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ERa determines the chemo-resistant function
of mutant p53 involving the switch
between lincRNA-p21 and DDB2 expressions
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Mutant p53 (mutp53) commonly loses its DNA binding affin-
ity to p53 response elements (p53REs) and fails to induce
apoptosis fully. However, the p53 mutation does not predict
chemoresistance in all subtypes of breast cancers, and the crit-
ical determinants remain to be identified. In this study,
mutp53 was found to mediate chemotherapy-induced long in-
tergenic noncoding RNA-p21 (lincRNA-p21) expression by
targeting the G-quadruplex structure rather than the p53RE
on its promoter to promote chemosensitivity. However, estro-
gen receptor alpha (ERa) suppressed mutp53-mediated
lincRNA-p21 expression by hijacking mutp53 to upregulate
damaged DNA binding protein 2 (DDB2) transcription for
subsequent DNA repair and chemoresistance. Levels of
lincRNA-p21 positively correlated with the clinical responses
of breast cancer patients to neoadjuvant chemotherapy and
had an inverse correlation with the ER status and DDB2 level.
In contrast, the carboplatin-induced DDB2 expression was
higher in ER-positive breast tumor tissues. These results
demonstrated that ER status determines the oncogenic func-
tion of mutp53 in chemoresistance by switching its target
gene preference from lincRNA-p21 to DDB2 and suggest
that induction of lincRNA-p21 and targeting DDB2 would
be effective strategies to increase the chemosensitivity of
mutp53 breast cancer patients.

INTRODUCTION
In response to DNA damage by chemotherapeutic agents, activated
p53 acts as a decision-making transcription factor that selectively me-
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diates gene expressions involved in inducing cell-cycle arrest, DNA
repair, and apoptosis.1 When DNA damage exists, p53 halts the cell
cycle at the G1 phase by transcriptionally inducing the expression
of cyclin-dependent kinase (CDK) inhibitor p21, allowing the time
for the DNA repair machinery to remove the lesions before cell pro-
liferation resumes.2 In addition to its well-defined role in regulating
the cell cycle, p53 has also been directly implicated in the regulation
and orchestration of various DNA-damage-response (DDR) mecha-
nisms in response to chemotherapy,2 including transcriptional upre-
gulation of damaged DNA binding protein 2 (DDB2), which associ-
ates with its binding partner DDB1 to recruit XPC protein to the
DNA damage lesion in the early step of nucleotide excision repair
(NER).2

TP53 gene mutations are found in around 30% of breast cancer
cases and are associated with a poor prognosis and chemoresist-
ance.3,4 In particular, TP53 hotspot mutations, which are located
mainly within the DNA-binding domain, markedly reduce the abil-
ity of wild-type p53 (WTp53) to bind to the promoters of its target
genes.5 Mutant p53 (mutp53) can also have a dominant-negative ef-
fect over other p53 family members, such as abolishing the
apoptotic functions of p63 and p735,6 by co-opting other
The Author(s).
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transcription factors to mediate the transactivation of their target
genes involved in tumor progression and drug resistance.5,7 Further-
more, mutp53 has been demonstrated to modulate gene expressions
by binding to intronic and intergenic sequences predisposed to form
non-B DNA structures that include mismatches, cruciforms,
and especially G-quadruplex.8,9 These “gain of function” (GOF)
roles suggest that mutp53 has a critical role in conferring
chemoresistance.10

Even though basic studies employing genetically engineered cell
lines and mutp53 mouse models have demonstrated that the
mutp53 GOF role contributes to chemoresistance,11 the role of
p53 mutations in clinical response to chemotherapy has not been
well defined nor suggested being a clinical prediction marker for
chemoresistance. In certain tumors, including esophageal12 and
diffuse large B cell lymphoma (DLBCL),13 mutp53 predicts resis-
tance to chemotherapy. Conversely, in bladder cancer14 and chronic
lymphocytic leukemia,15 the p53 mutation has not been associated
with a chemotherapy response. Intriguingly, mutp53 predicts better
chemotherapy responses in early-stage or inflammatory breast can-
cer but offers no such benefit in metastatic or non-inflammatory
breast cancer.16 These inconsistent roles of mutp53 in the response
of breast tumors to chemotherapy suggest that certain factors in
different subtypes of breast cancer may interfere with mutp53-tar-
geted gene expression, leading to distinctively different predictive
patterns. Indeed, the poor prognostic effect of the TP53 mutation
in breast cancer is limited to estrogen receptor (ER)-positive disease,
especially the luminal B subtype.3 ER has been reported to suppress
WTp53-dependent gene transcription and tumor-suppressor func-
tions in breast cancer, whereas disruption of this interaction by
ER antagonism restores p53 activity.17 However, the molecular as-
pects of the interplay between ER and mutp53 in regulating chemo-
sensitivity remain unclear.

Over the past decade, the human genome has been deciphered, and
numerous functional long noncoding RNAs (lncRNAs) have been
discovered and implicated in many diseases, particularly cancer.18

Emerging evidence has shown that lncRNAs regulate gene expression
via diverse mechanisms such as epigenetic regulation, transcriptional
control, post-transcriptional regulation, and molecular scaffolding.19

As a crucial sequence-specific transcription factor, p53 regulates the
expression of some lncRNAs, and p53-associated lncRNAs have
been considered as biomarkers for cancer diagnosis or targets for dis-
ease therapy.20 For instance, long intergenic noncoding RNA-p21
(lincRNA-p21; TP53COR1), pint (a p53-induced noncoding tran-
script), and taurine up-regulated 1 (TUG1) modulate cellular
apoptosis and proliferation by directly interacting with heterogeneous
nuclear ribonucleoprotein K (hnRNAP-K) and the polycomb-repres-
sive complex 2 (PRC2), respectively.21–23 Plasmacytoma variant
translocation 1 (PVT1) induced by WTp53 was found to inhibit
mouse double minute 2 (MDM2) and stabilize p53 protein levels.24

In contrast, p53-induced promoter of CDKN1A antisense DNA dam-
age activated RNA (PANDAR) and regulator of reprogramming
(RoR) suppress cellular apoptosis and dictate chemoresistance via
negative regulation of p53 in an autoregulatory loop.25,26 Experiments
using p53 null cell lines have demonstrated the essential roles of
WTp53 in the upregulation of lncRNAs.21,27 However, chemo-
therapy-induced lncRNA expression is observed in mutp53-express-
ing head and neck squamous cell carcinoma (HNSCC) and colorectal
cancer (CRC).28,29 Furthermore, the expression of lincRNA-p21 in
tumor tissue is not associated with TP53 genetic status in either
CRC30 or lung cancer.31 Thus, the impact of TP53 mutations on
the expression and functions of p53-associated lncRNAs remains
unclear.

