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ABSTRACT
Recent studies have shown that long non-coding RNAs (lncRNAs) are involved in a number of biological
processes; however, further study is still warranted to comprehensively reveal their functions. In this study,
we showed that the lncRNA in non-homologous end joining (NHEJ) pathway 1 (LINP1) was related to
breast cancer cell proliferation, metastasis and chemoresistance. Loss- and gain-of function studies were
used to assess the role of LINP1 in promoting breast cancer progression. LINP1 knockdown
mitigated breast cancer cell growth by inducing G1-phase cell cycle arrest and apoptosis. LINP1 also
promoted breast cancer cell metastasis and influenced the expression of epithelial-mesenchymal
transition-related markers. We identified p53 as a regulator of LINP1, and LINP1 overexpression could
restore the metastatic effects of p53. Furthermore, LINP1 was upregulated in doxorubicin- and 5-
fluorouracil-resistant cells and induced chemoresistance. We also observed that LINP1 enrichment played
a critical functional role in chemoresistance by inhibiting chemotherapeutics-induced apoptosis.
Moreover, LINP1 in tumors was associated with lower overall survival and disease-free survival. In
conclusion, LINP1 may serve as a potential oncogene and chemoresistance-related regulator of breast
cancer cells, suggesting that LINP1 might be a potent therapeutic target and might reduce
chemoresistance in breast cancer.
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Introduction

Breast cancer is the most common cancer among women and is
the fifth most common cause of cancer death in the world.1 Sta-
tistical data from the ACS showed that, more than 1,676 million
new cases of breast cancer and 521,900 breast cancer deaths
have occurred worldwide. Breast cancer is a heterogeneous car-
cinoma, with both genetic and epigenetic changes contributing
to breast cancer initiation, development and metastasis. Even
though many researchers have struggled to clarify the mecha-
nisms of tumor carcinogenesis and development, further
understanding is warranted to provide novel key molecules for
early diagnosis and prognostic predications.

Long non-coding RNAs (lncRNA) are a novel class of RNA
transcripts that contain more than 200 nucleotides in length
and cannot be encoded into proteins.2 Recent studies have
shown that lncRNAs are involved in various biological pro-
cesses, such as cell proliferation, apoptosis, metabolism, gene
expression, and the regulation of epigenetic signatures.3 More
importantly, aberrant lncRNA expression may be involved in
inducing or inhibiting cancer development and progression,
metastasis, and chemoresistance.4–7 LncRNA MEG3 functions
as a tumor suppressor in a variety of cancers, including

osteosarcoma,8 NSCLC,9 cervical cancer10 and breast cancer.11

LncRNAs are also known to play oncogenic roles. Sun M et al
found that linc00152 was overexpressed in breast cancer and
participated in controlling cell proliferation and cell-cycle gene
expression.12 LncRNA NKILA could interact with the NF-kB/
IkB complex and was associated with metastasis and breast
cancer prognosis.13 The lncRNA Malat1 inhibits tumor growth
and metastasis, and can be a treatment target for breast can-
cer.14 Although lncRNAs were found to be novel targets for
cancer treatment, more studies are needed to clarify the
lncRNA regulation mechanisms.

The current clinical treatment options for patients with
breast cancer include surgery and subsequent chemotherapy,
targeted therapy or radiotherapy.15 Although the combination
of surgery and drug therapy can effectively prevent recurrence
and metastasis and improve the prognosis of patients with
breast cancer, the frequent development of drug resistance is
still a major obstacle in the treatment of breast cancer.16 How-
ever, the underlying mechanism of chemoresistance remains to
be fully elucidated. Therefore, there is an urgent need to
develop new therapeutic strategies and targets to enhance the
effectiveness of chemotherapy and reduce the rate of resistance.

