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Simple Summary: Tamoxifen has been clinically applied as a central chemotherapeutic agent for
treatment of estrogen receptor (ER)-positive breast cancer. However, many ER-positive breast cancer
patients with the high ER level demonstrate intrinsic resistance against the tamoxifen therapy. The
aim of our study was to find an effective approach to enhance tamoxifen sensitivity. We found that
tumor necrosis factor α (TNFα) has a potential to overcome tamoxifen resistance through disruption
of nuclear receptor corepressor 1 (NCOR1)-p53-ERα complexes in ER-positive MCF7 xenograft
mice. NCOR1 knock-down with TNFα treatment induced ERα destabilization and increased the
occupancy of p53 at the p21 promoter. Finally, we confirmed the combinational application with
tamoxifen, TNFα and short-hairpin NCOR1 showed the enhanced suppressive effect of tumor growth
in MCF xenograft mice compared to single tamoxifen treatment. These results provide a possibility
for application of NCOR1 as a putative therapeutic target to overcome tamoxifen resistance in
ERα-positive breast cancer.

Abstract: Tamoxifen is widely used as a medication for estrogen receptor α (ERα)-positive breast
cancer, despite the ~50% incidence of tamoxifen resistance. To overcome such resistance, combining
tamoxifen with other agents is considered an effective approach. Here, through in vitro studies with
ER-positive MCF7 cells and ER-negative MDA-MB-231 cells, validated by the use of xenograft mice,
we investigated the potential of tumor necrosis factor α (TNFα) to enhance tamoxifen sensitivity
and identified NCOR1 as a key downstream regulator. TNFα specifically degraded nuclear receptor
corepressor 1 (NCOR1) in MCF7 cells. Moreover, knockdown of NCOR1, similar to TNFα treatment,
suppressed cancer cell growth and promoted apoptosis only in MCF7 cells and MCF7 xenograft
mice through the stabilization of p53, a tumor suppressor protein. Interestingly, NCOR1 knockdown
with TNFα treatment increased the occupancy of p53 at the p21 promoter, while decreasing that of
ERα. Notably, NCOR1 formed a complex with p53 and ERα, which was disrupted by TNFα. Finally,
combinatorial treatment with tamoxifen, TNFα and short–hairpin (sh)-NCOR1 resulted in enhanced
suppression of tumor growth in MCF7 xenograft mice compared to single tamoxifen treatment. In
conclusion, TNFα promoted tamoxifen sensitivity through the dissociation of the ERα-p53-NCOR1
complex, pointing at NCOR1 as a putative therapeutic target for overcoming tamoxifen resistance in
ERα-positive breast cancer.
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1. Introduction

Breast cancer is the most frequently diagnosed cancer and ranks second among cancer-
related death causes in women [1]. Breast cancer, a complex and heterogeneous disease,
typically shows variable response to therapies and is characterized by various cancer
subtypes displaying significantly different outcomes [2,3]. Traditionally, genetic, epigenetic,
environmental, and stochastic factors are believed to contribute to the intratumor hetero-
geneity of breast cancer, which may lead to therapeutic resistance and thus presents a major
obstacle to a cure [4]. Therefore, a better understanding of breast cancer pathogenesis can
help develop more effective treatments for this disease.

The expression of estrogen receptor (ER) in breast cancer is one of the most represen-
tative heterogeneity indexes. Indeed, ER-negative breast tumors exhibit higher genomic
instability and more variation in differential regions with respect to ER-positive tumors [5].
Approximately 75% of breast cancers express ERα, which remains the most important
prognostic factor for the effectiveness of endocrine therapy in breast cancer [6,7]. Indeed,
drugs either inhibiting estrogen production or targeting the estrogen-binding domain of
ERα are the mainstay of the therapies against ERα-positive breast cancer [8,9]. In particular,
tamoxifen, a selective antagonist of ER, is the most commonly used medication for the
treatment of ERα-positive breast cancer [10]. Tamoxifen contributes to the reduction of
breast cancer mortality by 30%; however, about half of ERα-positive breast cancer patients
display intrinsic resistance to tamoxifen during treatment [11]. Thus, tamoxifen resistance
remains a major hurdle for cancer chemotherapy in ERα-positive breast cancer.

To overcome tamoxifen resistance, combinatorial treatment with tamoxifen and other
drugs has emerged as a promising approach. Indeed, drugs targeting molecular path-
ways involved in tamoxifen resistance, such as the receptor tyrosine kinase, PI3K-mTOR-
AKT [12], and cell cycle checkpoint pathways [13], are considered valuable agents for
combination with tamoxifen based on preclinical evidence. In our recent study, we demon-
strated that tumor necrosis factor α (TNFα), a multifunctional inflammatory cytokine,
selectively triggers apoptotic cell death in ERα-positive, but not ERα-negative, breast
cancer. In fact, TNFα induces ERα degradation, thereby impairing the localization of ERα
on the p53-binding site of the p21 promoter, and resulting in transcriptional activation
of p21 [14]. However, the transcriptional activity of ER is also modulated by interactions
with co-regulatory proteins that function either as co-activators or co-repressors [15]. For
instance, the nuclear receptor corepressor 1 (NCOR1) is a well-known co-repressor of
nuclear receptors and many other transcription factors [16]. Interestingly, previous studies
demonstrated that the level of NCOR1 mRNA is correlated with a significantly shorter
relapse-free survival [17] and with the ERα status of breast cancer patients [18]. Thus, we
hypothesized that NCOR1 is involved in TNFα-mediated ERα repression and subsequent
p53-dependent activation of p21 expression in ERα-positive breast cancer.

To verify this hypothesis, in the present study we examined the specific effect of TNFα
on the promotion of tamoxifen sensitivity in ERα-positive breast cancer and identified
NCOR1 as a key regulator acting downstream of TNFα.