In this study, our data showed that ERa hijacks mutp53 to enhance
DDB2 promoter activity by binding with its ER response elements
(EREs) and thereby reduces the availability of mutp53 for lincRNA-
p21 transcription in ER-positive cells. Conversely, lincRNA-p21 was
found to be upregulated by bothWTp53 andmutp53 in lncRNAquan-
titative polymerase chain reaction (qPCR) array analysis. However,
mutp53 induces lincRNA-p21 expression by targeting the non-B struc-
ture, rather than the canonical p53 response element (p53RE), on the
lincRNA-p21 promoter. These results demonstrated that lincRNA-
p21 could serve not only as a predictive marker but also as a sensitizer
for a chemotherapeutic response in breast cancer.
RESULTS
ER-positive breast cancer cells were insensitive to

chemotherapy

To characterize the chemosensitivity of different breast cancer sub-
types, we first examined the viability of breast normal cell (MCF-
10A), luminal A (MCF7 and T-47D), luminal B (BT-474), human
epidermal growth factor receptor 2 (HER2)-enriched (SK-BR-3), and
triple-negative (MDA-MB-468, MDA-MB-231, and HBL-100) breast
cancer cell lines in response to platinum drugs carboplatin (Figure 1A)
and cis-diammineplatinum (II) (cisplatin) (Figure 1B) and topoisomer-
ase II inhibitor doxorubicin (Figure 1C). As shown in the heatmap rep-
resenting cell viability, three ER-positive MCF7, T-47D, and BT-474
breast cancer cells were more resistant to carboplatin, cisplatin, and
doxorubicin. In contrast, four ER-negative SK-BR-3, MDA-MB-468,
MDA-MB-231, and HBL-100 breast cancer cells were relatively sensi-
tive to carboplatin, cisplatin, or doxorubicin regardless of TP53 genetic
status (Figures 1A�1C; Table S1). Thus, mutp53-expressing breast
cancer cell lines were used in the rest of the experiments to examine
the role of ER in chemosensitivity. In parallel, carboplatin induced
apoptosis in ER-negative SK-BR-3 and MDA-MB-231 but not in ER-
positive T-47D and BT-474 breast cancer cell lines (Figure 1D).
DNA repair is one of the important reasons to avoid chemotherapy-
induced DNA damage and cell apoptosis.32 Therefore, we also exam-
ined the impact of ER on chemotherapy-induced DNA damage in
comet assays. Indeed, the results showed that chemo-sensitive ER-
negative, but not chemo-resistant ER-positive, breast cancer cell lines
exhibited a dramatic tail moment and length index in response to car-
boplatin (Figure 1E), raising the possibility that ER may possess the
anti-apoptotic function through enhancing DNA repair in response
to chemotherapy.
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Figure 1. The cellular sensitivity of various subtypes

of breast cancer cell lines

(A�C) The viability of breast cancer cell lines in response

to various concentrations of carboplatin, cisplatin, and

doxorubicin was determined by using the MTT assay and

visualized as a heatmap by using Morpheus (https://

software.broadinstitute.org/morpheus). (D) Apoptotic cell

death in different breast cancer cell lines in response to

carboplatin (50 mM) in a time-dependent manner was

examined by using flow cytometry analysis. (E) The comet

assay was performed to examine the effect of carboplatin

(50 mM) on DNA damage in T-47D and MDA-MB-231

cancer cell lines. The tail moment and tail-length index

were calculated using Comet Assay III software. Data in all

panels were representative of three experiments and were

shown as the mean ± SD. *p < 0.05; **p < 0.01; ***p <

0.001 versus the control group, Student’s t test.
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ERa contributes to DNA repair in mutp53-expressing breast

cancer cells

To further demonstrate the essential role of ER in conferring to the che-
moresistance ofmutp53-expressing breast cancer cells, the effect of ERa
silencing by two independent short hairpin RNAs (shRNAs) on chemo-
therapy-induced cell death of T-47D cancer cells was examined. The
heatmap data presented that the inhibition of cell viability by platinum
drugs was enhanced while ERawas silenced (Figure 2A). The synergis-
tic effects of the combination of ER partial antagonist tamoxifen (4-
OHT) on the chemotherapy-induced cytotoxicity of T-47D and BT-
474 cancer cells were next found inMTTassays (Figure 2B). In addition,
the carboplatin-induced apoptosis, as indicated as caspase-3 cleavage, of
BT-474 cancer cells was also enhanced by co-treatmentswith tamoxifen
(Figure 2C). Furthermore, the silencing of ERa also enhanced the level
538 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
of damaged DNA in BT-474 cancer cells in
response to carboplatin, as evidenced by the
more extended tail length in the comet assays
(Figure 2D). Taken together, ERa may function
as a critical regulator of DNA repair in conferring
the chemoresistance of mutp53-expressing breast
cancer cells.

ERa transcriptionally activates DDB2 gene

expression for DNA repair in mutp53-

expressing breast cancer cells

Previous studies revealed that ERa reduced
chemotherapy-induced cell death by repressing
the apoptosis pathway or activating the survival
pathway via interactingwith transcription factors,
such as p53,Myc, and SP1.33–41However, its roles
in regulating DNA repair remain unclear. Gene
Set EnrichmentAnalysis (GSEA) analysis showed
the positive correlations of the ER level with the
expression of gene sets involved in DNA repair
or the p53-dependent pathway in four databases
(Gene Expression Omnibus [GEO]: GSE50948,
GSE5847, GSE23988, and GSE44272) (Figure S1A). Furthermore,
DDB2, a downstream gene of WTp53 and a well-known component
of NER, was highly associated with ER-positive expression in both
DNA repair and p53 pathway gene sets (Figure S1A), implying the
involvement of DDB2 in mediating ER-dependent chemoresistance
and DNA repair.

Basal levels of DDB2 mRNA (Figure 3A) and protein (Figure 3B)
were higher in ER-positive than in ER-negative breast cancer cell
lines, regardless of TP53 genetic status. The positive correlation of
DDB2 expression with ER/progesterone receptor (PR) status was
also observed in human breast tumor tissues (Tables S2 and S3). In
support of the upregulation of DDB2 expression by ERa, silencing
ERa gene expression repressed the protein (Figures 3C and S2A)
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Figure 2. Inhibition of ERa increases

chemosensitivity in ER-positive breast cancer cells

(A) The effect of ERa silenced by two independent

shRNAs on the viability of T-47D cancer cells in response

to platinum drugs was examined in the MTT assay, and

the result was visualized as a heatmap. (B) The inhibitory

effects of chemo drugs (carboplatin, cisplatin, and

doxorubicin) with or without 10 mM tamoxifen on the

viability of T-47D and BT-474 cancer cell lines were

examined in the MTT assay. (C) The effect of 10 mM

tamoxifen on carboplatin (50 mM)-induced apoptotic

marker expression in BT-474 cancer cells was examined

in a western blot assay. (D) BT-474 cancer cells were

treated with carboplatin (50 mM) in a time-dependent

manner following ERa gene silencing and were then

subjected to the comet assay to detect the extent of DNA

damage. The tail-length index was calculated from im-

ages by Comet Assay III analysis. Data in (A), (B), and (D)

were representative of three experiments and were

shown as the mean ± SD. *p < 0.05; **p < 0.01; ***p <

0.001 versus the control group, Student’s t test.
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and mRNA (Figure 3C) levels of DDB2 in ER-positive breast cancer
cell lines. Three predicted EREs and one validated p53RE exist on the
DDB2 promoter; we constructed three luciferase reporter plasmids
containing these different elements as illustrated in Figure 3D. As
compared to control (pGL4.22-Luc), the basal DDB2 promoter#1,
containing three EREs and one p53RE (from �1,091 to �7), was
found to dramatically stimulate luciferase activity. This phenomenon
was minimally affected by the deletion of three EREs (DDB2 pro-
moter#2 from �299 to �7; containing one p53RE) but was dramat-
ically reduced by the deletion of p53RE (DDB2 promoter#3 from
�930 to �281; two EREs) (Figure 3E). Interestingly, treatment with
carboplatin further enhanced the activity of only DDB2 promoter#1,
but not #2 or #3 (Figure 3E). Furthermore, silencing of ERa reduced
the carboplatin-induced luciferase activity driven by DDB2 pro-
moter#1 in mutp53-expressing breast cancer cells (Figure 3F). These
results suggest that ERa may cooperate with mutp53 to mediate
chemotherapy-induced DDB2 expression.

