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ABSTRACT
Radiation resistance poses a major clinical challenge in breast cancer (BC) treatment, but little is known 
about how long noncoding RNA (lncRNA) may regulate this phenomenon. Here, we reported that 
DUXAP8 was highly expressed in radioresistant BC tissues, and high expression of DUXAP8 was associated 
with poor prognosis. We found that the overexpression of DUXAP8 promoted radioresistance, while the 
knockdown of DUXAP8 expression increased radiosensitivity. Further studies revealed that DUXAP8 
enhanced the radioresistance of BC cells by activating the PI3K/AKT/mTOR pathway and by repressing 
the expression of E-cadherin and RHOB through interaction with EZH2. Together, our work demonstrates 
that the overexpression of DUXAP8 promotes the resistance of BC cells toward radiation through 
modulating PI3K/AKT/mTOR pathway and EZH2-E-cadherin/RHOB axis. Targeting DUXAP8 may serve as 
a potential strategy to overcome radioresistance in BC treatment.
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Background

Breast cancer (BC) is the most frequent cancer among women, 
with an estimated 1.5 million new cases per year.1,2 Radiation 
therapy plays an important role in the multidisciplinary man
agement of BC.3 However, the intrinsic and acquired radio
resistance remains a major challenge undermining the 
treatment outcome of radiotherapy in BC patients.4 

Therefore, the exploration and clarification of molecular 
mechanisms implicated in the development of BC radioresis
tance would provide insights into the formulation of novel 
strategy in the management of radiotherapy resistance.

Non-coding RNAs (ncRNAs), which can be classified into 
long ncRNAs (lncRNAs, ˃ 200 nt) and small ncRNAs (˂ 200 nt), 
have emerged as critical regulators of gene expression.5 As one 
major class of small ncRNAs, microRNAs (miRNAs) regulate 
the stability and translation of target mRNA by binding to the 
3′-untranslated region.6 Previous studies have shown that 
miRNAs regulate a myriad of cellular and developmental pro
cesses, including the initiation and progression of cancer.6 

Recent reports further showed that many lncRNAs are aber
rantly expressed in human tumor tissues, which contributes to 
the malignant phenotypes of cancers, including the hyper- 
proliferation, cell invasion, metastasis and radioresistance.5,7– 

9 For instance, lncRNA NEAT1 acts as an oncogenic factor in 
various cancers, and functions as competitive endogenous 
RNAs to sponge downstream miRNAs.5,7–9 Certain lncRNAs 
could serve as bridge to target polycomb factor EZH2 

(Enhancer Of Zeste 2 Polycomb Repressive Complex 2 
Subunit) to its target gene loci, causing epigenetic silencing of 
tumor suppressors.5–10 In addition to ncRNAs, the dysregula
tion of many signaling pathways play crucial roles in the 
progression of BC.11 For example, the constitutive activation 
of PI3K/AKT/mTOR pathway confers a competitive growth 
advantage, metastatic competence and drug resistance in BC 
cells.11

LncRNA DUXAP8 is located on chromosome 20q11, and 
the upregulation of DUXAP8 has been reported in multiple 
cancers, including gastric cancer,12 lung cancer,13 bladder 
cancer,14 renal cell carcinoma,15 hepatocellular carcinoma,16 

neuroblastoma17 and colorectal cancer.18 DUXAP8 acts as an 
oncogene in several cancer types through an EZH2-dependent 
mechanism13 or by regulating PTEN expression.14 However, 
the expression pattern and impact of DUXAP8 on develop
ment of BC radioresistance remain unknown.

In this study, we aimed to figure out whether DUXAP8 
modulates the radiosensitivity of BC cells and investigate the 
underlying mechanisms of DUXAP8-dependent radioresis
tant phenotype. We found that the overexpression of 
DUXAP8 could enhance the radioresistance of BC cells 
through activating PI3K/AKT/mTOR pathway and repres
sing the expression of EZH2 target genes (E-cadherin and 
RHOB). These data indicate that targeting DUXAP8 might 
serve as a therapeutic approach for the management of the 
radiotherapy efficacy in BC.
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Materials and methods

Patients and tissue specimens

In this study, BC specimens and the matched noncancerous 
tissues were obtained from 50 patients who were diagnosed 
with BC and underwent surgery at the Fifth Hospital of Wuhan 
(China). All the cancer tissues and adjacent normal tissues 
were confirmed by experienced pathologists. No patient 
received any chemotherapy or radiotherapy before surgery. 
Tissue samples were immediately frozen in liquid nitrogen 
after surgical resection and stored at −80°C until use. A total 
of 60 BC patients who received radiotherapy after surgery were 
also enrolled in the study. These tissue specimens were divided 
into radiosensitive group (n = 30) and radioresistant group 
(n = 30) based on short-term response to radiotherapy, as 
previously described.19 Clinicopathological data were retrieved 
from patient medical records. This study was approved by the 
institutional ethical review committee of the Fifth Hospital of 
Wuhan (China), and written informed consent was obtained 
from each patient.

