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Abstract

Background: The RNA-binding protein Argonaute 2 (AGO2) is a key effector of RNA-silencing pathways It exerts a
pivotal role in microRNA maturation and activity and can modulate chromatin remodeling, transcriptional gene
regulation and RNA splicing. Estrogen receptor beta (ERβ) is endowed with oncosuppressive activities, antagonizing
hormone-induced carcinogenesis and inhibiting growth and oncogenic functions in luminal-like breast cancers
(BCs), where its expression correlates with a better prognosis of the disease.

Results: Applying interaction proteomics coupled to mass spectrometry to characterize nuclear factors cooperating
with ERβ in gene regulation, we identify AGO2 as a novel partner of ERβ in human BC cells. ERβ–AGO2 association
was confirmed in vitro and in vivo in both the nucleus and cytoplasm and is shown to be RNA-mediated. ChIP-Seq
demonstrates AGO2 association with a large number of ERβ binding sites, and total and nascent RNA-Seq in ERβ +
vs ERβ − cells, and before and after AGO2 knock-down in ERβ + cells, reveals a widespread involvement of this
factor in ERβ-mediated regulation of gene transcription rate and RNA splicing. Moreover, isolation and sequencing
by RIP-Seq of ERβ-associated long and small RNAs in the cytoplasm suggests involvement of the nuclear receptor
in RISC loading, indicating that it may also be able to directly control mRNA translation efficiency and stability.

Conclusions: These results demonstrate that AGO2 can act as a pleiotropic functional partner of ERβ, indicating
that both factors are endowed with multiple roles in the control of key cellular functions.

Keywords: Argonaute 2, Estrogen receptor beta, Breast cancer, Interaction proteomics, Transcriptional regulation,
RNA splicing

Background
The argonaute protein AGO2 is a RNA-binding protein
primarily known for its functions in the cytoplasm, where it
is a major component of the RNA-induced silencing com-
plex (RISC). Indeed, this factor controls miRNA maturation
and is involved in target recognition by small non-coding
RNAs, thereby leading to mRNA degradation or translation
inhibition in post-transcriptional gene silencing [1–3]. The

role of AGO2 in the composition of the miRNA machinery
and the regulation of miRNA target stability and translation
is well documented, among others, in breast cancer (BC)
cells [4, 5]. On the other hand, AGO2 also acts in the nu-
cleus, where it has been recently implicated in key events in
several species, including mammals, such as transcriptional
gene silencing (TGS) mediated by miRNAs [6–9], and it is
involved in chromatin remodeling [10] and alternative
RNA splicing [11] via RNA Pol II processivity slowdown
and/or splicing factor recruitment [12]. Recent results
demonstrated that this protein can shuttle between the
cytoplasm and nucleus, and that its subcellular distribution
is context-dependent [13]. Nucleocytoplasmic shuttling is a
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specific property also of estrogen receptor β (ERβ) [14, 15],
a member of the nuclear receptor superfamily of transcrip-
tional regulators [16] that shows oncosuppressive activities
in BC and other cancers. In BC, where AGO2 has been
shown to be associated with tumor progression [17], ERβ
inhibits cancer cell proliferation and tumor growth and its
expression has been found to correlate with a better prog-
nosis of the disease [18]. Furthermore, ERβ shows additive
effects with anti-estrogens in promotion of apoptotic cell
death and cell cycle inhibition [19, 20], and for this reason
has been proposed as a marker of tumor responsiveness to
endocrine therapy [21, 22]. Although this receptor can bind
estrogenic compounds, thereby exerting a modulatory
role on the functions of the oncogenic ERα, the other
estrogen receptor subtype active in cancer cells, by
dimerizing with it and thereby modifying its activity
on target genes [16, 23], in the absence of ligand it
exhibits significant effects in BC cells [24], including,
among others, miRNA-mediated post-transcriptional
regulation of the BC cell proteome [25]. Physiologically,
the presence of unliganded ERβ is a typical condition
during specific phases of the menstrual cycle, before
puberty, and in post-menopausal women, when this re-
ceptor might compensate for the absence of circulating
hormones with regard to cell functions.
We show here that expression of unliganded ERβ in

luminal-like BC MCF-7 cells induces profound effects
on the cell transcriptome, represented by changes in
both RNA expression and splicing. To elucidate the
molecular bases of these actions, we applied inter-
action proteomics coupled to mass spectrometry (MS)
to identify ERβ-interacting proteins in BC cell nuclei.
AGO2 was among 277 new molecular partners of the
receptor identified using this approach. Interestingly,
a comparison between this protein dataset and data-
sets related to AGO2-interacting proteins present in
public databases revealed a number of molecular part-
ners in common between the two factors, indicating
that they share a sizeable amount of functions in the
nucleus, comprising also RNA processing and spli-
cing. Based on these results, we investigated in depth
the functional significance of ERβ–AGO2 interaction,
identifying a dual role of the association between
AGO2 and ERβ in BC cells in the nucleus and the
cytoplasm, for quantitative and qualitative regulation
of gene expression at both the transcriptional and
post-transcriptional level.

Results
In vivo binding of ERβ to the luminal-like BC cell genome
and effects on gene expression
ERβ is an estrogen receptor that, like many other
members of the nuclear receptor superfamily of tran-
scription factors but contrary to ERα, in the absence

of ligands can be found predominantly in the nucleus
exerting profound effects on the cell, comprising
oncosuppressor activities in BC and other cancer cells
[16]. Furthermore, in the absence of ligand ERβ does
not dimerize with ERα and therefore induces specific
effects that are independent of interfering with the
activity of the latter [16, 25]. Human BC cell lines
expressing endogenous ERβ protein to detectable
levels are not available, probably due to epigenetic in-
hibition of this gene promoter by DNA methylation
in cancer cells [26], and for this reason activity and
functions of this receptor in BC cells can be studied
only by exogenous transfer of ERβ expression vectors.
We previously showed that stable expression of ERβ
fused to a TAP tag at either the C-terminus (Ct-ERβ)
or N-terminus (Nt-ERβ), suitable for proteomics ana-
lyses, causes growth inhibition and re-programming
of miRNA expression and the cell proteome in
human luminal-like MCF-7 BC cells [25], in line with
results obtained in other laboratories [27–29]. These
cells lines express ERβ to levels comparable to those
of endogenous ERα [25], therefore reproducing as
much as possible a physiological setting. To investi-
gate the molecular bases of these actions of unli-
ganded ERβ, Nt-ERβ, Ct-ERβ and, as control, Ct-ERα
(ERβ−) MCF7 cell clones were cultured in steroid-
free medium and gene expression profiling was
carried out by total RNA extraction and RNA-Seq as
described in “Methods”. Reads were aligned to the
reference human genome and normalized to “frag-
ments per kilobases of exon per million mapped
reads” (FPKM) and genes differentially expressed in
the presence of ERβ were determined for both clones
with respect to TAP-ERα-expressing cells (Ct-ERα,
Fig. 1). By setting 0.5 FPKM as an expression level
threshold, we identified 15,470 and 16,115 genes
differentially expressed in Ct-ERβ and Nt-ERβ,
respectively (Additional file 1: Table S1a, b). Data
from these two datasets were compared and 10,399
and 8828 transcripts showed statistically significant
(adjusted p value ≤ 0.05, fold change (FC) |1.2|) differences
in expression in Ct-ERβ and Nt-ERβ, respectively (compar-
ing ERβ + vs ERβ − cells). Among these RNAs, 6739 (3246
upregulated and 3493 downregulated), representing about
65 and 76% of differentially expressed transcripts in Ct-ERβ
and Nt-ERβ, respectively, displayed an identical trend in
both cell clones (Fig. 1a; Additional file 1: Table S1c, d).
Evaluation of the functional significance of the gene
expression changes detected in ERβ-expressing cells,
performed by IPA comparative analysis, revealed that
all the top ten functional annotations identified relate
to key cancer cell characteristics, including regulation
of cellular movement, cell-to-cell signaling and inter-
actions, cell morphology, growth and proliferation,
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Fig. 1 Effects of unliganded ERβ on the BC cell transcriptome and alternative RNA splicing. a The fraction of differentially expressed genes detected in both
Ct-ERβ- and Nt-ERβ-expressing cells (red/green) or in only one of the two cell lines (white). b Functional annotation by Ingenuity Comparative Analysis on genes
differentially expressed in BC cells expressing either Ct-ERβ or Nt-ERβ (fold change cut-off |1.5|, false discovery rate (FDR) ≤ 0.05). The red line indicates the p value
threshold. c Alternative splicing events occurring in the two ERβ-expressing cell lines. Inclusion and exclusion behaviors for each event are shown (FDR≤ 0.05;
inclusion/exclusion cut-off |0.1|). d Heatmap showing differentially expressed transcripts subject to alternative splicing events in both ERβ-expressing cell lines
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cell cycle or cell death, and survival (Fig. 1b). The
fact that all these functions are known to be influ-
enced by ERβ in multiple cell types, and that they
were similarly affected in both ERβ-expressing cell
lines, confirms previous observations that the TAP-tag
does not significantly influence the receptor activity
in vivo [23, 25]. As estrogen-bound ERβ has been
shown to induce alternative splicing events in this BC
cell subtype [30], the effects of unliganded receptor
on RNA splicing were also assessed with MATS
(Multivariate Analysis of Transcripts Splicing) [31].
Around 900 splicing events were found to be com-
monly affected in Ct-ERβ and Nt-ERβ with respect to
Ct-ERα cells, considering exon skipping, intron reten-
tion, mutually exclusive exons, and alternative 3′ and
5′ end events. The two clones showed the same spli-
cing patterns, exon skipping being, as expected, the
most frequent event, and a comparable percentage of
transcripts affected (Fig. 1c; Additional file 2: Table S2a;
Additional file 3: Table S2B; Additional file 4: Table S2c).
By comparing receptor-mediated differential RNA expres-
sion with splicing, it emerged that the 150 ERβ-modulated
transcripts shown in Fig. 1d also underwent alternative
splicing in both cell clones.
To date, the major effects of hormone-bound ERβ in