2. Results
2.1. NCOR1 Knockdown Suppresses the Growth of MCF7 Cells but Not of MDA-MB-231 Cells In
Vitro and in Xenograft Mouse Models

Our recent study reported that TNFα selectively induces apoptotic cell death in ERα-
positive but not ERα-negative breast cancer [14]. However, NCOR1 is known as an ERα
transcriptional repressor [19]. Thus, we assumed that NCOR1 modulates different re-
sponses to TNFα in ERα-positive or -negative breast cancer cells. To verify this hypothesis,
we investigated whether the dynamics of NCOR1 protein levels upon TNFα treatment
differed between ER-positive MCF7 breast cancer cells and ER-negative MDA-MB-231
cells. Interestingly, the levels of NCOR1 and its phosphorylation, resulting in protein
stabilization, were reduced by TNFα treatment in MCF7 cells but not in MDA-MB-231 cells
(Figure 1A). Next, to determine whether NCOR1 affects the proliferation of breast cancer
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cells, we transfected MCF7 and MDA-MB-231 cells with short-hairpin RNAs (shRNAs) tar-
geting NCOR1 (sh-NCOR1). After demonstrating the successful introduction of sh-NCOR1
into both MCF7 and MDA-MB-231 cells (Figure 1B), cell proliferation and colony formation
assays were carried out. Notably, knockdown of NCOR1 significantly reduced the viability
of MCF7 cells (p < 0.05) but did not affect that of MDA-MB-231 cells (Figure 1C). Moreover,
cell growth was significantly suppressed from 4 days after NCOR1 knockdown in MCF7
cells (p < 0.001) (Figure 1D, left panel) but not MDA-MB-231 cells (Figure 1D, right panel).
Finally, NCOR1 knockdown also selectively inhibited colony formation in MCF7 but not
in MDA-MB-231 cells (p < 0.01) (Figure 1E). To examine whether NCOR1 affects breast
cancer development in vivo, we generated xenograft mouse models by injecting either
parental or NCOR1-silenced MCF7 or MDA-MB-231 cells to the subcutaneous space of
immunocompromised mice, and measured tumor weight 3 weeks after inoculation. Inter-
estingly, tumor weight was significantly reduced in the xenograft mouse model inoculated
with NCOR1-silenced MCF7 cells (p < 0.001) (Figure 1F, upper panel), whereas NCOR1
knockdown did not significantly reduce tumor weight in MDA-MB-231 xenograft mice
(Figure 1F, lower panel). Furthermore, immunostaining for the cell proliferation marker
Ki67 also showed that NCOR1 knockdown selectively inhibited tumor cell proliferation in
MCF7 but not MDA-MB-231 xenograft mice (Figure 1G). Collectively, these results suggest
that NCOR1 levels are specifically decreased by TNFα and that this co-repressor positively
regulates cell growth in ERα-positive but not ERα-negative breast cancer.

2.2. NCOR1 Knockdown and TNFα Treatment Exert Similar Apoptosis-Inducing Effects in MCF7
Cells or Tumor-Suppressing Effects in MCF7 Xenograft Model

To further examine whether NCOR1 is involved in the specific TNFα-induced apopto-
sis of ER-positive breast cancer cells, we established doxycycline (Dox)-inducible knock-
down of NCOR1 in either MCF7 or MDA-MB-231 cells. Next, the ratio of apoptotic cells
was examined using fluorescence-activated cell sorting (FACS). Notably, the proportion of
apoptotic cells in either TNFα-treated or NCOR1-silenced MCF7 cells was approximately
20%, higher than that of the control group, but there was no significant difference between
these two groups. Interestingly, co-treatment with TNFα and Dox resulted in enhanced
apoptotic cell death with respect to TNFα or Dox treatment alone (p < 0.01) (Figure 2A,
upper panel). On the contrary, NCOR1 knockdown, TNFα treatment, or their combina-
tion did not induce apoptosis in MDA-MB-231 cells (Figure 2A, lower panel). To further
evaluate whether NCOR1 depletion, similar to TNFα, induces apoptotic cell death in vivo,
we conducted Dox-induced knockdown of NCOR1 in the MCF7 xenograft mouse model.
Tumor volume was monitored every 2 days for 12 days and was found to significantly
decrease from 4 days in TNFα-, Dox-, or co-treated groups compared to the control group
(p < 0.05). Additionally, TNFα- and Dox-treated groups showed no significant difference in
tumor volume from 4 days to 12 days except at 10 days (Figure 2B). At 12 days, the mice
were sacrificed, and the weight of the tumors isolated from the xenograft was measured.
Tumor weight was significantly reduced by TNFα, Dox, or their combination (p < 0.001).
Notably, no significant difference between TNFα-treated and NCOR1-silenced groups was
observed (Figure 2C). Therefore, these results suggest that NCOR1 is a key regulator of
TNFα-induced apoptosis and tumor suppression in ER-positive breast cancer.
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Figure 1. NCOR1 knockdown selectively suppresses the proliferation of MCF7 cells but not of
MDA-MB-231 cells in vitro and xenograft mouse models. (A) NCOR1 levels are diminished in
presence of TNFα in MCF7 cells but not in MDA-DB-231 cells. The levels of NCOR1 or phospho-
NCOR1 (p-NCOR1) were monitored in either MCF7 or MDA-MB-231 cells after TNFα treatment for
24 h. Whole-cell lysates were immunoblotted with the indicated antibodies. Intensities of protein
bands obtained from the immunoblotting assay were quantified with ImageJ and normalized with
respect to that of β-actin. Relative intensity was calculated by the normalized control intensity of
each protein. (B) Validation of NCOR1 knockdown in MCF7 and MDA-MB-231 cells. *** p < 0.001;
Student’s t-test. Relative intensity was calculated as described above (Figure 1A). (C,D) Silencing of
NCOR1 reduces the proliferation of MCF7 cells. * p < 0.05; Student’s t-test (C). *** p < 0.001; Two-way
ANOVA (D). (E) NCOR1 is involved in the malignant transformation of MCF7 cells. 1 × 103 of
sh-Control or sh-NCOR1-injected cells were seeded into agarose-coated plates with agarose. Three
weeks after incubation, plated cells were stained with crystal violet (upper panel) and the number
of colonies was counted (lower panel). Representative images of three independent experiments
are shown. ** p < 0.01; Student’s t-test. (F,G) In vivo validation of NCOR1-mediated suppression of
tumor growth. Stable cell lines transfected with sh-Control or sh-NCOR1 were implanted into the
subcutaneous space of the left or right flank of mice, respectively. All tumors were collected 3 weeks
after inoculation for determination of tumor weight and volume by necropsy (n = 5 for each group).
*** p < 0.001; Student’s t-test (F). Representative images of Ki67 immunostaining of tumor tissues (G).
The values presented are the means ± SD of three independent experiments.
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Figure 2. TNFα or NCOR1 knockdown specifically induces apoptosis in MCF7 cells and inhibit
tumor growth in MCF7 xenograft models. (A) Apoptotic cell death is increased in response to
TNFα in NCOR1-silenced MCF7 cells. Doxycycline (Dox)-inducible system for silencing of NCOR1
was established and applied to MCF7 or MDA-MB-231 cells. After treatment with TNFα for
24 h, the proportion of apoptotic cells was assessed by flow cytometry. Q1; necrotic cell death,
Q2; late apoptotic cell death, Q3; control, and Q4; early apoptotic cell death (upper panel). The sum
of the ratio of early and late apoptotic cells is shown as the total proportion of apoptotic cells (lower
panel). ** p < 0.01 and *** p < 0.001; Student’s t-test. (B,C) Knockdown of NCOR1 retards the devel-
opment of xenograft tumors derived from MCF7 cells. Dox-inducible knockdown of NCOR1 exerts
a synergistic effect on the repression of tumor growth by TNFα. MCF7 cells expressing sh-Control
or sh-NCOR1 were implanted into the subcutaneous space of mice, and then Dox or/and TNFα
were administered every other day until necropsy. Tumor volumes were calculated every 2 days for
12 days, and representative images were captured. Data are expressed as mean ± SD (n = 5 for each
group). * p < 0.05, ** p < 0.01, and *** p < 0.001; Two-way ANOVA (B). All tumors were removed
for necropsy, during which tumor weight was measured. All data are expressed as means ± SD
(n = 5 for each group). *** p < 0.001; Student’s t-test (C). The values presented are the means ± SD of
three independent experiments.