ERa interacts with mutp53 to enhance DDB2 gene expression in

response to DNA damage

To demonstrate the cooperation between mutp53 and ERa in
mediating DDB2 transcription, the effect of mutp53 silencing by
Molecular Therap
using shRNAs on DDB2 promoter luciferase
activity was examined. Similar to the results
with ERa silencing, carboplatin-induced lucif-
erase activity driven by DDB2 promoter#1
was slightly reduced, whereas mutp53 was
silenced (Figure 4A). Moreover, mutation of
these EREs but not p53RE significantly
repressed the carboplatin-induced DDB2 pro-
moter activity (Figures 4B and S2B). Findings
from chromatin immunoprecipitation (ChIP)
assays further revealed that ERa and mutp53 were preferentially
recruited to the DDB2 promoter on ERE#1 in response to carbo-
platin and doxorubicin treatment (Figure 4C), suggesting that
ERa and mutp53 may collaboratively mediate DDB2 gene tran-
scription through binding to ERE#1. Interestingly, the acetylation
of mutp53 at K382, a transcriptional activating marker of p53,
was also inhibited by silencing ERa expression (Figure 4D). The
protein-protein interaction between ERa and mutp53 was induced
by carboplatin and doxorubicin (Figure 4E). ERa enhanced
WTp53- and mutp53-driven DDB2 promoter activity (Figure S2C)
as well as DDB2 protein expression (Figure 4F). However, the
reduction of DDB2 expression by silencing ERa was not accom-
panied by the downregulation of WTp53 K382 acetylation in
MCF7 cancer cells, suggesting the distinct regulations by ERa in
WTp53- and mutp53-mediated DDB2 expressions (Figure S2D).
Furthermore, silencing of DDB2 enhanced the level of damaged
DNA in BT-474 cancer cells in response to carboplatin, as evi-
denced by the longer tail length index in the comet assays (Fig-
ure 4G). Thus, these results demonstrated that mutp53 is an
important co-factor to interact with ERa and targets EREs to
transcriptionally upregulate DDB2 gene expression for DNA
repair.
y: Nucleic Acids Vol. 25 September 2021 539
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Figure 3. ERa mediates chemotherapy-induced

DDB2 gene transcription

(A and B) Basal mRNA (A) and protein (B) levels of DDB2

were higher in ER-positive than ER-negative breast can-

cer cell lines, regardless of their TP53 genetic status. (C)

Silencing of ERa by two independent shRNAs sup-

pressed DDB2 protein and mRNA expression. Reduction

of both S118-phosphorylated and total ERa revealed the

inhibition of ERa activity. (D) ER response elements

(EREs) and p53 RE (p53RE) motifs on theDDB2 promoter

and the luciferase reporter constructs driven by different

lengths of the DDB2 promoter were illustrated (vermilion,

red, and pink: EREs; orange: p53RE). (E) Treatment with

carboplatin (50 mM) increased the luciferase activity driven

by the DDB2 promoter containing both p53RE and EREs

in mutp53-expressing T-47D cancer cells. Firefly lucif-

erase activity was normalized with b-gal activity. (F)

Silencing of ERa decreased the carboplatin (50 mM)-

induced DDB2 promoter activity in T-47D cancer cells,

and firefly luciferase activity was normalized with b-gal

activity. Data in (A), (C), (E), and (F) were representative of

three experiments and were shown as the mean ± SD.

*p < 0.05; **p < 0.01; ***p < 0.001 versus the control

group, Student’s t test.
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ERa reduces chemosensitivity by repressing the mutp53-

upregulated lincRNA-p21 expression

The mutp53 GOF plays an oncogenic role in suppressing
apoptosis6,16 but still did not fully predict the chemoresistance in
several cancer types.12–15 Interestingly, mutp53-expressing breast
cancer cells remain sensitive to chemotherapeutic agents in the
absence of ERa expression (Table S1), leading us to address whether
mutp53 mediates the chemosensitivity in ER-negative breast cancer
cells. As shown in the result of the heatmap analysis, the silence of
the endogenous p53R280K reduced the sensitivity of ER-negative
MDA-MB-231 cancer cells to carboplatin, cisplatin, and doxorubicin
(Figure 5A) as well as the chemotherapy-induced cleavage of pro-cas-
pase-3 (Figure 5B), suggesting that mutp53 remains essential for the
chemotherapy-induced apoptosis in ER-negative breast cancer cells.
540 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
LncRNAs are abundantly expressed and
involved in gene regulation in cancer
cells.18,19,42 To understand the impact of p53
mutations on the expression of lncRNAs that
may interfere with the sensitivity of breast can-
cer to chemotherapy, lncRNA expression in the
WTp53- and mutp53-expressing human em-
bryonic kidney 293 transformed with a large T
antigen (HEK293T) cells were analyzed and
compared using lncRNA qPCR array analysis
(Figure 5C). Overexpression of WTp53 or
various mutp53 proteins (R175H, L194F,
R273H, R280K, and E285K) affected the expres-
sion of around one-third (36%) of the lncRNAs,
whereas four lncRNAs (DLG2-AS1, VLDLR-
AS1, lincRNA-p21, and SNHG4) were upregu-
lated by both WTp53 and p53 mutants (Figure 5C). Interestingly,
among these four lncRNAs, lincRNA-p21 is the only lncRNA that
is known to be a direct target of WTp53 for mediating p53-induced
apoptosis, but its regulation by mutp53 remains unclear. The upregu-
lating effect of mutp53 on lincRNAp21 expression was further
confirmed in quantitative real-time PCR analysis with two different
primer sets (Figure S3A, upper), but these p53 mutants failed to
enhance the protein expression of p21, a canonical target gene of
WTp53 (Figure S3A, lower). Silencing of endogenous p53R280K

mutant expression also repressed basal and doxorubicin-induced
lincRNA-p21 levels in ER-negative MDA-MB-231 cancer cells (Fig-
ure 5D). The induction of lincRNA-p21 levels in response to
ex vivo treatment with carboplatin was also positively correlated
with tumor shrinkage in response to chemotherapy in the



Figure 4. ERa cooperates with mutp53 to upregulate DDB2 gene transcription and mediates chemoresistance in ER-positive breast cancer cells

(A) Silencing of p53 decreased the carboplatin (50 mM)-induced DDB2 promoter activity in T-47D cancer cells. (B) Deletions of EREs, but not p53RE, reduced carboplatin

(50 mM)-induced DDB2 promoter activity in T-47D cancer cells. Firefly luciferase activity was normalized with b-gal activity in (A) and (B). (C) Carboplatin (50 mM) induced

(legend continued on next page)
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neoadjuvant settings (Figure 5E). Silencing of lincRNA-p21 sup-
pressed carboplatin-induced DNA damage in ER-negative and
mutp53-expressing MDA-MB-231 cancer cells (Figure S3B), indi-
cating the essential role of mutp53-induced lincRNA-p21 in
chemo-sensitization. Interestingly, ER-negative breast cancer cell
lines express higher basal lincRNA-p21 levels than ER-positive breast
cancer cell lines did regardless of TP53 genetic status (Figure 5F).
Consistently, the level of lincRNA-p21 was negatively associated
with ER status in human breast cancer tissue (Tables S4 and S5),
and this association was only found in p53-positive breast cancer tis-
sue (Figures 5G and 5H). Notably, lincRNA-p21 levels were increased
by silencing ERa expression in ER-positive/p53L194F T-47D cancer
cells (Figure 5I). These results indicated that mutp53 could upregulate
lincRNA-p21 expression and thereby mediate chemosensitivity in
ER-negative cancer cells. In contrast, in ER-positive cancer cells,
ERa confers chemoresistance by suppressing mutp53-dependent
lincRNA-p21 expression.
Mutp53 mediates lincRNA-p21 expression by targeting the non-