CONTACT Qifeng Yang qifengy_sdu@163.com Department of Breast Surgery, Qilu Hospital, Shandong University, Wenhua Xi Road 107, Jinan 250012,
Shandong, China; Zhigang Yu yuzhigang@sdu.edu.cn Department of Breast Surgery, The Second Hospital of Shandong University, Jinan, Shandong, 250033,
China.

Supplemental data for this article can be accessed on the publisher’s website.
© 2018 Taylor & Francis Group, LLC

CANCER BIOLOGY & THERAPY
2018, VOL. 19, NO. 2, 120–131
https://doi.org/10.1080/15384047.2017.1394543

https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2017.1394543&domain=pdf&date_stamp=2018-01-09
mailto:qifengy_sdu@163.com
mailto:yuzhigang@sdu.edu.cn
https://doi.org/10.1080/15384047.2017.1394543
https://doi.org/10.1080/15384047.2017.1394543


In the present study, we uncovered that LINP1 mediates its
oncogenic role in breast cancer by suppressing cell growth and
metastasis. Additionally, LINP1 overexpression was found in 5-
FU- and doxorubicin (DOX)- resistant breast cancer cell lines
and was positively associated with chemoresistance. Finally,
our studies indicated that upregulated LINP1 expression in
breast cancer was associated with an unfavorable prognosis.
Our study revealed a new role for LINP1 as an oncogene, and
helped to elucidate the epigenetic mechanism of chemoresist-
ance, which may facilitate the development of effective clinical
treatments for breast cancer.

Results

LINP1 promoted proliferation via inhibiting apoptosis
in breast cancer cells

To investigate the biological functions of LINP1 in breast cancer
cells, cells were transfected with si-NC or si-LINP1 and the
knockdown efficiency was confirmed by qRT-PCR (Figure 1A).
MTT assays showed that significant reduction of cell numbers
was observed in LINP1 knockdown cells in comparison with
control cells (Figure 1B). In contrast, a promotion of prolifera-
tion was observed in the LINP1-overexpressed cells (Supplemen-
tary Figure 1A). Furthermore, flow cytometry was performed to
evaluate the effect of LINP1 on cell proliferation. The results
showed that inhibition of LINP1 expression mainly increased the
G1 phase population and decreased the S phase population in
the three breast cancer cell lines (Figure 1C). Western blot was
then performed to prove that LINP1 knockdown could decrease
the expression of cyclin D1, cyclin D3, and CDK4 (Figure 1C).
We next examined the effects of LINP1 on the apoptosis of breast
cancer cells transfected with siRNAs by flow cytometry. The
results showed that LINP1 knockdown increased the total apo-
ptosis rate of MDA-MB-231 cells from 14.82% to 18.86% com-
pared to scrambled siRNAs (Figure 1D). In the MDA-MB-468
cells, the apoptosis rate increased from 20.64% to 36.1%
(Figure 1D). Consistently, LINP1 overexpression inhibited breast
cancer cell apoptosis (Supplementary Figure 1B). These results
suggest that LINP1 could play important roles in promoting cell
proliferation as an oncogene in breast cancer cells.

LINP1 promoted migration and invasion by inducing EMT
in breast cancer cells

To examine the role of LINP1 in regulating cell mobility, we per-
formed cell migration and invasion assays in breast cancer cells
transfected with siRNAs and a negative control. The wound heal-
ing assay showed that cell migration was inhibited in LINP1-
knockdown breast cancer cells compared to the negative control
(Figure 2A). Moreover, the transwell assay indicated a significant
reduction in cell migration and invasion ability after siRNA trans-
fection into breast cancer cells (Figure 2B-C). Consistently, LINP1
overexpression enhanced the migration ability of MDA-MB-231
and MDA-MB-468 cells (Supplementary Figure 2A). Taken
together, these results suggest that LINP1 may act as a tumor pro-
moter by promoting cell migration and invasion. The epithelial-
mesenchymal transition (EMT) process is one of the important
mechanisms for migration and invasion. After transfection with

