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ABSTRACT
The estrogen signalling pathway is highly dynamic and primarily mediated by estrogen receptors (ERs) that 
transcriptionally regulate the expression of target genes. While transcriptional functions of ERs have been 
widely studied, their roles in RNA biology have not been extensively explored. Here, we reveal a novel 
biological role of ER alpha (ERα) in mRNA 3’ end processing in breast cancer cells, providing an alternative 
mechanism in regulating gene expression at the post-transcriptional level. We show that ERα activates 
poly(A) specific ribonuclease (PARN) deadenylase using in vitro assays, and that this activation is further 
increased by tumour suppressor p53, a factor involved in mRNA processing. Consistent with this, we confirm 
ERα-mediated activation of nuclear deadenylation by PARN in samples from MCF7 and T47D breast cancer 
cells that vary in expression of ERα and p53. We further show that ERα can form complex(es) with PARN and 
p53. Lastly, we identify and validate expression of common mRNA targets of ERα and PARN known to be 
involved in cell invasion, metastasis and angiogenesis, supporting the functional overlap of these factors in 
regulating gene expression in a transactivation-independent manner. Together, these results show a new 
regulatory mechanism by which ERα regulates mRNA processing and gene expression post-transcriptionally, 
highlighting its contribution to unique transcriptomic profiles and breast cancer progression.
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Introduction

Breast cancer is the second most commonly diagnosed cancer 
among women, Bray et al. [1]. Long-term hormonal exposure 
and deregulation of factors involved in hormone and growth 
factor signalling pathways are main drivers for breast cancer 
development and progression. Estrogen is an essential hor
mone involved in mammary gland development and repro
ductive organ function in females, and signalling is 
predominantly mediated by estrogen receptors (ERs), we 
recommend the following reviews on estrogen receptor sig
nalling mechanisms in breast cancer [2–5]. ERs are members 
of the nuclear receptor superfamily of transcription factors, 
whose activity is largely regulated by their binding to estro
gen. While there are two well-characterized ERs: ERα and 
ERβ, approximately 70% of breast tumours express ERα and 
are classified as ER-positive (ER+) [2].

Functional studies of ERα have largely focused on its DNA 
binding activity and transcriptional regulation. Upon binding 
to estrogen, ERα dimerizes and translocates to the nucleus 
whereby it can bind directly to estrogen response elements 
(EREs) within promoter regions of target genes or indirectly 
to cofactors, inducing a cascade of events that regulate tran
scriptional activation or repression of target genes [2–6]. 
Additionally, estrogen non-genomic and estrogen- 
independent activation of ERα have been described [7,8] and 

more recently, its role as a non-canonical RNA binding pro
tein (RBP) has emerged [9–11]. Studies have shown that ERα 
can interact with target mRNAs via the RNA binding motif in 
the hinge region [12–14], and it has been suggested that RNAs 
might bridge ERα and its interactors to form a complex [9]. 
Moreover, ERα’s RBP function was shown to be critical for 
breast cancer progression and is independent of its known 
DNA binding activity [11]. More specifically, Xu et al. [11] 
demonstrated that ERα binds target transcripts involved in 
the adaptive response to stress by their 3’ untranslated regions 
(3’UTRs) during tumour development, resulting in their alter
native splicing and translation. To date, ERα’s potential role 
in mRNA 3’ end processing has not been explored and is the 
focus of this study.

Eukaryotic mRNAs undergo extensive processing prior to 
their nuclear export as mature mRNAs. With the exception of 
histone mRNAs, all mRNAs undergo cleavage and polyade
nylation steps at their 3’ end, determining their fate, as poly
(A) tails are crucial in regulating mRNA stability, translation 
initiation and subcellular localization [15,16]. Under different 
cellular conditions, the highly regulated process of deadenyla
tion, or removal of poly(A) tails, occurs to control mRNA 
steady-state levels and gene expression [17,18]. Therefore, 3’ 
end processing regulates gene expression through balancing 
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the biosynthesis and turnover of mRNAs [16]. In mammalian 
cells, deadenylation is the initial and rate-limiting step in 
mRNA decay, ultimately affecting the transcriptome [18]. 
Deadenylases catalyse the degradation of mRNAs in the 3’ 
−5’ direction. While there are three predominant deadenylases 
in eukaryotes, poly(A) specific ribonuclease (PARN) is the 
major 3’ exoribonuclease identified in the nucleus [19].