2.3. NCOR1 Knockdown Induces p53 Stabilization upon TNFα Treatment in MCF7 Cells and
MCF7 Xenograft Mice

The p53 tumor suppressor protein is a transcription factor that positively regulates the
expression of genes involved in apoptosis and anti-proliferation of cancer cells [20,21]. We
have previously reported that TNFα induces stabilization of p53 through the dissociation
of the HDAC3-ERα complex, leading to apoptotic cell death exclusively in ERα-positive
MCF7 cells [14]. Thus, we examined whether NCOR1 regulates p53 stabilization specifically
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in ERα-positive breast cancer cells. In MCF7 cells, p53 stabilization occurred to a similar
extent upon NCOR1 knockdown and TNFα treatment, whereas these alterations did not
affect p53 protein levels in MDA-MB-231 cells. Moreover, an increased level or cleavage
of the pro-apoptotic markers BAX and PARP-1, together with a decreased level of the
anti-apoptotic marker Bcl-2, only appeared in MCF7 cells but not in MDA-MB-231 cells
(Figure 3A). Consistently, in tumors isolated from MCF7 xenograft mice, TNFα induced
p53 stabilization and NCOR1 destabilization, while NCOR1 knockdown also led to the
stabilization of p53 (Figure 3B). These results suggest that NCOR1 negatively regulates
TNFα-induced p53 stabilization in ERα-positive breast cancer cells.

Figure 3. TNFα treatment or NCOR1 knockdown stabilize p53 in MCF7 cells and tumors from MCF7
xenograft mice. (A) p53 stabilization was specifically induced by TNFα or NCOR1 knockdown in
MCF7 but not MDA-MB-231 cells. Doxycycline (Dox) or/and TNFα were administered either to
MCF7 or MDA-MB-231 cells, and whole-cell lysates were obtained. Proteins were immunoblotted
with the indicated antibodies. Intensities of protein bands obtained from the immunoblotting assay
were quantified with ImageJ and normalized with respect to that of β-actin. Relative intensity was
calculated by the normalized control intensity of each protein. (B) p53 stabilization was induced by
TNFα or NCOR1 knockdown in MCF7 xenograft mice. Tumors were isolated from MCF7 xenograft
mice, and proteins were immunoblotted with the indicated antibodies. Relative intensity was
calculated as described above (A).

2.4. Knockdown of NCOR1 Activates the p21 Promoter via Recruitment of p53 Instead of ERα

In our previous study, we showed that TNFα induces ERα degradation and sub-
sequent p53 stabilization and recruitment to its target gene promoter [14]. However,
interestingly, NCOR1 knockdown did not reduce ERα protein levels, although TNFα
treatment resulted in the marked degradation of ERα in both MCF7 cells (Figure 3A)
and tumors from MCF7 xenograft mice (Figure 3B). Thus, we examined whether NCOR1
knockdown reduced ERα occupancy of the p21 promoter without affecting the ERα pro-
tein level. To this purpose, a chromatin immunoprecipitation (ChIP) assay was carried
out with the p21 promoter region including the p53-binding element (−360 to −260 bp)
in tumors isolated from MCF7 xenograft mice. Interestingly, NCOR1 knockdown im-
paired the binding of ERα to the promoter while enhancing that of p53. Notably, there
were no significant differences between TNFα-treated and NCOR1-silenced groups. Fur-
ther, both NCOR1 knockdown and TNFα treatment resulted in enhanced H3K9ac-to-
H3K9me3 transition and an increased level of H3K4me3 at the p21 promoter region,
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denoting an active promoter state (Figure 4A). In addition, a co-immunoprecipitation
(Co-IP) assay revealed that the NCOR1-ERα-p53 complex was dissociated upon TNFα
treatment of MCF7 cells (Figure 4B). Collectively, these results demonstrate that NCOR1 is
a negative regulator of TNFα-induced p53 stabilization and recruitment to the activated
p21 promoter region.

Figure 4. NCOR1 negatively regulates p53 recruitment to the p21 promoter region and dissociates from the NCOR1-ERα-p53
complex upon TNFα treatment. (A) NCOR1 knockdown or TNFα treatment resulted in the recruitment of p53 to the
p53-binding element located between -360 and -260 bp of the p21 promoter in MCF7 xenograft models. A chromatin
immunoprecipitation (ChIP) assay was performed on the p21 promoter region surrounding the p53-binding element
(−360 to −260 bp) using tumors from MCF7 xenograft mice. Intensities of protein bands obtained from the immunoblotting
assay were quantified with ImageJ and normalized with respect to that of β-actin. Relative intensity was calculated by the
normalized control intensity of each protein. * p < 0.05, ** p < 0.01, and *** p < 0.001; Student’s t-test. The values presented are
the means ± SD of three independent experiments. (B) The NCOR1-p53-ERα complex is dissociated upon TNFα treatment
of MCF7 cells. A co-immunoprecipitation (Co-IP) assay was conducted using an anti-ERα antibody in MCF7 cell lysates
with or without TNFα treatment. Proteins were immunoblotted with the indicated antibodies.

