. 2021;286:120047.

Li J, Lei C, Chen B, Zhu Q. LncRNA FGD5-AS1 Facilitates the Radioresistance of
Breast Cancer Cells by Enhancing MACC1 Expression Through Competitively
Sponging miR-497-5p. Front Oncol. 2021;11:671853.

Fang K, Xu Z-J, Jiang S-X, Tang D-S, Yan C-S, Deng Y-Y, et al. IncRNA FGD5-AS1
promotes breast cancer progression by regulating the hsa-miR-195-5p/NUAK2
axis. Mol Med Report. 2021;23:460.

Yang F, Lv S. LncRNA EPB41L4A-AS1 Regulates Cell Proliferation, Apoptosis and
Metastasis in Breast Cancer. Ann Clin Lab Sci. 2022;52:3-11.

Liu S, Chen W, Hu H, Zhang T, Wu T, Li X, et al. Long noncoding RNA PVT1
promotes breast cancer proliferation and metastasis by binding miR-128-3p and
UPF1. Breast Cancer Res. 2021;23:115.

Nylund P, Garrido-Zabala B, Parraga AA, Vasquez L, Pyl PT, Harinck GM, et al. PVT1
interacts with polycomb repressive complex 2 to suppress genomic regions with
pro-apoptotic and tumour suppressor functions in multiple myeloma. Haema-
tologica 2024;109:567-77.

Dai X, Xiang L, Li T, Bai Z. Cancer hallmarks, biomarkers and breast cancer
molecular subtypes. J Cancer. 2016;7:1281-94.

Song D, Cui M, Zhao G, Fan Z, Nolan K, Yang Y, et al. Pathway-based analysis of
breast cancer. Am J Trans| Res. 2014;6:302-11.

Deva Magendhra Rao AK, Patel K, Korivi Jyothiraj S, Meenakumari B, Sundersingh
S, Sridevi V, et al. Identification of IncRNAs associated with early-stage breast
cancer and their prognostic implications. Mol Oncol. 2019;13:1342-55.

Lu D, Luo P, Wang Q, Ye Y, Wang B. IncRNA PVT1 in cancer: A review and meta-
analysis. Clin Chim Acta. 2017;474:1-7.

Schneider-Stock R, Ribatti D. The CAM assay as an alternative in vivo model for
drug testing. Handb Exp Pharmacol. 2021;265:303-23.

Yu Y, Zhang M, Liu J, Xu B, Yang J, Wang N, et al. Long Non-coding RNA PVT1
Promotes Cell Proliferation and Migration by Silencing ANGPTL4 Expression in
Cholangiocarcinoma. Mol Ther Nucleic Acids. 2018;13:503-13.

Guo J, Hao C, Wang G, Li L. Long noncoding RNA PVT1 modulates hepatocellular
carcinoma cell proliferation and apoptosis by recruiting EZH2. Cancer Cell Int.
2018;18:98.

Wang R, Wang R, Tian J, Wang J, Tang H, Wu T, et al. BTG2 as a tumor target for
the treatment of luminal A breast cancer. Exp Ther Med. 2022;23:339.
Takahashi M, Hayashida T, Okazaki H, Miyao K, Jinno H, Kitagawa Y. Loss of B-cell
translocation gene 2 expression in estrogen receptor-positive breast cancer
predicts tamoxifen resistance. Cancer Sci. 2014;105:675-82.

Chen P, Li B, Ou-Yang L. Role of estrogen receptors in health and disease. Front
Endocrinol. 2022;13:839005.

Métivier R, Penot G, Hiibner MR, Reid G, Brand H, Kos M, et al. Estrogen receptor-
alpha directs ordered, cyclical, and combinatorial recruitment of cofactors on a
natural target promoter. Cell 2003;115:751-63.

Cell Death and Disease (2025)16:80


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

50. Papachristou EK, Kishore K, Holding AN, Harvey K, Roumeliotis TI, Chilamakuri
CSR, et al. A quantitative mass spectrometry-based approach to monitor the
dynamics of endogenous chromatin-associated protein complexes. Nat Com-
mun. 2018;9:2311.