Cell lines and culture

Human BC cell lines, including MCF-12A, MCF-12 F, MCF-7, 
T47D, ZR-75-1, HCC-1806, MDA-MB-468, BT-549, and 
MDA-MB-231, and the normal mammary epithelial cell line 
MCF-10A were obtained from the Cell Bank of Type Culture 
Collection (Chinese Academy of Sciences, Shanghai, China). 
The cells were maintained in DMEM/F12 medium (Thermo 
Fisher Scientific, USA) supplemented with 10% fetal bovine 
serum (Thermo Fisher Scientific, USA) in a humidified incu
bator containing 5% CO2. To study the impact of indicated 
signaling pathways, cells were treated with target-selective 
inhibitor of PI3K, NVP-BKM120 (4 µM, Novartis, Basel, 
Switzerland) or DMSO (Sigma, St. Louis, USA) for 24 h before 
subsequent experiments.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cultured cells or tissues using the 
TRIzol Reagent (Invitrogen, USA), and then reverse-transcribed 
into cDNA with the PrimerScript RT Reagent Kit (Invitrogen, 
USA). qRT-PCR analysis was performed using the SYBR Green 
PCR kit from Takara Biotechnology (Takara, Dalian, China) in 
a 7500 Real Time PCR System (Applied Biosystems, CA, USA). 
GAPDH was used as an internal control. Primers used for qRT- 
PCR assay were obtained from GenePharma (China, Shanghai) 
and shown as follows: human DUXAP8, forward: 5′- 
ACCAGCCTCACTAGCACTCT-3′ and reverse: 5′- 
GGCTTAGCTTGCACTTTTGGA-3′; human EZH2, forward: 5′- 
AATCAGAGTACATGCGACTGAGA-3′ and reverse: 5′- 
GCTGTATCCTTCGCTGTTTCC-3′; human p21, forward: 5′- 
TGTCCGTCAGAACCCATGC-3′ and reverse: 5′- 
AAAGTCGAAGTTCCATCGCTC-3′; human Bax, forward: 5′- 
CCCGAGAGGTCTTTTTCCGAG-3′ and reverse: 5′- 
CCAGCCCATGATGGTTCTGAT-3′; human Caspase-8, for
ward: 5′-TTTCTGCCTACAGGGTCATGC-3′ and reverse: 5′- 
GCTGCTTCTCTCTTTGCTGAA-3′; human Caspase-9, for
ward: 5′-CTTCGTTTCTGCGAACTAACAGG-3′ and reverse: 5′- 

GCACCACTGGGGTAAGGTTT-3′; human PTEN, forward: 5′- 
TGGATTCGACTTAGACTTGACCT-3′ and reverse: 5′- 
GGTGGGTTATGGTCTTCAAAAGG-3′; human E-cadherin, 
forward: 5′-CGAGAGCTACACGTTCACGG-3′ and reverse: 5′- 
GGGTGTCGAGGGAAAAATAGG-3′, human RHOB, forward: 
5′-CTGCTGATCGTGTTCAGTAAGG-3′ and reverse: 5′- 
TCAATGTCGGCCACATAGTTC-3′; and human GAPDH, for
ward: 5′-GGAGCGAGATCCCTCCAAAAT-3′ and reverse: 5′- 
GGCTGTTGTCATACTTCTCATGG-3′.

Plasmid construction and cell transfection

The full-length cDNA sequence of human DUXAP8 was 
amplified by PCR using forward primer: 5’- 
GCGTGGTCAGAGCGAGCTT-3’; reverse primer: 5’- 
GCTTAGCTTGCACTTTTGGAAGA-3’. The resulting PCR 
fragment was cloned into the pcDNA3.1 vector (Invitrogen, 
USA). Stable BC cell lines overexpressing DUXAP8 were gen
erated by the transfection of DUXAP8 expression vector or the 
control pcDNA3.1 vector into MCF-7 and T47D cells with low 
DUXAP8 expression. Stable BC cell lines with DUXAP8 silen
cing were generated by the transfection of DUXAP8-specific 
shRNA vector or the control shRNA vector (GenePharma, 
Shanghai, China) into BT-549 and MDA-MB-231 cells with 
high DUXAP8 expression. Transfection was performed using 
Lipofectamine 3000 (Invitrogen, L3000001) according to the 
manufacturer’s instructions. Transfected cells were selected 
with 1.0 μg/mL puromycin for two weeks to eliminate the 
uninfected cells as previously described.20

Oligonucleotides and siRNAs transfection

Small interfering RNAs (siRNAs) against human EZH2, 
E-cadherin and RHOB, and scrambled siRNA were purchased 
from GenePharma (China, Shanghai). BC cells were trans
fected with 50 nm of above siRNAs using Lipofectamine 2000 
(Invitrogen, USA) following the manufacturer’s guides.

Cell viability assay

To determine cell viability, cells were seeded in to a 96-well 
plate at a density of 5000 cell/well and cultured in a humidified 
cell culture incubator for 12 h. BC cells were exposed to the 
indicated radiation doses, and the cell viability was determined 
using a CCK-8 kit (Dojindo Laboratories, Kumamoto, Japan) 
according to the manufacturer’s instructions. The absorbance 
was determined at 450 nm using a microplate reader (Bio-Rad 
Laboratories, USA).

Cell apoptosis detection

BC cells seeded into 6-well plates and incubated for 24 h, and 
then were irradiated with 0 to 8 Gy for 24 h. For apoptosis 
detection, BC cells were first digested by trypsin and re- 
suspended with binding buffer, and the staining for apoptotic 
cells was detected using an Annexin V-FITC Apoptosis 
Detection Kit (BD Biosciences, USA) as previously 
reported.19 The percentage of apoptotic cells was detected by 
BD FACS CantoTM II Flow Cytometer (BD Biosciences), and 
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the data were analyzed using CellQuest software (BD 
Biosciences, USA).