We have previously shown that PARN deadenylase can 
functionally interact with factors involved in mRNA 3’ pro
cessing such as cleavage stimulation factor 50 [20], tumour 
suppressors BRCA1/BARD1 and p53 [21,22], Argonaute-2 
[23], nucleolin [24], microtubule associate protein tau, and 
prolyl isomerase Pin 1 [25]. We identified dynamic interac
tions between these factors that resulted in either cleavage/ 
polyadenylation inhibition and/or PARN-mediated deadeny
lation activation, affecting gene expression under varying 
cellular conditions. Interestingly, we described a feedback 
loop between PARN and p53 whereby under nonstress con
ditions, PARN controls TP53 mRNA stability and UV- 
induced increase in p53 activates PARN deadenylase to reg
ulate gene expression during the DNA damage response 
(DDR) in a transactivation-independent manner [21,23]. 
p53 has also been functionally associated to the ERα regula
tory pathway [26–28].

Here, we show that ERα can form complex(es) with factors 
involved in nuclear mRNA 3’ end processing, specifically 
PARN and p53, and activates PARN-mediated nuclear dead
enylation in MCF7 and T47D ERα(+) breast cancer cell lines. 
We confirm the ERα-mediated activation of PARN using 
in vitro deadenylation assays with recombinant proteins and 
by ERα depletion and selective estrogen receptor degrader 
(SERD) fulvestrant treatment. Lastly, we validate common 
mRNA targets of ERα and PARN involved in tumorigenesis, 
cell invasion and metastasis in a panel of breast cancer cells, 
supporting the functional overlap of these factors in regulat
ing transcript levels in a transactivation-independent manner. 
Together, we report a novel role for ERα in regulating mRNA 
3’ end processing contributing to changes in gene expression.

Results

Early response to estrogen treatment involves activation 
of nuclear deadenylation in MCF7 cells

Recent studies have shown that ERα can bind to the 3’UTR of 
target transcripts involved in adaptive stress responses and 
regulate mRNA biology, such as alternative splicing and 
translation [11]. Here, we investigated whether the estrogen 
signalling pathway plays a regulatory role in mRNA 3’ end 
processing, specifically deadenylation. We first performed 
in vitro deadenylation assays using a radiolabeled/capped 
L3(A30) RNA substrate as previously described [21] and 
nuclear extracts (NEs) from MCF7 cells treated with 17β- 
estradiol (E2) (Figure 1A). To ensure that changes in nuclear 
deadenylation were due to E2 treatment and not from tissue 
culture conditions, we serum starved cells for 24 h in a phenol 
red-free medium and used 10% charcoal stripped FBS for 
treatment. Interestingly, after 2 h of E2 treatment, nuclear 
deadenylation was induced (Figure 1A, compare lanes 2 

to 1) at a timepoint where there is an increase in ERα but 
not p53 protein levels (Supplemental Figure S1A). A further 
increase in nuclear deadenylation was observed after 4 h of 
treatment (compare lanes 4 to 3), when an increase in both 
ERα and p53 was detected (Supplemental Figure S1A). PARN 
deadenylase expression did not change at either timepoint 
with treatment. While at 24 h we observed high levels of 
deadenylation (Figure 1A, lane 5) and induction of p53 pro
tein expression in non-treated cells (Supplementary Figure 
S1A), 24-h E2 treatment reduced deadenylation (Figure 1A, 
lane 6) and p53 expression (Supplementary Figure S1A). The 
high basal deadenylation observed in untreated cells is con
sistent with the previously described stress-induced increase 
in deadenylation [20,21], which may be due to serum starva
tion and not a response of the estrogen signalling pathway. 
Therefore, we focused all subsequent studies on the 2 h early 
treatment timepoint. This data is the first to show that E2 
treatment induces nuclear deadenylation in MCF7 breast 
cancer cells at early time points, suggesting that the estrogen 
signalling pathway plays a role in mRNA 3’ end processing.

ERα is an activator of PARN-mediated nuclear 
deadenylation in MCF7 cells

Next, we determined whether E2-mediated activation of nuclear 
deadenylation depended on ERα expression. We analysed NEs 
from MCF7 cells that were depleted of ERα by siRNA treatment 
or treated with the SERD fulvestrant, which prevents ERα nuclear 
localization and function [2,10]. In vitro deadenylation reactions 
using NEs from each condition showed that both siRNA- 
mediated depletion of ERα (Figures 1B) and fulvestrant- 
mediated inhibition of ERα function (Figures 1C) resulted in 
dose-dependent reductions of nuclear deadenylation. Western 
blot analysis confirmed decreases in ERα levels by siRNA 
(Supplementary Figure S1B) and fulvestrant (Supplementary 
Figure S1C) treatments, but neither treatment affected PARN 
protein levels. A significant decrease in p53 levels was detected 
only at the highest concentration of fulvestrant. Taken together, 
these results suggest that ERα is an activator of nuclear mRNA 
deadenylation in MCF7 cells independently of estrogen treatment.