BC cells have been shown to result from its binding to the
genome. As ligand-free receptor can bind DNA in vitro
and is present in the cell nucleus, we mapped its binding
to chromatin in vivo by ChIP-Seq, performed in triplicate
as described earlier [23, 32]. Triplicate chromatin samples
from Ct-ERβ and, as negative control, wild-type MCF-7
cells were pulled down with IgG-Sepharose, which binds
with high affinity the TAP moiety of the fusion protein
(see “Methods”). Purified DNA was used to prepare ChIP-
Seq libraries for short-read sequencing on NextSeq 500.
Reads obtained were aligned to the human genome se-
quence and peaks enriched in ERβ + libraries with respect
to the negative control were identified using MACS2
coupled to MuSERA [33, 34], as described in “Methods”.
Input DNA was also sequenced as an additional control.
This allowed identification of 37,304 ERβ-binding sites
(Fig. 2a, right). Not surprisingly, a transcription factor
binding sequence motif search in the ERβ-binding ‘peak’
sequences revealed a matrix corresponding to the estrogen
receptor binding motif ERE (estrogen response element,
GGTCAnnnTGACC), indicating that unliganded ERβ also
binds this element in BC cell chromatin. Indeed, ESR1
and ESR2 binding motifs, together with a number of
others, including in particular TP53, TP63, and PPARG,
were among the transcription factor binding matrixes
showing statistically significant enrichment in ERβ binding
sites (Fig. 2a, left central panel). This last result is particu-
larly interesting when considering that ERβ can bind dir-
ectly to TP53 and TP63 in BC cells and that, in the

presence of mutant TP53, it interferes with its activity on
target genes, resulting in inhibition of epithelial-to-
mesenchymal transition and cell invasiveness [35]. A full
list of these binding sites is available, with relevant infor-
mation, in Additional file 5: Table S3a. Detailed analysis
revealed that 4% of the binding sites identified were lo-
cated within promoter regions, calculated considering
−1000 and +100 bases from the main annotated transcrip-
tion start site (TSS) according to HOMER guidelines, in-
cluding 1% in close proximity of TSSs. On the other hand,
most of the binding sites were found in intronic (47%) or
intergenic (41%) regions (Fig. 2b). Statistical analysis of
ERβ binding site occurrence within different genomic re-
gions (3′ UTR, 5′ UTR, intergenic, promoter, etc.), per-
formed with Genome Association Tester (GAT), showed
that ERβ binds prevalently within 5′ UTR and promoter
regions (FC > 2 and q-value ≤ 0.05) (Fig. 2c), as suggested
also by the prevalence of ERβ binding around TSSs
(Figs. 2a, lower left panel). Alignment of ERβ-responsive
transcription units (FC cutoff of |1.5|) with the receptor
binding sites revealed that, in the absence of ligand, ERβ is
able to bind the promoter regions of 426 of the genes it
regulates, indicating that these are most likely to represent
its primary targets (Additional file 5: Table S3b).
Functional analysis of these genes by IPA showed that sev-
eral among them are involved in cellular functions related to
known ERβ actions in BC and other cancers, in particular
cell growth and proliferation, death and survival, and cell
cycle (Additional file 6: Figure S1a). Indeed, network repre-
sentation of cell cycle genes shows that the overall effect of
ERβ-responsive genes is directed towards inhibition of cell
cycle progression (Additional file 6: Figure S1b).
When considering, instead, ERβ-responsive genes com-

prising one or more receptor binding sites within the
whole transcription unit, the number increases to 1752,
including 476 (27%) whose RNA transcripts undergo al-
ternative splicing in the presence of ERβ with patterns
identical to those detectable on the whole transcriptome
(Additional file 6: Figure S2). Since transcription factors,
including nuclear receptors and, in particular, estrogen re-
ceptors [36–39], are known to regulate their target genes
also through long-range chromatin looping interactions,
the high number of ERβ binding sites mapped here sug-
gests that a much higher number of these ERβ-dependent
gene responses and splicing events are likely due to a dir-
ect effect of the receptor.

Mapping the nuclear interactome of unliganded ERβ
identified AGO2 as a novel molecular partner of the
receptor in BC cells
To search for leads allowing identification of the mo-
lecular mechanisms underlying the ligand-independent
activity of ERβ on BC cell functions, we applied
interaction proteomics [40–43] to map the nuclear
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interactome of the receptor. To this end, nuclear protein ex-
tracts from TAP-ERβ-expressing cells were subjected to tan-
dem affinity purification coupled to mass spectrometry for
isolation and identification of native protein complexes, as
summarized in Fig. 3a. Nuclear extracts from wild-type
MCF-7 cells, maintained under the same culture conditions,
were processed in parallel as control. As shown in Additional
file 6: Figure S3a, b, this procedure led to efficient isolation
of the bait protein from Ct-ERβ cell nuclei. Analysis by
nano-LC MS/MS of the purified protein mixtures led to un-
equivocal and robust identification of 277 specific ERβ-
interacting proteins (Additional file 7: Table S4), as all those

identified also in ERβ− samples were discarded. Functional
annotation analysis by IPA revealed that the ERβ partners
identified are involved in multiple molecular functions, either
relevant in cancer and/or reflecting known activities of this
nuclear receptor, such as RNA post-transcriptional regula-
tion, cell growth and proliferation, cell cycle, DNA replica-
tion, gene expression, and cell death and survival (Fig. 3b).
Further dissection of the most enriched molecular
function related to RNA post-transcriptional modifica-
tion revealed an involvement of the ERβ interactome
in RNA processing, including in particular splicing,
alternative splicing, cleavage, polyadenylation, and

Fig. 2 Unliganded ERβ binding site identification and annotation in BC cells. a Right panel; ERβ binding sites identified by ChIP-Seq in the Ct-ERβ
cell genome. The heatmap shows read density in the 10-kb regions centered on each binding site in Ct-ERβ cells (left), wild-type (wt; ERβ−) MCF-
7 cells (center) and input DNA (right). Left panel: mean read densities within and around ERβ binding sites (top), transcription factor binding motifs
most enriched within ERβ sites (center), and distribution of annotated ERβ binding sites respect to the nearest transcription start site (bottom). b
ERβ binding site distribution in the genome. c Observed vs expected distribution of ERβ binding sites within gene segments, calculated accord-
ing to Genome Analyzer Tester
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Fig. 3 ERβ-binding proteins identified by interaction proteomics. a The experimental workflow. b Functional enrichment analysis of ERβ-associated
proteins performed by IPA representation. c Interaction network showing known associations reported in protein–protein interaction databases within
the identified ERβ (ESR2) interactome. Proteins involved in RNA processing and splicing are represented in green
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stabilization (Additional file 6: Figure S3c). In Fig. 3c
the ERβ-interacting proteins identified are shown in
an interaction network, with those specifically en-
rolled in mRNA processing and splicing highlighted
(green). Among these, we noticed AGO2, since this
factor is a major component of RISC that binds
sncRNAs to guide post-transcriptional gene silencing
within the cell cytoplasm [44, 45], a process shown to
be controlled also by unliganded ERβ in BC cells
[25]. More recently, AGO2 has been shown to act in
the cell nucleus, directly controlling chromatin
silencing, transcriptional repression, and pre-mRNA
splicing [11, 12], all functions exerted also by ERβ
and directly related to oncosuppression and regulation
of gene transcription. We thus decided to focus our
attention on the ERβ–AGO2 interaction and, firstly,
we compared the set of ERβ-associated proteins iden-
tified here with that of known AGO2 interactors from
protein–protein interaction databases [46, 47] and the
literature, identifying 41 partners in common between
ERβ and AGO2 (Additional file 7: Table S4).
These include, together with several proteins in-

volved in transcription, RNA splicing and maturation
and pleiotropic factors controlling key cancer-related
cellular functions (see “Discussion” for details), and
AGO1, another argonaute protein functionally redundant
with AGO2 in the miRNA pathway and known to interact
with it. These data suggest that association of AGO2 with
ERβ in multiprotein nuclear complexes could represent a
central hub for regulation of BC cell functions by the nu-
clear receptors. Co-immunoprecipitation was thus per-
formed in different experimental conditions to confirm
the association between the two proteins (Fig. 4a, b). First,
Ct-ERβ cells were transiently transfected with an
expression vector encoding Myc-tagged AGO2 to prevent
possible artifacts due to non-specific recognition of
endogenous proteins by the anti-AGO2 antibodies. Wild--
type MCF-7 cells transfected with a Myc-AGO2 expres-
sion vector and untransfected Ct-ERβ cells were used as
negative controls. ERβ pull-down with IgG showed co-
purification of exogenous AGO2, detected specifically by
an anti-Myc tag antibody (Fig. 4a). Secondly, MCF-7 cells
expressing a Tet-inducible Myc-Flag-ERβ (Tet-On system)
were used to exclude the possibility that the interaction
could be due to the TAP-tag. Results, reported in Fig. 4b,
showed that ERβ–AGO2 association is independent of the
nature of the tag fused to the receptor. This experimental
setting allowed us to confirm also the TAP results relative
to ERβ association with FXR1 (Fragile X mental retard-
ation syndrome-related protein 1) and EIF6 (Eukaryotic
translation initiation factor 6), and with the splicing factor
PRPF8 (Pre-mRNA-processing-splicing factor 8;
Fig. 4b), all known partners of AGO2. Immunoprecip-
itation confirmed AGO1 association with ERβ, which

was lost upon AGO2 knock-down (kd) with shRNA,
indicating that it is likely to be mediated by this last
(Fig. 4c). To evaluate the role of AGO2 in nuclear
ERβ interactome composition, TAP/MS analysis was
also repeated before and after in vivo silencing of
AGO2 by shRNA. Results were analyzed by compar-
ing the label-free quantification (LFQ) value of ERβ-
interacting proteins before and after AGO2 silencing, fol-
lowing normalization with respect to ERβ LFQ value, as
described in the “Methods” section (Additional file 8:
Table S5a, b). This analysis, while providing a confirm-
ation of the identified ERβ interactome, revealed that
AGO2 is required for the stable association with ERβ of a
large fraction (70%) of its interacting partners (heatmap in
Fig. 4c; Additional file 6: Figure S4; Additional file 8:
Table S5c, d), comprising 31 of the 41 AGO2 interactors
known to date (75%), a result suggesting that the argo-
naute protein is likely to play a central role in assembly
and/or stability of the nuclear ERβ interactome.
ERβ–AGO2 association in BC cells was analyzed in

vivo with two experimental approaches. First, Tet-On
MCF-7 cells stably transfected with a tet-inducible
vector encoding Myc-Flag-ERβ were analyzed by im-
munofluorescence microscopy with specific antibodies
directed against the endogenous AGO2 or the myc
epitope of the tagged ERβ protein. As shown in
Additional file 6: Figure S5a (+DOXY panels), both
AGO2 and ERβ are detected in the nucleus and the
cytoplasm, where they are more abundant, in
accordance with the expected intracellular distribution
of the two proteins under these conditions, and are co-
localized to a significant extent in both compartments.
Interestingly, the intracellular distribution of AGO2 is not
affected significantly by ERβ induction (compare + DOXY
with –DOXY panels in Additional file 6: Figure S5a).
Then, in vivo association of the two proteins was mea-
sured by proximity ligation assay (PLA), a method that
allows in situ detection of the association between two
proteins when these are in close proximity (40–50 nm).
This test used cells transiently expressing Myc-AGO2 and
Flag-ERβ. The results, reported in Additional file 6:
Figure S5b, confirm in vivo association of the two
proteins in both the nucleus and the cytoplasm.
Under the same experimental conditions the onco-
genic ER subtype ERα does not show association with
AGO2, indicating that the ability to bind AGO2 is a
specific property of ERβ. Interestingly, ERβ and
AGO2 were clearly associated not only in the nucleus
but also in the cytoplasmic compartment of the cell.
AGO2–ERβ interaction was further verified by co-
immunoprecipitation following transient expression of
Myc-tagged AGO2 in Ct-ERβ cells and, as control,
wild-type MCF-7 cells. TAP-ERβ pull-down from
cytoplasmic extracts resulted in co-purification of
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AGO2, detectable here by anti-Myc tag antibodies
(Fig. 5a), a result further confirming association of the two
proteins also in the extranuclear compartment of the cell.
This indicates that either there are different complexes in
the two subcellular compartments and/or that at least

some of these complexes undergo nucleo-cytoplasmic
shuttling, an interesting possibility given the known ability
of ERβ to redistribute within the cell in response to
specific stimuli [15, 16], a property recently attributed also
to AGO2 [13].