Western blotting analysis

The total protein of cells was extracted using RIPA lysis 
buffer (Solarbio, Shanghai, China). The protein concentration 
was quantified using the Pierce BCA protein assay kit 
(Thermo Fisher Scientific, USA). The protein extracts were 
subjected to SDS-PAGE, and then transferred to 0.22 μm 
polyvinylidene difluoride (PVDF) membrane (Millipore, 
USA). After blocking with 5% nonfat milk, the membranes 
were incubated at 4°C overnight with primary antibodies 
against γ-H2AX, cleaved caspase-7/8/9, Bax, PTEN, p-PI3K, 
PI3K, p-AKT, AKT, p-mTOR, mTOR, EZH2, E-cadherin, 
RHOB, Ki-67, and GAPDH (all antibodies from Cell 
Signaling Technology, USA, at 1:1000 dilutions). The mem
brane was then incubated with HRP-linked secondary anti
body (1:3000; Cell Signaling Technology) at room 
temperature for 2 h. Signals were developed using an ECL 
Western Blotting Detection Kit from GE Healthcare 
(Amersham, UK). The protein bands were photographed on 
a gel imager system (Bio-Rad, CA, USA). The densitometry 
analysis was performed with Image J software (Bethesda, 
MD, USA).

Subcellular fractionation

The separation of nuclear and cytoplasmic fractions was per
formed using the PARIS Kit (Thermo Fisher Scientific, USA) 
according to the manufacturer’s instructions. The qRT-PCR 
analysis was performed to quantify the relative abundance of 
the target using the separated nuclear and cytoplasmic frac
tions. U6 served as the nuclear control, and GAPDH served as 
the cytoplasmic control.

RNA immunoprecipitation (RIP)

RIP experiments were conducted according to the manufac
turer’s protocol of the Magna RIP RNA-Binding Protein 
Immunoprecipitation Kit (Millipore, USA). In brief, magnetic 
beads were pre-incubated with anti-EZH2 or anti-rabbit IgG 
antibodies (Cell Signaling Technology) for 30 min, and the cell 
lysates were immunoprecipitated with beads overnight at 4°C 
with rotation. RNA was purified from RNA-protein complexes 
bounded to the beads using TRIzol reagent and was analyzed 
by qRT-PCR analysis.

Chromatin immunoprecipitation assay (ChIP)

ChIP experiments were performed using the Millipore EZ- 
Magna ChIP Kit (Millipore, USA) as previously reported.21 

Briefly, BC cells were cross-linked with 1% formaldehyde for 
10 min at room temperature. Then, chromatin was sonicated in 
the lysis buffer and the extraction of ChIP DNA was performed 
according to the kit’s protocol. The antibodies for ChIP were 
EZH2 and H3K27Me3 (Cell Signaling Technology, USA). The 
primer sequences for ChIP-qPCR analysis were previously 
described 2223.

In vivo experiments

The experiments involving animals were approved by the 
Animal Care and Use Committee of the Fifth Hospital of 
Wuhan and were performed in accordance with the 
Institutional Guide for the Care and Use of Laboratory 
Animals. Six-week-old nude mice were purchased from 
Shanghai Laboratory Animal Center, Chinese Academy of 
Sciences (Shanghai, China), and housed in specific pathogen- 
free conditions on a 12-h light/dark cycle with free access to 
food and water. 0.2 mL of cell suspension containing 1 × 106 

cells were implanted into nude mice by subcutaneous injection 
(n = 6 mice in each group). Two weeks after injection, mice 
were irradiated with 8 Gy as previously reported.19 Tumor sizes 
were measured every 5 days for 7 weeks, and tumor volume 
was calculated according to the following formula: 
Volume = (length x width2)/2. Seven weeks after tumor cell 
inoculation, all the mice were euthanized by CO2 asphyxiation, 
and the death was confirmed by t cervical dislocation. The 
xenograft tumors of terminally dead mice were removed for 
subsequent analysis.

Statistical analysis

All data were expressed as mean ± SD and were analyzed using 
SPSS 17.0 (SPSS Inc, USA). The differences were estimated 
using Student’s t-test (between two groups) or one-way 
ANOVA (among at least three groups). Fisher’s exact and chi- 
square tests were utilized to evaluate the correlations between 
DUXAP8 expression level and clinical parameter in BC 
patients. The correlation between DUXAP8 and EZH2 expres
sion in BC tissues was determined by Pearson correlation 
analysis. The results were considered statistically significant 
if P < .05.