51. Zeng SHG, Xie J-H, Zeng Q-Y, Dai SHH, Wang Y, Wan X-M, et al. IncRNA PVT1
Promotes Metastasis of Non-Small Cell Lung Cancer Through EZH2-Mediated
Activation of Hippo/NOTCH1 Signaling Pathways. Cell J 2021;23:21-31.

52. Hu C, Liu Y, Teng M, Jiao K, Zhen J, Wu M, et al. Resveratrol inhibits the pro-
liferation of estrogen receptor-positive breast cancer cells by suppressing EZH2
through the modulation of ERK1/2 signaling. Cell Biol Toxicol. 2019;35:445-56.

53. Wu Y, Zhang Z, Cenciarini ME, Proietti CJ, Amasino M, Hong T, et al. Tamoxifen
Resistance in Breast Cancer Is Regulated by the EZH2-ERa-GREB1 Transcriptional
Axis. Cancer Res. 2018;78:671-84.

54. Karmakar S, Foster EA, Smith CL. Estradiol downregulation of the tumor sup-
pressor gene BTG2 requires estrogen receptor-alpha and the REA corepressor. Int
J Cancer. 2009;124:1841-51.

55. Wang N, Ma T, Yu B. Targeting epigenetic regulators to overcome drug resistance
in cancers. Signal Transduct Target Ther. 2023;8:69.

56. Zhang X, Bu P, Liu L, Zhang X, Li J. Overexpression of long non-coding RNA PVT1
in gastric cancer cells promotes the development of multidrug resistance. Bio-
chem Biophys Res Commun. 2015;462:227-32.

57. Fan H, Zhu J-H, Yao X-Q. Knockdown of long non-coding RNA PVT1 reverses
multidrug resistance in colorectal cancer cells. Mol Med Report. 2018;17:8309-15.

ACKNOWLEDGEMENTS

The results shown here are in part based upon data generated by the TCGA Research
Network: https://www.cancer.gov/tcga. We would like to thank the Advance
Histopathology Facility of TIGEM for tissue processing and embedding and
developing customized IHC protocols for protein detection.

AUTHOR CONTRIBUTIONS

Conceptualization: RT and AW; methodology: VM and LP; investigation: VM, LP, NB,
AS and AT; formal analysis: DP and GG; data curation: DP; writing and original draft
preparation: VM, DP, LP and RT; writing, review, and editing: FR, GN RT and AW;
visualization: DP, VM, GN; supervision: RT; funding acquisition: RT, GN and AW.

FUNDING

This work was supported by Italian Association for Cancer Research [grant number:
I1G-23068], the University of Salerno (fondi FARB 2024, CUP: ORSA244332), Ministry of
University and Research [PNRR-MUR NextGenerationEU PRIN 2022 grant numbers:
2022A7HJEM, 2022Y79PT4 and 202282CMEA; PNRR-MUR NextGenerationEU PRIN-
PNRR 2022 grant number: P2022N28FJ] and lItalian Ministry of Health [Young

Cell Death and Disease (2025)16:80

V. Melone et al.

Researcher Grant: GR-2021-123739371. LP is a PhD Student of the Research Doctorate
in “Translational Medicine for Development and Active Ageing” (DOT1328517) of the
University of Salerno. AS and NB are residents of the Postgraduate School in Clinical
Pathology and Clinical Biochemistry of the University of Salerno.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All methods were performed in accordance with the relevant guidelines and
regulations concerning good scientific practice. The study did not require ethical
approval as it did not include live vertebrates or human participants.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-025-07423-4.

Correspondence and requests for materials should be addressed to
Alessandro Weisz or Roberta Tarallo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http:/
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE


https://www.cancer.gov/tcga
https://doi.org/10.1038/s41419-025-07423-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	LncRNA PVT1 links estrogen receptor alpha and the polycomb repressive complex 2 in suppression of pro-apoptotic genes in hormone-responsive breast cancer
	Introduction
	Materials and methods
	RNA immunoprecipitation
	RNA sequencing
	Chorioallantoic membrane (CAM) assay
	Data analysis

	Results
	Identification of ERα-associated RNAs in BC cell nuclei
	Functional characterization of ERα-interacting lncRNAs
	The lncRNA PVT1 affects multiple BC hallmarks
	The cooperation between PRC2 complex, PVT1 and ERα is responsible for modulation of target genes expression

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