Fig. 4 Validation of ERβ–AGO2 interaction in the nucleus. a Co-immunoprecipitation of ERβ and AGO2 from nuclear extracts of Ct-ERβ or wild-type
(wt; ERβ−, control) cells transiently transfected with a Myc-tagged AGO2 expression vector. b Co-immunoprecipitation of ERβ with AGO2, PRPF8, FXR1,
and EIF6 from nuclear extracts of a Tet-inducible MCF-7 cell clone expressing Myc-Flag-ERβ; doxy doxycycline. c Top left: western blots of AGO2 and
AGO1 co-immunoprecipitation with ERβ from nuclear extracts of Ct-ERβ cells before and after AGO2 silencing. Heatmap: amount (expressed as LFQ
value normalized with respect to ERβ LFQ value) of proteins co-immunoprecipitated with ERβ in control (NT) and AGO2 ‘knock-down’ (shAGO2) cells
measured in three biological replicates. FC average fold-change in shAGO2 vs control samples (NT). Only statistically significant changes in protein
content are reported. ESR2 (bait) and AGO2 are highlighted in red and blue, respectively. Red arrowheads mark known AGO2 interactors from protein–
protein interaction databases [46, 47] and the literature [12]
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Upon agonist ligand binding, ERβ can dimerize with ERα
in the nucleus [23], a condition that could affect AGO2
binding. However, AGO2 is found associated with ERβ also
in the presence of 17β-estradiol (E2; Additional file 6:
Figure S6a), while under the same condition it did not bind

TAP-tagged ERα (Ct-ERα; Additional file 6: Figure S6b),
demonstrating a estrogen receptor subtype-specific ability
to associate with AGO2. This result indicates a selective
role of the complex(es) comprising the two proteins in
ERβ-specific functions in BC cells.
Considering the role exerted by AGO2 in the ERβ

interactome, the nature of its interaction with the re-
ceptor, i.e., primary or mediated by additional fac-
tor(s), was further evaluated. A yeast two-hybrid assay
performed using AGO2 fused to the LexA DNA bind-
ing domain as ‘bait’ and ERβ fused to the Gal4 activa-
tion domain as ‘prey’ failed to demonstrate direct
association between the two proteins (data not
shown), suggesting that other molecules could be in-
volved in the interaction. For this reason, starting
from the assumption that AGO2 is an RNA-binding
protein, we investigated whether RNA could represent
the bridging factor between the two proteins. To
evaluate this possibility, cytoplasmic and nuclear pro-
tein extracts from Ct-ERβ cells were treated with
RNAse A for different times before ERβ pull-down by
IgG binding, followed by immunodetection of the two
proteins in the immununoprecipitates, as described by
Höck and colleagues [48]. Results showed a strong re-
duction of ERβ and AGO2 association already 1 h
after RNAse treatment, indicating that association
between the two factors is indirect and likely to be
mediated by one or more RNAs in both the nucleus
and cytoplasm (Fig. 5b).

AGO2 binding to the BC cell genome in proximity of ERβ
As AGO2 has been shown to be able to bind chromatin
in human cancer cells [49], ChIP-Seq was performed
with anti-AGO2 antibodies in Ct-ERβ and, as control, in
wild-type MCF-7 cells to investigate the possibility that
this protein also binds to BC cell chromatin, alone and
in combination with ERβ, where a complex between the
two factors could exert specific actions. Results showed
the ability of AGO2 to interact with the BC cell genome
and how this is greatly influenced by the presence of ERβ.
As displayed in Fig. 6a and Additional file 6: Figure S7a, b,
ChIP-Seq led to the identification of 3441 and 2552
AGO2 binding sites in ERβ + and ERβ − cells, respectively
(Additional file 9: Tables S6a, b); these can be grouped
into three clusters, representing, respectively, regions
comprising AGO2 binding sites prevalent in Ct-ERβ
(blue) or wild-type (red) cells, or similar in both cell lines
(grey). The density plots reported in Fig. 6a (boxes to the
right) show the signal density profile of the three clusters,
highlighting intensity and prevalence of the three sets of
AGO2 binding sites detected. Like previously performed
for ERβ binding sites, analysis of the annotated AGO2
binding sites prevalent in ERβ + and ERβ − cells (blue and
red clusters, respectively) according to their location with

Fig. 5 Characterization of ERβ–AGO2 interaction. a Co-
immunoprecipitation of ERβ and AGO2 from cytosolic extracts of
Ct-ERβ or wild-type (wt; ERβ−, control) cells transiently transfected
with a Myc-tagged AGO2 expression vector. b Upper panel: RNA
evaluation before and at different times after treatment with RNAse
A on either nuclear or cytosolic extracts. Lower panel: co-
immunoprecipitation of ERβ with AGO2 from nuclear (NUC) and
cytoplasmatic (CYT) extracts before and at different times after
RNAse A treatment
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respect to the nearest transcription start site indicates
that, in both cases, most of these are positioned in and
around gene promoter regions (Fig. 6b). Since AGO2 is
not a DNA binding protein, its association with chromatin
is likely to be mediated by other factors, which appear to
be different in ERβ + compared to ERβ − cells. To investi-
gate the basis of this difference we performed sequence

analysis of the binding sites within the three AGO2
binding site clusters, searching for enriched binding
motifs for other transcription factors that might play
a role in mediating AGO2 occupancy of chromatin
using a stringent statistical threshold. This revealed
that AGO2 binding sites in ERβ + and ERβ − cells
comprise binding motifs for known transcription

Fig. 6 Mapping of AGO2 binding to the ERβ + and ERβ − cell genomes. a Heatmap showing the AGO2 binding sites detected in ERβ + (Ct-ERβ)
and ERβ − (wild-type (wt)) MCF-7 cells; CTRL IgGs. The boxes to the right display, for each cluster generated, the mean read densities within and
around the AGO2 binding sites. b Distribution of annotated AGO2 binding sites with respect to the nearest transcription start site in ERβ + and
ERβ − cells. c The most enriched transcription factor binding motifs identified within the three binding clusters identified are reported, together
with the frequency observed in each case (light–dark blue boxes) and the mRNA expression level of the indicated transcription factors
(gray, undetected)
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factors, some of which are significantly enriched in
only one of the two cellular conditions investigated
(Fig. 6c; Additional file 10: Table S7a, b). The binding
matrixes for homeobox factors (HOXA13 and
HOXD13) and MEF2A were overrepresented only
within the AGO2 binding sites prevalent in ERβ −
cells. Interestingly, the mRNAs encoding these three
factors are all detectable in MCF-7 cells, with that for
MEF2A being expressed at higher levels, indicating
that the corresponding genes are active in this cell
type. It has been shown that MEF2A controls prolif-
eration of mammary epithelial cells, where its up-
regulation coincides with HDAC7 downregulation and
promotion of cell cycle exit, and its transcription is
repressed in transformed cells with altered morpho-
genesis [50]. Within the AGO2 binding sites detected
in ERβ + cells (Ct-ERβ only) different binding matrixes
were specifically enriched, with several of the corre-
sponding binding factor mRNAs being expressed in
the cell, including those for TEAD1-3, known to be
involved in tumorigenesis [51], and ARID3A, reported
to exert gene regulation activity in BC and other can-
cers [52]. This result suggests that factors interacting
with these genetic elements could influence AGO2
and ERβ homing and/or activity in such genomic
sites. On the other hand, binding matrixes enriched
in AGO2 sites in both cell lines correspond to con-
sensus motifs for NFATC2 and 5 and STAT4, all in-
volved in BC development and metastasis [53–55],
and for MEIS1 and SOX10, the first often found dys-
regulated in BC and the second reported to control
stem and mesenchymal cell status in epithelial cells of
the mammary gland [56, 57].
By comparing mapping of AGO2 binding in Ct-ERβ

cells to that of unliganded ERβ described in Fig. 2a, re-
sults showed that, in a large number of cases, AGO2
binding is located within 1000 bases upstream or down-
stream of ERβ sites, comprising 858 cases showing
precise ERβ–AGO2 co-localization, demonstrated by
overlap analysis performed with GAT [58] and p-overlap
(https://github.com/brentp/poverlap) (p value < 0.01;
Fig. 7a; Additional file 11: Table S8). This result supports
the possibility that the two proteins may act together in
the genome. Indeed, since AGO2 is not required for
ERβ binding to BC cell genome, as silencing of this fac-
tor did not prevent in a significant way receptor binding
to chromatin (data not shown), it is possible to assume
that the ERβ–AGO2 complex detected in Ct-ERβ cell nu-
clear extracts by interaction proteomics is present also on
the chromatin, where it could be conveyed by the receptor
to specific sites, which are mainly distributed around TSSs
(Fig. 7b), within promoters and 5′ UTRs (FC > 2 and
q-value ≤ 0.05: Fig. 7c). This possibility is further sup-
ported by analysis of the enriched motifs bound by both

factors (Fig. 7d; Additional file 10: Table S7C), which
showed representation of consensus motifs for ERβ bind-
ing (ESR2 matrix), as well as TBP/FOXL1 and MEIS1/
SOX10 motifs, both also found enriched when consider-
ing all AGO2 binding sites mapped in Ct-ERβ cells only
(TBP) or in both cell lines (MEIS1/SOX10; Fig. 6c).

