
J Cell Mol Med. 2020;24:8589–8602.     |  8589wileyonlinelibrary.com/journal/jcmm

 

Received: 25 December 2019  |  Revised: 7 May 2020  |  Accepted: 24 May 2020

DOI: 10.1111/jcmm.15487  

O R I G I N A L  A R T I C L E

LINC00160 mediated paclitaxel-And doxorubicin-resistance in 
breast cancer cells by regulating TFF3 via transcription factor 
C/EBPβ

Huaiguo Wu1 |   Juan Gu2,3 |   Daoping Zhou1,2 |   Wei Cheng1 |   Yueping Wang1,2,4 |   
Qingping Wang1,2 |   Xuedong Wang1,2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

Wu and Gu contributed equally to this work.  

1Center for Precision Medicine, Anhui No.2 
Provincial People’s Hospital, Hefei, China
2Department of Medical Laboratory Science, 
The Fifth People’s Hospital of Wuxi, Nanjing 
Medical University, Wuxi, China
3Department of Pathology, The Fifth 
People’s Hospital of Wuxi, The Medical 
School of Jiangnan University, Wuxi, China
4Department of Biology, College of Arts & 
Science, Massachusetts University, Boston, 
MA, USA

Correspondence
Xuedong Wang, Department of Medical 
Laboratory Science, The Fifth People’s 
Hospital of Wuxi, Nanjing Medical 
University, 1215 Guangrui Road, Wuxi 
214000, Jiangsu, China.
Email: wxd729@126.com

Funding information
Scientific Research Project of Anhui 
Provincial Health and Family Planning 
Commision, Grant/Award Number: 
2018SEYL008; Key Project in Natural 
Science Research in Higher Education 
Institutions of Anhui Province, Grant/
Award Number: KJ2018A0814 and 
KJ2019A1096; Natural Science Foundation 
of Jiangsu Province, Grant/Award Number: 
BK20181133; National Natural Science 
Foundation of China, Grant/Award Number: 
81972834

Abstract
Chemoresistance represents a major challenge in breast cancer (BC) treatment. This 
study aimed to probe the roles of LINC00160 in paclitaxel- and doxorubicin-resistant 
BC cells. Three pairs of BC and adjacent normal tissue were used for lncRNA microar-
ray analysis. Paclitaxel-resistant MCF-7 (MCF-7/Tax) and doxorubicin-resistant BT474 
(BT474/Dox) cells were generated by exposure of parental drug-sensitive MCF-7 or 
BT474 cells to gradient concentrations of drugs. Correlation between LINC00160 
expression and clinical response to paclitaxel in BC patients was examined. Short 
interfering RNAs specifically targeting LINC00160 or TFF3 were designed to con-
struct LINC00160- and TFF3-depleted BC cells to discuss their effects on biologi-
cal episodes of MCF-7/Tax and BT474/Dox cells. Interactions among LINC00160, 
transcription factor C/EBPβ and TFF3 were identified. MCF-7/Tax and BT474/Dox 
cells stable silencing of LINC00160 were transplanted into nude mice. Consequently, 
up-regulated LINC00160 led to poor clinical response to paclitaxel in BC patients. 
LINC00160 knockdown reduced drug resistance in MCF-7/Tax and BT474/Dox cells 
and reduced cell migration and invasion. LINC00160 recruited C/EBPβ into the pro-
moter region of TFF3 and increased TFF3 expression. LINC00160-depleted MCF-7/
Tax and BT474/Dox cells showed decreased tumour growth rates in nude mice. 
Overall, we identified a novel mechanism of LINC00160-mediated chemoresistance 
via the C/EBPβ/TFF3 axis, highlighting the potential of LINC00160 for treating BC 
with chemoresistance.
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1  | INTRODUC TION

Breast cancer (BC) represents the most frequently occurring carcinoma 
among females globally.1 The treatment regimens include surgical re-
section, chemotherapy, radiation therapy and integrative therapies.2,3 
Resistance to chemotherapy continues to hinder the treatment of 
patients suffering from BC.4 Paclitaxel and doxorubicin are widely 
used first-line chemotherapeutic agents, which substantially reduce 
the risk of recurrence and mortality in BC.5,6 Unfortunately, the che-
moresistance to anticancer drugs has been widely observed in BC 
management. When the cells are exposed to accumulating doses of 
cytotoxic doxorubicin, the multidrug-resistant phenotype of cells will 
develop, and the doxorubicin-resistant cells commonly manifest nota-
ble cross-resistance to other chemotherapeutic drugs.7 The resistance 
to the chemotherapeutic agent paclitaxel also contributes to unfavour-
able treatment outcomes.8 Recently, long non-coding RNAs (lncRNAs) 
have emerged as gene expression regulators of phenotypes of cancer 
cells and represent promising therapeutic targets in the treatment of 
chemoresistance in BC.9

LncRNAs are abnormally expressed in various human diseases, 
playing critical roles in promoting pathogenesis or maintaining pro-
gression.10 Recent evidence has revealed that lncRNAs have the po-
tential to serve as promising biomarkers for the resistance of cancer 
cells to chemotherapeutic agents, including BC cells.11,12 LINC00160 
has been shown as a prognostic factor linking to poor BC survival.13 
LncRNAs-guided recruitment of transcription factors (TFs) has been 
recently studied in the chemotherapeutic drug resistance of BC 
cells. In the LncMAP database (http://bio-bigda ta.hrbmu.edu.cn/
LncMA P/), CCAAT-enhancer binding protein β (C/EBPβ) is a puta-
tive TF regulated by LINC00160, and trefoil factor 3 (TFF3) is the 
downstream target gene of C/EBPβ. C/EBPβ, mostly observed in 
oestrogen receptor-negative and highly proliferative and metastatic 
mammary tumours, appears to be a contributor to tumorigenesis in 
breast and is usually associated with a poor prognosis.14 Additionally, 
the mRNA expression of TFF3 has been observed to be increased 
in the blood from metastatic BC patients as compared to that from 
non-metastatic patients.15 Abnormally expressed TFF3 is involved 
in the progression of cancers, which accelerates the oncogenic char-
acteristics of prostate cancer cells and diminishes sensitivity to ra-
diation.16 Therefore, we hypothesized that the LINC00160/C/EBPβ/
TFF3 axis has a regulatory role in the chemoresistance of BC cells.