B DNA structures

It has been reported that WTp53 binds to not only the sequence-
based p53RE in linear B-DNA but also the structure-based local
non-B DNA motifs such as cruciform DNA (CF), G-quadruplex
DNA (GQ), and triplex DNA.9 Although mutp53 proteins do not
bind or bind only weakly to the p53RE on the promoter of canonical
target genes such as p21 (CDKN1A),7 they still possess the ability to
interact with local non-B DNA structures, especially GQ,43 in inter-
genic sequences that globally modulate transcription.8 An analysis
of the non-B DB version v2.0 database (https://nonb-abcc.ncifcrf.
gov/apps/site/default)44 predicted several non-B structures,
including a GQ motif and four CF motifs, on the promoter of
lincRNA-p21 (Figure 6A; Table S6), but these were not conserved
in the mouse lincRNA-p21 promoter (Figure S4A). The promoter-
reporter assays revealed that p53 mutants only enhanced the activity
of the reporter gene constructed with lincRNA-p21 promoter re-
gions containing non-B DNA motifs plus p53RE but not that con-
taining p53RE alone (Figure 6B). Mutations of GQ but not p53RE
reduced the effects of chemotherapy- (Figure 6C) and mutp53-
induced (Figure S4B) lincRNA-p21 promoter activity. In ChIP as-
says, endogenous p53R280K bound to some of these non-B
structures but not the canonical p53RE in MDA-MB-231 cancer
cells in response to carboplatin and doxorubicin (Figure 6D). More-
over, p53R280K from carboplatin-treated MDA-MB-231 cancer
cells showed a binding affinity with biotin-labeled oligonucleotides
corresponding to the GQ motif of the lincRNA-p21 promoter
in vitro (Figure 6E). In support of these findings, N-methyl
mesoporphyrin IX (NMM) and auramine, two stabilizers for the
chromatin-binding affinity of both ERa and mutp53 preferentially on ERE#1 of the DDB2

activity, as evidenced by the acetylation at K382 in T-47D and BT-474 cancer cells.

interaction between p53 and ERa in the coimmunoprecipitation (coIP) assay. (F) Ect

enhanced DDB2 expression in HEK293T cells. (G) Silencing of DDB2 by two independen

The tail moment and tail-length index were calculated from images by Comet Assay III

shown as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 versus the control group
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GQ structure,45,46 enhanced the binding of p53R280K with the bio-
tinylated GQ motif (Figure 6F) and the expression of lincRNA-
p21 in p53R280K-expressing MDA-MB-231 (Figure 6G)
and p53R175H-expressing SK-BR-3 cancer cells (Figure S4C).
These results demonstrated that mutp53 remains able to
mediate lincRNA-p21 expression by targeting the non-B
DNA structures on its promoter, primarily through the GQ
structure.

Since bothDDB2 and lincRNA-p21 transcription involves mutp53 but
is enhanced and suppressed by ERa, respectively, we examined the
role of ERa in influencing the mutp53-binding preference to these
two target genes. In response to carboplatin treatment, silencing of
ERa reduced the DNA binding of mutp53 to EREs on the DDB2 pro-
moter but enhanced its binding to non-B DNA structures on the
lincRNA-p21 promoter in ER-positive/p53L194F T-47D cancer cells
(Figure 6H). Interestingly, the inverse correlation between carbopla-
tin-induced DDB2 and lincRNA-p21 expression was also observed in
human primary breast tumor tissue (Figures 6I and S5A). Similar to
the inhibition of DDB2 promoter activity in mutp53-expressing
breast cancer cells (Figure 3F), the silence of ERa also repressed the
carboplatin-induced DDB2 promoter activity in WTp53-expressing
MCF7 cancer cells (Figure S6A). Unlike the induction of lincRNA-
p21 expression in mutp53-expressing breast cancer cells (Figure 5I),
however, the silencing of ERa did not restore the expression of
lincRNA-p21 significantly (Figure S6B) and also has no change in car-
boplatin-induced lincRNA-p21 promoter activity in WTp53-express-
ing MCF7 cancer cells (Figure S6A). In contrast to the enhancing ef-
fect on DDB2 promoter activity (Figure S2C), ERa overexpression
repressed the WTp53- and mutp53-induced lincRNA-p21 promoter
activity (Figure S6C). These findings suggest that ERa cooperates
with both WTp53 and mutp53 for the upregulation of DDB2 expres-
sion and downregulation of lincRNA-p21 expression in distinct man-
ners, but suppression of ERa only can rescue the mutp53-mediated
lincRNA-p21 expression.
Induction of lincRNA-p21 reduces the ERa-mediated

chemoresistance

To examine the chemo-sensitizing effect of lincRNA-p21 in vivo, we
established the tetracycline-inducible lincRNA-p21 expressing sys-
tem in ER-positive T-47D cancer cells (T-47D#Tet-On-LincRNA-
p21), which were then injected into the mammary fat pad of mice
to study tumor growth. We first validated the expression of
lincRNA-p21 in the T-47D#Tet-On-LincRNA-p21 stable clone, and
the data showed that the expression of lincRNA-p21 was indeed up-
regulated, accompanied with the downregulation of DDB2 expression
upon the tetracycline treatment (Figure 7A). The treatment timeline
promoter in T-47D cancer cells in the ChIP assay. (D) Silencing of ERa reduced p53

(E) Chemotherapy (50 mM carboplatin or 0.5 mM doxorubicin) induced the protein

opic co-expression of ERa and p53 mutants (R280K and R273H) synergistically

t shRNAs enhanced carboplatin (50 mM)-induced DNA damage in the comet assay.

analysis. Data in (A�C) and (G) were representative of three experiments and were

, Student’s t test.

https://nonb-abcc.ncifcrf.gov/apps/site/default
https://nonb-abcc.ncifcrf.gov/apps/site/default


Figure 5. ERa represses the mutp53-dependent lincRNA-p21 expression to confer chemoresistance

(A) Silencing p53 by the independent shRNAs reduced the cell viability of ER-negative/p53R280K MDA-MB-231 cancer cells in response to chemo drugs, as presented in the

heatmap. (B) Silencing p53 by the independent shRNAs reduced chemotherapy (0.5 mM doxorubicin and 50 mM carboplatin)-induced apoptotic marker expression in ER-

negative/p53R280K MDA-MB-231 cancer cells. (C) Heatmap results from the lncRNA qPCR array showed the regulation of lncRNA expression by WTp53 and mutp53 in

HEK293T cells. (D) Silencing of the endogenous p53R280K mutant suppressed doxorubicin (0.5 mM)-induced lincRNA-p21 expression in MDA-MB-231 cancer cells. (E) The

(legend continued on next page)
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of the xenograft mouse model was illustrated in Figure 7B. We first
subcutaneously implanted 17b-estradiol and 1 � 107 cells of the T-
47D#Tet-On-LincRNA-p21 clone into non-obese diabetic (NOD)/
severe combined immunodeficiency (SCID) mice, which were then
treated with saline, tetracycline, doxorubicin, or a tetracycline/doxo-
rubicin combination after 1 month of tumor inoculation. The combi-
nation treatment with tetracycline/doxorubicin showed a synergistic
effect to minimize the growth rate (Figure 7C) and the tumor size at
the end point (Figure 7D) of chemo-resistant T-47D xenograft
tumors. In situ hybridization (ISH) and immunohistochemistry
staining were then performed to validate the molecular alterations
in the xenograft tumor tissues in response to these treatments. The re-
sults showed that the combination treatment of tetracycline/doxoru-
bicin decreased the expressions of DDB2 and Ki67 and slightly
increased the cleavage of caspase-3 accompanied by the lincRNA-
p21 induction (Figure 7E). These results indicated that the tetracy-
cline-induced lincRNA-p21 reduced the tumor growth and also
increased the chemosensitivity of ER-positive breast cancer cells to
doxorubicin.

In summary, these findings revealed the involvement of a non-B DNA
structure inmutp53-mediated lincRNA-p21 expression and the inverse
correlation between lincRNA-p21 and DDB2 expression. The expres-
sion of ERa increases DDB2 expression and suppresses lincRNA-p21
transcription by switching the promoter-binding affinity of mutp53,
thereby resulting in DNA repair and chemoresistance (Figure 8).