AGO2 cooperates with unliganded ERβ to modulate
transcription rate and RNA maturation
To assess the possible cooperation between ERβ and
AGO2 in the transcriptional modulation of mRNA
levels, nascent RNA was isolated from Ct-ERβ or wild-
type MCF-7 cell nuclei and sequenced (nascent-Seq).
The role of AGO2 was analyzed comparing in both cell
lines the results obtained with and without AGO2
silencing by shRNA transfection. AGO2 ‘knock-down’
was efficient in both ERβ + and ERβ − cells, resulting in
a ~ 60% reduction of the corresponding RNA (data not
shown) and protein (Fig. 8a). Nascent RNA sequencing
revealed a significant influence of both ERβ and AGO2
on the transcription rate. In detail, 9273 genes were
differentially transcribed in Ct-ERβ with respect to
wild-type cells, considering a |1.5| FC cut-off and
FDR ≤ 0.05, including 1301 (14%) that harbored an
ERβ binding site within the transcription unit
(Additional file 12: Table S9A). Interestingly, by com-
paring the results obtained by expression profiling of ma-
ture RNAs by RNA-Seq with those obtained by nascent-
Seq in the same cell line, a > 60% correlation was observed
among two datasets for transcripts modulated by ERβ (data
not shown), indicating that most changes in transcriptional
rate are reflected in the mature transcriptome. On the other
hand, the transcription rate of 8163 genes was significantly
affected (|1.5| FC cut-off and FDR ≤ 0.05) by AGO2 knock-
down in ERβ+ cells (Additional file 12: Table S9b), including
5807 ERβ-regulated transcripts (Additional file 12: Table
S9c). Interestingly, 77 genes transcriptionally regulated by
ERβ and harboring both ERβ and AGO2 binding sites within
the transcription unit underwent an inversion of the ERβ-
induced transcriptional trend following AGO2 silencing
(Additional file 12: Table S9d), demonstrating a role of the
functional interaction between these two factors on ERβ-
mediated transcriptional regulation in BC cells upon phys-
ical association of the two proteins within the transcription
unit (TU). Functional analysis revealed that these genes en-
code proteins mainly involved in cell death and survival,
movement, growth and proliferation, and morphology. In-
deed, they include also LAD1 and BCL9, known to be in-
volved in cancer invasiveness. Indeed, LAD1 (Ladinin 1)
has been proposed as a promising new target for ‘triple
negative’ BC treatment [59] and BCL9 (B-cell CLL/lymph-
oma 9), a co-activator of Wnt-stimulated β-catenin-
mediated transcription, is considered a molecular driver of
BC early invasion [60] and has been shown to control
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estrogen signaling and breast carcinogenesis [61]. This evi-
dence further suggests that ERβ association with AGO2 on
the genome correlates with the effects of this receptor on BC
cell biology.
We then investigated the role of ERβ–AGO2 association

in co-transcriptional pre-mRNA splicing. The coupling
between transcription and splicing in eukaryotes is well
known but the mechanisms that drive it are still unclear,
although some evidence points to a kinetic and functional
coupling between the two events that determine spliceo-
some assembly and pre-mRNA loading during transcrip-
tion [62, 63]. Considering the involvement of ERβ in the

control of the basic events of transcription and the identifi-
cation, among ERβ-associated proteins, of several splicing
factors associated also with nuclear AGO2 [12], we
searched for evidence of RNA maturation and intron reten-
tion rate in the nascent-Seq datasets. By analyzing the data
with the same procedure described for nascent transcript
analysis, we investigated the global splicing events, in
particular the intron retention coefficient, to verify the
existence and nature of RNAs whose maturation may be
modulated by ERβ–AGO2 functional cooperation during
transcription. To quantify co-transcriptional splicing, we
adopted the intron retention metric developed by Khodor

Fig. 7 Co-localization of ERβ and AGO2 binding sites in the BC cell genome. a Heatmap summarizing co-localized AGO2 (green) and ERβ (red)
binding sites in ERβ + (Ct- ERβ) and ERβ − (wild-type (wt)) MCF-7 cells, respectively. The right panel shows mean read densities in the four condi-
tions displayed. b Distribution of ERβ–AGO2 binding sites with respect to the nearest transcription start site in ERβ + cells. c Observed vs expected
distribution of ERβ–AGO2 binding sites within gene segments, calculated according to Genome Analyzer Tester. d Statistically enriched transcrip-
tion factor binding motifs most enriched within ERβ–AGO2 binding sites
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et al. [64]. In detail, to account for the variability due to im-
balance among exons of different length, intron retention
was calculated as the ratio between the read number/base
pair of a given intron with respect to the same of all exons
of the gene. In this way, we identified more than 11,500
splicing events (FDR ≤ 0.05, t-test) modulated by ERβ, with

5360 intron retention events being significantly affected in
ERβ + cells compared to wild-type MCF-7 (Fig. 8c;
Additional file 13: Table S10a), suggesting that ERβ may be
directly involved also in this process in BC cells, as already
demonstrated for AGO2. Subsequently, we measured
23,362 events (FDR ≤ 0.05, t-test) influenced only in ERβ +

Fig. 8 Effects of ERβ and AGO2 on gene transcription rate and nascent RNA splicing. a Western blots showing the extent of AGO2 knock-down
by shRNA in Ct-ERβ cells. ACTB β-actin, NT nontransfected cells, shCTRL cells transfected with a non-target shRNA (negative control). b Heatmap
showing the transcription rate of a subset of genes showing ERβ and AGO2 binding sites within the promoter region or the gene body,
expressed as fold change in ERβ + with respect to ERβ − cells (ERβ+/ERβ−) or in ERβ + cells after AGO2 knock-down with respect to control cells
(shAGO2 in ERβ+). Genes in red and italics did not show statistically significant changes in shAGO2 cells. c Co-transcriptional pre-mRNA splicing
modulation by ERβ. Number of introns showing increased or decreased retention (FDR ≤ 0.05) in Ct-ERβ compared to wild-type ERβ − cells. A
positive intron retention ratio indicates reduced splicing efficiency and, conversely, a negative intron retention ratio indicates increased splicing
efficiency. d Co-transcriptional pre-mRNA splicing modulation by AGO2 in ERβ-expressing cells. Introns showing increased or decreased retention
(FDR ≤ 0.05) after AGO2 silencing in Ct-ERβ cells. e Bar plot showing, among ERβ-dependent splicing events, those affected by AGO2 knock-down
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cells by AGO2 silencing (Fig. 8d; Additional file 13: Table
S10b), a result obtained after filtering out the events ob-
served also in ERβ − cells following AGO2 ‘knock-down’.
By comparing these two datasets, and considering the 5360
introns influenced by ERβ, we highlighted several splicing
events modulated by both ERβ and AGO2 (Fig. 8e). A
stronger inhibition of the splicing efficiency upon AGO2
depletion was observed for ERβ-induced intron splicing,
where the effect of the receptor was reverted in 78% of the
cases showing an intron retention coefficient < −2 and in
52% of the cases where this coefficient was between −2 and
−1.5. A similar, but less pronounced effect of AGO2 silen-
cing was also observed for ERβ-mediated intron retention,
with increased splicing efficiency in 55% of the cases when
the intron retention coefficient was > 2 and of 37% when it
was between 1.5 and 2. Taken together, these data indicate
that ERβ and AGO2 cooperate in modulation of a sizeable
amount of co-transcriptional splicing events in luminal-like
BC cells, and that their functional association may be im-
portant to either promote or reduce the rate of co-
transcriptional maturation of their target transcripts. This is
further supported by the fact that only 8% of the 513 ERβ-
dependent intron retention events occurring in the 99
genes showing ERβ–AGO2 complex binding were still de-
tectable following AGO2 silencing, indicating that the large
majority of them are AGO2-dependent.
Considering that ERβ–AGO2 co-occupancy occurs

at 858 sites in chromatin, and the fact that the
chromatin-bound nuclear receptor can exert tran-
scriptional effects also through long-range chromatin
looping, the results reported above strongly suggest a
functional role of the cooperation between ERβ and
AGO2 on direct regulation of gene transcription and
co-transcriptional RNA splicing in BC cells. This is
further supported by the fact that the ERβ interac-
tome of BC cell nuclei includes several transcriptional
co-regulators and components of the RNA splicing
machinery (Fig. 3) and the evidence that AGO2 plays
a central role in assembly and/or stability of the nu-
clear ERβ interactome (Fig. 4).

The AGO2–ERβ complex associates with long and small
RNAs in BC cells
Given the extent of ERβ–AGO2 interaction in the ex-
tranuclear compartment observed in vivo by PLA
(Additional file 6: Figure S5b) and in vitro by co-im-
munoprecipitation (Fig. 5) and the role of AGO2 as a
major component of RISC [44, 45], we investigated the
significance of this interaction in the cytoplasm.
To investigate the involvement of ERβ in cytoplasmic

mRNA processing, ERβ-bound RNAs were searched for
by RNA immunoprecipitation followed by sequencing
(RIP-Seq). In order to evaluate the possibility of a role of
ERβ in RNA selection for RISC loading, the purified

samples were first analyzed by western blotting to detect
the presence of three key components of the RISC load-
ing complex: Dicer, AGO2, and TRBP. Indeed, cytoplas-
mic ERβ formed complexes with all these proteins, with
TRBP being particularly abundant, followed by AGO2
and then Dicer (Fig. 9a). RIP-Seq in Ct-ERβ and wild-
type MCF-7 cells (negative control) was carried out in
triplicate by ERβ immunoprecipitation, and input sam-
ples were also collected and sequenced for each condi-
tion to determine the background (input). Enrichment
analysis (see “Methods”) identified a total of 1139 RNA
associated with ERβ, selected using a cut-off correspond-
ing to the 75th percentile of enrichment-factor distribu-
tion (EF > 3.03). To select the enriched RNAs specifically
associated with the receptor, we compared the set de-
scribed above with all RNAs detected also in samples
obtained with the same procedure from extracts of wild-
type MCF-7 cells used as negative control and sorted
those specific for Ct-ERβ samples (614/1139). For the
remaining 525 RNAs, we considered for further analysis
those showing a ratio between the EF determined by
RIP-Seq in Ct-ERβ cells and the same determined in
wild-type (ERβ−) cells > 4, and being above the 75th
percentile with respect to the EF calculated in Ct-ERβ
and, at the same time, showing a negative enrichment
(EF < −1) in wild-type cells. In this way we selected an
additional 264 RNAs strongly enriched in ERβ + samples
and obtained a dataset comprising 878 RNAs showing
strong evidence for association with ERβ (Fig. 9b;
Additional file 14: Table S11). By plotting the expression
(log2RPKM) of the 878 RNAs in the input sample
against the EF after immunoprecipitation, we observed
that the majority of the ERβ-associated RNAs were
expressed in the cell at relatively low levels and all of
them were either poorly enriched or not detected in
ERβ − cells (Fig. 9c). This indicated that the selection
procedure was not biased by high concentrations of the
RNAs in the starting material and supported the
possibility that the RNAs identified were indeed specific-
ally associated with ERβ. We then classified the 878
enriched RNAs according to the "Gene_Biotype" term
described in the Ensembl annotation file. This revealed
that most ERβ-bound RNAs were mainly protein coding
(38%, p value < 0.01, hypergeometric test) and antisense
lncRNAs (26%, p value < 2.044 × 10−4, hypergeometric
test), with the remaining enriched molecules distributed
as follows: 13% pseudogenes (p value < 0.01, hypergeo-
metric test), 8% processed transcripts (p value < 2.15E−15,
hypergeometric test), 7% linc RNAs (p value < 1.93E−7,
hypergeometric test), 4% sense_intronic lncRNA (p value
< 1.32E−7, hypergeometric test) and 4% represented by
other classes of RNAs, including pre-miRNAs, snoRNAs,
snRNAs, and sense_overlapping (p value < 0.05, hypergeo-
metric test) (Fig. 9d, pie chart).
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The RIP samples were also subjected to small RNA-
Seq, to evaluate whether mature components of these
classes of molecules also associate with the receptor,
comprising in particular—among miRNAs—those target-
ing the co-enriched mRNAs. miRNAs were considered
enriched if they showed an EF > 1.5 and an associated ad-
justed p value < 0.1. Applying the same filtering criteria
described above for long RNAs, we identified several
Y_RNAs, followed by miRNAs (18; Additional file 15:

Table S12), snoRNAs, snRNAs, piRNAs, and vaultRNAs
(Fig. 9d, bar graph). The heatmap reported in Fig. 10a dis-
plays the most highly enriched (EF > 10; 132 RNAs) long
RNAs associated with ERβ. Interestingly, in wild-type
MCF-7 cells most of these were expressed below the
threshold of ten reads (not detected) or showed a negative
EF (ERβ−, right lane). The 18 miRNAs identified (Fig. 10b)
also had either a negative EF or an expression level below
the threshold in ERβ − cells while, in most cases, they were

Fig. 9 ERβ association with RISC and a subset of small and long RNAs in BC cell cytoplasm. a Association of ERβ with the RISC proteins AGO2,
DICER, and TRBP2 analyzed by western blotting following immunoprecipitation of cytosolic extracts with IgG (TAP) in Ct-ERβ and, as control,
wild-type (wt; ERβ−) MCF-7 cells. b The enrichment coefficient of all the RNAs (>4500) co-immunoprecipitated with ERβ. Blue dots mark the 878
RNAs selected based on the enrichment factor in ERβ + samples and the relative enrichment (ratio between enrichment factors in ERβ + and
ERβ−, used as negative control). c Direct comparison of RIP-Seq results relative to the 878 ERβ-interacting RNAs in ERβ + with respect to ERβ −
samples. d The relative abundance of different classes of small (right) and long (left) RNAs, respectively, found associated with ERβ by RIP-Seq
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Fig. 10 (See legend on next page.)
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expressed at very low levels in ERβ + cells. Interestingly,
most of these miRNAs are known to target mRNAs co-
associated with ERβ. To highlight the relationships be-
tween enriched miRNAs and mRNAs, a network analysis
was performed using the miRNA Target Filter Module of
IPA, considering only experimentally validated miRNA–
RNA interactions (Fig. 10c; Additional file 16: Table S13).
Among the most enriched long RNAs represented in the
network, ALK mRNA was directly targeted by miR-96-5p.
This might represent a very meaningful interaction, since
the oncogenic protein encoded by this RNA has been
found highly expressed in aggressive BCs, including ‘triple
negative’ BC, and the protein it encodes has been
proposed as a new drug target in inflammatory BC [65].
Its downregulation through ERβ-mediated mRNA decay
or translation inhibition could thus be one of the reasons
for the better prognosis of ERβ-expressing BCs.
When combined with the presence of RISC loading

factors in the same ERβ complexes, the fact that most
of these RNAs are present in low amounts in the cell
suggests the involvement of ERβ in inducing recruit-
ment of miRNAs and selected target mRNAs by the
RISC loading machinery for destabilization of the
latter.

Discussion
The estrogen receptors ERα and ERβ are directly in-
volved in carcinogenesis and tumor progression in mul-
tiple neoplasms of the female genital tract, and ERα was
the first molecule amenable to drug targeting in BC,
where its presence in cancer cells is still one of the main
markers for identification of patients that will benefit
from endocrine therapy. For a long time ERα was con-
sidered the only estrogen receptor in mammals, but a
second one, termed ERβ, was subsequently discovered
and found to play important roles in breast and other
cancers [16]. ERβ shows 55% identity with ERα in its
ligand-binding domain and approximately 97% similarity
in the DNA-binding domain (DBD). Reflecting the high
degree of similarity in their DBDs, in chromatin both re-
ceptors target predominantly the same conserved estro-
gen response element (ERE; 5′-GGTCAnnnTGACC-3′)
as either homodimers or α/β heterodimers [23]. ERβ
binds 17β-estradiol (E2) with relatively low affinity com-
pared to ERα, but, contrary to ERα, shows potent effects
also in the absence of ligands [25], like other members
of the nuclear receptor superfamily of homeostatic
regulators.

ERβ is expressed in normal mammary epithelial cells
and in a fraction of BCs, showing decreased expression
in cancer compared with benign tumors or normal
tissues, suggesting that a reduction of this receptor in
cancer cells could represent a critical stage in hormone-
dependent tumor progression [66]. Interestingly, Förster
et al. [67] reported that ERβ null mice show impairment
of pregnancy-induced terminal differentiation of the
mammary gland, suggesting that this receptor subtype is
required for normal development of this organ. When
combined, these findings led to the hypothesis that ERβ
might act as oncosuppressor in certain target tissues, in-
cluding mammary epithelia, by interfering with the
tumor promoting actions of estrogen via ERα and of
other carcinogenic stimuli and by controlling genetic
programs for cell differentiation and proliferation. This
was further supported by the observation that mice lack-
ing ERβ display multi-focal hyperplasia in prostate and
bladder [68]. For all the reasons stated above, under-
standing the molecular mechanisms of ERβ actions is a
critical issue in cancer, in particular in BC biology. By
interaction proteomics we identified molecular partners
of both receptors in the nucleus of cells exposed to
agonist and antagonist ligands [40–43, 69], and charac-
terized the effects of unliganded ERβ in BC cells, dem-
onstrating its significant effects on cell proliferation,
miRNA expression, and the cell proteome [25].
In this study, we demonstrated that unliganded ERβ

binds to the BC cell genome and induces reprogramming
of the cell transcriptome, promoting also alternative spli-
cing of a sizeable number of RNAs transcribed from its tar-
get genes. To understand the molecular determinants of
these effects, we applied interaction proteomics and identi-
fied a large set of ligand-free ERβ-interacting proteins in
the cell nucleus. The functions of several of the proteins re-
veal how this receptor can control key processes in BC
cells, including gene transcription and RNA splicing and
turnover. Among the molecular partners of ERβ, our atten-
tion was caught by AGO2, for the basic functions this pro-
tein exerts not only on miRNA biogenesis and actions but
also on gene regulation. We thus investigated in detail the
functional significance of the protein complex(es) contain-
ing AGO2 and ERβ, since we observed that several ERβ-
interacting proteins were known to be also AGO2 interac-
tors. These include, together with factors involved in RNA
biogenesis, splicing, and maturation, also pleiotropic factors
controlling key functions in the cell, such as CNOT1
(CCR4-NOT transcription complex subunit 1), a

(See figure on previous page.)
Fig. 10 Network analysis of the functional interactions between miRNAs and mRNAs found associated with ERβ in BC cell cytoplasm by RIP-Seq. a, b
Heatmaps showing the top enriched miRNAs (b) and long RNAs (a) associated with ERβ. Gray cells indicate that the read count of the RNA was below the
threshold in ERβ− cells. c miRNA–mRNA interaction network. Known (experimentally validated) interactions between ERβ-associated miRNAs (yellow) and
mRNAs (red)
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scaffolding component of the major effector complex of
miRNA-mediated gene silencing CCR4-NOT, which associ-
ates with the ATP-dependent RNA helicase DDX6 (another
interactor in common between ERβ and AGO2) to exert
this function [70]; the metastasis-associated protein MTA2
(Metastasis associated 1 family member 2), a member
of the tumor-associated family of transcriptional
regulators and central component of nucleosome re-
modeling and histone deacetylation complexes [71],
shown to be involved in both development and me-
tastasis of a wide spectrum of cancers, including in
particular hormone-independent BCs [72]; ADAR
(Adenosine deaminase, RNA-specific), an RNA-editing
enzyme specifically active in BC, where it has been
shown to regulate cell proliferation and apoptosis
[73]; COPA (Coatomer protein complex subunit
alpha), a component of the coatomer complex of
secretory vesicles involved in ER–Golgi transport
whose mutation and inactivation have been recently
shown to cause growth inhibition and apoptosis in
cancer cells [74] and an autosomal dominant immune
dysregulatory disease [75]; the human homolog of
NOP56 (Nucleolar protein 56/NOP56 ribonucleopro-
tein), a core component of the C/D box snoRNP
complex that controls ribosome biogenesis by regulat-
ing pre-rRNA processing and shows dynamic subcel-
lular redistribution in response to growth conditions
and nutrient availability [76].
Searching for the biological significance of ERβ–