si-LINP1,MDA-MB-231 cells displayed a round-likemorphology,
which is typical of the epithelial phenotype of cells compared with
the corresponding parental cells (Supplementary Figure 2B). To
investigate whether LINP1 is associated with EMT, we examined
the expression of epithelial and mesenchymal markers in LINP1
knockdown, overexpression, and control cells. After transfection
with siRNA, the epithelial markers E-cadherin was upregulated,
whereas the mesenchymal markers vimentin and N-cadherin
were significantly downregulated (Figure 2D). LINP1 overexpres-
sion led to the opposite results (Supplementary Figure 2C). Thus,
gene expression suggested that LINP1 may be able to drive the
breast cancer cells from an epithelial to mesenchymal status.

Using the online software program PROMO, we decided to
explore the role of p53 in regulating LINP1 expression. LINP1
expression was lower in p53-wt cells (such as MCF-7 and ZR-
75-1), and higher in p53-mut cells (such as MDA-MD-231and
MDA-MB-468) (Figure 2E). Thus, we overexpressed p53 by
transfecting MDA-MB-231 cells with pcDNA3.1-p53, and
LINP1 expression decreased (Figure 2F). Consistently, LINP1
expression was upregulated after the transfection of MCF-7
cells with siRNA (Figure 2G). However, neither the p53 mRNA
nor protein expression levels were affected by LINP1
(Figure 2H and Supplementary Figure 2D). We then delineated
the role of p53 in LINP1-regulated tumor metastasis. Transwell
assay showed that p53 overexpression inhibited breast cancer
cell migration and that LINP1 overexpression could partly
attenuate the effects of p53 on migration (Figure 2I). Together,
these findings demonstrated that p53 was involved in regulat-
ing LINP1 expression in different breast cancer cells.

LINP1 is associated with chemoresistance in breast cancer
cells

5-fluoroutacil and doxorubicin are two effective chemothera-
peutics against breast cancer. However, acquired resistance to
5FU and DOX has been a major obstacle in the clinical treat-
ment of breast cancer. To determine whether LINP1 is involved
in regulating breast cancer cell resistance to 5FU and DOX, we
first established 5FU- (MDA-MB-231/5FU) and DOX-resistant
cell lines (MDA-MB-231/DOX). The IC50 of 5FU in the MDA-
MB-231/5FU cells was 100.5 § 2.309 mg/ml, which is signifi-
cantly higher than in MDA-MB-231 cells at 31.69 § 1.16 mg/
ml (P < 0.05). The calculated resistance index (RI) was 3.17.
The IC50 of DOX in the MDA-MB-231/DOX cells was 0.59 §
0.06 mg/ml, which is also significantly higher than in MDA-
MB-231 cells at 0.16 § 0.017 mg/ml (P < 0.05) (Figure 3A).
The IC50 in the drug-resistant cells was much higher, with a
resistance index (RI) of 3.69. Next, we examined the expression
of LINP1 in the drug-resistant cells and the corresponding
parental cell lines. As shown in Figure 3B, increased LINP1
expression was observed in the two drug-resistant cell lines.
These results suggest that LINP1 might be involved in the gen-
eration of the chemoresistance phenotype in breast cancer.