2  | MATERIAL S AND METHODS

2.1 | Ethical statement

This study was approved by the ethics committee of Anhui No.2 
Provincial People's Hospital. All subjects signed the informed con-
sents. Animal experiment strictly conformed to the relevant regu-
lations of animal experiment management and got the approval of 
the ethics committee of animal experiment of Anhui No.2 Provincial 
People's Hospital.

2.2 | Tissue specimens

BC biopsy specimens and adjacent normal tissue were obtained from 
47 female patients (aged 45.60 ± 3.52) (See Table S1 for other basic clin-
ical characteristics) admitted into the Anhui No.2 Provincial People's 
Hospital between January 2012 and January 2013, and the end time of 
follow-up was from January 2017 to January 2018. Inclusion criteria: 
(1) no radiotherapy or chemotherapy before admission; (2) appropri-
ate for surgical treatment; and (3) no systemic inflammatory response. 
Exclusion criteria: (1) patients with recurrent BC; (2) with other tu-
mours; and (3) received anti-inflammatory treatment and anti-infection 
treatment 5 months before admission. Each patient was given 175 mg/
m2 paclitaxel once every three weeks. The follow-up lasted for a period 
of 60 months. The overall survival (OS) of patients was defined as the 
time from the initial date of treatment to date of death. Three pairs of 
BC and adjacent normal tissue were used for lncRNA microarray analy-
sis. Total RNA from each sample was quantified using the NanoDrop 
ND-1000 (Thermo Scientific, Wilmington, USA).

2.3 | BC cell lines

Human breast epithelial cells MCF10A and human BC cell lines 
MCF-7 and BT474 were obtained from American Type Culture 
Collection (ATCC, Manassas, VA, USA). Paclitaxel-resistant MCF-7 
(MCF-7/Tax) cells and doxorubicin-resistant BT474 (BT474/Dox) 
cells were generated by continuous exposure of the parental drug-
sensitive MCF-7 or BT474 cells to gradient concentrations of drugs 
(Sigma-Aldrich, St Louis, MO, USA).17 Cells were maintained in 
Dulbecco's modified Eagle's medium supplemented with 10% foetal 
bovine serum, 100 units/mL penicillin and 100 mg/mL streptomycin 
(Invitrogen, Carlsbad, CA, USA) in an atmosphere of 5% CO2 at 37℃.

2.4 | RNA interference and overexpression

Short interfering RNAs (siRNAs) specifically targeting LINC00160 
and TFF3 were designed to construct LINC00160- and TFF3-
depleted BC cells, respectively, with scramble siRNA served as 
negative controls. Expression vectors containing LINC00160 or 
TFF3 were introduced for construction of LINC00160- or TFF3-
overexpressed BC cells. All vectors were purchased from Shanghai 
GenePharma Co., Ltd (Shanghai, China). Transient transfections 
were performed using LipofectamineTM 2000 (Invitrogen) as per the 
manufacturer's instructions, lasting for 48 hours.

2.5 | mRNA and lncRNA real-time qPCR (RT-qPCR)

Total RNA from tissue and cells was extracted using the method 
of TRIzol (No. 15596026, Invitrogen) and reverse-transcribed 
into cDNA using PrimeScriptTM II 1st Strand cDNA Synthesis Kits 
(Takara, Dalian, China) as per the manufacturer's protocol. Real-time 
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PCR was performed with the SYBR green Premix Ex Taq II (Takara) 
on Applied Biosystems 7500 Real-Time PCR System (Applied 
Biosystems, Carlsbad, CA, USA). Data were normalized to the fold 
change of GAPDH, and relative expression of LINC00160 and TFF3 
was determined using the delta-delta comparative threshold cycle 
(ΔΔCt) method. Primer information is provided in Table 1.

2.6 | Western blot analysis

Western blot analysis was performed as early reported18 Proteins were 
incubated with antibodies against TFF3 (1:1000; ab108599; Abcam, 
Cambridge, MA, USA), C/EBPβ (sc-150; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), Vimentin (1:1000, ab92547), E-cadherin (1:50, 
ab1416) and GAPDH (1:2500; ab9485, Abcam), followed by incubation 
with the secondary antibody, horseradish peroxidase-labelled goat 
anti-rabbit IgG (1:2,000; A0208; Beyotime Institute of Biotechnology, 
Shanghai, China). Each sample was repeated in triplicate. ImageJ 
v1.48u software (National Institutes of Health, Bethesda, Maryland, 
USA) was utilized for quantification analyses.

2.7 | Subcellular localization

Fluorescence in situ hybridization (FISH) was performed to further 
examine the subcellular localization of LINC00160.19

2.8 | Fractionation of nuclear/cytoplasmic RNA

The nuclear and cytoplasmic RNA fractions were isolated using a 
PARIS™ kit (Life Technologies, Inc, Gaithersburg, MD, USA) accord-
ing to the manufacturer's instructions. LINC00160 expression was 

determined by RT-qPCR, with U6 as the internal control for nuclear 
RNA expression and GAPDH for cytoplasmic RNA expression. The 
primers are shown in Table 1.

2.9 | Luciferase assay

The putative binding sites of C/EBPβ and TFF3 were obtained by the 
JASPAR (http://jaspar.gener eg.net/). The pmirGLO-based luciferase 
reporter plasmids (Promega, Madison, WI, USA) containing wild-type 
TFF3, wild-type TFF3 truncated the putative C/EBPβ binding sites or 
TFF3 mutated at the putative C/EBPβ binding sites were designed. 
HEK293T cells (Shanghai Beinuo Biotech Ltd., Shanghai, China) were 
seeded into 6-well plates in triplicate and cotransfected with well-
designed pmirGLO-based reporter plasmids and plasmids carrying C/
EBPβ gene using the dual-luciferase reporter assay system (D0010, 
Beijing Solarbio Science & Technology Co., Ltd, China). Relative lucif-
erase activity was normalized to that of Firefly luciferase.