2.5. Tamoxifen Sensitivity Is Enhanced by TNFα or NCOR1 Knockdown in the MCF7 Xenograft
Mouse Model

Tamoxifen is a drug that antagonizes ER and induces apoptosis in ER-positive breast
cancer cells [22]. However, tamoxifen shows limitations as a single agent because its long-
term use can result in the development of endocrine therapy resistance [23,24]. Therefore,
to evaluate whether combining tamoxifen with TNFα treatment or suppression of NCOR1
can potentially overcome tamoxifen resistance by enhancing the drug sensitivity of tumor
cells, TNFα treatment or NCOR1 knockdown were conducted in the presence or absence
of tamoxifen in MCF7 xenograft mice for 14 days. Tumor volume was measured every
2 days for 14 days. Interestingly, the tumor volume was reduced by tamoxifen as well as
TNFα treatment or NCOR1 knockdown. Notably, combinatorial treatment with tamoxifen
and TNFα or sh-NCOR1 decreased the tumor volumes more consistently than TNFα or
sh-NCOR1 treatment alone (Figure 5A). Additionally, tumor weight was significantly
decreased by combined treatment with tamoxifen and TNFα or sh-NCOR1 compared to
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single treatment with TNFα or sh-NCOR1 14 days after inoculation of tumor cells (p < 0.05)
(Figure 5B). These results suggest that TNFα treatment or knockdown of NCOR1, its potent
downstream regulator, enhances tamoxifen sensitivity of tumor cells in vivo.

Figure 5. TNFα treatment or NCOR1 knockdown enhances tamoxifen sensitivity in the MCF7
xenograft model. (A,B) TNFα treatment or NCOR1 knockdown promotes tamoxifen sensitivity of
tumor cells in the MCF7 xenograft mouse model. MCF7 cells infected with sh-Control or sh-NCOR1
were implanted into the subcutaneous space of mice, and Doxycycline (Dox) or/and TNFα were
administered every other day until necropsy. Tumor volumes were measured every 2 days for
14 days, and representative images were captured. Data are expressed as means (n = 5 for each group)
(A). All tumors were removed for necropsy, during which tumor weight was measured. All data are
expressed as means ± SD (n = 5 for each group). * p < 0.05, ** p < 0.01, and *** p < 0.001; Student’s
t-test (B). The values presented are the means ± SD of three independent experiments.

3. Discussion

Tamoxifen is a selective estrogen receptor modulator used to treat hormone receptor-
positive breast cancer [25]. The efficacy and safety of tamoxifen monotherapy in breast
cancer are comparable with those of many other endocrine treatments [26–28] and aro-
matase inhibitors [29,30]. However, previous studies have indicated the advantage of
combinatorial treatment with tamoxifen and other drugs over tamoxifen treatment alone,
since cancer patients showed a better response when tamoxifen was co-administered with
drugs directed towards other molecular targets [31–34]. For instance, TNFα is a multi-
functional cytokine involved in cellular signal transduction of various signaling pathways,
such as those regulating apoptosis and cell survival as well as inflammatory responses
and immunity [35]. Notably, many reports highlighted the antitumor effect of TNFα as
well as its involvement in a wide spectrum of other diseases [36]. For example, our re-
cent study showed that TNFα selectively induces apoptosis in ERα-positive MCF7 breast
cancer cells [14], suggesting that this protein can be potentially combined with tamoxifen
in cancer chemotherapy. In the present study, we demonstrated that TNFα specifically
enhances tamoxifen efficacy via NCOR1 to suppress the growth of ERα-positive breast
cancer (Figure 6).
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Figure 6. The model is suggested by the findings of the present study. The P53 forms a complex
with NCoR1, ERα, and other corepressors on the p53-binding site in p21 promoter region, and
the transcriptional activity of p53 is repressed. Upon TNFα treatment, NCOR1 is destabilized and
degraded, resulting in dissociation of the NCoR1-ERα-p53 complex. The p53 is further stabilized
and transcriptionally activated.

NCOR1 is an important component of a transcriptional complex involved in the
transcriptional repression of various genes [37] and is also known as a co-repressor of
ERα [19,38]. Thus, we initially examined that whether NCOR1 expression is specifically
regulated by TNFα in MCF7 ERα-positive breast cancer cells. Consistent with the spe-
cific modulation of ERα levels by TNFα in MCF7 cells [14], NCOR1 protein levels were
decreased by TNFα treatment only in MCF7 cells but not in ERα-negative MDA-MB-231
cells. Thus, we hypothesized that NCOR1 is associated with the specific antitumor effect of
TNFα. Indeed, the role of NCOR1 in cell proliferation and cancer development has been
described in previous reports [39–42], and our data showed that NCOR1 knockdown selec-
tively suppressed the proliferation of ERα-positive cells in vitro and tumor growth in vivo.
Consistently with the specific pro-proliferative function of NCOR1, NCOR1 knockdown
induced apoptosis selectively in ERα-positive but not in ERα-negative breast cancer cells.
Moreover, we observed specific TNFα-induced apoptosis of ERα-positive cells, consistently
with our previous report [14], and we further confirmed that knockdown of NCOR1 and
TNFα treatment exerted a similar targeted apoptosis-inducing effect in vitro and tumor
growth inhibition in vivo. Therefore, these results support the hypothesis that NCOR1 is
associated with the antitumor activity of TNFα in ERα-positive breast cancer.

Stabilization of the tumor suppressor protein p53 is an important mechanism promot-
ing p53-mediated apoptosis of cancer cells and is regulated by various factors, such as
the presence of E3 ligase, DNA damage, and cytokines [43–45]. In our previous study, we
revealed that stabilization of p53 is a key mechanism for TNFα-induced specific cell death
in ERα-positive breast cancer [14]. Thus, we assumed that NCOR1 negatively regulates
p53 stabilization in ERα-positive cells. As expected, p53 stabilization occurred specifically
in MCF7 cells upon both TNFα treatment and NCOR1 knockdown. In addition, combined
treatment with TNFα and sh-NCOR1 resulted in an additive effect on p53 stabilization.
Various TNFα-dependent mechanisms, such as ERα degradation followed by HDAC in-
activation [14] or NCOR1 degradation (present study), may participate in the regulation
of p53 stabilization. Interestingly, NCOR1 knockdown did not induce ERα degradation
in either MCF7 cells or tumors isolated from MCF7 xenograft mice, indicating that other
mechanisms may be associated with NCOR1-dependent negative regulation of p53 stabi-
lization. Interestingly, our ChIP assay showed that NCOR1 knockdown decreased ERα
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occupancy of the p21 promoter region while increasing that of p53, thereby inducing an
active promoter status; this effect corresponded to that of TNFα treatment but without
alterations of ERα levels. Konduri et al. (2010) have reported that NCOR1, SMRT, p53,
HDAC1, and ERα coexist in a complex on the p53-binding site of the p21 promoter [46].
Consistent with this previous study, our Co-IP results showed that ERα forms a complex
with NCOR1 and p53, and revealed that the complex was dissociated by TNFα treatment
via NCOR1 degradation. Collectively, these results suggest that TNFα selectively induces
dissociation of the NCOR1-p53-ERα complex and converts the p21 promoter to its active
state by recruiting p53 in ERα-positive breast cancer cells.