Results

DUXAP8 is up-regulated in radioresistant BC tissues and 
high DUXAP8 expression predicts poor clinical outcomes 
in BC patients

To understand the biological role of DUXAP8 in BC, we first 
investigated whether DUXAP8 was dysregulated in BC tissues. 
Using the GENT2 database (http://gent2.appex.kr/gent2/), we 
found that the expression level of DUXAP8 in BC tissues was 
much higher than that in normal tissues (P = .001, Figure 1a). 
We further employed the GEPIA database (http://gepia.cancer- 
pku.cn/) and the Kaplan Meier Curve plotter database (http:// 
kmplot.com) to analyze the relationship between DUXAP8 
level and the prognosis of BC patients. Kaplan-Meier survival 
analysis suggested that BC patients with higher levels of 
DUXAP8 were associated with an poorer overall survival com
pared with those with a lower level of DUXAP8 (Figure 1b). 
Subsequently, we examined the levels of DUXAP8 in 60 
paired BC and adjacent normal breast tissues using qRT-CR 
analysis. The results also showed a significant upregulation of 
DUXAP8 in BC specimens compared with adjacent normal 
tissues (P < .0001; Figure 1c). Analysis of the relationship 
between DUXAP8 expression and clinicopathological charac
teristics (Table 1) revealed that elevated DUXAP8 expression 
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was significantly associated with larger tumor size, more 
advanced tumor stage, and more lymph node metastasis. 
These results suggested that the upregulation of DUXAP8 
may contribute to the BC progression.

To explore whether the dysregulation of DUXAP8 is corre
lated with radiosensitivity in BC patients, we analyzed the 
expression of DUXAP8 in the BC tissues from radiosensitive 
and radioresistant patients using qRT-PCR analysis. Our 
results demonstrated that the expression levels of DUXAP8 
were remarkably higher in the radioresistant group than 
those in the radiosensitive group (Figure 1d). The median 
level of DUXAP8 from qRT-PCR experiments was used the 
cutoff point to divide BC patients into high- (n = 30) and low- 
(n = 30) expression groups. Compared with DUXAP8-low 
expression group, the DUXAP8-high expression group exhib
ited a poorer short-term response to radiotherapy (Table 2). 

Figure 1. DUXAP8 is up-regulated in radioresistant BC tissues and high DUXAP8 expression predicts poor prognosis in BC patients. (a) The mRNA levels of DUXAP8 in 
different types of tumors in the GENT2 database. (b) Probability of overall survival in BC patients expressing high or low DUXAP8 levels assessed using GEPIA database 
(left) and KM plotter (right) databases. (c) qRT-CR analysis of DUXAP8 levels in 50 paired BC and adjacent normal breast tissues. (d) qRT-CR analysis of DUXAP8 
expression in radiosensitive BC patients (n = 30) and BC radioresistant patients (n = 30). ***P < .001.

Table 1. Analysis of the relationship between DUXAP8 expression level and 
clinicopathological characteristics of breast cancer patients.

Factor

DUXAP8 expression

P valueLow (n = 30) High (n = 30)

Age 0.301
≤65 14 18
>65 16 12

Tumor size 0.037
≤3 cm 17 9
>3 cm 13 21

Tumor differentiation 0.02
Well/moderate 21 12

Poor 9 18
TNM stage 0.02

I/II 19 10
III/IV 11 20

Lymph node metastasis 0.037
Negative 21 13
Positive 9 17
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Overall, these results suggest that DUXAP8 might act as an 
oncogenic factor contributing to the BC progression and con
ferring resistance to radiation therapy in BC cells.

Overexpression of DUXAP8 enhances the radioresistance 
of BC cells by activating the PI3K/AKT/mTOR pathway

We next determined the expression levels of DUXAP8 in 
normal breast epithelial cell MCF-10A and several BC cell 
lines (MCF-12A, MCF-12 F, MCF-7, T47D, ZR-75-1, HCC- 
1806, MDA-MB-468; BT-549 and MDA-MB-231) by qRT- 

PCR assays. Compared to MCF-10A cells, BC cells showed 
a significant increase in the expression of DUXAP8 
(Figure 2a). BT-549 and MDA-MB-231 cells expressed the 
highest levels of DUXAP8, while MCF-7 and T47D cells 
showed the lowest expression (Figure 2a). Thus, we selected 
MCF-7 and T47D with low DUXAP8 expression for overex
pression experiments, and BT-549 and MDA-MB-231 cells 
with high DUXAP8 expression for knockdown experiments.

To confirm the role of DUXAP8 in radiation resistance 
in BC cells, DUXAP8 was over-expressed by transfecting BC 
cells with DUXAP8 expression vector, or knocked down by 

Table 2. Comparison of tumor responses to radiotherapy between the DUXAP8-low expression group and the DUXAP8-high expression 
group.

Tumor response (n) DUXAP8-low expression (n = 30) DUXAP8-high expression (n = 30) P-value

Complete response (CR) 2 1 0.028
Partial response (PR) 5 2
Stable disease (SD) 11 8
Progressive disease (PD) 12 19