AGO2 association, transcriptional co-regulation of genes
mediated by the joint action of the two proteins was
demonstrated by the identification of several genomic
regions occupied by both ERβ and AGO2 and by co-
operation between the two proteins in modulation of
transcription rate and co-transcriptional pre-mRNA spli-
cing. Interestingly, AGO2 binding to the genome ap-
pears quite different in ERβ + compared to ERβ − cells
(Fig. 6). This result, which was reproducible in inde-
pendent experiments, suggests that the nuclear receptor
can induce re-positioning of the argonaute protein
within chromatin. Since AGO2 is not a DNA-binding
protein and, therefore, its association with the genome is
mediated by other factors, it is conceivable to assume
that ERβ might influence the cellular levels of some of
these factors, or their ability to bind DNA. Supporting
the first possibility, we observed that the mRNAs encod-
ing MGA, FOXP1, and GMEB2 are up-regulated in ERβ
+ cells, while those for ARID5A, GMEB1, NFATC2,
NFAT5, TEAD1, and STAT4 are down-regulated. The
binding matrixes for all these factors were significantly
enriched within the AGO2 sites mapped here (Figs. 6
and 7). Furthermore, it is also possible that AGO2 teth-
ering to the genome is mediated, in some instances, by
RNAs whose expression is controlled by the receptor,

which as shown here induces a profound effect on the
cell transcriptome (Fig. 1; Additional file 1).
A set of 153 ERβ-responsive genes showing co-

occupancy by ERβ and AGO2 on defined sites in their
transcription units was identified, including 77 whose
transcription rate was significantly affected (|FC| 1.5) in
ERβ + cells upon AGO2 silencing. Functional analysis
highlighted that these genes are involved in processes
such as cell growth and proliferation, death and survival,
or motility. Considering the overall involvement of these
genes on cellular pathways, Gαq and phospholipase C
signaling were significantly activated, while protein kin-
ase A and B signaling may be inhibited. Both these path-
ways are tightly related to cancer progression and
apoptosis. In particular, it has been demonstrated that G
protein-coupled receptors are involved in BC progres-
sion and that Gq signaling promotes cancer cell
apoptosis through phospholipase C [77–79]. On the
other hand, protein kinase A signaling has been shown
to promote mammary tumorigenesis [80] and to deter-
mine ERα repositioning at promoters and tamoxifen re-
sistance [81]; its inhibition by ERβ–AGO2 cooperation
may thus negatively affect cancer cell proliferation and
survival.
In addition to the genes for which we could demon-

strate both binding of the AGO2–ERβ nuclear complex
and transcriptional regulation, we detected several
others that are influenced in their transcription and/or
maturation rate. Since it has been reported that AGO2
association with chromatin induces the formation of het-
erochromatin mediated by siRNAs in mammalian cells,
probably determining slowdown of RNA polymerase II
and alternative splicing events [12, 82], its association
with ERβ may give rise to significant effects on gene ac-
tivity via different mechanisms. Indeed, considering the
capability of ERs to mediate transcription through long-
range chromatin interactions [83], and the fact that
AGO2 has been shown to co-localize with the insulator
factor CTCF [84], known to mediate chromatin looping
[85], association between AGO2 and ERβ may control
gene activity also when occurring at a distance from the
targeted transcription units. This could explain, at least
in part, their massive effects shown here on gene tran-
scription in BC cells. On the other hand, regulation of
genome activity by the combined action of AGO2 and
ERβ could occur via at least two, independent and not
mutually exclusive, events. On one hand, binding to the
genome of the complex(es) comprising the transcrip-
tion factor and the argonaute protein together with
other protein(s) and/or RNA(s) determines modula-
tion of target gene expression. On the other, ERβ and
AGO2 may bind nascent transcripts and modulate
pre-mRNA splicing by recruitment and association
with splicing factors. Indeed, we observed several

Tarallo et al. Genome Biology  (2017) 18:189 Page 18 of 27



such factors in common between the ERβ interactome
identified here and the AGO2-associated proteins
described by Ameyar-Zazoua et al. [12].
Association between AGO2 and ERβ also occurs, both

in vivo and in vitro, in the cytoplasm, where isolation of
ERβ-bound RNAs and miRNAs suggests that the recep-
tor may assist the argonaute protein in the loading of
specific miRNA–mRNA molecules in RISC, thus con-
tributing also to post-transcriptional regulation of gene
expression. Interestingly, we identified 868 RNAs and 18
miRNAs specifically associated with ERβ. Notably, com-
putational analysis revealed that miRNA–mRNA mole-
cules bound to ERβ are implicated in Wnt and cadherin
signaling pathways. The first has been found dysregu-
lated in BC [86, 87] and associated with metastasis in
‘triple negative’ tumors [88], while the second is tightly
correlated to the Wnt, E-cadherin, and N-cadherin path-
way, contributing significantly to epithelial–mesenchy-
mal transition and metastasis [89]. A negative effect of
ERβ on translation and/or stability of the mRNAs en-
coding these factors could thus also be part of its activity
as an oncosuppressor, contributing to the better progno-
sis of ERβ-expressing tumors. Combined with the
relationships between AGO2 and tumorigenesis and
cancer progression [90], the results reported here open
new avenues for understanding the actions, and resulting
effects, of ERβ and AGO2 in cancer cells.
Finally, interaction of AGO2 with ERβ appears to be in-

direct, since yeast two-hybrid assays failed to demonstrate
direct association between the two proteins and, more im-
portant, in vitro RNAse A digestion of both nuclear and
cytosolic extracts strongly reduced co-immunoprecipitation
of the two proteins, suggesting that this interaction may re-
quire one or more RNAs. To our knowledge, ERβ binding
to RNA has not been described previously; however, this is
well known for other nuclear receptors, such as the andro-
gen receptor [91] and ERα [92], where a novel RNA bind-
ing domain in the N-terminus of the protein has been
identified [93]. Attempts to identify the RNA(s) involved in
ERβ–AGO2 complex formation and/or stability have so far
been unsuccessful, but a preliminary computational predic-
tion, performed on RNAs specifically binding to ERβ and
AGO2 in the cytosolic compartment, suggested that long
noncoding RNAs could be likely candidates as bridging
molecules (data not shown). Understanding this aspect will
need further investigations that go beyond the scope of the
present study.

Conclusions
The results of this study demonstrate that AGO2 and
ERβ can physically and functionally associate, both in
the nucleus and the cytoplasm, in complex(es) compris-
ing also several other proteins and RNAs. The final bio-
logical outcome of such association appears to depend

upon the sum of different variables, including transcrip-
tional, splicing, and post-transcriptional events and,
possibly, the specific cellular context. These findings
provide new leads toward understanding the oncosup-
pressive role of ERβ via regulation of gene transcription,
RNA maturation, and post-transcriptional control of
RNA activity, and the consequences of the loss of this
protein in transformed cells. Demonstration of the
general importance of these results, obtained here in a
cellular model of ERβ + BC, for the control of cellular
functions and its derangement during carcinogenesis
and tumor progression will require, however, further val-
idation in less artificial conditions, in particular in vivo
animal models, patient-derived xenografts and tumor
biopsies.

Methods
Cell culture
Stable clones expressing ERβ tagged with TAP-tag at ei-
ther the C-terminus (Ct-ERβ) or N-terminus (Nt-ERβ)
and TAP-tagged ERα were obtained from human breast
cancer MCF-7 Tet-Off cells (ER-alpha positive; ATCC,
catalog number HTB-22) as previously described [40, 69].
For generation of ERβ tagged inducible clones, the human
full-length cDNA clone pCMV6-ESR2 (RC218519) encoding
human ESR2 was purchased from Origene. ESR2 sequence,
including the Myc and Flag tags, was subcloned into the
BamHI and EcoRI sites of pTRE-Tight expression vector
(Clontech). All cell lines were propagated in Dulbecco’s
modified Eagle medium (DMEM; Sigma-Aldrich) supple-
mented with 10% FBS (HyClone) and antibiotics: 100 U/ml
penicillin, 100 mg/ml streptomycin, 250 ng/ml Amfotericin-
B. Steroid deprivation (starvation) was performed by cultur-
ing in DMEM without phenol red and 5% dextran coated
charcoal stripped serum (DCC-FBS) for 5 days. Cell lines
were authenticated by short tandem repeat (STR) profiling
and routinely tested for Mycoplasma contamination with
MycoAlert mycoplasma detection kit (Lonza).

RNA extraction sequencing and data analysis
Total RNA was extracted from ERβ + and ERβ − (Ct-ERα
and/or wild-type) MCF-7 cells using the standard RNA
extraction method with TRIzol (Life Technologies).
Before use, the RNA concentration in each sample was
assayed with a ND-2000c spectrophotometer (Thermo-
scientific) and its quality and integrity assessed with the
Agilent 2100 Bioanalyzer with Agilent RNA 6000 nano
kit (Agilent Technologies). For RNA sequencing experi-
ments, indexed libraries were prepared using 1 μg of
total RNA as starting material, with a TruSeq Stranded
Total RNA Sample Prep Kit (Illumina Inc.). Libraries
were sequenced (paired-end, 2 × 100 cycles) at a concen-
tration of 8 pM/lane on the HiSeq 2500 platform
(Illumina Inc.). The raw sequence files generated (.fastq files)
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underwent quality control analysis using FASTQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
quality-checked reads were then aligned to the human gen-
ome (assembly hg19) using TopHat version 2.0.10 [94] with
the standard parameters. The expression value of each
mRNA was normalized to FPKM (fragments per kilobase of
exon model per million of sequenced reads) as computed by
Cufflink [95]. Differentially expressed mRNAs were identified
using DESeq2 [96]. Firstly, gene annotation was obtained for
all known genes in the human genome, as provided by
Ensemble (GRCh37; https://support.illumina.com/sequen-
cing/sequencing_software/igenome.html). Using the reads
mapped to the genome, we computed the number of reads
mapping to each transcript with HTSeq-count [97]. A given
mRNA was considered expressed when detected by at least ≥
10 reads. The raw read counts were then used as input to
DESeq for calculation of normalized signal for each tran-
script in the samples. Differential expression was reported as
fold change |1.5| along with associated adjusted p values
(FDR ≤ 0.05), computed according to Benjamini–Hochberg.
Alternative splicing data analysis was performed as described
previously [30]. Raw RNA sequencing data are deposited in
the EBI ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress) with accession number E-MTAB-4363.

Chromatin immunoprecipitation, sequencing, and data
analysis
C-TAP-ERβ and MCF-7 control cells were hormone-
deprived for 5 days. For each assay, a total of about 15 × 106

cells were fixed, lysed to isolate nuclei, sonicated, and diluted
as described by Schmidt et al. [98], with minor modifications.
An aliquot of nuclear extract was taken as input. For ERβ
pull-down, chromatin samples were incubated, as described
earlier [69], at 4 °C for 3 h with 40 μl of IgG Sepharose 6 fast
Flow (GE Healthcare Bio-Science AB) properly equilibrated
in Poly-Prep chromatography columns (0.84 cm, Bio-Rad),
according to the manufacturer’s instructions. For
AGO2 immunoprecipitation, chromatin samples were
incubated at 4 °C overnight with 40 μl of pre-blocked
magnetic beads (Dynabeads, Thermofisher) conjugated
with 1 μg of mouse monoclonal anti-AGO2/eIF2C2
(ab57113, Abcam). As negative control for these
experiments, chromatin samples were also incubated
overnight with 1 μg of mouse monoclonal anti-Flag
M2 affinity purified (F1804, Sigma-Aldrich). Bead
washing, elution, reverse crosslinking and DNA
extraction were then performed as described [69].
The size distribution of each ChIP DNA sample was
assessed by running a 1 μl aliquot on an Agilent High
Sensitivity DNA chip using an Agilent Technologies
2100 Bioanalyzer (Agilent Technologies). The concen-
tration of each DNA sample was determined by using
a Quant-IT DNA Assay Kit-High Sensitivity and a
Qubit Fluorometer (Life Technologies). Purified ChIP

DNA (10 ng) was used as the starting material for se-
quencing library preparation from three independent
ChIP experiments. Indexed triplicate libraries were
prepared with a TruSeq ChIP Sample Prep Kit
(Illumina Inc.) and were sequenced (single read, 1 × 50 cy-
cles) on a NextSeq 500 (Illumina Inc.).