As PARN is the major nuclear deadenylase identified in 
mammalian cells, we investigated whether this observed 
estrogen pathway-mediated induction of deadenylation in 
nuclear fractions is dependent on PARN deadenylase 
expression. Consistent with Devany et al. [21], siRNA- 
mediated depletion of PARN resulted in a decrease in 
nuclear deadenylation in MCF7 cells when compared to 
CTRL siRNA treatment (Figure 1D, compare lanes 1 
to 2). Interestingly, the addition of E2 treatment with 
PARN depletion decreased the estrogen-induced activation 
of deadenylation (compare lanes 3 and 4). Western blot 
analysis confirmed siRNA-mediated knockdown of PARN 
expression in both non-treated and E2 treated conditions 
(Suplementary Figure S1D). While we cannot discard the 
possibility that other nuclear deadenylase complexes might 
also be involved, our results indicate that the estrogen- 
mediated activation of nuclear deadenylation is dependent 
on PARN deadenylase expression. Moreover, we further 
confirmed that PARN deadenylase activity was activated 
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by ERα using in vitro deadenylation assays. As in Cevher 
et al. [20], cell-free assays were performed using limiting 
amounts of recombinant His-PARN and recombinant His- 
tagged full-length ERα and/or increasing amounts of GST- 
tagged p53 (Figure 1E). Consistent with previous studies, 
increasing amounts of GST-p53 activated His-PARN dead
enylase activity [21]. Addition of full-length ERα-induced 
PARN deadenylase activity, and this activity was further 
increased by p53 (Figure 1E), demonstrating an additive 
effect of ERα and p53 in activating nuclear deadenylation. 
Together, these results indicate that ERα activates PARN- 
mediated deadenylation and suggest a novel transactiva
tion-independent role/function of ERα.

ERα, p53 and PARN form a complex in MCF7 cells 
independently of estrogen treatment

To further analyse the role of ERα in PARN-mediated nuclear 
deadenylation, we examined the physical association of ERα 
with PARN deadenylase and p53 through reciprocal endogen
ous co-immunoprecipitation (co-IP) assays using NEs from 
MCF7 cells and specific antibodies against ERα, PARN, p53 
(Figure 1F). Extracts were treated with RNase A to verify that 
the interactions were not due to an RNA tethering effect. The 
reciprocal co-IPs revealed that ERα, PARN and p53 can form 
(a) complex (es) in samples from MCF7 cells independently of 
estrogen treatment (Figure 1F). Consistent with this, 

Figure 1. Estrogen receptor alpha (ERα) is an activator of PARN-mediated nuclear deadenylation in MCF7 (ERα+) cells. (A) nuclear extracts (NEs) for cells treated with 
different concentrations of 17β-estradiol (E2) for the indicated times were used in in vitro deadenylation assays with radiolabeled capped L3(A30) RNA substrate. 
Purified RNA was analysed by denaturing PAGE. Left panel: representative deadenylation reactions from three independent biological assays are shown. Positions of 
the polyadenylated RNA L3(A30) and the L3 deadenylated product are indicated. Right panel: bar graph of relative deadenylation (RD) is shown. (B–C) in vitro 
deadenylation assays using NEs from cells treated with (B) control (CTRL) or ERα siRNA for 24 h or (C) with increasing concentrations of fulvestrant for 2 h (FVT) were 
performed and analysed as in (A). (D) MCF7 cells were treated with either CTRL or PARN siRNA and subsequently treated with vehicle or E2. NEs were used for in vitro 
deadenylation as performed and analysed in (A). E) Cell-free deadenylation assays were performed in the presence of radiolabeled capped L3(A30) RNA substrates, 
limiting amount of his-PARN deadenylase and his-ERα and increasing amounts of GST-p53. Conditions for deadenylation assays were performed as in (A). F) NEs from 
untreated cells were used in endogenous reciprocal co-immunoprecipitation (e-ip) assays with polyclonal ERα, PARN, or p53 antibodies. NEs were treated with RNase 
A. Equivalent amounts of pellets (IP) and supernatants (SN) were resolved by SDS-PAGE, and proteins were detected by Western blot. Topo II was used as loading and 
IP specificity control. Ten percent of the NEs used in the e-ip assays are shown as input. All figures show representative deadenylation reactions and Western blot 
analyses from at least three independent biological assays analysed by triplicate (n = 3). Experiments with two groups were analysed using two-tailed unpaired 
Student’s t-test. The p-values are indicated as *(<0.01), **(<0.001) and ***(<0.0001).
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complementary pull-down assays using recombinant protein 
derivatives and NEs from MCF7 showed that His-ERα pulled 
down PARN and p53 (Supplementary Figure S1E) and His- 
PARN pulled-down ERα and p53 (Supplementary Figure 
S1F). Together, these results indicate that ERα interacts with 
PARN and p53 to form (a) complex(es) in nuclear fractions 
independently of estrogen treatment, and this may be 
a mechanism that activates PARN-mediated deadenylation.