DISCUSSION
TP53 is one of the most frequently mutated genes in breast cancer.3,4

Several retrospective studies have investigated the predictive role of
the p53 mutation in breast cancer chemotherapy, with controversial
results.16 Thus, the p53 mutation has not yet served as a biomarker
for predicting clinical responses to breast cancer chemotherapy.47

Although many published studies have shown that the presence of
the p53 mutation is associated with poor outcomes in breast can-
cers,16 this observation is probably confined to patients with specific
molecular subtypes.47 A follow-up analysis revealed that high levels of
p53 protein due to protein stabilization by p53 mutations were asso-
ciated with worse disease-free survival in ER-positive patients but
correlated with good outcomes in ER-negative patients.48 However,
the advantage of concurrent neoadjuvant chemotherapy and hor-
mone therapy in ER-positive breast cancer remains controver-
sial.49–51 In light of our study, we discovered that ERa renders chemo-
resistance by regulating p53-dependent gene transcription from
lincRNA-p21 to DDB2 for DNA repair in mutp53-expressing breast
ex vivo induction of lincRNA-p21 expression by carboplatin (50 mM) in primary human

oadjuvant chemotherapy (n = 16). (F) lincRNA-p21 expression was higher in ER-negative

and H) lincRNA-p21 expression examined in ISH assay was higher in human ER-negati

but the lincRNA-p21 level in ER-negative/p53-negative (n = 14) and ER-positive/p53-

arrows indicated the signals of lincRNA-p21 expression, which was calculated by the a

***p < 0.001. (I) Silencing of ERa by two independent shRNAs increased lincRNA-p21 e

analysis. Data in (A), (D), (F), and (I) were representative of three experiments and were sh

Student’s t test.
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cancer cells, supporting that the addition of the ER inhibitor to neo-
adjuvant chemotherapy provides the improvement of the clinical
response in patients with ER-positive breast cancer, especially for
those individuals with p53 mutations.

In reflection of its diverse functions in regulating the p53 pathway,
lincRNA-p21 is upregulated by WTp53 to trigger apoptosis and
cell-cycle arrest by acting as a transcriptional repressor,21 co-acti-
vator,52 or translation suppressor53 for different gene-expression pat-
terns. In this study, we further discovered that lincRNA-p21 also
could be upregulated by mutp53 through the direct binding on
non-B DNA structures of its promoter. Moreover, lincRNA-p21
expression was inversely correlated to DDB2 in human breast cancer
tissue (Figure 6I) and had an enhancing role in chemosensitivity,
showing that lincRNA-21 may thereby participate in the modulating
function of mutp53 in NER and chemoresistance.

WTp53 directly targets p53RE within exon 1 of lincRNA-p21 to drive
its expression in mouse embryonic fibroblasts,21 whereas a mutation
of a single p53 allele represses ultraviolet-induced mouse lincRNA-
p21 expression in mouse keratinocytes.54 However, basal levels of hu-
man lincRNA-p21 are not associated with p53 mutations in human
CRC30 or lung31 tumor tissue. Several noncoding RNAs were
approved or are being tested in clinical trials as predictive biomarkers
for diagnosis and prognosis or were used in the oligonucleotide
format of locked nucleic acids (LNA) for therapy in cancers.55–57

The tumor-suppressive roles of lincRNA-p21 have been found in
several cancer types, including stomach, prostate, glioma, hepatocar-
cinoma, and lung cancers but not in breast cancer, according to the
analysis in LncRNADisease database (http://www.rnanut.net/
lncrnadisease/)58 (Table S7). Our data showed that mutp53 effectively
mediates chemotherapy-induced human lincRNA-p21 in breast can-
cer cells, consistent with findings in HNSCC,28 by targeting the non-B
DNA structures (especially GQ) within the proximal promoter region
rather than binding to the canonical p53RE. This mechanism may
explain the lack of association between the p53 mutation and
lincRNA-p21 expression in human tumor tissue.

Mutp53 DNA binding to non-B DNA has been demonstrated to be
solely dependent on its stereo-specific configuration rather than the
nucleotide sequence, and the binding affinity varies among different
mutp53 proteins.59 The binding regions enriched for mutp53 are
from 1 kb upstream to 1 kb downstream of the transcription start sites
(TSSs).43 Mutp53 preferentially and autonomously binds to G/C-rich
DNA, prone to form G-quadruplex structures around TSSs of many
breast cancer tumors positively correlated with tumor shrinkage in response to ne-

than in ER-positive breast cancer cell lines in quantitative real-time PCR analysis. (G

ve/p53-positive (n = 13) than ER-positive/p53-positive (n = 5) breast cancer tumors,

negative (n = 8) breast cancer tumors did not show significant difference. The red

verage number of dots per nucleus. Welch two-sample t test: *p < 0.05, **p < 0.01,

xpression in ER-positive/p53L194F T-47D cancer cells in quantitative real-time PCR

own as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 versus the control group,

http://www.rnanut.net/lncrnadisease/
http://www.rnanut.net/lncrnadisease/


Figure 6. ERa hijacks mutp53 from the G-quadruplex DNA (GQ) structure of the lincRNA-p21 promoter to EREs of the DDB2 promoter

(A) Illustration of the predicted non-B structure and p53RE on the lincRNA-p21 promoter and two luciferase-reporter constructs driven by lincRNA-p21 promoters containing

different motifs. (B and C) GQ motif is required for mutp53-increased lincRNA-p21 promoter activity, and firefly luciferase activity was normalized with b-gal activity. (D) The

(legend continued on next page)
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genes.43 Consistent with this finding, our data revealed that some p53
mutants increase lincRNA-p21 expression and preferentially bind to
GQ near the TSS of lincRNA-p21. Interestingly, the GQ sequence
was not found in the proximal region of mouse lincRNA-p21 pro-
moters, which only share 25% homology with human lincRNA-p21
promoters (Figure S4A), which explains why mutp53 did not induce
mouse lincRNA-p21 expression.54 Although mutp53 mediates
lincRNA-p21 expression by targeting non-B DNA structures, our
data also revealed that the presence of ERa repressed mutp53-depen-
dent lincRNA-p21 expression by hijacking mutp53 to mediate DDB2
gene expression for chemoresistance. It accounts, in part, for the
more significant responses to neoadjuvant chemotherapy in ER-nega-
tive breast cancer patients rather than in ER-positive breast cancer pa-
tients35 and the roles of hormone receptors in DNA repair34 and
DDB2-dependent proliferation.60 Consistent with our findings,
DDB2 expression was not associated with the somatic mutations of
p53 in the genotypic mutation analysis (muTarget; https://www.
mutarget.com).61 The lower expression of DDB2 was also found in
the responder of ER-positive breast cancer patients who received treat-
ments with chemotherapy, indicating lowDDB2 expression as a poten-
tial biomarker predicting chemotherapy efficacy (area under the curve
[AUC]: 0.582) in the receiver operating characteristic (ROC) curve
analysis (ROC Plotter; http://www.rocplot.org)62 (Figure S7A).