Read alignment and quality control of ChIP-seq data
The raw sequence files generated (.fastq) underwent quality
control analysis using FASTQC (http://www.bioinforma-
tics.babraham.ac.uk/projects/fastqc/). Reads were aligned to
the reference human genome assembly (hg19) using bowtie
[99], allowing up to one mismatch and considering
uniquely mappable reads. Duplicated reads were removed
using Picard tools v 2.9.0 (MarkDuplicates; https://broadin-
stitute.github.io/picard).

Peak calling
For each biological replicate and corresponding control
samples, peak calling was performed using MACS2 [33]
with p value set to 0.05. The peaks obtained for each
biological replicate were combined using MuSERA [34]
with the following parameters: replicate type, biological;
Ts, 1E-08; Tw, 1E-04; γ, 1E-08; Benjamini–Hochberg
false discovery rate (α), 0.005, using the lowest p value
when multiple regions from a sample intersected with
the region of another sample and considering peaks
common to at least two replicates (C:2). The annotation
of peaks to the nearest gene was performed combining
the information obtained using the annotatePeaks.pl
function of HOMER [100] and the Annotation and
Statistics of Genomatix Software suite. Comparison,
integration, and quantification were performed using
seqMINER [101]. Over-represented sequence motifs for
known transcription factors, according to motif
descriptors in the JASPAR database, were determined
using PScan-ChIP [102]. Only over-represented motifs
with p value ≤ 1E-10 were considered.

De novo motif discovery
The predicted sequences of ERβ and Ago2 binding sites
were extracted and used for de novo motif discovery
using the RSAT peak motifs method with default param-
eters [103] and Meme-ChIP [104]. For ERβ binding sites,
the ERE binding motif was searched with MatInspector
application [105], using a core similarity threshold of
0.75 and a matrix similarity threshold of Optimal −0.02.

Binding site statistics
The overlap between ERβ and Ago2 binding sites was
calculated using bedtools intersect [106]. The signifi-
cance of the overlaps was assessed using the poverlap
tool (https://github.com/brentp/poverlap) by performing
100,000 simulations and allowing shuffling of both
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datasets. The significance of overlaps of ERβ with differ-
ent genomic regions (3′ UTR, 5′ UTR, intergenic,
exonic, intronic, promoter, and TSS) was assessed using
Genomic Association Test (GAT) [58] with 10,000 simu-
lations. In each case considered, the distance to the TSS
was computed using ChIPseek [107]. Raw ChIP-Seq data
have been deposited in the EBI ArrayExpress database
(http://www.ebi.ac.uk/arrayexpress) with accession num-
ber E-MTAB-4359.

Tandem affinity purification
Nuclear extraction and tandem affinity purification from
C-TAP-ERβ and control (wild-type MCF-7) cells were
performed as previously described [40, 41, 69]. Partially
purified samples, coming from the first purification step,
were then subjected to mass spectrometry analysis for
protein identification.

Nano LC-MS/MS and data analysis
Three biological replicates of partially purified samples
from Ct-ERβ and control MCF-7 cells were separated on
SDS-PAGE and visualized with silver-staining. After sep-
aration, SDS-PAGE lanes were sliced into six pieces, and
the proteins were in-gel digested with trypsin into pep-
tides and analyzed by LC-MS/MS as previously de-
scribed [69]. MS data were acquired using Analyst QS
2.0 software. The information-dependent acquisition
method consisted of a 0.5 s TOF-MS survey scan of m/z
400–1400. From every survey scan two most abundant
ions with charge states +2 to +4 were selected for
product ion scans. Once an ion was selected for MS/MS
fragmentation, it was put on an exclusion list for 60 s.
LC-MS/MS data from the biological replicates were
combined and searched against SwissProt 2010 (517,802 se-
quences, 182,492,287 residues; human, 20,283 sequences)
for control (TAP-only) and SwissProt 2010 (523,151 se-
quences, 184,678,199 residues; human, 20,259 sequences)
for Ct-ERβ samples. The search criteria for Mascot searches
were: trypsin digestion with one missed cleavage allowed,
carbamidomethyl (C) as fixed modification and oxidation
(M), phospho (ST), phospho (Y) as variable modifications.
For the LC-MS/MS spectra the maximum precursor ion
mass tolerance was 50 ppm and MS/MS fragment ion mass
tolerance 0.2 Da, and a peptide charge state of +1, +2, or
+3 was used. All of the reported protein identifications
were statistically significant (p < 0.05). To eliminate the
redundancy of proteins that appear in the database under
different names and accession numbers, the single protein
member with the highest protein score (top rank) was
selected from multiprotein families for the identification
results. Protein reported as Ct-ERβ molecular interacting
partners were selected by filtering them against the pro-
teins identified in negative control after quality assessment
of the identification peptides. The Mascot search results,

including peptide sequences identifying Ct-ERβ interact-
ing proteins, are reported in Additional file 7: Table S4
(Mascot search results sheets).
For experiments performed in the presence or absence

of AGO2 silencing, three biological replicates of partially
purified samples from Ct-ERβ for each of the two condi-
tions were analyzed. The proteins were precipitated with
10% TCA in acetone solution and dissolved in 40 μL
0.2% ProteaseMAX™ Surfactant, Trypsin Enhancer
(Promega) in 50 mM NH4HCO3 followed by protein re-
duction, alkylation, and in-solution digestion with tryp-
sin (Promega), performed overnight at 37 °C. Peptides
were desalted and concentrated before mass spectrom-
etry by the STAGE-TIP method, using a C18 resin disk
(3 M Empore). The peptides were eluted twice with 0.1%
TFA/50% ACN, dried, and solubilized in 7 μL 0.1% TFA
for mass spectrometry analysis. Each peptide mixture was
analyzed on an Easy nLC1000 nano-LC system connected
to a quadrupole Orbitrap mass spectrometer (QExactive
Plus, ThermoElectron) equipped with a nanoelectrospray
ion source (EasySpray/Thermo). For the liquid chromatog-
raphy separation of the peptides, an EasySpray column ca-
pillary of 50 cm bed length (C18, 2 μm beads, 100 Å, 75
μm inner diameter, Thermo) was employed. The flow rate
was 300 nL/min, and the peptides were eluted with a 2–
30% gradient of solvent B in 120 min. Solvent A was aque-
ous 0.1% formic acid and solvent B 100% acetonitrile/0.1%
formic acid. The data-dependent acquisition automatically
switched between MS and MS/MS mode. Survey full scan
MS spectra were acquired from a mass-to-charge ration
(m/z) of 400 to 1200 with the resolution R = 70,000 at m/z
200 after accumulation to a target of 3,000,000 ions in the
quadruple. For MS/MS, the ten most abundant multiple-
charged ions were selected for fragmentation on the high-
energy collision dissociation (HCD) cell at a target value of
100,000 charges or maximum acquisition time of 100 ms.
The MS/MS scans were collected at a resolution of 17,500.
Target ions already selected for MS/MS were dynamically
excluded for 30 s. The resulting MS raw files were
submitted to MaxQuant software version 1.5.7.4 for protein
identification using the Andromeda search engine.
Carbamidomethyl (C) was set as a fixed modification and
protein N-acetylation and methionine oxidation were set as
variable modifications. First search peptide tolerance of 20
ppm and main search error 4.5 ppm were used. Trypsin
without the proline restriction enzyme option was used,
with two allowed miscleavages. The minimal unique + razor
peptide number was set to 1, and the allowed FDR was
0.01 (1%) for peptide and protein identification. Label-free
quantification (LFQ) was employed with default settings.
The SwissProt human database (August 2016 release, with
154,660 entries) was used for the database searches. Known
contaminants as provided by MaxQuant and identified in
the samples were excluded from further analysis. LFQ
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intensities were used for differential expression analysis.
Protein LFQ values were further normalized by ESR2 LFQ
value in each replicate for each dataset. Then, to identify
statistically modulated proteins a two-sample t-test statis-
tical analysis with a permutation based FDR cut-off of 0.01
was performed. All the protein identification and quantifi-
cation data are reported in Additional file 8: Table S5a–d.
The mass spectrometry proteomics data have been de-

posited in the ProteomeXchange Consortium via the
PRIDE [108] partner repository with the dataset identi-
fier PXD006280.

Nuclear protein extraction and co-immunoprecipitation
Nuclear protein extracts were prepared, as described [69],
from inducible MCF-7 Tet-On cells expressing Myc-Flag-
ERβ treated or not with doxycycline (2 μg/ml) for 24 h. To
immunoprecipitate AGO2, 1 mg of nuclear proteins was
incubated overnight at 4 °C with 2 μg of mouse monoclonal
anti-AGO2/eIF2C2 (ab57113, Abcam) and then at 4 °C for
1 h with 35 μl of equilibrated slurry Protein A/G Plus-Agar-
ose (sc-2003, Santa Cruz Biotechnology). To immunopre-
cipitate myc-flag-tagged ERβ, the same amount of nuclear
proteins was incubated for 2 h at 4 °C with 35 μl of equili-
brated slurry EZview Red Anti-c-Myc Affinity Gel (E6654,
Sigma Aldrich). After binding, the beads were sequentially
washed with IPP150 buffer (7.14 mM HEPES pH 7.5,
8.92% glycerol, 150 mM NaCl, 0.54 mM MgCl2, 0.07 mM
EDTA pH 8, 1× protease inhibitors) and wash buffer (50
mM Tris-HCl pH 7.6, 150 mM NaCl, 1× protease inhibi-
tors). To elute ERβ-immunoprecipitated samples from the
beads, an elution at 4 °C for 30 min was performed using c-
Myc Peptide (M 2435, Sigma Aldrich).