Given that LINP1 was overexpressed in the drug-resistant
cells, we speculated that LINP1 could regulate the breast can-
cer cells with chemotherapy. First, we transfected 231/5FU
and 231/DOX cells with control or LINP1-specific siRNAs.
MTT and transwell assays showed that LINP1 knockdown
led to decreased drug-resistant cell viability and motility
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Figure 1. LINP1 knockdown inhibited proliferation and induced apoptosis in breast cancer cells. (A) MDA-MB-231 (right), MDA-MB-468 (middle) and MCF-7 (left) cells
were transfected with NC (negative control) or LINP1 siRNAs to inhibit the expression of LINP1. (B) MTT assays were used to determine the cell viability of siLINP1-trans-
fected MDA-MB-231 (right), MDA-MB-468 (middle) and MCF-7 (left) cells. Experiments were performed in triplicate. (C) Flow cytometry was performed to determine the
effect of LINP1 on changes in cell cycle distribution (right). Statistical diagrams show significant differences (middle). Western blotting was used to detect cyclin D1, cyclin
D3, and CDK4 expression (left). (D) LINP1 knockdown promoted apoptosis in MDA-MB-231 and MDA-MB-468 cells, �P < 0.05, ��P < 0.01, and, ���P < 0.001 by the Stu-
dent’s t test.
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Figure 2. LINP1 knockdown inhibited migration and invasion in breast cancer cells. (A) Wound healing assays and (B) Transwell migration assays demonstrated that LINP1
knockdown inhibited cell migration. The columns are the average of three independent experiments. (C) Transwell invasion assays were used to measure the impaired
invasion capacities of MDA-MB-231 cells. The columns are the average of three independent experiments. (D) LINP1 knockdown led to increased E-cadherin expression
and decreased N-cadherin and vimentin expression. (E) LINP1 expression levels were measured in six breast cancer cell lines with quantitative real-time PCR (qPCR). Actin
was used as the endogenous control. (F) MDA-MB-231 cells were transfected with flag-p53; then the efficacy (right) and effect on LINP1 expression (left) were evaluated
by qPCR. (G) P53 was knockdown via transfection with shp53 in MCF-7 cells. Then, the efficacy (right) and effect on LINP1 expression (left) were evaluated by qPCR. (H)
LINP1 overexpression did not influence p53 expression in MDA-MB-231 cells. (I) P53 overexpression inhibited MDA-MB-231 cell migration and LINP1 could attenuate this
effect. The columns are the average of three independent experiments, �P < 0.05, ��P < 0.01, and, ���P < 0.001 by the Student’s t test.
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Figure 3. LINP1 contributes to multidrug resistance in breast cancer cells. (A) The IC50 values of MDA-MB-231/5FU (upper) and MDA-MB-231/DOX (down) cells was
higher than that of their parental cells. (B) qPCR analysis showed that LINP1 expression levels were higher in MDA-MB-231/5FU (left) and MDA-MB-231/DOX (right) cell
lines compared with their parental cell lines. (C and D) LINP1 knockdown inhibited drug-resistant cell proliferation and migration. The columns are the average of three
independent experiments. (E) MTT assays indicated that LINP1 knockdown in drug-resistant cells decreased cell viability under the stress of 5FU or DOX. (F) 30 mg/ml
5FU or 0.4 mg/ml DOX was used to test the inhibition. of drug-resistance caused by LINP1 knockdown in MDA-MB-231/5FU (left) and MDA-MB-231/DOX (right) cells,
respectively. (G) MTT assays indicated that LINP1 overexpression in MDA-MB-231 cells increased resistance to both 5FU and DOX. (H) 30 mg/ml 5FU or 0.4 mg/ml DOX
was used to test the promotion of drug-resistance caused by LINP1 overexpression in MDA-MB-231 cell lines, �P < 0.05, ��P < 0.01, and, ���P < 0.001 by the Student’s
t test.
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(Figure 3C-D), indicating a potential role for LINP1 in regu-
lating chemoresistance.

We subsequently determined the role of LINP1 in regulating
the IC50 of 5FU and DOX in the 231/5FU and 231/DOX cells.
The IC50 of 5FU in the MDA-MB-231/5FU control and LINP1
knockdown cells were 116 § 3.46 and 43.28 § 1.732 mg/ml,
respectively, and the IC50 of DOX in the MDA-MB-231/DOX
control and LINP1 knockdown cells were 0.42 § 0.017 and
0.12 § 0.02 mg/ml (Figure 3E), respectively, suggesting that
LINP1 knockdown might attenuate the drug-resistant cell resis-
tance to 5FU and DOX. Thus, we chose 5-FU at a concentra-
tion of 30 mg/ml and DOX at a concentration of 0.4 mg/ml to
treat the drug-resistant cells. MTT assays revealed that LINP1
knockdown decreased the survival of cells undergoing treat-
ment with the chemotherapeutics (Figure 3F). LINP1 knock-
down in sensitive breast cancer cells further increased the
sensitivity to 5FU and DOX (Supplementary Figure 3A-B).