ERa has been reported to mediate gene regulation through several co-
factors to enhance transcription; activate activator protein 1 (AP-1),
nuclear factor kB (NF-kB); and form complexes with CBP/p300.33

ERa has also been reported to regulate several DNA repair pathways
through interactions with DNA-dependent protein kinase (DNA-
PK), BRCA1 DNA repair associated (BRCA1), and WTp53.34 In
addition to the reciprocal regulation of ERa and p53 expression at
the transcriptional level,17 the physical interaction between ERa
and WTp53 has also been found to protect breast cancer from
apoptosis by inhibiting the p53-dependent transcriptional repression
of anti-apoptotic genes and preventing the accumulation of DNA
damage.17,40,63–65 Disruption of the interaction between ERa and
WTp53 by ER antagonists, fulvestrant and tamoxifen, can restore
theWTp53 activity to upregulate doxorubicin-induced apoptosis reg-
ulatory genes, ATF3, BTG2, and TRAF4.63 Ionizing radiation was also
demonstrated to disrupt ERa-WTp53 interaction and restores the
expression of p21 (CDKN1A), a CDK inhibitor, and downregulates
the gene of the inhibitor of apoptosis (IAP) family, Survivin.64 How-
ever, the regulation between ERa and mutp53 is not clear. In our
study, the interaction between ERa and mutp53 was found to repress
mutp53-dependent lincRNA-p21 expression but to upregulate DDB2
gene expression by binding to EREs within the promoter.
binding efficacy of endogenous mutp53 on different motifs of the lincRNA-p21 promote

ChIP assay. (E and F) Carboplatin (50 mM) and two GQ stabilizers (1 mM NMM and 5 m

lincRNA-p21 promoters in the in vitro pull-down assay. (G) GQ stabilizers increased lincR

chromatin-binding activity of mutp53 from EREs of the DDB2 promoter (left) to the non

cancer cells. (I) The inversed correlation between the ex vivo induction of lincRNA-p21

cancer tissues in an ER status-dependent manner. Data in (B�D), (G), and (H) were repr

0.01; ***p < 0.001 versus the control group, Student’s t test.
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In the results of in situ hybridization staining, lincRNA-p21 had lower
expression in tumor tissues of p53-positive/ER-positive breast cancer
patients, suggesting that both WTp53 and mutp53 can upregulate
lincRNA-p21 expression, and this effect was repressed while ER ex-
ists. However, lincRNA-p21 expression in p53-negative tissues was
not affected by ER status (Figures 5G and 5H). In addition to p53,
hypoxia-inducible factor 1-alpha (HIF-1a) was found to induce
lincRNA-p21 expression rapidly in response to hypoxia,66 and inhib-
itor of growth 1 (ING1b) was demonstrated to promote apoptosis by
regulating lincRNA-p21 transcription in both p53 null and p53-ex-
pressing cells.27 These findings suggest that ER-regulated lincRNA-
p21 expression is p53 specific.

In conclusion, our data indicate the involvement of a non-B DNA
structure in mutp53-mediated lincRNA-p21 expression and that
the switch of mutp53-mediated gene transcriptions from lincRNAp21
to DDB2 expression by ERa confers chemoresistance (Figure 8).
Thus, these findings suggest that the co-treatment of chemotherapy
with ER antagonists in a neoadjuvant setting to enhance the chemo-
sensitivity by inducing the lincRNA-p21 level may benefit luminal A/
B patients. However, this enhancing effect of ER antagonists on
lincRNA-p21 expression may be limited to patients with mutp53-ex-
pressing breast cancers. Other strategies to enhance the level of
lincRNA-p21 in both mutp53- and WTp53-expressing cancer for
chemo-sensitization warrant further investigations.

MATERIALS AND METHODS
lncRNA qPCR microarray and dataset collection

A LncProfiler qPCRArray (RA900A-1) was purchased from SBI (Sys-
tem Biosciences, Mountain View, CA, USA) to determine the expres-
sion of 90 human lncRNAs in WTp53- and mutp53-overexpressing
cells. The datasets produced in this study are available in the following
database: lncRNA qPCRmicroarray: GEO: GSE159185 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159185).

Microarray datasets from breast cancer patients (GEO: GSE50948,
GSE5847, GSE23988, and GSE44272) were subjected to GSEA
(https://www.broadinstitute.org/gsea/; Research Resource Identifica-
tion [RRID]: SCR_003199) to determine the relationship between
ER status and enrichment genes in the function of DNA repair and
the p53 pathway.

Clinical specimens and primary culture treatments

G*Power software (RRID: SCR_013726) was used to perform power
analysis, and an a error probability of 0.05 and a power level of 0.8
were employed to decide the collection sample size. A total of 61
r in response to chemotherapies (50 mM carboplatin and 0.5 mM doxorubicin) in the

M auramine) increased the binding of mutp53 to the GQ motif of the 50-biotinylated
NA-p21 expression in MDA-MB-231 cancer cells. (H) Silencing of ERa switched the

-B DNA motifs of the lincRNA-p21 promoter (right) in ER-positive/p53L194F T-47D

and DDB2 expression by carboplatin (50 mM) treatments in human primary breast

esentative of three experiments and were shown as the mean ± SD. *p < 0.05; **p <

https://www.mutarget.com
https://www.mutarget.com
http://www.rocplot.org
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159185
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159185
https://www.broadinstitute.org/gsea/


Figure 7. lincRNA-p21 reduces the growth and chemoresistance of the ER-positive tumor in vivo

(A) TheT-47D#Tet-On-LincRNA-p21stableclonewas treatedwithorwithout tetracycline (10mg/mL), and theexpressionsof lincRNA-p21andDDB2weredetectedbyquantitative

real-time PCR analysis andwestern blot assay, respectively. Datawere representative of three experiments andwere shown as themean± SD. *p < 0.05; **p < 0.01; ***p < 0.001

versus the control group,Student’s t test. (B) Illustrationof the treatment timeline in the tumor-xenograftmousemodel (yellowarrow: the startingpoint for tetracycline administration

[0.2mg/mL]; red arrow: the points for the intraperitoneal injection with doxorubicin [2.5mg/kg]). (C and D) The tumor growth rate (C) and size at the end point (D) in four groups of

thesemice.Datawere representative of n=3 in everygroup andwere shownas themean±SD. *p<0.05; **p<0.01; ***p<0.001 versus the control group,Student’s t test. (E) The

expressions of lincRNA-p21, DDB2, Ki67, and cleaved caspase-3 in the tumor tissues were examined in the in situ hybridization and immunohistochemistry assays.
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Figure 8. The proposed model of ERa/mutp53

mediated DDB2 and lincRNA-p21 in contributing to

chemoresistance

The proposed model illustrates how ERa determined

chemoresistance of breast cancer by disrupting the bal-

ance between mutp53-dependent DDB2 and lincRNA-p21

transcriptions. In the ER-negative cancer cells (left),

lincRNA-p21, transcribed by mutp53 in a G-quadruplex of

non-B structure-dependent fashion, mediate apoptosis for

chemosensitivity. In the ER-positive cancer cells (right),

however, ERa switches mutp53 to preferentially mediate

DDB2 transcription via targeting its EREs and thereby re-

duces lincRNA-p21 expression, conferring chemo-

resistance (p53*, mutp53).
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residual breast tumor tissue specimens with written, informed con-
sents were collected from patients who received surgery for different
breast cancer subtypes in Chung Shan Medical University Hospital
(Taichung, Taiwan) following the protocol (CS2-18150) approved
by the Institute of Research Board Committee. The patient inclusion
criteria are as follows: patients diagnosed between 2018 and 2019 at a
single tertiary care institution, histological confirmed invasive ductal
carcinoma breast cancer, randomly collected and non-selected sam-
ples from each molecular subtype, and tumor grade. Only one male
patient was enrolled in the collection of breast cancer patients, and
thus patient sex is not considered as a biological variable. All tissues
were homogenized and cultured with or without carboplatin for
5 days. Following treatment, total RNA and protein lysates were pre-
pared with Trizol Reagent (Thermo Fisher Scientific, Waltham, MA,
USA). The correlations among multiple variables, including gender,
age, molecular subtypes, tumor types, tumor grade, and Ki67 status,
with the expressions of lincRNA-p21 and DDB2 were analyzed.