2.10 | Biotinylated RNA pull-down assays

RNA-protein interactions were examined using the Pierce™ 
Magnetic RNA-Protein Pull-Down kit (20164, Thermo Fisher 
Scientific, Waltham, MA, USA). The protein was extracted from the 
captured RNA-protein complexes for Western blot analysis. Cell 
lysates (10 μL) were served as an Input.

2.11 | RNA immunoprecipitation (RIP)

Enrichment of LINC00160 in the C/EBPβ promoter region was fur-
ther evaluated using the EZ-Magna RIP Kit (Millipore, Milan, Italy) 
according to the manufacturer's instructions. Immunoprecipitated 
RNA and total RNA from the whole cell lysates (input controls) were 
extracted for RT-qPCR analysis.

2.12 | Chromatin immunoprecipitation (ChIP)

The ChIP assays were performed as previous reported.20 The primer with 
putative C/EBPβ binding sites (positioned at 1360-1369 bp) was designed as 
follows: TFF3-forward sequence was 5′-TTGAGATTGTGCCACTGCAC-3′; 
and TFF3-reverse sequence was 5′-CAGCAAGCGGTAAGGGCGGA-3′. 
Another pair of primer (served as negative controls) was designed as 
follows: forward: 5′-ACAGGCGACAGAACCACCTG-3′; 5′-reverse: 
CCCCAGGCTGCTTCATCCCA-3′.

2.13 | Cell survival assays

Cell survival after drug treatment was examined using a CCK-8 assay 
as described previously.21 Absorbance was read at 490 nm using a 

TA B L E  1   Primer sequences for RT-qPCR

Gene Sequence (5′-3′)

LINC00160 F: 5′- GATCTACAGCCAACCACCCA-3′

R: 5′-TGCCAAGAATGGCTGAGGTT-3′

TFF3 F: 5′-CTCCAGCTCTGCTGAGGAGT-3′

R: 5′-CAGGGATCCTGGAGTCAAAG-3′

Vimentin F: 5′-GACAATGCGTCTCTGGCACGTCTT-3’

R: 5′-TCCTCCGCCTCCTGCAGGTTCTT-3’

E-cadherin F: 5’-CCCACCACGTACAAGGGTC-3′

R: 5′-CTGGGGTATTGGG GGCATC-3′

F: 5′-CTCGCTTCGGCAGCACA-3′

U6 R: 5′-AACGCTTCACGAATTTGCGT-3′

GAPDH F: 5′-ATGGGGAAGGTGAAGGTCGG-3′

R: 5′-GACGGTGCCATGGAATTTGC-3′

Abbreviations: RT-qPCR, reverse transcription quantitative polymerase 
chain reaction; TFF3, trefoil factor 3; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase-S.

http://jaspar.genereg.net/
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microplate reader (Bio-Rad, Hercules, CA, USA) and used to draw 
growth curves. The inhibitory rate of cells was calculated based on 
the formula of [1-treatment group OD490/control group OD490] 
× 100%, and the half inhibition concentrations (IC50s) of the cells 
were also calculated when different drugs were treated.22

2.14 | Clonogenic assay

Clonogenic assays were performed as previously described.23

2.15 | Hoechst 33 342 staining

The chromatin dye Hoechst 33258 was used to observe chromosomal 
condensation and morphological changes in the nucleus with the fluo-
rescence microscopy (BX50-FLA; Olympus, Tokyo, Japan). Viable cells 
showed normal nuclear size with uniform fluorescence. Apoptotic cells 
displayed condensed nuclei or nuclear condensations.

2.16 | Migration and invasion assays

Cell migration and invasion assays were carried out using Transwell 
assays (BD Biosciences, San Jose, CA, USA) according to the manu-
facturer's instructions.

2.17 | Flow cytometric analysis

An apoptosis assay was performed using the FITC Annexin V apop-
tosis detection kit (KeyGen, Nanjing, Jiangsu, China) following the 
protocol.

2.18 | Animal studies

A total of 32 BALB/c mice (aged 4-6 weeks; weighing 18 to 25 g), 
purchased from Guangdong Medical Laboratory Animal Center, 
China), were kept under specific pathogen-free conditions. The li-
cence number for animals used in animal experiments was SYXK 
(Guangdong) 2018-0002. MCF-7/Tax and BT474/Dox cells with sta-
ble silencing of LINC00160 or scramble siRNA were resuspended in 
50 μL phosphate buffered saline and then added with 50 μL Matrigel 
till the cell concentration at 5 × 106 cells/mL. Then, the cells were 
subcutaneously transplanted into each mouse. Mice were injected 
with paclitaxel (50 mg/kg, iv, 3-h infusion) or doxorubicin (10 mg/
kg, iv, push) once on days 12, 15 and 18 after subcutaneously trans-
plantation. The growth of BC xenografts in mice was monitored 
every 5 days, and 20 days later, tumour growth was monitored every 
3 days. At the 35nd day post-implantation, the mice were euthanized 
via carbon dioxide asphyxiation. And immunohistochemistry of xen-
ografts tumours was performed as previously described.24

2.19 | Statistical analysis

Representative experiments were repeated at least three times, and 
data are expressed as mean ± standard deviation (s.d.). Differences 
between normally distributed values of two groups were evaluated 
using Student's t test, and those of multiple groups were evaluated 
using one-way or two-way analysis of variance (ANOVA). Pearson 
correlation coefficients were employed to assess the correlation be-
tween the expression of LINC00160 and TFF3. A two-tailed prob-
ability value less than 0.05 was set as the level of significance. All 
statistics were performed using SPSS 21.0 (IBM Corp. Armonk, NY, 
USA).