Immunofluorescence assays
MCF-7 Tet-On cells stably expressing tet-inducible
Myc-Flag-ERβ were seeded on microscope glass slides
and starved for 3 days before treatment with doxycyline
for 24 h. Cells were then fixed with 4% paraformalde-
hyde for 15 min, washed with PBS-Tween three times
and permeabilized with 0.1% Triton X-100 in PBS. After
washing with PBS and blocking with 0.5% BSA, slides
were incubated with mouse anti-Myc (clone 4A6, Merck
Millipore, 1:200) and rabbit anti-AGO2 (07-590,
Millipore, 1:66), incubated and washed for three times
each with 0.5% BSA and then PBS, before incubation
with Alexa Fluor 488 goat anti-mouse IgG (Thermo-
fisher) and Cy3 anti-rabbit (Jackson Immuno Research)
secondary antibodies. BSA and PBS washes were
repeated and cells were covered with mounting medium
containing 4′,6-diamidino-2-phenylindole (DAPI
1:20,000) and imaged with a confocal microscope (Leica
DM6000 B). Images were processed with ImageJ soft-
ware (https://imagej.net).

Proximity ligation assay
MCF-7 cells were plated on microscope glass slides and
after 5 days of starvation, transiently transfected with plas-
mids expressing either Myc-tagged AGO2, Flag-tagged
ERβ, or Flag-tagged ERα. Non-transfected cells were used
as control. Cells were washed three times in ice-cold PBS
and fixed by incubating them in 4% paraformaldehyde for
20 min under gentle agitation in the dark. After three
washes with PBS, cells were permeabilized with 0.2% Tri-
ton X100 for 5 min under gentle agitation and then
washed again. A proximity ligation assay was performed
following the manufacturer’s instructions. In detail, fixed
and permeabilized cells were blocked in a pre-heated hu-
midity chamber for 30 min at 37 °C with one drop of
blocking solution per 1 cm2. Then, primary antibodies
were added (rabbit anti-Flag Tag, F7425 ad mouse anti-
Myc Tag: clone 4A6, Merck Millipore) and incubated for
1 h at 37 °C in a pre-heated humidity chamber. Slides
were washed twice for 5 min in wash buffer A in a stain-
ing jar with gentle orbital shaking and then incubated with
PLA probes (Mouse ± for the detection of exogenous
AGO2, Rabbit ± for the detection of ERβ or ERα and
Mouse − and Rabbit + for the detection of AGO2/ER
interactions) in a pre-heated humidity chamber for 1
h at 37 °C. After two other washes with wash buffer
A, a ligation reaction was performed by adding the
ligase to the slides (1:40 dilution of the stock) and in-
cubating them in a humidity chamber for 30 min at
37 °C. Slides were washed twice with wash buffer A
for 2 min under gentle agitation and then the
amplification-polymerase solution was added to the
cells and left to act in a pre-heated humidity chamber
for 100 min at 37 °C. Two last final wash steps were
performed, submerging slides twice in wash buffer B
for 10 min and then in 0.01× wash buffer B for 1
min. The slides were than dried in the dark, prepared
for imaging by adding Duolink II Mounting Medium
with DAPI, and visualized using a confocal micro-
scope (Leica DM6000 B).

Western blotting
SDS-PAGE and western blot analyses were performed
using standard protocols. The following primary anti-
bodies were used: rabbit anti-TAP (CAB1001, Thermo
Scientific-Pierce), anti-Myc Tag clone 4A6 (05-724,
Millipore), rabbit anti ERα (sc-543, Santa Cruz Biotech-
nology), mouse anti-AGO2/eIF2C2 (ab57113, Abcam),
rabbit polyclonal to FXR1 (ab50841, Abcam), rabbit ply-
clonal to integrin beta 4 binding protein (EIF6; ab77298,
Abcam), anti-PRPF8 antiboby (ab79237, Abcam), mouse
monoclonal anti-AGO1 clone 4G7-E12 (MABE143,
Millipore), mouse anti-β-actin (A1978, Sigma Aldrich),
mouse monoclonal to Dicer (ab14601, Abcam), anti-
TRBP2 (H-57; sc-292550, Santa Cruz Biotechnology).
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AGO2 knock-down
For nascent-Seq experiments, C-TAP-ERβ and MCF-7
control cells were starved for 5 days and then AGO2
knock-down was performed using a combination of
three pLKO.1 plasmid vectors expressing shRNAs
(Sigma Aldrich: TRCN0000007864; TRCN0000007867;
TRCN0000011203) targeting the AGO2 transcript
(GenBankTM accession number NM_012154) in different
regions. AGO2 silencing was conducted by co-
transfecting C-TAP-ERβ and control cells with shRNA
vectors, using Lipofectamine 2000 (Life Technologies),
for 48 h. The transfection medium was replaced with
fresh culturing medium 6 h after treatment. Non-
transfected and transfected cells with pLKO.1-puro Non-
Target shRNA Control Plasmid DNA (Sigma-Aldrich)
were used as control. For TAP/MS after AGO2 silencing,
hormone-deprived Ct-ERβ cells were transfected with
SMARTvector human lentiviral shRNA pooled libraries
(Dharmacon) for 72 h. Western blotting was performed to
verify the level of ‘knock-down’ of the target protein.

Nascent RNA isolation, sequencing, and data analysis
Nascent RNA was extracted from each sample as de-
scribed by Khodor et al. [64]. In brief, following TRIzol
(Life Techonolgies) addition, samples were incubated at
65 °C to dissolve DNA-Histone-Pol II-RNA pellets and
RNA was extracted following the manufacturer’s proto-
col. For sequencing, indexed libraries were prepared
using 1 μg of Nascent RNA as starting material, with
TruSeq Stranded Total RNA Sample Prep Kit (Illumina
Inc.). Libraries were sequenced (paired-end, 2 × 100 cy-
cles) at a concentration of 8 pM/lane on the HiSeq 2500
platform (Illumina Inc.) [30].

Alignment to the human genome
Raw sequence files (.fastq files) underwent quality control
analysis using FASTQC (http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/) and the quality checked reads
were then aligned to the human genome (assembly hg19)
using TopHat version 2.0.10 [94], according to the criteria
used by Menet et al. [109].

Quantification of gene signal
Quantification of nascent RNA was done as in Menet et
al. [109]. Differentially expressed nascent RNAs were
identified using DESeq2 [96]. The differential expression
was reported as fold change |1.5| along with associated
adjusted p values (FDR ≤ 0.05) computed according to
Benjamini–Hochberg.

Intron retention determination
Before proceeding with intronic quantification, we
extracted intronic intervals as described by St
Laurent et al. [110], while intron retention was

computed as described by Khodor et al. [64]. The
statistical significance of intron retention events ob-
served between the several conditions was assessed
using t-test (FDR < 0.05). Raw data are deposited in
the EBI ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress) with accession number EMTAB-4368.

RNA immunoprecipitation, sequencing, and data analysis
Cells were lysed with polysome lysis buffer, as described
by Keene et al. [111]. An aliquot of whole-cell extract
(10% of total) was taken as input. For ERβ immunopre-
cipitation, samples were incubated at 4 °C for 3 h with
50 μl of IgG Sepharose 6 fast Flow (GE Healthcare Bio--
Science AB) pre-treated with NT2 buffer supplemented
with 5% BSA. After binding, the isolation of RNA co-
precipitated with ERβ was carried out by adding TRIzol
(Life Technologies) directly to the washed beads, follow-
ing the manufacturer’s instructions. For RNA-Seq ana-
lyses, indexed sequencing libraries were prepared
starting from 1 μg of RNA input and 300 ng of RNA
immunoprecipitated, pooling three independent experi-
ments (biological replicates) and using TruSeq Stranded
Total RNA. For miRNA-Seq experiments, libraries were
generated from 120 ng of the same pooled RNA using
TruSeq Small RNA Sample Prep Kits (Illumina Inc.).
Libraries were sequenced (single read 1 × 50 cycles and
2 × 100 cycles for miRNA- and RNA-Seq experiments,
respectively) on a HiSeq 2500 (Illumina Inc.). Data ana-
lysis was performed as follows.

Alignment
Raw sequence files (.fastq files) underwent quality control
analysis using FASTQC (http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/) and the quality checked reads
were then aligned to the human genome (assembly hg19)
using TopHat version 2.0.10 [94]. HTSeq-count [112] was
used to compute gene-level read counts.

Enrichment analysis
The read counts obtained were used as input to DESeq2
[96] to perform enrichment analysis. RNAs showing en-
richment factor (EF) > 1 and adjusted p value ≤ 0.05 were
considered for further analysis. To define enriched RNAs
in Ct-ERβ IP versus input RNAs, we applied a more
stringent analysis: firstly, we selected the RNAs showing
an EF more than 75th percentile of its distribution, and
subsequently we compared these RNAs with those iden-
tified comparing wild-type IPβ versus input RNAs.
Hence, we selected those RNAs specific for the Ct-ERβ
IPβ group, and those that, when compared to wild type,
showed a ratio (Ct-ERβ EF/wild-type EF) ≥ 4, or showing
a negative EF in wild-type IPβ vs input. Small RNA-Seq
data were analyzed using iSmaRT [113] with standard
parameters, using miRBase v20 as reference track.
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miRNAs showing EF > 1 and p value ≤ 0.05 were consid-
ered for further analysis. To select ERβ-specific enriched
miRNAs, those with EF > 1.5 were considered and the
EF in ERβ + cells was compared with the same in
wild-type cells. miRNAs showing a ratio between the
two conditions (i.e., Ct-ERβ EF/wild-type EF) ≥ 2 or
showing a negative EF in wild-type IPβ vs input were
selected. The different classes of small RNAs obtained
in IPβ in Ct-ERβ cells were assessed using sRNA-
Bench [114]. Classification of enriched RNAs was per-
formed using the "Gene biotype" term in ENSEMBL
using a.gtf file downloaded from Genecode (http://
www.gencodegenes.org/#).

Functional and pathway analyses
Functional and interaction network analysis of ERβ-
associated proteins was performed with the FunRich
tool [115] according to the user manual. The lists of
transcripts were analyzed using Ingenuity Pathway
Analysis Software (IPA, Ingenuity® Systems, www.in-
genuity.com). It refers to a proprietary knowledge
base (Ingenuity Pathways Knowledge Base) in which
cellular molecules, biological interactions, and
functional properties are annotated. IPA Functional
Analysis on “molecular and cellular functions”
category and Canonical Pathway investigation were
carried out, calculating the likelihood that the asso-
ciation between our RNA dataset and a specific
function or pathway is due to random choice, and it
is expressed as a p value calculated using the right-
tailed Fisher exact test. The activation z-score is
used to infer likely activation states of enriched
pathways, based on comparison with a model that
assigns random regulation directions. Finally, the “micro-
RNA Target Filter” IPA module was used to provide
insights into the biological effects of microRNAs, using
miRNA–mRNA interactions from TarBase and
miRecords, as well as predicted miRNA–mRNA interac-
tions from TargetScan examining miRNA–mRNA pair-
ings in the pathways of interest. Finally, a network
representing miRNA–RNA target interaction was created
using Cytoscape [116].
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