Tissue microarray and in situ hybridization

Breast cancer tissue microarrays were purchased from SuperBioChips
Laboratories (Seoul, Korea) and used to detect lincRNA-p21 for in
situ hybridization experiments. Tissue microarray specimens
included different breast cancer subtypes from 40 patients. The RNA-
scope lincRNA-p21 (TP53COR1) probe for use in the in situ hybrid-
ization assay was designed and purchased from Advanced Cell Diag-
nostics (Newark, CA, USA). We used the RNAscope 2.5 HD
Detection Kit-BROWN according to the manufacturer’s protocol to
screen for lincRNA-p21 signaling in breast cancer tissues. Signals
for lincRNA-p21 expression were quantified with Fiji ImageJ
(RRID: SCR_002285) and normalized with nuclei to calculate the
areas and percentages of probe numbers.
548 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
Cell culture

All cell lines were purchased from the American
Type Culture Collection (ATCC) and were tested
by non-contamination from mycoplasma by the
MycoAlert Mycoplasma Detection Kit (LT07-
318; Thermo Fisher Scientific, Waltham, MA,
USA). Except for the MCF-10A cell line (RRID:
CVCL_0598), cell lines HEK293T (RRID:
CVCL_0063), HBL-100 (RRID: CVCL_4362), MCF7 (RRID:
CVCL_0031), T-47D (RRID: CVCL_0553), BT-474 (RRID:
CVCL_0179), SK-BR-3 (RRID: CVCL_0033), MDA-MB-231
(RRID: CVCL_0062), and MDA-MB-468 (RRID: CVCL_0419)
were cultured in Dulbecco’s modified Eagle’s medium:nutrient
mixture F-12 (DMEM/F12; HyClone, Thermo Fisher Scientific, Wal-
tham, MA, USA), supplemented with 10% fetal bovine serum (FBS;
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and HyClone
penicillin-streptomycin solution. The medium for MCF-10A con-
sisted of DMEM/F12 supplemented with 5% horse serum (Gibco),
HyClone penicillin-streptomycin solution, and other additives,
including 1.05 mM calcium chloride anhydrous (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany), 0.1 mg/mL cholera toxin,
10 mg/mL insulin (Sigma-Aldrich), 20 ng/mL human EGF (Sigma-Al-
drich), and 0.5 mg/mL hydrocortisone (Sigma-Aldrich). All cells were
incubated at 37�C in a humidified incubator containing 5% CO2.

Antibodies

Antibody against p21WAF1 (Calbiochem; OP64, RRID: AB_2335868)
was purchased from Merck KGaA (Darmstadt, Germany). Anti-
bodies against p-HER2 (Tyr1221/1222, #2243, RRID: AB_490899),
p-ERa (Ser118, #2511, RRID: AB_331289), Ac-p53 (Lys382,
#2525S, RRID: AB_330083), DDB2 (#5416, RRID: AB_10694497),
PARP (#9542, RRID: AB_2160739), and histone H3 (#9715, RRID:
AB_331563) were purchased from Cell Signaling Technology (Bev-
erly, MA, USA). Antibodies against HER2 (Neu, sc-393712, RRID:
AB_2810840), ERa (sc-8002, RRID: AB_627558), p53 (sc-126,
RRID: AB_628082), and DDB2 (sc-81246, RRID: AB_2261381)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The antibody against caspase-3 (Imgenex; IMG-144A, RRID:
AB_316677) was purchased from Novus Biologicals (Centennial,
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CO, USA). Antibodies against FLAGM2 (F1804, RRID: AB_262044),
a-tubulin (T5168, RRID: AB_477579), and b-actin (A2228, RRID:
AB_476697) were purchased from Merck KGaA (Darmstadt,
Germany).

Inhibitors and reagents

Carboplatin (41575-94-4), (Z)-4-hydroxy tamoxifen (68047-06-3),
NMM (142234-85-3), and tetracycline (64-75-5) were all purchased
from Cayman Chemical (Ann Arbor, MI, USA). Cisplatin (P4394),
doxorubicin hydrochloride (Sigma-Aldrich; D1515), and auramine
(Sigma-Aldrich; 492-80-8) were all purchased from Merck KGaA
(Darmstadt, Germany). Clarity, Amersham, or Millipore enhanced
chemiluminescence (ECL) was purchased from Bio-Rad Laboratories
(Hercules, CA, USA), GE Healthcare Life Sciences (Pittsburgh, PA,
USA), or Merck KGaA (Darmstadt, Germany), respectively.

Western blot analysis

Total protein lysate concentration was determined using the Bradford
protein assay (Bio-Rad Laboratories, Hercules, CA, USA), whereby
30–50 mg of protein lysate was heated at 95�C in the sample buffer
for 5 min. Denatured proteins were separated in SDS-PAGE with a
running buffer consisting of 25 mM Tris-HCl, 192 mM glycine,
and 0.1% SDS, before being transferred to polyvinylidene fluoride
(PVDF) membranes (0.45 mM; Millipore, Merck KGaA, Darmstadt,
Germany) or NC membranes (0.22 mM, Amersham, GE Healthcare
Life Sciences, Pittsburgh, PA, USA) with transfer buffer (700 mL of
ddH2O, 200 mL of methanol, and 100 mL of 10� running buffer
[250 mM Tris-HCl and 1.92 M glycine]). The transferred membrane
was blocked with 5% milk or BSA in Tris-buffered saline-Tween
(10 mL of 2 mM Tris-HCl, pH 7.4, 100 mL of 5 M NaCl, 0.5 mL of
100% Tween 20, and 890 mL of ddH2O) and stained with the indi-
cated primary antibodies at 4�C overnight, followed by incubation
with horseradish peroxidase (HRP)-conjugated secondary antibodies.
ECL signaling was detected using a ChemiDoc Touch Imaging Sys-
tem (Bio-Rad).67

Plasmids and site-directed mutations

WTp53 was inserted into the pcDNA6A-FLAG plasmid for ectopic
protein overexpression, and different p53 mutants were acquired us-
ing a site-directed mutation assay (KAPA HiFi HotStart PCR Kit;
Kapa Biosystems, Wilmington, MA, USA). To examine the promoter
activities of lincRNA-p21 and DDB2, we constructed the promoter re-
gions of both genes into the pGL4.22 (luc2CP/Puro) vector, which
was purchased from Promega (Madison, WI, USA). The non-B ele-
ments, p53RE, and ER elements were further mutated in the
pGL4.22-lincRNA-p21 or pGL4.22-DDB2 promoters for transcrip-
tional activity analysis. ERa genes were constructed into pcDNA3
for overexpression (for details of all site-directed mutation primer
sets, see Table S8).

RNA extraction and reverse transcriptase PCR (RT-PCR)

After the indicated treatments, cells were washed three times with
ice-cold PBS and lysed with Trizol Reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA). Total RNA was isolated by adding
0.2 mL of chloroform per 1 mL of Trizol Reagent, followed by
centrifugation at 12,000 � g for 15 min to separate the aqueous,
interphase, and organic phases. Next, RNA from the aqueous
phase was precipitated by mixing with 0.25–0.5 mL of isopropanol,
followed by centrifugation at 12,000 � g for 15 min. After removal
of the supernatant, the gel-like pellet was washed twice with 1 mL
of 75% ethanol, air dried, and then dissolved in DEPC-treated wa-
ter. The RT-PCR was performed with 1 mg total RNA, Invitrogen
M-MLV RT (Thermo Fisher Scientific, Waltham, MA, USA),
random hexamer, deoxyribonucleotide triphosphate (dNTP), 5�
M-MLV buffer, and DTT.

Quantitative real-time PCR

For quantitative real-time PCR, the KAPA SYBR FAST qPCR Master
Mix (2�) Kit (Kapa Biosystems, Wilmington, MA, USA) was used to
detect the expression of target genes with specific primers. The
threshold cycle (Ct) value was analyzed using the LightCycler 480
Real-Time PCR System (Roche Molecular Systems, Pleasanton, CA,
USA) or Applied Biosystems QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA). ddCt (RRID:
SCR_003396) was calculated with normalization to housekeeping
genes as the reference (for details of all primer sets, see Table S8).