Figure 2. DUXAP8 promotes the radioresistance of BC cells. (a) qRT-PCR analysis of DUXAP8 expression in the normal breast epithelial cell MCF-10A and BC cell lines 
(MCF-12A, MCF-12 F, MCF-7, T47D, ZR-75-1, HCC-1806, MDA-MB-468; BT-549 and MDA-MB-231). (b) qRT-PCR analysis of DUXAP8 expression in MCF-7 and T47D cells 
with DUXAP8 overexpression and in BT-549 and MDA-MB-231 cells with DUXAP8 knockdown. (c, d) CCK-8 viability assays (c) and flow cytometry analysis (d) showed 
that the overexpression of DUXAP8 promoted cell survival, and reduced the apoptosis of MCF-7 and T47D cells after radiation treatment (0, 8 Gy). Conversely, the 
knockdown of DUXAP8 impaired cell survival and promoted apoptosis of BT-549 and MDA-MB-231 cells after radiation treatment. ***P < .001.
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transfecting BC cells with shRNA targeting DUXAP8 
(Figure 2b). The cells were subjected to different dosage of 
radiation and CCK-8 viability assays and flow cytometry ana
lysis were performed to examine cell viability and apoptosis. 
We found that the overexpression of DUXAP8 promoted cell 
survival and reduced apoptosis of MCF-7 and T47D cells after 
radiation treatment (0, 4, 8 Gy) (Figure 2 c and D). Conversely, 
the knockdown of DUXAP8 impaired cell survival and pro
moted the apoptosis of BT-549 and MDA-MB-231 cells after 
radiation treatment (Figure 2 c and d; Figure S1). Consistently, 
Western blot analysis showed that overexpression of DUXAP8 
significantly decreased γ-H2AX (a marker for DNA damage) 
levels after irradiation, while the knockdown of DUXAP8 
showed the opposite effects (Figure S2), which further indi
cates that overexpression of DUXAP8 reduces the level of DNA 
damage upon radiation in BC cells. Moreover, the overexpres
sion of DUXAP8 led to a significant reduction in PTEN (nega
tive regulator of PI3K signaling pathway), Bax (pro-apoptotic 
protein), and cleaved caspase-8/7/9 (apoptotic executors), 
while there were significant reductions in the phosphorylation 
levels of PI3K, AKT and mTOR. The knockdown of DUXAP8 
showed the opposite effects (Figure 3 a and b; Figure S3, upper 
panel). Together, these data suggest that DUXAP8 mediate the 
radiosensitivity by modulating PI3K/AKT/mTOR pathway.

To further confirm whether DUXAP8 mediates the radio
resistance of BC cells by activating the PI3K/AKT/mTOR path
way, MCF-7/T47D cells overexpressing DUXAP8 were treated 
with a selective inhibitor of PI3K (NVP-BKM120), and the cell 
viability upon irradiation was examined determined by CCK-8 
assay. As expected, overexpression of DUXAP8 promoted the 
survival of MCF-7 and T47D cells after the treatment of 8 Gy 
IR (Figure 3c). However, the treatment of PI3K inhibitor NVP- 
BKM120 significantly impaired the effects of DUXAP8 over
expression on cell viability (Figure 3c). Western blot analysis 
showed that the overexpression of DUXAP8 increased the 
phosphorylation levels of PI3K, AKT and mTOR, and 
decreased the levels of cleaved caspase-8/7/9 in MCF-7 and 
T47D cells (Figure 3d; Figure S3, bottom panel). However, the 
treatment of PI3K inhibitor significantly decreased the phos
phorylation levels of PI3K, AKT and mTOR and increased the 
levels of cleaved caspase-8/7/9 in cells with DUXAP8 over
expression (Figure 3d; Figure S3, bottom panel). These find
ings indicate that the overexpression of DUXAP8 enhances the 
radioresistance of BC cells through activating PI3K/AKT/ 
mTOR pathway and suppressing apoptosis.

DUXAP8 acts as an upstream activator of EZH2 in BC cells

To get more insight into the mechanism by which DUXAP8 
promotes the radiosensitivity of BC cells, we examined the 
impact of DUXAP8 overexpression or DUXAP8 knockdown 
on genes involved in cell cycle regulation and apoptosis using 
qRT-PCR. The overexpression of DUXAP8 significantly 
decreased the expression of p21, Bax, caspase-8, caspase-9, 
PTEN, but increased the mRNA level of EZH2 in MCF-7 and 
T47D cells (Figure 4a). In contrast, the downregulation of 
DUXAP8 showed the opposite effects in BT-549 and MDA- 
MB-231 cells (Figure 4a). The effects of DUXAP8 overexpres
sion and DUXAP8 knockdown on EZH2 protein levels were 

confirmed by Western blot (Figure 4b). We also determined 
the expression level of EZH2 in BC tissues and the adjacent 
normal tissues, and the results showed that there was an upre
gulation of EZH2 in BC tissues (Figure 4c). The mRNA levels 
of EZH2 were also significantly higher in BC cells than that of 
the normal breast epithelial MCF-10A cells (Figure 4d). 
Further, correlation analysis revealed that there was a positive 
correlation between DUXAP8 and EZH2 mRNA expression in 
the BC tissues (Figure 4e). A similar positive correlation 
between DUXAP8 and EZH2 expression was observed in the 
TCGA BC dataset using the ENCORI database (http://starbase. 
sysu.edu.cn) (figure 4f). These data suggest that DUXAP8 acts 
as an upstream activator of EZH2 in BC cells.

DUXAP8 serves as a scaffold for EZH2 to epigenetically 
silence EZH2 target genes

Then we prepared the nuclear and cytoplasmic fractions in BT- 
549 and MDA-MB-231 cells, and qRT-PCR results showed that 
DUXAP8 was predominantly localized in the nuclear fraction 
(Figure 5a). Using an online algorithm, RPISeq (http://pridb. 
gdcb.iastate.edu/RPISeq/), we found a possibility that 
DUXAP8 might directly target EZH2 protein since the 
DUXAP8-EZH2 interaction pair had a high score (interaction 
probability: RF = 0.75; SVM = 0.98). To investigate the poten
tial interaction between DUXAP8 and EZH2 in BT-549 and 
MDA-MB-231 cells, RIP assays were performed. We found 
that DUXAP8 was significantly enriched with the EZH2 anti
body when compared to the IgG control (Figure 5b). We 
therefore hypothesized that that DUXAP8 could bind to 
EZH2 to modulate its transcriptional regulation activity 
in BC cells.