Tamoxifen resistance or tolerance can be acquired by ER-positive breast cancer pa-
tients through various mechanisms, such as modulation of ER signaling, upregulation of
growth factor biosynthesis, and activation of the AKT/mTOR pathway [12,47]. Notably,
binding of tamoxifen to ER recruits ER co-repressors such as NCOR1, which repress gene
expression [48]. We found that NCOR1, complexed with ERα and p53, represses p53
transcriptional activity by interfering with its binding on the p21 promoter, whereas the
dissociation of this complex in presence of TNFα resulted in p53 recruitment and activation
of the p21 promoter. Thus, we expected that TNFα treatment or NCOR1 knockdown con-
tributed to overcoming tamoxifen tolerance by increasing the sensitivity of cancer cells to
this drug. Indeed, in MCF7 xenograft mice, combined treatment with tamoxifen and TNFα
or NCOR1 knockdown reduced tumor volume and weight compared to TNFα treatment or
NCOR1 knockdown alone, suggesting that tamoxifen sensitivity is enhanced by TNFα and
that NCOR1 is an important factor acting downstream of TNFα for overcoming tamoxifen
resistance in vivo. However, it is huge limitation that only one cell line, MCF7, was used as
a ERα-positive model. Thus, to firmly solidify our hypothesis, further verification using
various ERα-positive models should be conducted.

4. Materials and Methods
4.1. Cell Culture Conditions, Reagents, and Antibodies

Human breast cancer MCF7 and MDA-MB-231 cells were obtained from the American
Type Culture Collection (Manassas, VA, USA) and cultured in MEM supplemented with
10% fetal bovine serum (FBS; Gibco-BRL, MD, USA) and 1% antibiotic–antimycotic solution
(Waltham, MA, USA) in a humidified 5% CO2 atmosphere at 37 ◦C. The antibodies used in
this study is listed in Table S1 (Supplementary Information).

4.2. Western Blot

Protein extracts were prepared from TNFα-treated cells, and the expression of
PARP-1, Bax, Bcl-2, and β-actin was determined by Western blot. MCF7 and MDA-MB-231
cells were treated with TNFα. Cells were collected 24 h after treatment, washed once
with PBS, and extracts were prepared with lysis buffer (50 mM Tris-Cl (pH 7.5), 150 mM
NaCl, 1% NP40, 10 mM NaF, 10 mM sodium pyrophosphate, and protease inhibitors).
Protein extracts were separated using 10% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. Blots were blocked by incubation with blocking solution for 1 h,
incubated with the primary antibody for 2 h at room temperature or overnight at 4 ◦C, and
finally processed with HRP-conjugated secondary antibody. Protein bands were visualized
using the FUSION-SOLO imaging system (Vilber Lourmat, ZAC de Lamirault, France).

4.3. Quantification of Apoptotic Cells by Flow Cytometry

Apoptotic cells were quantified using the BD Pharmingen™ PE Annexin V Apoptosis
Detection kit (BD Biosciences, San Jose, CA, USA). MCF7 and MDA-MB-231 cells were
treated with TNFα. Cells were collected 24 h post-treatment and incubated for 15 min with
the annexin V-PE antibody and propidium iodide in 1× binding buffer. Next, the apoptotic
cell population (annexin-positive) was analyzed using a BD FACSCalibur™ flow cytometer
(BD Biosciences), and results were analyzed using ModFit LT 2.0 (Verity Software House,
Inc., St. Lexington, ME, USA).
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4.4. Cell Proliferation Measurement by MTT Assay

The proliferation of MCF7 and MDA-MB-231 cells was determined using conventional
MTT reduction assays. Briefly, cells (4000 cells/well) were plated in 96-well, white-walled,
clear-bottom plates and incubated for 24 h at 37 ◦C. Cells were treated with vehicle (DMSO)
and increasing concentrations of TNFα (0, 50, 100, and 200 µg/mL). After 24, 48, and 72 h,
100 µL of assay reagent was added to each well. The plate was incubated in the dark for
15 min, and luminescence was measured using a SpectraMax 250. All MTT assay data are
presented as mean ± SD of three independent experiments.

4.5. Lentiviral Short Hairpin RNAs

We used shRNA-mediated silencing to establish stable MCF7 and MDA-MB-231
cell lines with reduced NCOR1 expression. First, two pairs of commercially available
oligonucleotides encoding each target-specific shRNA were purchased (MISSION® shRNA,
Sigma-Aldrich, St. Louis, MO, USA). Next, we prepared lentiviral particles producing
pLKO.1-PURO plasmids containing shRNA, using co-transfection with three plasmids
according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). In brief,
the plasmids were co-transfected into 293FT cells, which were then incubated for 3 days.
Afterward, transfected cells were selected with puromycin, and lentivirus was isolated
from the culture medium and concentrated with a Centricon® Plus-20 Centrifugal Filter
Unit (Millipore, Burlington, MA, USA). Further, either MCF7 or MDA-MB-231 cells were
infected with lentiviruses expressing si-NCOR1 or PURO shRNA as a control.

4.6. Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were performed with the indicated
antibodies according to the manufacturer’s instruction (Promega, Madison, WI, USA).
Eluted DNA was amplified with specific primers using SYBR™ green PCR master mix
(Applied Biosystems, Foster City, CA, USA). The antibodies and primers used for ChIP
assays are listed in Table S1 or Table S2, respectively (Supplementary Information).