Luciferase reporter assay protocol

Cells were seeded into 12-well plates (2� 105 cells/well) and co-trans-
fected with a reporter gene containing target gene promoters and the
b-gal gene, using TransIT-X2 (Mirus Bio, Madison, WI, USA) and
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA,
USA) transfection reagents for breast cancer cells and HEK293T,
respectively. After 6 h of incubation, cells were cultured in a complete
medium and treated with the indicated drugs for 48 h. Lysates were
harvested, and promoter activity was determined using the Luciferase
Assay System (Promega, Madison, WI, USA), whereas firefly lucif-
erase activity was normalized against the b-gal activity.68

ChIP assay protocol

After the indicated treatments, cells were harvested and subjected to
the ChIP assay, according to the manufacturer’s instructions (EZ-ma-
gna ChIP A/G Chromatin Immunoprecipitation Kit or the HighCell#
ChIP Kit). Chromatin fragmentation was performed using micro-
coccal nuclease (#88216; Thermo Fisher Scientific, Waltham, MA,
USA) or chromatin shearing sonicator Bioruptor, while the binding
elements for transcription factors were analyzed by quantitative
real-time PCR using specific primer sets (see Table S8).

Preparation of biotinylated probes for the promoter region of

lincRNA-p21 and biotin pull-down assay

To examine the direct binding of mutp53 to the non-B structure of the
lincRNA-p21 promoter, the biotinylated probes containing non-B and
p53RE sequences were synthesized by GeneDireX (Taipei, Taiwan).
For the in vitro pull-down assay, 3 mg of biotin-labeled DNAwas heat-
ed to 90�C for 2 min and restructured in structure buffer (10 mM
Tris-HCl to pH 7.0, 0.1 M KCl, and 10 mMMgCl2) at room temper-
ature for 20 min. Cells (2 � 107) were treated with or without
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 549
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chemotherapy treatments and then resuspended in nuclear isolation
buffer (1.28 M sucrose, 40 mM Tris-HCl, pH 7.5, 20 mMMgCl2, and
4% Triton X-100). The nuclei pellets were hybridized to the folded
DNA in RIP buffer (150 mM KCl, 25 mM Tris-HCl, pH 7.4,
0.5 mM DTT, 0.5% NP-40, 1 mM PMSF, and cOmplete Protease In-
hibitor Cocktail [1 tablet contains protease inhibitors sufficient for a
10-mL cell extract]; Roche Molecular Systems, Pleasanton, CA, USA)
for 1 h; then DNA-protein complexes were pulled down using Nova-
gen streptavidin agarose beads (Novagen, San Diego, CA, USA) and
analyzed by western blot (for details of all biotinylated probes, see Ta-
ble S8).

Cell viability assay protocol

The MTT assay was used to detect cell viability. Cells (5� 103) grown
in 96-well plates were treated with different concentrations of the
indicated chemotherapy treatments for 48 or 72 h. The culture me-
dium was then changed to a serum-free medium containing 5�
Sigma-Aldrich MTT solution (Merck KGaA, Darmstadt, Germany)
and incubated for 3 h. The cells were then lysed with DMSO, and
the optical density (OD) at 550 nm was detected by an ELISA
reader.69

Comet assay

1% NMA gel (Invitrogen; 15510-027), purchased from Thermo
Fisher Scientific (Waltham, MA, USA), was used as the basal layer.
1.5% LMAP gel (J.T.Baker; A426-05), purchased from Capitol Scien-
tific (Austin, TX, USA), was mixed with chemotherapy-treated cells
(1 � 105) at a 2:1 ratio as the second layer and then was covered
with 1.5% LMAP gel mixed with PBS. Each layer was placed on ice
to solidify into a gelatinous mass. The slide was sequentially treated
with 50 mMH2O2/PBS for 5 min and freshly prepared lysing solution
(2.5 M NaCl, 200 mM NaOH, 100 mM EDTA, 10 mM Tris-HCl, pH
10.0, 1% Triton X-100, and 10%DMSO) overnight at 4�C in darkness
to expose DNA. The slides were then soaked in electrophoresis buffer
(300 mM NaOH, 1 mM EDTA, pH 12.0) for 20 min, and the cells
migrated in electrophoresis (25 V, 300 mA, for 20 min) to unwind
DNA. Slides were subjected to wash with neutralization buffer
(0.4 M Tris-HCl) three times to fix double-strand DNA after electro-
phoresis. DNAwas further stained with ethidium bromide (EtBr) and
visualized under fluorescence microscopy to observe damaged cells,
and the tail moment was calculated using Comet Assay III software.

Flow cytometry protocol

The different stages of apoptotic cells were examined using the An-
nexin V-Fluorescein Isothiocyanate (FITC) Apoptosis Kit (BioVision,
Milpitas, CA, USA). Early and late stages of apoptotic cells were
stained with Annexin V, and necrotic cells were stained with propi-
dium iodide and then analyzed using the FACSVerse flow cytometer
(BD Biosciences, San Jose, CA, USA).

Tet-on system and xenograft mouse model

The cDNA of lincRNA-p21 was constructed into the pAS4.1w.Ppuro-
aOn vector and was used for the selection of the T-47D#Tet-On-
LincRNA-p21 clone of ER-positive T-47D cancer cells with puromy-
550 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
cin treatment. 5-week-old female NOD/SCID mice, purchased from
BioLASCO Taiwan (Taipei, Taiwan), were subcutaneously implanted
with 60-day release pellets containing 1.7-mg 17b-estradiol (Innova-
tive Research of America) 2 days before the subcutaneous inoculation
with the mixture of 0.1 mL 50% PBS plus 50%Matrigel (Corning Life
Sciences, Corning, NY, USA) containing 1 � 107 T-47D#Tet-On-
LincRNA-p21 cancer cells in the mammary gland. After 1 month
of tumor growth, mice were classified into four groups (n = 3): saline,
tetracycline, doxorubicin, and tetracycline/doxorubicin combination.
Tetracycline (0.2 mg/mL) was prepared in the drinking water for
mice, and doxorubicin (2.5 mg/kg) was administered intraperitone-
ally three times to reach the total dose of 7.5 mg/kg. Tumor diameters
were serially measured with calipers, and tumors volume was calcu-
lated by the formula: volume = length � width2/2. Mice were sacri-
ficed in a CO2 chamber, and in situ hybridization as well as immuno-
histochemistry staining were performed to compare the molecular
status in these four groups in the end.

Immunohistochemistry assay

Tumor tissues from the T-47D#Tet-On-LincRNA-p21 NOD/SCID
mouse model were dewaxed by xylene and rehydrated by 100%,
95%, 80%, and, 75% ethanol and by distilled water. The tissue sections
were incubated with DDB2 (1:1,000 dilution; Abcam; ab77765, RRID:
AB_1951708), Ki67 (1:200 dilution; Thermo Fisher Scientific; MA5-
14520, RRID: AB_10979488), or cleaved caspase-3 (1:300 dilution;
Cell Signaling Technology; #9661) antibodies overnight, followed
by the staining with a polymer HRP-conjugated secondary antibody
for 10min according to the protocol of the UltraVision Quanto detec-
tion system (TL-060-QHD; Thermo Fisher Scientific, Waltham, MA,
USA). Finally, these tissue slides were stained with hematoxylin for
5 min and dehydrated.70

Statistical analysis

The difference between two categorical variables was analyzed using
the Student’s t test or Welch’s two-sample t test, whereas differences
among more than two category variables were analyzed by one-way
ANOVA. The results are presented as the mean ± SD, n R 3. The
p value was calculated with the two-tailed test, and a statistically sig-
nificant difference was defined as p < 0.05. Pearson’s chi-square test
was used to analyze characteristics of breast cancer patients, and un-
conditional logistic regression was used to obtain the odds ratio. All
statistical analysis was performed using SigmaPlot 10.0 (RRID:
SCR_003210), GraphPad Prism 8 (RRID: SCR_002798), or SPSS 21
software (RRID: SCR_002865).
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