We also overexpressed LINP1 via the transfection of
pcDNA3.1-LINP1 into sensitive breast cancer cells (Supple-
mentary Figure 3C). Breast cancer cells overexpressing LINP1
displayed an increased tolerance to 5FU and DOX treatment
compared with the response of the control cells, and the 5FU
and DOX IC50 values were significantly increased in the LINP1
overexpression cells (Figure 3G and Supplementary Figure 3D).
MTT assays also revealed that LINP1 overexpression decreased
the sensitivity to cytotoxicity due to chemotherapy compared
with the controls (Figure 3H and Supplementary Figure 3E-F).
Taken together, these results indicated that LINP1 overexpres-
sion could enhance the resistance of breast cancer cells to 5FU
and DOX.

LINP1 promotes chemoresistance by regulating
apoptosis-related proteins in breast cancer cells

We used flow cytometry analyses to assess the effects of LINP1
on apoptosis upon exposure to chemotherapeutic drugs. MDA-
MB-468 cells were first transfected with LINP1-overexpression
or control vector and then treated with 5FU or DOX for 48 h
before harvesting for flow cytometry assays. Compared with
the negative controls, LINP1 overexpression caused a decrease
in apoptosis in MDA-MB-468 cells treated with 5FU (0 mg/ml
or 30 mg/ml) or DOX (0 mg/ml or 0.4 mg/ml), indicating that
LINP1 overexpression significantly increase the cell’s ability to
resist chemotherapeutic drugs (Figure 4A-B). TUNEL assay
also demonstrated the inhibiting effects of LINP1 on apoptosis
(Supplementary Figure 4A-B).

Next, we measured the levels of apoptosis-related proteins
(cleaved caspase-8, total caspase-8, cleaved caspase-9, total cas-
pase-9, and Bax proteins). LINP1 overexpression decreased
BAX levels in MDA-MB-468 cells. LINP1 overexpression also
decreased the expression level of cleaved-caspase9 induced by
5FU treatment, thought total proteins levels remained
unchanged (Figure 4C and Supplementary Figure 4C). More-
over, LINP1 overexpression decreased cleaved caspase-8/9 lev-
els in MDA-MB-468 cells induced by DOX treatment, while
total proteins levels remained unchanged (Figure 4C and Sup-
plementary Figure 4C). In supplementary experiments, we
detected a role for LINP1 in apoptosis caused by Huaier, a tra-
ditional Chinese medicine proven to be important in inducing

apoptosis (Supplementary Figure 4D).17 Therefore, LINP1
might inhibited the caspase-9/Bax during 5FU treatment or
caspase8/9 during DOX treatment. Taken together, these data
suggest that LINP1 overexpression decreased the in vitro che-
mosensitivity of breast cancer cells, while enhancing their pro-
liferation and reducing apoptosis.