4.7. Colony Formation Assay

Cells were suspended in MEM medium containing 10% FBS and 0.3% SeaKem® LE
agarose (Lonza, Basel, Swiss). A total 1 × 103 cells in a volume of 15 mL were plated in
six-well plates over a 1.5-mL layer of solidified MEM containing 10% FBS and 0.6% agarose.
The plates were incubated at 37 ◦C for 3 weeks, and then the colonies formed on each plate
were photographed from three different sides. The number and sizes of colonies on each
plate were measured.

4.8. Generation of Dox-Inducible Stable Cell Lines

To manufacture NcoR1 knockdown stable cells, MCF7 and MDA-MB-231 cells were
infected with Lentivirus carrying pLKO-TetON control shRNA and pLKO-TetON NcoR1
shRNA plasmids, and stable cells were selected by puromycin (5 µg/mL). NcoR1 knock-
down induced in the presence of Doxycycline 100 ng/mL at 48 h.

4.9. Xenograft Mouse Model

The protocol for the care and used of animals were approved by the Asan Medical Cen-
ter (AMC) SPF facility of the University of Ulsan College of Medicine
(2020-02-222, 18 August 2020) in accordance with the International Animal Care and
Use Committee (IACUC) guidelines. The tumor weight and survival were observed by
using MCF7 cells, MDA-MB-231 cells, or pLKO-TetON NcoR1 shRNA-expressing MCF7
cells injected xenograft mouse model. MCF7 cells are estrogen-dependent in mice, Female,
6-week-old athymic, inbred BALB/c-nu mice. Mice were implanted with β-estradiol pel-
lets (0.72 mg/pellet, 60-day release), purchased from Sigma-Aldrich (E8875, Saint Louis,
MO, USA) into the dorsal shoulder blade region of mice. 10 mice in each experimental
group were injected with 6 × 106 cells resuspended in 100 µL PBS into the subcuta-
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neous space of the left or right flank of mice, respectively. We injected tamoxifen pellets
(5 mg/pellets, 60-day release) into Mice to deliver tamoxifen. All tumors were collected
2–3 weeks after inoculation for determination of tumor weight and volume by necropsy.
Tumor diameters were measured 3 times a week, and tumor volumes were also calculated
(volume = X × Y × Z × π/6).

4.10. Statistical Analyses

Statistical analyses were performed using Student’s t-test or two-way ANOVA and
the SPSS software (Chicago, IL, USA). A p < 0.05 was considered as the threshold for
statistical significance.

5. Conclusions

In conclusion, we have elucidated that TNFα increases tamoxifen sensitivity through
dissociation of the ERα-p53-NCOR1 complex in ERα-positive breast cancer cells. Fur-
thermore, we presented NCOR1 as a key regulator associated with TNFα-dependent
modulation of tamoxifen sensitivity. Altogether, our results indicated that pharmacological
or genetic disruption of NCOR1 could be an efficient targeted therapy for overcoming
tamoxifen resistance in ERα-positive breast cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13112601/s1, Figure S1. Analysis of the association between NCOR1 and P53 in
ER+ breast cancer; Table S1. Antibodies used for WB and ChIP assays; Table S2. Primers used for
qRT-PCR and ChIP assays; Table S3. NCOR1 shRNA sequences for knockdown system.

Author Contributions: Conceptualization, H.-K.C. and K.-C.C.; data curation, H.-K.C. and J.-T.H.;
funding acquisition, H.-K.C. and K.-C.C.; investigation, H.K., S.-H.P. and J.L.; methodology, H.K.,
S.-H.P., J.L., G.-J.S., J.-H.S., S.K., J.-H.J. and M.-J.K.; project administration, H.-K.C. and K.-C.C.;
supervision, H.-K.C. and K.-C.C.; writing original draft, K.-C.C.; validation, H.K.; writing re-
view and editing, H.-K.C. and K.-C.C. All authors have read and agreed to the published version
of the manuscript.

Funding: The research was supported by the National Research Foundation of Korea (NRF)’s MRC
grant funded by the Korean government (MSIT) (NRF-2018R1A5A2020732, K.-C.C.), the Basic Science
Research Program of the National Research Foundation of Korea (NRF), funded by the Ministry
of Education (NRF-2020R1A2C2013098, K.-C.C.; NRF-2020R1A2C1100320, H.-K.C.), and the Main
Research Program (E-0210400, H.-K.C.) of the Korea Food Research Institute (KFRI), funded by the
Ministry of Science, ICT & Future Planning.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the University of Ulsan College of
Medicine (2020-02-222, 18 August 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the Laboratory of Animal Research at the Convergence Medicine
Research Center (CREDIT), Asan Medical Center (AMC), and mice were maintained in the Asan
Medical Center SPF facility in accordance with the IACUC guidelines. All experimental methods
abided by the Helsinki Declaration.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Libson, S.; Lippman, M. A review of clinical aspects of breast cancer. Int. Rev. Psychiatry 2014, 26, 4–15. [CrossRef] [PubMed]
2. Jia, T.; Zhang, L.; Duan, Y.; Zhang, M.; Wang, G.; Zhang, J.; Zhao, Z. The differential susceptibilities of MCF-7 and MDA-MB-231

cells to the cytotoxic effects of curcumin are associated with the PI3K/Akt-SKP2-Cip/Kips pathway. Cancer Cell Int. 2014, 14, 126.
[CrossRef] [PubMed]

3. Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/cancers13112601/s1
https://www.mdpi.com/article/10.3390/cancers13112601/s1
http://doi.org/10.3109/09540261.2013.852971
http://www.ncbi.nlm.nih.gov/pubmed/24716497
http://doi.org/10.1186/s12935-014-0126-4
http://www.ncbi.nlm.nih.gov/pubmed/25530715
http://doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641


Cancers 2021, 13, 2601 13 of 14

4. Chung, Y.R.; Kim, H.J.; Kim, Y.A.; Chang, M.S.; Hwang, K.T.; Park, S.Y. Diversity index as a novel prognostic factor in breast
cancer. Oncotarget 2017, 8, 97114–97126. [CrossRef] [PubMed]

5. Melchor, L.; Honrado, E.; Huang, J.; Alvarez, S.; Naylor, T.L.; Garcia, M.J.; Osorio, A.; Blesa, D.; Stratton, M.R.; Weber, B.L.; et al.
Estrogen receptor status could modulate the genomic pattern in familial and sporadic breast cancer. Clin. Cancer Res. 2007, 13,
7305–7313. [CrossRef] [PubMed]