3  | RESULTS

3.1 | Up-regulated LINC00160 was associated with 
paclitaxel resistance in BC 13

Three pairs of BC and adjacent normal tissue were used to deter-
mine the differentially expressed lncRNAs via microarray analysis. 
A total of 44 lncRNAs were found to have differential expression 
between BC and adjacent normal tissue (Figure 1A). The top 5 lncR-
NAs with most differential expression (LINC00160, LINC00558, 
LINC00260, LINC00597 and LINC01278) were further validated via 
RT-qPCR, which identified that LINC00160 held the greatest differ-
ential expression among all lncRNAs in 47 BC patients (Figure 1B). 
The patients were allocated into responders (to paclitaxel) or non-
responders according to their sensitivity to paclitaxel treatment. 
RT-qPCR identified that LINC00160 expression was much higher 
in the tissue from non-responders (to paclitaxel) than in those from 
responders (Figure 1C). Kaplan-Meier survival curves revealed a re-
duced OS in BC patients with high expression of LINC00160 com-
pared with those with low expression (Figure 1D). The IC50 values 
of paclitaxel obtained from dose-response curves after 72 hours 
of exposure in the parental MCF-7 cells and MCF-7/Tax cells were 
0.39 ± 0.04 μmol/L and 4.61 ± 0.25 μmol/L, respectively, and the 
IC50 values of doxorubicin in the parental BT474 cells and BT474/
Dox cells were 0.11 ± 0.02 μmol/L and 2.34 ± 0.16 μmol/L (P < .01) 
(Figure 1E and F). Then, we found that the expression of LINC00160 
was increased in BC cells in contrast to MCF10A cells. As we ex-
pected, LINC00160 expression was up-regulated in MCF-7/Tax and 
BT474/Dox cells relative to parental MCF-7 and BT474 cells (P < .01) 
(Figure 1G).

3.2 | LINC00160 knockdown reduced paclitaxel 
resistance of MCF-7/Tax cells and doxorubicin 
resistance of BT474/Dox cells

Next, we constructed LINC00160-overexpressed parental 
MCF-7 and BT474 cells and LINC00160-depleted MCF-7/Tax 
and BT474/Dox cells (Figure 2A). The CCK-8 results showed that 
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overexpressed LINC00160 increased survival rates of parental 
MCF-7 and BT474 cells, and knockdown of LINC00160 resulted 
in decreased survival rates of MCF-7/Tax and BT474/Dox cells 
(Figure 2B). The clonogenic assays (Figure 2C) and Hoechst 33258 
staining (Figure 2D) results displayed that LINC00160 overex-
pression yielded more colonies of parental MCF-7 and BT474 but 
less apoptotic cells, while LINC00160 knockdown resulted in de-
creased cell viability in both MCF-7/Tax and BT474/Dox cells but 
increased cell apoptosis (all P < .05).

3.3 | LINC00160 knockdown reduced cell 
migration and invasion of drug-resistant cells

The Transwell assay and flow cytometry results found that 
LINC00160 knockdown reduced cell migration and invasion but 
induced apoptosis in both LINC00160-depleted MCF-7/Tax and 
BT474/Dox cells (Figure 3A-C). RT-qPCR (Figure 3D) and Western 
blot analysis (Figure 3E) (all P < .05) suggested that LINC00160 
knockdown led to increased E-cadherin but decreased Vimentin ex-
pression in MCF-7/Tax and BT474/Dox.

3.4 | LINC00160 is a nuclear lncRNA

We firstly searched LncATLAS database for subcellular locali-
zation of LINC00160, and the database showed LINC00160 is 
nucleus-sublocalized (Figure 4A). FISH experiments with probes 
targeting LINC00160 were performed to validate the subcellular 
localization of LINC00160 in MCF-7 and BT474 cells. As shown in 
Figure 4B, MCF-7 and BT474 cells were stained with probes target-
ing LINC00160 (red stain), and the nuclei were stained with DAPI 
(blue stain). The merged image showed LINC00160 was nucleus-
sublocalized in MCF-7 and BT474 cells. In addition, we characterized 
the nuclear and cytoplasmic expression of LINC00160 by fractiona-
tion of nuclear/cytoplasmic RNA and found LINC00160 in the nu-
cleus (Figure 4C).

3.5 | LINC00160 recruits TF C/EBPβ into the 
promoter region of TFF3

We performed a computer-based prediction in the LncMAP database 
(http://bio-bigda ta.hrbmu.edu.cn/LncMA P/), in which C/EBPβ is a 

F I G U R E  1   Up-regulated LINC00160 is associated with chemotherapeutic drug resistance in BC. A, Microarray analysis was performed 
to determine differentially expressed lncRNAs between BC and adjacent normal tissue. B, RT-qPCR were performed to determine 
LINC00160, LINC00558, LINC00260, LINC00597 and LINC01278 expression in 47 BC patients C, LINC00160 expression in paclitaxel-
resistant tumour tissue (n = 22) and in paclitaxel-sensitive tumour tissue (n = 25) determined using RT-qPCR. Unpaired t test was used for 
data analysis. D, Kaplan-Meier survival curves were used to reflect the OS of BC patients. E ~ F, Viability of the parental MCF-7, MCF-7/
Tax, parental BT474 and BT474/Dox cells detected using CCK-8 assays. Two-way ANOVA was used to determine statistical significance. G, 
LINC00160 expression in MCF10A cells, parental drug-sensitive MCF-7 and BT474 cells, and in MCF-7-Tax and BT474/Dox cells determined 
via RT-qPCR. One-way ANOVA was used to determine statistical significance. Data are expressed as mean ± s.d., representative of three 
independent experiments. **P < .01

http://bio-bigdata.hrbmu.edu.cn/LncMAP/
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putative TF regulated by LINC00160, and TFF3 is the downstream 
target of C/EBPβ (Figure 5A). We conducted RNA pull-down assay 
and RIP assay to confirm the interaction between LINC00160 and 
C/EBPβ in both MCF-7 and BT474 cells (Figure 5B-C). As expected, 
we found more C/EBPβ proteins were pulled down by biotinylated 
RNA fragments of LINC00160. More enrichment of LINC00160 

on the C/EBPβ promoter region was detected by RIP-qPCR assay. 
Next, the focus of experiments shifted to identifying whether TFF3 
is a downstream target gene of C/EBPβ. We first performed a com-
puter-based prediction in the JASPAR website and obtained three 
binding sites of C/EBPβ and TFF3 (Figure 5D). The results of lucif-
erase activity assays showed that the site 2 was responsible for C/