LINP1 expression was correlated with poor prognosis in
breast cancer

Given our abovementioned results, we further investigated the
role of LINP1 in predicting the prognosis of breast cancer
patients. The associations between LINP1 expression and the
clinicopathological characteristics of breast cancer patients are
depicted in Table 1. High LINP1 expression levels were signifi-
cantly correlated with distant metastasis (P D 0.011) and
advanced clinical stage (P D 0.035). There was no significant
correlation between LINP1 expression and age, tumor size or
lymph node metastasis (all P > 0.05, Table 1). We then investi-
gated whether increased LINP1 levels were associated with an
unfavorable outcome in breast cancer patients. Kaplan–Meier
assay showed that patients with high LINP1 expressions in
tumors, lymph node metastases or distant metastases had sig-
nificantly high risks of death (Table 2). LINP1 relative expres-
sion detected in breast cancer tissues was significantly
associated with shorter overall survival and disease-free survival
in breast cancer patients (P D 0.0221, 0.0085; Figure 5A-B).
Consistently, we detected much higher LINP1 level in primary
tumor tissues from patients who developed distant metastases
during follow-up (Figure 5C), suggesting that LINP1 dysregula-
tion might contribute to breast cancer metastasis. Multivariate
analysis showed major effects of LINP1 overexpression and
metastasis on the patients’ prognosis (Table 3). In summary,
our results showed that LINP1 overexpression was associated
with unfavorable prognoses and that LINP1 may serve as a
prognostic marker in breast cancer.

Discussion

Over the past decade, increasing numbers of long non-coding
RNAs (lncRNAs) have been identified,18 and accumulating evi-
dence has highlighted the key roles of lncRNAs in various dis-
eases, especially cancer. Mounting lncRNAs have been found to
function as potential tumor suppressor genes or oncogenes and
be correlated with early diagnosis and prognosis prediction in
various cancers.19–21 However, the regulatory roles of lncRNAs
played in cancers remain to be fully illustrated. Interestingly,
many lncRNAs are emerging as potential biomarkers for diag-
nosis, prediction of prognosis and drug-resistance in breast
cancer.7,22–24

LINP1, which is located in chromosome 10, is abnormally
expressed in breast cancer and highly expressed in p53 mutant
types. A previous study showed that LINP1 enhanced the sur-
vival of breast cancer cells exposed to radiation, suggesting a
potential role for LINP1 in the treatment of the disease.25 How-
ever, the function of LINP1 in tumor development and chemo-
resistance remains unclear. In this study, we uncovered a new
role for LINP1 in promoting proliferation and mobility and
inhibiting apoptosis in breast cancer cells. Mechanistically, p53,
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Figure 4. LINP1 protected breast cancer cells from chemotherapeutic-induced apoptosis. (A and B) MDA-MB-468 cells were transiently transfected with LINP1 overex-
pression plasmid or control plasmid, followed by 5FU or DOX treatment. The apoptosis rates were determined by FACS analysis. Representative results are shown, and
the data are presented as the mean§ SD. (C) Western blot analysis was performed to detect the effects of LINP1 overexpression on the protein levels of apoptosis-related
proteins with or without drug treatment. Actin served as a loading control for Western blots, �P<0.05, ��P<0.01, and, ���P<0.001 by the Student’s t test.
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a key tumor suppressor, plays a role in repressing LINP1
expression, and LINP1 could partially reverse the inhibitory
effects of p53 on proliferation and migration. Moreover, LINP1
expression was positively correlated with 5FU and DOX-resis-
tance in breast cancer cells. Finally, the Kaplan-Meier analysis
indicated that patients with high LINP1 expression had a worse
prognosis, as supported by shorter disease-free and overall
survival.

We first investigated the oncogenic role of LINP1 in
breast cancer by evaluating its effects on proliferation and
metastasis in breast cancer cells. In the current study, we
demonstrated that LINP1 knockdown could inhibit prolifera-
tion and growth through cell cycle arrest in G0/G1 stage,
whereas LINP1 overexpression significantly promoted cell
proliferation and growth. Moreover, our present study also
found that CDK4, cyclin D1 and cyclin D3 protein levels,
which are low in quiescent cells,26 were positively correlated
with LINP1, indicating that LINP1 might regulate cell cycle
by modulating these cyclins. The ability of cancer cells to
escape apoptosis is one of the mechanism developed during

tumor progression, and we demonstrated that LINP1 overex-
pression inhibited apoptosis. Moreover, transwell and wound
healing assays demonstrated that LINP1 upregulation pro-
moted the invasion and migration of breast cancer cells. A
major mechanism of metastasis is epithelial-mesenchymal
transition (EMT), which is characterized by an altered cell

Table 1. Associations between patient characteristics and LINP1 expression.