E-cadherin and RHOB are known as EZH2 target genes 1322, 
which can modulate the radioresistance in BC cells 2324. To 
investigate whether DUXAP8 regulates the expression of 
E-cadherin and RHOB by affecting the bindings of EZH2 to 
the target gene promoter, we carried out ChIP-qPCR assays 
using anti-EZH2 and H3K27me3 antibody in MDA-MB-231 
cells with DUXAP8 knockdown. Our results showed that the 
knockdown of DUXAP8 not only decreased the binding ability 
of EZH2 to the promoter, but also attenuated the level of 
repressive epigenetic marker H3K27me3 at promoter regions 
of E-cadherin and RHOB in MDA-MB-231 cells (Figure 5c). 
On the contrary, the protein levels of E-cadherin and RHOB in 
BT-549 and MDA-MB-231 were downregulated following 
overexpression of DUXAP8, but showed upregulation upon 
DUXAP8 knockdown (Figure 5d). Consistently, qRT-PCR 
assays showed that E-cadherin and RHOB expression was 
significantly downregulated in BC tissues (with a higher 
DUXAP level) compared with adjacent normal tissues 
(Figure 5e). Furthermore, we found that there was 
a significant downregulation of E-cadherin and RHOB, and 
an upregulation of EZH2 in radioresistant BC tissues com
pared with radiosensitive BC tissues (figure 5f). Pearson’s cor
relation analysis further revealed the negative correlations 
between DUXAP8 and E-cadherin or RHOB in BC tissues 
(Figure 5g). Taken together, these data suggest that DUXAP8 
functions as a scaffold lncRNA to facilitate the targeting of 
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Figure 3. DUXAP8 enhances the radioresistance of BC cells by activating the PI3K/AKT/mTOR pathway. (a, b) Protein levels of PTEN, Bax, cleaved caspase-8/7/9, p-PI3K, 
PI3K, p-AKT, AKT, p-mTOR and mTOR were determined by Western blot in MCF-7 and T47D cells with DUXAP8 overexpression (a), and in BT-549 and MDA-MB-231 cells 
after DUXAP8 knockdown (b). (c) MCF-7/T47D cells overexpressing DUXAP8 or the respective control cells were treated with a selective inhibitor of PI3K (NVP-BKM120). 
Then, these cells were exposed to different doses of radiation and cell viability was measured using CCK-8 assays. (d) Protein levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR 
and mTOR, and cleaved caspase-8/7/9 levels in MCF-7 and T47D cells shown in (c). ***P < .001.
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EZH2 to the promoter regions of E-cadherin and RHOB and 
their epigenetic silencing.

DUXAP8 promotes radioresistance of BC cells by 
regulating the EZH2-E-cadherin/RHOB axis

We next sought to explore whether DUXAP8 regulates the radio
resistance of BC cells by regulating the EZH2-E-cadherin/RHOB 
axis. To this end, we transfected MCF-7 and T47D cells over
expressing DUXAP8 with EZH2 siRNA to silence EZH2, and the 
cells were irradiated with a dose of 8 Gy X-radiation. Using qRT- 
PCR and Western blot analysis, we showed that the expression of 
E-cadherin and RHOB was deceased by DUXAP8 overexpression, 
which was partially restored by EZH2 silencing (Figure 6a). This 
was also accompanied by the increase of caspase-7/9 and Bax 
upon EZH2 silencing. Furthermore, CCK-8 assays demonstrated 
that the promoted cell survival by DUXAP8 overexpression was 
largely impaired upon silencing EZH2 in MCF-7 and T47D cells 

(Figure 6b). These results suggest that DUXAP8 promotes the 
radioresistance of BC cells by upregulating EZH2.

Next, we transfected BT-549 and MDA-MB-231 cells with 
DUXAP8 knockdown with E-cadherin or RHOB-siRNA, and 
the cells were subjected to a dose of 8 Gy X-radiation. The 
expression of E-cadherin or RHOB was increased by DUXAP8 
knockdown, but was reduced by the transfection with 
E-cadherin or RHOB-siRNA in BT-549 and MDA-MB-231 
cells (Figure 6c). We noted that the suppression on cell survival 
by DUXAP8 knockdown was partially alleviated upon the silen
cing of E-cadherin or RHOB in BT-549 and MDA-MB-231 cells 
(Figure 6d). The rescued cell survival phenotype upon the silen
cing of E-cadherin or RHOB was accompanied by the down
regulation of Bax and cleaved caspase-7/9 in BT-549 and MDA- 
MB-231 transfected with E-cadherin or RHOB-siRNA 
(Figure 6e). These data suggest that DUXAP8 regulates the 
radioresistance of BC cells by targeting the EZH2-E-cadherin/ 
RHOB axis.