F I G U R E  2   LINC00160 knockdown reduces paclitaxel and doxorubicin resistance in BC cells. A, LINC00160 expression in cells measured 
by RT-qPCR. B, Viability and survival rates of parental MCF-7, MCF-7/Tax, parental BT474 and BT474/Dox cells measured with CCK-8 
assay. C, Representative views of colonies from parental MCF-7, MCF-7/Tax, parental BT474 and BT474/Dox cells via clonogenic assays. D, 
Representative views of apoptotic cells measured via Hoechst 33258 staining. Data are expressed as mean ± s.d., representative of three 
independent experiments. Unpaired t test and two-way ANOVA was used. *P < .05 vs empty vector group. # < 0.05 vs si-NC group
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F I G U R E  3   LINC00160 knockdown reduces cell migration and invasion of drug-resistant cells. A-B, Migration (A) and invasion (B) of MCF-
7/Tax and BT474/Dox cells measured with Transwell assays. C, MCF-7/Tax and BT474/Dox cell apoptosis determined by flow cytometry. 
D-E, Vimentin mRNA expression (D) and protein levels (E) of Vimentin and E-cadherin evaluated using RT-qPCR and Western blot analysis, 
respectively. Data are expressed as mean ± s.d., representative of three independent experiments. Unpaired t test was used to determine 
statistical significance, *P < .05 vs si-NC group
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EBPβ binding with TFF3 promoter region (Figure 5E-F), which was 
further demonstrated by immunoprecipitation of C/EBPβ and TFF3 
in MCF-7 and BT474 cells. More TFF3 was immunoprecipitated in 
the presence of C/EBPβ antibody, and increased amplification prod-
ucts of TFF3 were measured in the site 2 (Figure 5G). Subsequently, 
we found TFF3 was up-regulated in BC tissue compared with adja-
cent normal tissue. In 47 BC tissue, the relative expression of TFF3 

was found to positively correlate with the expression of LINC00160 
(Figure 5H). In addition, TFF3 expression was increased in BC cells 
compared to MCF10A cells. As expected, TFF3 expression was up-
regulated in MCF-7/Tax and BT474/Dox cells relative to the parental 
MCF-7 and BT474 cells (Figure 5I). In LINC00160-depleted MCF-7/
Tax and BT474/Dox cells, the expression of TFF3 was found to be 
decreased (Figure 5J) (all P < .05).

F I G U R E  4   LINC00160 is sublocalized in the nucleus. A, Subcellular localization of LINC00160 in the LncATLAS database. B. FISH 
experiments with probes targeting LINC00160 were performed to validate the subcellular localization of LINC00160 in MCF-7 and 
BT474 cells, LINC00160 were stained with probes targeting LINC00160 (red stain), and the nuclei were stained with DAPI (blue stain). C, 
Expression of LINC00160 in nuclear and cytoplasmic in MCF-7 and BT474 cells determined via RT-qPCR. Data are expressed as mean ± s.d., 
representative of three independent experiments. One-way ANOVA was used to determine statistical significance. *P < .05

F I G U R E  5   LINC00160 regulates TFF3 via C/EBPβ. A, C/EBPβ is a putative TF regulated by LINC00160, and TFF3 is the downstream 
target gene of C/EBPβ in the LncMAP database. B, C/EBPβ proteins were pulled down by biotinylated RNA fragments of LINC00160 by 
the Western blot analysis in contrast to antisense oligos. C, Enrichment of LINC00160 on the C/EBPβ promoter region was detected by 
RIP-qPCR assay. D, Three binding sites of C/EBPβ and TFF3 obtained from the JASPAR website. E, The Luciferase activity of pmirGLO-TFF3 
with all three C/EBPβ binding sites or pmirGLO-TFF3, respectively, truncated three C/EBPβ binding sites was determined in the presence 
of C/EBPβ overexpressing vectors compared with empty vectors. F, The Luciferase activity of pmirGLO-TFF3, respectively, mutated at 
three C/EBPβ binding sites was determined in the presence of C/EBPβ overexpressing vectors compared with empty vectors. G, TFF3 was 
immunoprecipitated in the presence of C/EBPβ antibody relative to IgG by ChIP assays. H-J, The mRNA expression and protein level of TFF3 
in BC tissue and paired adjacent normal tissue (H), in MCF10A cells, parental MCF-7 cells, MCF-7/Tax, parental BT474 and BT474/Dox cells 
(I), and in LINC00160-depleted MCF-7/Tax and BT474/Dox cells compared with scramble siRNA-treated cells were determined by RT-qPCR 
and Western blot analyses. J, The mRNA expression and protein level of TFF3. Data are expressed as mean ± s.d., representative of three 
independent experiments. One-way ANOVA was used to determine statistical significance. *P < .05
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F I G U R E  6   LINC00160 mediates paclitaxel and doxorubicin resistance in MCF-7 cells by up-regulating TFF3 via C/EBPβ. A, TFF3 
expression determined by RT-qPCR and Western blot analyses, normalized to GAPDH expression. B, Cell viability of parental MCF-7, 
MCF-7/Tax, parental BT474 and BT474/Dox cells measured by CCK-8 assays. C, Representative views of colonies from parental MCF-7, 
MCF-7/Tax, parental BT474 and BT474/Dox cells evaluated by clonogenic assays. D, Representative views of apoptotic cells from parental 
MCF-7, MCF-7/Tax, parental BT474 and BT474/Dox cells evaluated by Hoechst 33258 staining. One-way or two-way ANOVA was used to 
determine statistical significance. Data are expressed as mean ± s.d., representative of three independent experiments. *P < .05 vs empty 
vector group; # < 0.05 vs si-NC group
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3.6 | TFF3 is responsible for LINC00160-mediated 
paclitaxel and doxorubicin resistance in MCF-7 and 
BT474 cells

The effect of TFF3 on paclitaxel resistance in MCF-7 cells and dox-
orubicin resistance in BT474 cells was evaluated (Figure 6A). After 
paclitaxel or doxorubicin treatments, we found overexpressed 
TFF3 increased survival rates of parental MCF-7 cells, and knock-
down of TFF3 reduced survival rates of MCF-7/Tax and BT474/
Dox cells (Figure 6B). Clonogenic assays showed cell colonies in-
creased in LINC00160-overexpressed parental MCF-7 and BT474 
cells but reduced in LINC00160-depleted MCF-7/Tax and BT474/
Dox cells after paclitaxel or doxorubicin treatment (Figure 6C). 
Hoechst 33258 staining displayed that elevated LINC00160 re-
duced the apoptosis of parental MCF-7 cells, whereas LINC00160 

knockdown induced the apoptosis of MCF-7/Tax and BT474/Dox 
cells (Figure 6D).