ERα expression in breast cancer cells correlates with 
higher PARN-mediated nuclear deadenylation

To further understand the ERα-mediated nuclear activation of 
deadenylation, we analysed NEs from a panel of breast cancer 
cell lines: MCF7 (ERα+, WT p53), T47D (ERα+, 580C > T 
mut p53) and MDA-MB-231 (ERα-, 839 G>A mut p53), and 
performed in vitro deadenylation assays as described above 
(Figure 2A). As p53 and ERα activities are mutually regulated 
(reviewed in [29]), these cell lines allow us to distinguish p53 
and ERα effect on nuclear deadenylation. Western blot ana
lysis confirmed ERα expression levels in MCF7 and T47D and 
its absence in MDA-MB-231 cells (Figure 2B). Additionally, 
both WT and mutant p53 were detected by immunoblot. 
Interestingly, we observed differential expression of the main 

nuclear deadenylase PARN when compared to topoisomerase 
II (Topo II) loading control, with MDA-MB-231 expressing 
the highest levels compared to MCF7 and T47D (Figure 2B 
and inputs in 2F-H). As higher PARN levels result in higher 
nuclear deadenylation, to analyse whether ERα activates 
nuclear deadenylation in this cell-line panel, we normalized 
the levels deadenylation to PARN levels. Interestingly, when 
nuclear deadenylation levels (Figure 2A) were normalized to 
PARN expression (Figure 2B), samples from ERα(+) cells 
(MCF7 and T47D) showed higher nuclear deadenylation 
than ERα(-) cells (MDA-MB-231) (Figure 2C). These results 
indicate the ERα expression plays a role in activating nuclear 
deadenylation and that p53 mutant (839 G>A) expressed in 
MDA-MB-231 cells cannot rescue PARN-mediated deadeny
lation. Confirming ERα-mediated activation of nuclear dead
enylation, the siRNA-mediated depletion of ERα 
(Supplementary Figure S2A) decreased nuclear deadenylation 
in MCF7 and T47D cells (Figure 2D).

To confirm that PARN is the deadenylase involved in this 
ERα-mediated nuclear activation of deadenylation, we per
formed siRNA-mediated knockdown of PARN in this panel 
of breast cancer cells. PARN knockdown decreased nuclear 
deadenylation in NEs from MCF7 and T47D cells, however 
no changes were observed in samples from MDA-MB-231 
(Figure 2E), indicating that the basal levels of nuclear 

Figure 2. ERα activates PARN-mediated nuclear deadenylation in (ERα+) cells (MCF7 and T47D), but not (ERα-) cells (MDA-MB-231). A) in vitro deadenylation assay 
and B) Western blot analysis using NEs from untreated breast cancer cells, prepared and analysed as in Figure 1A. Quantifications of PARN or ERα expression in B) is 
shown in a bar graph and normalized to Topo II loading control. C) normalization of PARN-mediated deadenylations shown in A) to PARN protein levels shown in B) 
for each cell line. D) in vitro deadenylation assay using NEs from cells treated with either CTRL or ERα siRNA for 24 h were performed as in 2A. E) in vitro 
deadenylation assay using NEs from breast cancer cells treated with either CTRL or PARN siRNA were analysed as in 2A. F–H) NEs from breast cancer cells were used 
in endogenous co-IP assays with anti-PARN and IgG antibodies, and performed as in Figure 1E. All figures show representative deadenylation reactions and Western 
blot analyses from at least three independent biological assays analysed by triplicate (n = 3). Experiments with two groups were analysed using two-tailed unpaired 
Student’s t-test. The p-values are indicated as *(<0.01) and ***(<0.0001).
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deadenylation observed in MDA-MB-231 might be PARN 
independent. Consistent with this, siRNA-mediated knock
down of p53 decreased the levels of nuclear deadenylation in 
samples from MCF7 and T47D cells but not from MDA-MB 
-231 cells (Suplementary Figure S3SA), suggesting that 
mutant p53 expressed in T47D can activate PARN-mediated 
deadenylation. Western blot analysis confirmed PARN 
(Supplementary Figure S2B) and p53 (Supplementary Figure 
S3B) knockdowns in all three cell lines. Additionally, endo
genous co-IPs confirmed the nuclear complex(es) formation 
of ERα, PARN and p53 in MCF7 and T47D (Figures 2F–G) 
and of PARN and p53 in MDA-MB-231 (Figure 2H), consis
tent with the previously described direct interaction of PARN 
and p53 in colorectal cancer cells [21]. Together, these results 
indicate that ERα can activate PARN-mediated nuclear dead
enylation in ERα(+) breast cancer cells. While further studies 
are necessary to determine the details of this mechanism, our 
data indicate that nuclear deadenylation in ERα(-) cells may 
rely on nuclear deadenylases other than PARN.