Figure 4. DUXAP8 acts as an upstream activator of EZH2 in BC cells. (a) qRT-PCR assays of p21, Bax, caspase-8, caspase-9, PTEN, and EZH2 expression in MCF-7 and T47D 
cells after the overexpression of DUXAP8, and in BT-549 and MDA-MB-231 cells after DUXAP8 knockdown. (b) Western blotting analysis of EZH2 level in MCF-7 and T47D 
cells with the overexpression of DUXAP8, and in BT-549 and MDA-MB-231 cells with DUXAP8 knockdown. (c) qRT-PCR assays of EZH2 levels in BC tissues and adjacent 
normal tissues. (d) qRT-PCR assays of EZH2 levels in BC cells and in MCF-10A cells. (e) Correlation analysis revealed that there was a significant positive correlation 
between DUXAP8 level and EZH2 mRNA expression in 50 BC tissues. (f) The association between DUXAP8 and EZH2 expression in the TCGA BC dataset was analyzed 
using the ENCORI database. *P < .05; ***P < .001.
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Figure 5. DUXAP8 serves as a molecular scaffold for EZH2 to epigenetically silence EZH2 target genes. (a) RNA was extracted from the nuclear and cytosolic fractions of 
BT-549 and MDA-MB-231 cells. qRT-PCR assay was performed to measure DUXAP8 level in the nuclear and cytoplasmic fractions. GAPDH was used as a cytoplasmic 
marker, and U6 was used as a nuclear marker. (b) RIP assays showed the association between DUXAP8 and EZH2 in BT-549 and MDA-MB-231 cells. (c) ChIP-qPCR assays 
showed that DUXAP8 is required for the binding of EZH2 to the promoter regions of E-cadherin (left) and RHOB (right) in MDA-MB-231 cells, as well as to reduce the level 
of H3K27me3. (d) Western blot analysis of E-cadherin and RHOB level in BT-549 and MDA-MB-231 cells following DUXAP8 knockdown, and in MCF-7 and T47D cells 
overexpressing DUXAP8. (e) qRT-PCR assays of E-cadherin and RHOB expression in BC tissues compared with adjacent normal tissues. (f) qRT-PCR assays of E-cadherin, 
RHOB and EZH2 expression in radioresistant BC tissues and radiosensitive BC tissues. (g) Correlation analysis showed negative correlations between the expression of 
DUXAP8 and E-cadherin/RHOB in BC tissues. ***P < .001.
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DUXAP8 promotes radioresistance of BC cells in vivo

To evaluate the effects of DUXAP8 on radiosensitivity in vivo, 
MDA-MB-231 cells with or without DUXAP8 knockdown, 
and MCF-7 cells with or without DUXAP8 overexpression, 
were injected into the nude mice to establish the xenograft 

tumorigenesis model. The knockdown of DUXAP8 sensitized 
MDA-MB-231 cells to irradiation in vivo, as evidenced by the 
reduced tumor volume and weight in DUXAP8 knockdown 
group (Figure 7 a and b). In contrast, the overexpression of 
DUXAP8 increased the radioresistance of BC cells in vivo 

Figure 6. DUXAP8 promotes radioresistance of BC cells by regulating the EZH2-E-cadherin/RHOB axis. (a) MCF-7 and T47D cells overexpressing DUXAP8 were 
transfected with EZH2 siRNA, and irradiated with a dose of 8 Gy X-radiation. Western blot analyses of the indicated proteins were shown. (b) CCK-8 viability assay 
demonstrated that silencing EZH2 attenuated the effect of DUXAP8 overexpression on cell survival in MCF-7 and T47D cells upon irradiation. (c) BT-549 and MDA-MB 
-231 cells with (or without) DUXAP8 knockdown were transfected with E-cadherin (or RHOB)-siRNA, and these cells were irradiated with a dose of 8 Gy X-radiation. 
Western blot analysis showed that E-cadherin and RHOB levels induced by DUXAP8 knockdown were reduced by transfection with E-cadherin or RHOB) siRNA 
respectively in BT-549 and MDA-MB-231 cells. (d) CCK-8 viability assay showed that cell survival suppressed by DUXAP8 knockdown after irradiation was promoted by 
the silencing of E-cadherin or RHOB in BT-549 and MDA-MB-231 cells. (e) Western blot analysis showed that the increased expression of Bax and cleaved caspase-7/9 
caused by DUXAP8 knockdown after irradiation was reduced by the silencing of E-cadherin or RHOB in BT-549 and MDA-MB-231 cells. ***P < .001.
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(Figure 7 a and b). Collectively, these results suggest that a high 
level of DUXAP8 expression contributes to the radioresistance 
of BC in the xenograft model.

Discussion

Recently, lncRNAs have been identified as critical regulators of 
radiosensitivity in several types of cancer, including BC.13 

However, little is known about the role of lncRNA DUXAP8 
in regulating the radioresistance of BC cells. In this study, we 
provided convincing evidence that DUXAP8 expression is 
increased in radioresistant BC tissues, and the upregulation 
of DUXAP8 dramatically enhances the radioresistance of BC 
cells in both in vitro and in vivo models. These data suggest that 
DUXAP8 overexpression confer survival advantages under 
irradiation, and the development of the therapeutic strategies 
targeting DUXAP8 may offer new opportunities to overcome 
the resistance of BC cells to radiation.