3.7 | LINC00160 knockdown reduces paclitaxel 
resistance of MCF-7/Tax cells and doxorubicin 
resistance of BT474/Dox cells in vivo

To assess the impact of LINC00160 on paclitaxel and doxorubicin 
resistance in vivo, we applied a xenograft model in nude mice. 
Mice transplanted with MCF-7/Tax or BT474/Dox cells with si-
lencing of LINC00160 showed a decreased tumour growth rate 
relative to those transfected with scramble siRNA. After being 
treated with paclitaxel or doxorubicin, tumours in mice trans-
planted with LINC00160-depleted cells grew more slowly and 

F I G U R E  7   LINC00160 knockdown reduces paclitaxel and doxorubicin resistance of breast cancer cells in vivo. A-B, Tumour size (A) and 
tumour weight (B) in nude mice after cell implantation. C, Representative views of TFF3- and Ki67-positive tumour cells and quantification 
of immunostaining. In panels A and C, two-way ANOVA was used to determine statistical significance of quantification of immunostaining, 
whereas in panel B one-way ANOVA was used. *P < .05 vs si-NC group
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were smaller than those in controls (Figure 7A~B). It was shown 
that LINC00160-siRNA tumours had less anti-TFF3 immunostain-
ing and anti-Ki67 immunostaining than scramble siRNA tumours 
(Figure 7C).

4  | DISCUSSION

BC is a frequently diagnosed fatal cancer and the leading cause of 
cancer-related death among women.25,26 Discovering mechanisms 
in chemoresistance of anticancer agents has been expected to re-
duce resistance in clinical practice to favour the long-term control of 
metastatic BC.8 The lncRNA-mRNA interaction in tumorigenesis and 
chemoresistance resistance of cancers, including BC, has aroused 
wide concerns.27,28 Consequently, novel target therapies are re-
quired to provide favourable treatment outcomes with less adverse 
effects. Aberrantly expressed lncRNAs may exert tumour-suppres-
sive and oncogenic functions by regulating tumour-related mRNAs 
upon anticancer therapy.29,30 Herein, the current study explored the 
role of the LINC00160/C/EBPβ/TFF3 axis in BC, and the key find-
ings indicated that LINC00160 mediated the paclitaxel resistance in 
MCF-7 cells and doxorubicin resistance in BT474 cells.

LncRNAs have the potential to offer diagnostic, prognostic 
and predictive functions in BC, with up-regulated (NEAT1)12 or 
down-regulated (MAGI2-AS3)31 expression patterns during tumour 
progression.32 The results of this study identified highly expressed 
LINC00160 in BC tissue and cells. Notably, we found high expres-
sion of LINC00160 was related to poor OS. Therefore, it can be con-
cluded that LINC00160 knockdown may suppress BC progression. 
Furthermore, we found LINC00160 was involved in the resistance of 
MCF-7 cells to paclitaxel and BT474 cells to doxorubicin. Specifically, 
LINC00160 knockdown reduced paclitaxel resistance of MCF-7/Tax 
cells and doxorubicin resistance in BT474/Dox cells, as reflected by 
attenuated cell viability, migration, invasion and stimulated apopto-
sis. It has been suggested that the resistance to paclitaxel is linked 
with significant alterations in cell death response accompanied by 
reduction of various apoptotic factors, which is corresponding to 
enhancement of the autophagic pathway.8 Emerging studies have 
documented the critical roles of lncRNAs in the chemoresistance of 
cancers.33-35 For instance, lncRNA H19 knockdown has been shown 
to enhance sensitivity of BC cells to paclitaxel via the Akt pathway.36 
Up-regulated lncRNA BORG has been suggested to augment the 
survival of BC cells via inducing their resistance to the doxorubi-
cin treatment.37 We hypothesized that overexpressed LINC00160 
caused significant increases in chemoresistance of BC cells to pacli-
taxel and doxorubicin both in vitro and in vivo.

Interestingly, we found TFF3 was responsible for LINC00160-
mediated paclitaxel and doxorubicin resistance in MCF-7 and BT474 
cells. LINC00160 regulated TFF3 via C/EBPβ, whereby LINC00160 
recruited the TF C/EBPβ into the promoter region of TFF3. A prior 
lncRNA profile study demonstrated that some mRNAs and ln-
cRNAs are related to the docetaxel resistance in BC cells.9 TFF3 
has been proposed as an independent risk factor contributing to 

lymphovascular invasion and lymph node metastasis in BC.38 TFF3 
renders high sensitivity and specificity to differentiate metastatic 
BC from the non-metastatic one.15 In addition, TFF3 has also been 
identified as a sensitive indicator predicting the response of BC cells 
to endocrine therapy.39 It has been suggested that the transcrip-
tional regulation of TFF3 could be realized through promoter binding 
sites of C/EBPβ.40 Partially consistent with our results, Albergaria 
et al found that C/EBPβ isoforms were directly involved in the tran-
scriptional activation of CDH3 in BC.41 C/EBPβ can yield distinct 
biological and regulatory functions, ultimately leading to gene trans-
activation, playing an important role in mammary gland development 
and oncogene-induced breast tumorigenesis.42,43 Transcriptional ac-
tivation of oncogenes may explain the contributory role of C/EBPβ 
in the development and progression of BC. Resultantly, LINC00160 
contributed to the paclitaxel and doxorubicin resistance in MCF-7 
and BT474 cells, respectively, by up-regulating TFF3 via C/EBPβ in 
vitro and in vivo.