ERα and PARN regulate expression of common mRNA 
targets involved in cell invasion, metastasis and 
angiogenesis

Our functional assays indicate that ERα can form complex(es) 
with mRNA 3’ processing factors and regulate nuclear PARN 
deadenylase activity in ERα(+) breast cancer cells (Figures 1–2), 
suggesting an overlapping role of ERα and PARN in regulating 
gene expression in a transactivation-independent manner. To 
further explore this, we identified common mRNA targets of 
ERα and PARN and validated their expression on the panel of 
breast cancer cells used in Figure 2. As PARN is a deadenylase 
and decreases the steady-state levels of its targets [21], we 
focused our study to identify genes that were upregulated 
upon PARN and ERα depletion. We analysed published data
sets by Muthukaruppan et al. [30] and Shi et al. [31] to identify 
ERα mRNA targets and a microarray analysis by Devany et al. 
[21] to identify PARN mRNA targets [21,30,31]. We identified 
seven potential common targets comparing these datasets 
under ERα/PARN regulation: KLHL24, HBP1, ID1, ID2, 
SPINK6, LUM and IFI6 (Supplementary Figure S3A). 
Interestingly, these upregulated targets are AU-rich element 
(ARE)-containing mRNAs, which is a characteristic of PARN 
targets [17,18].

We next validated the expression of the identified mRNA 
targets by using nuclear RNA samples of cells depleted of ERα 
and PARN expression and analysed their steady-state levels by 
qRT-PCR. siRNA-mediated depletion of ERα resulted in 
a reduction of the endogenous ESR1 levels in MCF7 and T47D 
(Figure 3A–B, respectively, left panels) and undetectable levels as 
expected in MDA-MB-231, whereas siRNA-mediated depletion 
of PARN resulted in a reduction of endogenous PARN levels in 
all three cell lines (Figure 3A–C, right panels). ERα depletion in 
MCF7 and T47D resulted in upregulation of ID1, KLHL24, 
HBP1, LUM and IFI6 mRNA levels (Figure 3A–B, left panels). 
Lack of ERα expression in MDA-MB-231 resulted in detectable 
basal expression of ID1, KLHL24, HBP1, LUM and IFI6 mRNA 
levels (Figure 3C, left panel). PARN depletion also showed 

upregulation of ID1, KLHL24, HBP1 and LUM mRNAs 
(Figure 3A–C, right panels). While these results validated the 
common mRNA targets of PARN and ERα previously identified 
in genome-wide studies [21,30,31], some variations were 
observed in different cell lines after PARN and ERα depletion. 
For example, upregulation of IF6 was observed only in T47D 
and MDA-MB-231, upregulation of ID2 was observed only in 
MCF7 and MDA-MB-231, and SPINK6 was downregulated in 
all three cell lines. Interestingly, ID1, KLHL24, HBP1 and LUM 
play roles in tumorigenesis, cell invasion and metastasis in breast 
cancer [32–44]. Future studies are necessary as we cannot dis
card the possibility that the variations among these cell lines are 
also due to the gain or loss of functions of mutant p53 in this 
PARN-mediated regulation of gene expression. Together, these 
results indicate a functional overlap of ERα and PARN in the 
regulation of the steady-state levels of common mRNA targets 
under different cellular conditions and in different breast cancer 
cell types, providing further evidence for a transactivation- 
independent mechanism in regulating gene expression by ERα.

Discussion

This is the first report of a novel ERα function in regulating 
post-transcriptional activity of PARN-deadenylase in breast 
cancer cells, thereby providing a transactivation-independent 
mechanism to control gene expression. Based on these data, 
we propose a mechanistic working model whereby ERα affects 
gene expression under non-stress conditions by regulating 
PARN deadenylase in ERα(+) breast cancer cells either by 
recruiting ERα to mRNA 3’ processing complex(es), including 
PARN and p53, or by direct binding of ERα to the 3’ UTR of 
mRNA targets and recruitment of these mRNA 3’ processing 
factors (Figure 4). Consistent with this idea, studies have 
shown that ERα binds to the 3’UTR region of target RNAs 
via its RNA binding motif located in the hinge region, and 
ERα has been described as a non-canonical RBP helping 
mediate RNA–protein complexes in the nucleus of breast 
cancer cells [9,11–14]. Although mechanistic details of these 
ERα-RNA binding functions in mRNA metabolism have not 
been described, Xu et al. [11] demonstrated that this binding 
mediates alternative splicing of XBP1 and translation of 
eIF4G2 and MCL1 mRNAs, which are two cellular functions 
controlled by mRNA deadenylation [16].