6. Joseph, J.D.; Darimont, B.; Zhou, W.; Arrazate, A.; Young, A.; Ingalla, E.; Walter, K.; Blake, R.A.; Nonomiya, J.; Guan, Z.; et al.
The selective estrogen receptor downregulator GDC-0810 is efficacious in diverse models of ER+ breast cancer. Elife 2016, 5.
[CrossRef] [PubMed]

7. Huang, B.; Omoto, Y.; Iwase, H.; Yamashita, H.; Toyama, T.; Coombes, R.C.; Filipovic, A.; Warner, M.; Gustafsson, J.A. Differential
expression of estrogen receptor alpha, beta1, and beta2 in lobular and ductal breast cancer. Proc. Natl. Acad. Sci. USA 2014, 111,
1933–1938. [CrossRef]

8. Rugo, H.S.; Rumble, R.B.; Macrae, E.; Barton, D.L.; Connolly, H.K.; Dickler, M.N.; Fallowfield, L.; Fowble, B.; Ingle, J.N.; Jahanzeb,
M.; et al. Endocrine Therapy for Hormone Receptor-Positive Metastatic Breast Cancer: American Society of Clinical Oncology
Guideline. J. Clin. Oncol. 2016, 34, 3069–3103. [CrossRef]

9. Reinert, T.; Barrios, C.H. Optimal management of hormone receptor positive metastatic breast cancer in 2016. Ther. Adv. Med.
Oncol. 2015, 7, 304–320. [CrossRef]

10. Ring, A.; Dowsett, M. Mechanisms of tamoxifen resistance. Endocr. Relat. Cancer 2004, 11, 643–658. [CrossRef]
11. Hultsch, S.; Kankainen, M.; Paavolainen, L.; Kovanen, R.-M.; Ikonen, E.; Kangaspeska, S.; Pietiäinen, V.; Kallioniemi, O.

Association of tamoxifen resistance and lipid reprogramming in breast cancer. BMC Cancer 2018, 18, 850. [CrossRef]
12. Hosford, S.R.; Miller, T.W. Clinical potential of novel therapeutic targets in breast cancer: CDK4/6, Src, JAK/STAT, PARP, HDAC,

and PI3K/AKT/mTOR pathways. Pharm. Pers. Med. 2014, 7, 203.
13. Hurtado, A.; Holmes, K.A.; Geistlinger, T.R.; Hutcheson, I.R.; Nicholson, R.I.; Brown, M.; Jiang, J.; Howat, W.J.; Ali, S.; Carroll, J.S.

Regulation of ERBB2 by oestrogen receptor–PAX2 determines response to tamoxifen. Nature 2008, 456, 663–666. [CrossRef]
14. Park, S.-H.; Kim, H.; Kwak, S.; Jeong, J.-H.; Lee, J.; Hwang, J.-T.; Choi, H.-K.; Choi, K.-C. HDAC3–ERα Selectively Regulates

TNF-α-Induced Apoptotic Cell Death in MCF-7 Human Breast Cancer Cells via the p53 Signaling Pathway. Cells 2020, 9, 1280.
[CrossRef]

15. McKenna, N.J.; Lanz, R.B.; O’Malley, B.W. Nuclear receptor coregulators: Cellular and molecular biology. Endocr. Rev. 1999, 20,
321–344. [CrossRef]

16. Perissi, V.; Jepsen, K.; Glass, C.K.; Rosenfeld, M.G. Deconstructing repression: Evolving models of co-repressor action. Nat. Rev.
Genet. 2010, 11, 109–123. [CrossRef]

17. Girault, I.; Lerebours, F.; Amarir, S.; Tozlu, S.; Tubiana-Hulin, M.; Lidereau, R.; Bieche, I. Expression analysis of estrogen receptor
alpha coregulators in breast carcinoma: Evidence that NCOR1 expression is predictive of the response to tamoxifen. Clin. Cancer
Res. 2003, 9, 1259–1266.

18. Zhang, Z.; Yamashita, H.; Toyama, T.; Sugiura, H.; Ando, Y.; Mita, K.; Hamaguchi, M.; Hara, Y.; Kobayashi, S.; Iwase, H. NCOR1
mRNA is an independent prognostic factor for breast cancer. Cancer Lett. 2006, 237, 123–129. [CrossRef]

19. Zhang, Z.H.; Yamashita, H.; Toyama, T.; Yamamoto, Y.; Kawasoe, T.; Ibusuki, M.; Tomita, S.; Sugiura, H.; Kobayashi, S.; Fujii, Y.;
et al. Nuclear corepressor 1 expression predicts response to first-line endocrine therapy for breast cancer patients on relapse.
Chin. Med. J. 2009, 122, 1764–1768.

20. Elledge, R.M.; Allred, D.C. The p53 tumor suppressor gene in breast cancer. Breast Cancer Res. Treat. 1994, 32, 39–47. [CrossRef]
21. Elledge, R.M.; Fuqua, S.A.; Clark, G.M.; Pujol, P.; Allred, D.C. The role and prognostic significance of p53 gene alterations in

breast cancer. Breast Cancer Res. Treat. 1993, 27, 95–102. [CrossRef]
22. Criscitiello, C.; Fumagalli, D.; Saini, K.S.; Loi, S. Tamoxifen in early-stage estrogen receptor-positive breast cancer: Overview of

clinical use and molecular biomarkers for patient selection. OncoTargets Ther. 2011, 4, 1.
23. Fan, W.; Chang, J.; Fu, P. Endocrine therapy resistance in breast cancer: Current status, possible mechanisms and overcoming

strategies. Future Med. Chem. 2015, 7, 1511–1519. [CrossRef]
24. Osborne, C.K.; Shou, J.; Massarweh, S.; Schiff, R. Crosstalk between estrogen receptor and growth factor receptor pathways as

a cause for endocrine therapy resistance in breast cancer. Clin. Cancer Res. 2005, 11, 865s–870s.
25. Clemons, M.; Danson, S.; Howell, A. Tamoxifen (“Nolvadex”): A review. Cancer Treat. Rev. 2002, 28, 165–180. [CrossRef]
26. Deschenes, L. Droloxifene, a new antiestrogen, in advanced breast cancer. A double-blind dose-finding study. The Droloxifene