Taken together, this study provided evidence that overex-
pressed LINC00160 up-regulated TFF3 expression through C/EBPβ, 
whereby potentiating the resistance of MCF-7 cells to paclitaxel and 
BT474 cells to doxorubicin. In microarray analysis, 44 lncRNAs were 
found to have differential expression between BC and adjacent nor-
mal tissue (Figure 1A). In the future, we will study the other top 4 ln-
cRNAs with most differential expression (LINC00558, LINC00260, 
LINC00597 and LINC01278) and estimate whether they are in-
volved in BC cell chemoresistance. Identifying the molecular mech-
anisms contributing to chemoresistance in BC cells would provide 
more effective treatment regimens. However, the research is still at 
the pre-clinical stage, and the mechanism of action is not yet totally 
elucidated. Thus, more studies in this area are required in the future 
to develop clinical values.

ACKNOWLEDG EMENTS
This work was partially supported by the Natural Science Foundation 
of Jiangsu Province (Grant No. BK20181133) and the Key Project in 
Natural Science Research in Higher Education Institutions of Anhui 
Province (Grants No. KJ2019A0801 and KJ2018A0814) and the 
Scientific Research Project of Anhui Provincial Health and Family 
Planning Commission (Grant No. 2018SEYL008).

CONFLIC TS OF INTERE S T
The authors confirm that there are no conflicts of interests.

AUTHOR CONTRIBUTION
Huaiguo Wu: Data curation (equal). Juan Gu: Data curation (equal); 
Formal analysis (equal). Daoping Zhou: Data curation (equal); 
Methodology (equal); Supervision (equal). Wei Cheng: Data cu-
ration (equal). Yueping Wang: Formal analysis (equal); Writing-
original draft (equal); Writing-review & editing (equal). Qingping 
Wang: Conceptualization (equal); Software (equal). Xuedong Wang: 
Conceptualization (equal); Funding acquisition (equal); Project ad-
ministration (equal); Supervision (equal); Writing-original draft 
(equal); Writing-review & editing (equal).



     |  8601WU et al.

DATA AVAIL ABILIT Y S TATEMENT
All data generated or analysed during this study are included in this 
published article.

ORCID
Xuedong Wang  https://orcid.org/0000-0003-3430-1082 

R E FE R E N C E S
 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J 

Clin. 2019;69:7-34.
 2. Greenlee H, DuPont-Reyes MJ, Balneaves LG, et al. Clinical prac-

tice guidelines on the evidence-based use of integrative ther-
apies during and after breast cancer treatment. CA Cancer J Clin. 
2017;67:194-232.

 3. Waks AG, Winer EP. Breast cancer treatment. JAMA. 2019;321:316.
 4. Howard GR, Johnson KE, Rodriguez Ayala A, et al. A multi-state 

model of chemoresistance to characterize phenotypic dynamics in 
breast cancer. Sci Rep. 2018;8:12058.

 5. Bandyopadhyay A, Wang L, Agyin J, et al. Doxorubicin in com-
bination with a small TGFbeta inhibitor: a potential novel ther-
apy for metastatic breast cancer in mouse models. PLoS One. 
2010;5:e10365.

 6. Gupta N, Gupta P, Srivastava SK. Penfluridol overcomes paclitaxel 
resistance in metastatic breast cancer. Sci Rep. 2019;9:5066.

 7. Turton NJ, Judah DJ, Riley J, et al. Gene expression and amplifica-
tion in breast carcinoma cells with intrinsic and acquired doxorubi-
cin resistance. Oncogene. 2001;20:1300-1306.

 8. Ajabnoor GM, Crook T, Coley HM. Paclitaxel resistance is associ-
ated with switch from apoptotic to autophagic cell death in MCF-7 
breast cancer cells. Cell Death Dis. 2012;3:e260.

 9. Huang P, Li F, Li L, et al. lncRNA profile study reveals the mRNAs 
and lncRNAs associated with docetaxel resistance in breast cancer 
cells. Sci Rep. 2018;8:17970.

 10. Prensner JR, Chinnaiyan AM. The emergence of lncRNAs in cancer 
biology. Cancer Discov. 2011;1:391-407.

 11. Liang Y, Li Y, Song X, et al. Long noncoding RNA LINP1 acts as an 
oncogene and promotes chemoresistance in breast cancer. Cancer 
Biol Ther. 2018;19:120-131.

 12. Shin VY, Chen J, Cheuk IW, et al. Long non-coding RNA NEAT1 
confers oncogenic role in triple-negative breast cancer through 
modulating chemoresistance and cancer stemness. Cell Death Dis. 
2019;10:270.

 13. Jonsson P, Coarfa C, Mesmar F, et al. Single-molecule sequencing 
reveals estrogen-regulated clinically relevant lncRNAs in breast 
cancer. Mol Endocrinol. 2015;29:1634-1645.

 14. Milde-Langosch K, Loning T, Bamberger AM. Expression of the 
CCAAT/enhancer-binding proteins C/EBPalpha, C/EBPbeta and C/
EBPdelta in breast cancer: correlations with clinicopathologic pa-
rameters and cell-cycle regulatory proteins. Breast Cancer Res Treat. 
2003;79:175-185.

 15. Elnagdy MH, Farouk O, Seleem AK, Nada HA. TFF1 and TFF3 
mRNAs are higher in blood from breast cancer patients with meta-
static disease than those without. J Oncol. 2018;2018:4793498.

 16. Perera O, Evans A, Pertziger M, et al. Trefoil factor 3 (TFF3) en-
hances the oncogenic characteristics of prostate carcinoma 
cells and reduces sensitivity to ionising radiation. Cancer Lett. 
2015;361:104-111.

 17. Zuo KQ, Zhang XP, Zou J, et al. Establishment of a paclitaxel re-
sistant human breast cancer cell strain (MCF-7/Taxol) and in-
tracellular paclitaxel binding protein analysis. J Int Med Res. 
2010;38:1428-1435.

 18. Zhang W, Chen Z, Chen L, et al. ABCG2-overexpressing H460/
MX20 cell xenografts in athymic nude mice maintained 

original biochemical and cytological characteristics. Sci Rep. 
2017;7:40064.

 19. Hinten M, Maclary E, Gayen S, et al. Visualizing long noncoding 
RNAs on chromatin. Methods Mol Biol. 2016;1402:147-164.

 20. Plachetka A, Chayka O, Wilczek C, et al. C/EBPbeta induces 
chromatin opening at a cell-type-specific enhancer. Mol Cell Biol. 
2008;28:2102-2112.