Analysing genome-wide studies [21,30,31], we identified 
and then validated ID1, KLHL24, HBP1 and LUM as common 
mRNA targets of ERα and PARN on a panel of breast cancer 
cells under non-stress conditions (Figure 3), supporting the 
functional overlap of ERα and PARN in regulating common 
transcript levels. ID1 encodes for an inhibitor of DNA binding 
1 protein, which might be a potential prognostic marker and 
therapeutic target for breast cancer as its expression is asso
ciated with chemoresistance, tumorigenesis, invasiveness and 
metastasis [38,40,42,43]. KLHL24 encodes a cullin 3–RBX1 
ubiquitin ligase substrate receptor, which is differentially 
expressed in breast cancer under varying conditions suggest
ing involvement in an autophagy signature and promoting 
tumorigenesis [32,37,39]. HBP1 encodes the HMG-box pro
tein 1 transcription factor that might play a role as a tumour 
suppressor in breast cancer and in miRNA-mediated triple 
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negative breast cancer cell proliferation [33,41,44]. LUM 
encodes lumican, a proteoglycan that exhibits anticancer 
activity in breast cancer affecting cell adhesion, inhibiting 
metastatic features of epithelial mesenchymal transition cells 
and attenuating proliferation, migration and invasion [34–36]. 
As these mRNA targets have been described to play roles in 
tumorigenesis, cell invasion and metastasis in breast cancer, 
together our data further provides a functional connection 
between mRNA 3’ end processing and breast cancer progres
sion. Although subsequent studies are warranted to identify 
additional mRNA targets, the data presented here provide 
new insights into post-transcriptional regulation of steady- 
state levels and gene expression of specific transcripts by 
ERα through its role in nuclear deadenylation. The identity 
of the mRNA targets regulated by the ERα/PARN duo might 
be cell-specific and depend on specific genetic backgrounds as 
well as cellular conditions.

Xu and colleagues [11] demonstrated that ERα binds target 
transcripts involved in the adaptive response to stress during 
tumour development modifying their mRNA by processes 

related to deadenylation [15,16]. Consistent with that study, 
our microarray data [21] reveals an increase in XBP1 and 
MCL1 mRNA levels after UV treatment that is lost after 
PARN depletion (Supplementary Figure S4), suggesting that 
PARN deadenylase plays a role in this stress-induced 
response. Interestingly, the levels of the ERα/PARN target 
transcripts described in this study (IDl1, KLHL24, HBP1, 
LUM and IF6) decrease after UV treatment, and this is 
reversed by PARN depletion. However, under stress condi
tions, p53 might play a more relevant role in nuclear dead
enylation as ERα induces its expression [26] and stress- 
induced p53 further activates PARN deadenylation [21,23]. 
While future studies are necessary to address whether these 
results reflect a direct or indirect role of PARN in controlling 
the mRNA levels of these genes after UV treatment, together 
these results further support the connection between the ERα 
pathway and mRNA processing in stress conditions.

Our study demonstrated that ERα can bind to mRNA 3’ 
processing factors PARN and p53 resulting in the activation of 
PARN-mediated deadenylation in ERα(+) breast cancer cells 

Figure 3. Common mRNA targets of ERα and PARN suggests functional overlap in regulating nuclear deadenylation and gene expression in a cell specific manner. 
A-C) endogenous common mRNA transcripts of ERα and PARN analysed by qRT-PCR using RNA samples from breast cancer cells depleted of ERα (A–B, left panels) or 
PARN (A–C, right panels) by siRNA treatment. The levels of transcripts observed for each condition were normalized to the levels of ubiquitin C (UBC) from cells 
treated with control (CTRL) siRNA. Fold changes were calculated using the ΔΔCT method. Left panel, C) basal endogenous transcripts analysed by qRT-pcr using RNA 
samples from untreated ERα(-) breast cancer cells were normalized to UBC. Representative qRT-PCR analysis from at least three independent biological samples 
analysed as triplicates is shown. Experiments with two groups were analysed using two-tailed unpaired Student’s t-test. The p-values are indicated as *(<0.01), 
**(<0.001), ***(<0.0001) and ****(<0.00001).
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under non-stress conditions, and that common mRNA targets 
involved in breast cancer cell invasion and metastasis can be 
regulated by both ERα and PARN. Together, these data further 
support the functional overlap of ERα/PARN/p53 regulating 
gene expression in in a transactivation-independent manner. 
This is also consistent with previously described functional 
interactions between p53 and ERα [26–28]. While future stu
dies are needed to further understand ERα function in RNA 
biology, this current study indicates that ERα not only regulates 
gene expression transcriptionally but also post- 
transcriptionally. As 70–80% of breast cancers are identified 
as ER(+) and deadenylation is a widespread mechanism con
trolling gene expression, this novel ERα regulatory mechanism 
of gene expression will help us comprehend unique breast 
cancer profiles to improve individualized treatments and 
therapies.