002 International Study Group. Am. J. Clin. Oncol 1991, 14 (Suppl. 2), S52–S55. [CrossRef]
27. Ingle, J.N.; Ahmann, D.L.; Green, S.J.; Edmonson, J.H.; Creagan, E.T.; Hahn, R.G.; Rubin, J. Randomized clinical trial of megestrol

acetate versus tamoxifen in paramenopausal or castrated women with advanced breast cancer. Am. J. Clin. Oncol 1982, 5, 155–160.
[CrossRef]

28. Hortobagyi, G.N.; Buzdar, A.U.; Frye, D.; Yap, H.Y.; Hug, V.; Pinnamaneni, K.; Fraschini, G.; Halvorson, H.C.; Blumenschein,
G.R. Oral medroxyprogesterone acetate in the treatment of metastatic breast cancer. Breast Cancer Res. Treat. 1985, 5, 321–326.
[CrossRef]

29. Gale, K.E.; Andersen, J.W.; Tormey, D.C.; Mansour, E.G.; Davis, T.E.; Horton, J.; Wolter, J.M.; Smith, T.J.; Cummings, F.J. Hormonal
treatment for metastatic breast cancer. An Eastern Cooperative Oncology Group Phase III trial comparing aminoglutethimide to
tamoxifen. Cancer 1994, 73, 354–361. [CrossRef]

http://doi.org/10.18632/oncotarget.21371
http://www.ncbi.nlm.nih.gov/pubmed/29228597
http://doi.org/10.1158/1078-0432.CCR-07-0711
http://www.ncbi.nlm.nih.gov/pubmed/18094411
http://doi.org/10.7554/eLife.15828
http://www.ncbi.nlm.nih.gov/pubmed/27410477
http://doi.org/10.1073/pnas.1323719111
http://doi.org/10.1200/JCO.2016.67.1487
http://doi.org/10.1177/1758834015608993
http://doi.org/10.1677/erc.1.00776
http://doi.org/10.1186/s12885-018-4757-z
http://doi.org/10.1038/nature07483
http://doi.org/10.3390/cells9051280
http://doi.org/10.1210/edrv.20.3.0366
http://doi.org/10.1038/nrg2736
http://doi.org/10.1016/j.canlet.2005.05.046
http://doi.org/10.1007/BF00666204
http://doi.org/10.1007/BF00683196
http://doi.org/10.4155/fmc.15.93
http://doi.org/10.1016/S0305-7372(02)00036-1
http://doi.org/10.1097/00000421-199112002-00011
http://doi.org/10.1097/00000421-198204000-00062
http://doi.org/10.1007/BF01806027
http://doi.org/10.1002/1097-0142(19940115)73:2&lt;354::AID-CNCR2820730220&gt;3.0.CO;2-J


Cancers 2021, 13, 2601 14 of 14

30. Falkson, C.I.; Falkson, H.C. A randomised study of CGS 16949A (fadrozole) versus tamoxifen in previously untreated post-
menopausal patients with metastatic breast cancer. Ann. Oncol 1996, 7, 465–469. [CrossRef]

31. Munster, P.; Thurn, K.; Thomas, S.; Raha, P.; Lacevic, M.; Miller, A.; Melisko, M.; Ismail-Khan, R.; Rugo, H.; Moasser, M. A phase
II study of the histone deacetylase inhibitor vorinostat combined with tamoxifen for the treatment of patients with hormone
therapy-resistant breast cancer. Br. J. Cancer 2011, 104, 1828–1835. [CrossRef]

32. Bachelot, T.; Bourgier, C.; Cropet, C.; Ray-Coquard, I.; Ferrero, J.-M.; Freyer, G.; Abadie-Lacourtoisie, S.; Eymard, J.-C.; Debled, M.;
Spaëth, D. Randomized phase II trial of everolimus in combination with tamoxifen in patients with hormone receptor–positive,
human epidermal growth factor receptor 2–negative metastatic breast cancer with prior exposure to aromatase inhibitors:
A GINECO study. J. Clin. Oncol. 2012, 30, 2718–2724. [CrossRef]

33. Ciardiello, F.; Troiani, T.; Caputo, F.; De Laurentiis, M.; Tortora, G.; Palmieri, G.; De Vita, F.; Diadema, M.; Orditura, M.; Colantuoni,
G. Phase II study of gefitinib in combination with docetaxel as first-line therapy in metastatic breast cancer. Br. J. Cancer 2006, 94,
1604–1609. [CrossRef]

34. Mo, Z.; Liu, M.; Yang, F.; Luo, H.; Li, Z.; Tu, G.; Yang, G. GPR30 as an initiator of tamoxifen resistance in hormone-dependent
breast cancer. Breast Cancer Res. 2013, 15, 1–15. [CrossRef]

35. van Horssen, R.; Ten Hagen, T.L.; Eggermont, A.M. TNF-alpha in cancer treatment: Molecular insights, antitumor effects, and
clinical utility. Oncologist 2006, 11, 397–408. [CrossRef]

36. Wu, X.; Wu, M.Y.; Jiang, M.; Zhi, Q.; Bian, X.; Xu, M.D.; Gong, F.R.; Hou, J.; Tao, M.; Shou, L.M.; et al. TNF-alpha sensitizes
chemotherapy and radiotherapy against breast cancer cells. Cancer Cell Int. 2017, 17, 13. [CrossRef]

37. Lazar, M.A. Nuclear receptor corepressors. Nucl. Recept. Signal. 2003, 1, nrs-01001. [CrossRef]
38. Lu, R.; Hu, X.; Zhou, J.; Sun, J.; Zhu, A.Z.; Xu, X.; Zheng, H.; Gao, X.; Wang, X.; Jin, H. COPS5 amplification and overexpression

confers tamoxifen-resistance in ERα-positive breast cancer by degradation of NCoR. Nat. Commun. 2016, 7, 12044. [CrossRef]
39. Doyon, G.; St-Jean, S.; Darsigny, M.; Asselin, C.; Boudreau, F. Nuclear receptor co-repressor is required to maintain proliferation

of normal intestinal epithelial cells in culture and down-modulates the expression of pigment epithelium-derived factor. J. Biol.
Chem. 2009, 284, 25220–25229. [CrossRef]

40. Zhang, D.; Cho, E.; Wong, J. A critical role for the co-repressor N-CoR in erythroid differentiation and heme synthesis. Cell Res.
2007, 17, 804–814. [CrossRef]

41. Noblejas-López, M.d.M.; Morcillo-García, S.; Nieto-Jiménez, C.; Nuncia-Cantarero, M.; Győrffy, B.; Galan-Moya, E.M.; Pandiella,
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