 21. Powell JA, Thomas D, Barry EF, et al. Expression profiling of a he-
mopoietic cell survival transcriptome implicates osteopontin as a 
functional prognostic factor in AML. Blood. 2009;114:4859-4870.

 22. Yang T, Li H, Chen T, et al. LncRNA MALAT1 depressed chemo-sen-
sitivity of NSCLC cells through directly functioning on miR-197-3p/
p120 Catenin Axis. Mol Cells. 2019;42:270-283.

 23. Burger K, Ilicic K, Dierolf M, et al. Increased cell survival and cyto-
genetic integrity by spatial dose redistribution at a compact syn-
chrotron X-ray source. PLoS One. 2017;12:e0186005.

 24. Tankiewicz-Kwedlo A, Hermanowicz J, Surazynski A, et al. 
Erythropoietin accelerates tumor growth through increase of eryth-
ropoietin receptor (EpoR) as well as by the stimulation of angiogene-
sis in DLD-1 and Ht-29 xenografts. Mol Cell Biochem. 2016;421:1-18.

 25. DeSantis C, Ma J, Bryan L, Jemal A. Breast cancer statistics, 2013. 
CA Cancer J Clin. 2014;64:52-62.

 26. Ye H, Wang K, Wang M, et al. Bioinspired nanoplatelets for che-
mo-photothermal therapy of breast cancer metastasis inhibition. 
Biomaterials. 2019;206:1-12.

 27. Zhang Y, Li Y, Wang Q, et al. Identification of an lncRNAmiRNAm-
RNA interaction mechanism in breast cancer based on bioinfor-
matic analysis. Mol Med Rep. 2017;16:5113-5120.

 28. Zhou S, Wang L, Yang Q, et al. Systematical analysis of ln-
cRNA-mRNA competing endogenous RNA network in breast can-
cer subtypes. Breast Cancer Res Treat. 2018;169:267-275.

 29. Chen KL, Li L, Wang YR, et al. Long noncoding RNA and mRNA pro-
filing in MDA-MB-231 cells following RNAi-mediated knockdown 
of SIRT7. Onco Targets Ther. 2017;10:5115-5128.

 30. Ghafouri-Fard S, Taheri M, Omrani MD, Kholghi OV. Expression 
of long noncoding RNAs in breast cancer in relation to re-
productive factors and tumor characteristics. J Cell Biochem. 
2019;120:13965-13973.

 31. Du S, Hu W, Zhao Y, et al. Long non-coding RNA MAGI2-AS3 inhib-
its breast cancer cell migration and invasion via sponging microR-
NA-374a. Cancer Biomark. 2019;24:269-277.

 32. Niknafs YS, Han S, Ma T, et al. The lncRNA landscape of breast can-
cer reveals a role for DSCAM-AS1 in breast cancer progression. Nat 
Commun. 2016;7:12791.

 33. Qu J, Kamal MA, Yuan C. The regulatory roles of long non-coding 
RNA in the chemoresistance process of ovarian cancer. Curr Pharm 
Des. 2019;25:856-861.

 34. Yu G, Zhou H, Yao W, et al. lncRNA TUG1 promotes cisplatin resis-
tance by regulating CCND2 via epigenetically silencing miR-194-5p 
in bladder cancer. Mol Ther Nucleic Acids. 2019;16:257-271.

 35. Zheng Z, Chen M, Xing P, et al. Increased expression of exoso-
mal AGAP2-AS1 (AGAP2 Antisense RNA 1) In breast cancer cells 
inhibits trastuzumab-induced cell cytotoxicity. Med Sci Monit. 
2019;25:2211-2220.

 36. Han J, Han B, Wu X, et al. Knockdown of lncRNA H19 restores che-
mo-sensitivity in paclitaxel-resistant triple-negative breast cancer 
through triggering apoptosis and regulating Akt signaling pathway. 
Toxicol Appl Pharmacol. 2018;359:55-61.

 37. Gooding AJ, Zhang B, Gunawardane L, et al. The lncRNA BORG fa-
cilitates the survival and chemoresistance of triple-negative breast 
cancers. Oncogene. 2019;38:2020-2041.

 38. Ahmed AR, Griffiths AB, Tilby MT, et al. TFF3 is a normal breast 
epithelial protein and is associated with differentiated phenotype 
in early breast cancer but predisposes to invasion and metastasis in 
advanced disease. Am J Pathol. 2012;180:904-916.

https://orcid.org/0000-0003-3430-1082
https://orcid.org/0000-0003-3430-1082


8602  |     WU et al.

 39. May FE, Westley BR. TFF3 is a valuable predictive biomarker of en-
docrine response in metastatic breast cancer. Endocr Relat Cancer. 
2015;22:465-479.

 40. Baus-Loncar M, Al-azzeh ED, Romanska H, et al. Transcriptional con-
trol of TFF3 (intestinal trefoil factor) via promoter binding sites for the 
nuclear factor kappaB and C/EBPbeta. Peptides. 2004;25:849-854.

 41. Albergaria A, Resende C, Nobre AR, et al. CCAAT/enhancer binding 
protein beta (C/EBPbeta) isoforms as transcriptional regulators of 
the pro-invasive CDH3/P-cadherin gene in human breast cancer 
cells. PLoS One. 2013;8:e55749.

 42. Zahnow CA. CCAAT/enhancer binding proteins in normal mammary 
development and breast cancer. Breast Cancer Res. 2002;4:113-121.

 43. Zahnow CA, Cardiff RD, Laucirica R, et al. A role for CCAAT/en-
hancer binding protein beta-liver-enriched inhibitory protein in 
mammary epithelial cell proliferation. Cancer Res. 2001;61:261-269.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Wu H, Gu J, Zhou D, et al. LINC00160 
mediated paclitaxel-And doxorubicin-resistance in breast 
cancer cells by regulating TFF3 via transcription factor C/EBPβ. 
J Cell Mol Med. 2020;24:8589–8602. https://doi.org/10.1111/
jcmm.15487

https://doi.org/10.1111/jcmm.15487
https://doi.org/10.1111/jcmm.15487