Materials and methods

Tissue culture methods

MCF7 and MDA-MB-231 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) with sodium pyruvate 

(Corning) supplemented with 10% fetal bovine serum 
(FBS-ThermoFisher) and 1% penicillin/streptomycin (PS, 
ThermoFisher). T47D cells were cultured in RPMI-1640 
medium (Corning) supplemented with 0.2 U/mL of 
human insulin (Sigma), 10% FBS and 1% PS. Serum star
vation culture consisted of phenol red-free DMEM and 1% 
PS without FBS. 17-β estradiol (Sigma Aldrich), Fulvestrant 
(SelleckChem, cat# S1191) or DMSO (FisherSci) vehicle 
were prepared in phenol red-free DMEM supplemented 
with 10% charcoal-stripped FBS and 1% PS.

Compounds, treatments and DNA damaging agent

MCF7, T47D and MDA-MB-231 cells were plated in 10 cm 
dishes, allowed to adhere overnight, serum starved for 24 h, and 
treated with 17-β estradiol (Sigma Aldrich), Fulvestrant 
(SelleckChem, cat# S1191) or DMSO (FisherSci) vehicle for 
times outlined in each figure. Nuclear extracts were prepared 
after indicated time points and used for deadenylation and immu
noblotting assays. Cells were treated with UV irradiation (20 
Jm−2) and allowed to recover for 2 h before microarray analysis 
as in [21].

Figure 4. Proposed mechanism of ERα in PARN-mediated deadenylation. In the canonical signalling pathway, estrogen binds to ERα in the cytosol, leading to its 
dimerization, nuclear translocation and activation of transcription to regulate gene expression. More specifically, ERα can bind either directly to estrogen response 
elements (EREs) within the promoter region of its target genes to directly regulate transcription, or to co-factors, to indirectly regulate transcription of its targets. 
Here we show p53 as an example of a cofactor. We propose a novel transactivation-independent mechanism of ERα to regulate gene expression by activating PARN 
deadenylase. In ERα(+) breast cancer cells, ERα can form (a) complex(es) with 3’ processing factors, such as PARN and p53, and activate nuclear deadenylation of its 
mRNA targets. Alternatively, ERα might bind directly to the 3’UTR of these mRNA targets resulting in the recruitment of mRNA 3’ processing factors and activation of 
PARN deadenylase activity.
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ERα, PARN and p53 siRNA-mediated depletion

Lipofectamine RNAiMAX (ThermoFisher) was used accord
ing to the manufacturer’s instructions to deliver 50 nM ERα 
siRNA (Horizon Discovery, Dharmacon, cat# D-003401-01- 
0020), 100 nM p53 siRNA (Horizon Discovery, Dharmacon, 
cat# L-003329-00-0020), or 100 nM PARN siRNA (Horizon 
Discovery, Dharmacon, cat# D-011348-04-0050) to cells pla
ted at 50–60% confluency. ERα-siRNA treated cells were 
harvested 24-h post-transfection. p53 and PARN siRNA treat
ments were repeated for an additional 24 h and cells were 
harvested 48 h after initial transfection. Nuclear extracts were 
prepared from harvested cells and used for deadenylation 
assays and western blot. siGENOME non-targeting siRNA 
#2 (Horizon Discovery, Dharmacon siRNA, cat# D-001210- 
02-50) was used as control. Each experiment was performed 
at least three times with three biological replicates.

Nuclear extracts (NE) preparation

Nuclear extracts were immediately prepared from harvested 
MCF7, T47D and MDA-MB-231 cells as described [21].

Immunoblotting

Samples were analysed as in [25]. Blots were incubated with 
antibodies against ERα (Santa Cruz Biotechnology, cat# sc- 
8002), PARN (Abnova, cat# H-00005073-BP) and p53 (Santa 
Cruz Biotechnology, cat# sc-126). Topo II (Santa Cruz) was 
used as loading control.