DUXAP8 is frequently overexpressed in human tumors 
12131415161718, and the upregulation of DUXAP8 is associated 
with more aggressive phenotypes of different cancers.21–23 

Increased DUXAP8 expression was reported to be associated 
with larger tumor size, and advanced pathological stage of 
pancreatic cancer.23 Furthermore, a high level of DUXAP8 

expression was associated with a poorer prognosis in many 
cancers.21–28 In agreement with these findings, our data vali
dated that the overexpression of DUXAP8 predicted worse 
survival in patients with BC, indicating that DUXAP8 may 
serve as a biomarker for unfavorable prognosis BC patients.

The oncogenic roles of DUXAP8 have been reported in 
gastric cancer,12 lung cancer,13 bladder cancer,14 renal cell 
carcinoma,15 hepatocellular carcinoma,16 neuroblastoma,17 

and colorectal cancer.18 DUXAP8 can promote cell prolifera
tion, migration, invasion, and metastasis 12131415161718. In addi
tion, the knockdown of DUXAP8 significantly represses 
epithelial-mesenchymal transition (EMT) in lung cancer and 
hepatocellular carcinoma.27,28 However, the biological func
tions of DUXAP8 in BC have not been elucidated. Our gain- 
of-function and loss-of-function experiments revealed the cri
tical role of DUXAP8 in enhancing the radioresistance of BC 
cells. However, the mechanisms underlying the upregulation of 
DUXAP8 in BC remain to be determined.

LncRNAs are implicated in the regulation of tumor cell 
radioresistance via different mechanisms, including DNA 
damage repair, cell cycle arrest, apoptosis, autophagy, EMT, 
and cancer stemness 58. In our study, we provided evidence 
that DUXAP8 is capable of modulating DNA damage levels 
and radiation-induced apoptosis in BC cells. Furthermore, 

Figure 7. DUXAP8 promotes radioresistance of BC cells in vivo. (a, b) MDA-MB-231 cells with or without DUXAP8 knockdown, or MCF-7 cells with or without DUXAP8 
overexpression were used to establish BC xenograft models. (a) Tumor volume was recorded in different groups with or without irradiation. (b) The weights of the 
tumors in different groups with or without irradiation were measured after the sacrifice of the mice. *P < .05; ***P < .01; ***P < .001.
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EZH2 has been shown to silence the expression of E-cadherin 
and RHOB through histone H3K27 trimethylation 132229. The 
overexpression of E-cadherin and RHOB were reported to 
sensitize BC cells to radiotherapy 2324. Consistent with these 
previous findings, we have demonstrated that DUXAP8 could 
promote radioresistance by epigenetically repressing the 
expression of E-cadherin and RHOB through targeting with 
EZH2. EZH2 can also regulate EMT by repressing the expres
sion of E-cadherin,29 and the downregulation of EZH2 expres
sion reduced the stemness of cancer cells in BC.30 Further 
studies are required to explore the possibility that DUXAP8 
affects the EMT process and cancer stem cell properties in an 
EZH2-dependent manner, thereby leading to the development 
of radioresistance in BC.

It has been reported that lncRNAs can interplay with 
miRNAs and antagonize the repressive activity of miRNAs 
on gene expression in tumor cells.5 For instance, DUXAP8 
was shown to function as a sponge for miR-577 to promote 
the migration and invasion of colorectal cancer cells.18 

Moreover, DUXAP8 enhances the progression of renal cell 
carcinoma via downregulating miR-126.15 Interestingly, miR- 
126 has been shown to increase chemosensitivity in drug- 
resistant gastric cancer cells by targeting EZH2.31 We found 
that forced expression of DUXAP8 induced the levels of EZH2 
in BC cells. Whether DUXAP8 regulates EZH2 expression 
through intermediate miRNAs remain to be further explored.

Abnormal EZH2 expression and the constitutive activation 
of PI3K/AKT/mTOR signaling contribute to the malignant 
progression of BC.31–33 In this study, we found that DUXAP8 
could enhance the radioresistance in BC cells via recruiting 
EZH2 to the target genes and by activating the PI3K/AKT/ 
mTOR pathway. Interestingly, a previous study showed that 
lncRNA UCA1 promotes gastric cancer cell proliferation by 
inducing EZH2 expression and activating AKT signaling.34 

EZH2 and AKT signaling could also regulate the expression 
of each other in gastric cancer cells,34 and the treatment with 
EZH2 inhibitor (EZP005687) could decrease the phosphoryla
tion and activity of AKT in gastric cancer cells.34 On the other 
hand, the administration of a specific PI3K inhibitor 
(LY49002) resulted in a significant reduction in EZH2 
expression.34 Based on these results, it is likely that EZH2 
and PI3K/AKT/mTOR signaling might constitute a positive 
feedback loop to reinforce the radioresistance in BC cells 
upon DUXAP8 overexpression. However, the relationship 
between EZH2 and PI3K/AKT/mTOR pathway, as well as the 
potential impact of their interplay on the aggressiveness and 
radioresistance of BC cells warrant further studies.

Conclusions

In conclusion, our study uncovered a novel role of lncRNA 
DUXAP8 in augmenting the radioresistance in BC by activating 
PI3K/AKT/mTOR pathway and repressing E-cadherin and 
RHOB expression through targeting EZH2. These findings sug
gest that DUXAP8 represents a promising therapeutic target for 
the clinical management of radiosensitivity in BC patients.
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