Purification of recombinant proteins

Plasmid encoding His-PARN was provided by 
Dr. A. Virtanen (Uppsala University) and purified as pre
viously described [20,21,25]. Commercially available purified 
His-ERα recombinant protein (Abcam catalogue #: ab82606) 
and purified GST-p53 recombinant protein (Millipore-Sigma 
Aldrich, catalogue #: 14–865) were used.

Deadenylation assays using nuclear extracts

Preparation of 32P-labelled L3(A30) substrates and conditions 
for deadenylation assays were as described [20]. Each experi
ment was performed at least three times with three biological 
replicates. Relative deadenylation was determined by the rela
tive intensity of each band and expressed as L3 
fragment/(L3(A30)+ L3 fragment)] × 100 and expressed as 
means ± standard deviation as previously described 
[20,21,25]. Quantifications were calculated by Image 
J software (http://rsb.info.nih.gov/ij/).

In vitro deadenylation assays

Conditions for in vitro deadenylation assays were performed 
as previously described [20]. Deadenylation assays with 
recombinant protein derivatives His-PARN, His-ERα, or 
GST-p53 were carried at 30°C for 90 min. Each experiment 

was performed at least three times with three biological repli
cates and results from independent samples were quantified 
by Image J.

Statistical methods

Statistical significance between experimental groups were cal
culated using GraphPad Prism 9.0. Results from in vitro dead
enylation assays and qRT-PCR were performed in three or 
more independent biological samples analysed by triplicate, 
presented as mean ± standard deviation. Experiments with 
two groups were analysed using a two-tailed unpaired 
Student’s t-test. In the presented data, one (*), two (**), 
three (***) and four (****) corresponded to p < 0.01, p <  
0.001, p < 0.0001 and p < 0.00001, respectively.

Endogenous immunoprecipitation (IP) assays

IPs conditions were as described [25]. NEs were IPed with 
antibodies against ERα polyclonal (Cell Signaling, cat# 8644S), 
PARN polyclonal (Bethyl Laboratories, cat# A303-562A), or 
p53 polyclonal (Santa Cruz Biotechnology, cat# FL-393) using 
protein A-magnetic beads (Millipore, PureProteome cat# 
LSKMAGA10) per manufacturer’s instructions.

Pull-down assays

Pull-down assays using His-PARN or His-ERα were as 
described [25].

Endogenous mRNA real-time reverse transcription 
polymerase chain reaction (qRT-PCR)

Total nuclear RNA was purified from MCF7, T47D and MDA- 
MB-231 cells using the RNeasy kit (Qiagen) according to the 
manufacturer’s directions. qRT-PCR reactions were adapted 
from Baquero et al. [25]. RNA concentrations were determined 
using NanoDrop (ThermoFisher). Equivalent amounts (2 μg) of 
purified RNA were used as a template to synthesize cDNA using 
GoScript Reverse Transcriptase and oligo-d(T)s primer as in 
[45]. Primers for PARN, ID1, ID2, KLHL24, HBP1, SPINK6, 
LUM and IFI6 used in the qRT–PCR reactions were generated 
using Integrated DNA Technologies. PARN: forward primer 5’- 
TGTCCTGTCACGATTCCTGAG −3’, reverse primer: CCGG 
TACATGGCTCTAAATCCAA −3’. ID1: forward primer 5’- CC 
AGAACCGCAAGGTGAG −3’, reverse 5’- GGTCCCTGAT 
GTAGTCGATGA-3’. ID2: forward primer 5’- ATGAAAGC 
CTTCAGTCCCGT-3’, reverse 5’- TTCCATCTTGCTCACC 
TTCTT-3’. KLHL24: forward primer 5’-TGAGAAGACCAC 
TGTTACACGAGC-3’, reverse 5’-CCTTGGGGACATCATTT 
CATTC-3’. HBP1: forward primer 5′-ATCATCTCCTGTA 
CACATCATAGC-3′, reverse 5′-CATAGAAAGGGTGGTCC 
AGCTTAC-3′. SPINK: forward primer 5′-ATGAAACTGT 
CAGGCATG-3′, reverse 5′-TCAGCATTTTCCAGGATG-3′. 
LUM: forward primer 5’- CCACCACACCTGACAGAGT −3’, 
reverse 5’- CAAGTTGATTGACCTCCAGG −3’. IFI6: forward 
primer 5’- CTGGTCTGCGATCCTGAATG −3’, reverse 5’- 
AGAGGTTCTGGGAGCTGCTG − 3’. Relative mRNA levels 
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were calculated using the ΔΔCT method as described [21,25]. 
Each experiment was performed at least three times with three 
biological replicates.
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