LINP1 expression

Variables Cases (%) Low (n D 34) High (n D 33) P-valuea

Age
� 50 31 (46.2%) 14 17 0.396
> 50 36 (53.7%) 20 16

Tumor size (cm)
� 2 44 (65.7%) 21 23 0.494
> 2 23 (34.3%) 13 10

Positive lymph nodes
0 33 (49.3%) 17 16 0.901
� 1 34 (50.7%) 17 17

Distant metastasis
M0 54 (80.6%) 32 22 0.005
M1 13 (19.4%) 2 11

Clinical stage
I 14 (20.9%) 8 6 0.035
II 35 (52.2%) 21 14
III 5 (7.5%) 3 2
IV 13 (19.4%) 2 11

ER
Negative 11 (16.4%) 8 3 0.111
Positive 56 (83.6%) 26 30

PR
Negative 14 (20.9%) 8 6 0.59
Positive 53 (79.1%) 26 27

HER-2
Negative 64 (95.5%) 33 31 0.537
Positive 3 (4.48%) 1 2

aChi-square detection.

Table 2. Influence of LINP1 expression and different clinicopathological parame-
ters on overall survival for breast cancer patients.

Univariate analysis P-valuea

Age 0.249
Tumor size 0.259
Positive lymph nodes 0.024
Distant metastasis NAb

Clinical stage NAb

LINP1 expression 0.022

aKaplan-Meier survival analysis.
bData are not available due to low number of patients.

Figure 5. LINP1 was an unfavorable prognostic marker in breast cancer. Kaplan-
Meier analysis for (A) overall survival and (B) disease-free survival in 67 breast can-
cer tissue donors stratified for low and high relative LINP1 expression. (C) LINP1
expression in primary breast cancers with or without distant metastasis. Actin was
used as an endogenous control.

Table 3. Cox proportional hazard multivariate analysis: Influence of HOTAIR tumor
levels and positive lymph nodes on overall survival for breast cancer patients.

Multivariate analysis P-valuea Hazard ratio Confidence interval

Positive lymph nodes 0.047 0.120 0.015 0.975
LINP1 expression 0.045 0.117 0.014 0.57

aCox proportional hazards model multivariate analysis.
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phenotype.27 The hallmarks of EMT include the downregula-
tion of epithelial markers such as E-cadherin and the upre-
gulation of mesenchymal makers such as N-cadherin and
vimentin.28 In the present study, we found that LINP1
knockdown could inhibit the process of EMT by influencing
its key regulators. Thus, LINP1 may play a key role in the
regulation of breast cancer development and progression.

Considering that p53, a major tumor suppressor, is crucial
in a number of cell processes, including cell cycle, apoptosis
and metastasis,29 we further explored the interaction between
p53 and LINP1. A previous study demonstrated that p53 nega-
tively regulated LINP1 expression by increasing miR-29 expres-
sion level.25 Our results also demonstrated that p53
overexpression led to lower LINP1 levels, whereas p53 knock-
down led to the opposite results. In contrast, LINP1 expression
levels had no effect on p53 expression at either the protein or
mRNA levels, indicating that LINP1 may be not a regulator of
p53 and that there was no feedback regulation between LINP1
and p53. P53 mutations frequently occurred in breast cancer,
resulting in the loss of normal ability of p53. Mutant p53 could
prevent wt p53 from interacting with its downstream target
genes. In contrast, mutant p53 could also activate the transcrip-
tion of genes that are normally inhibited by wt p53. Our results
and a previous report showed that LINP1 expression was
higher in cells with mutant p53 than cells with normal p53. We
also revealed that the p53 expression in T47D cells was higher
than in MCF-7 cells, though there were no significant differen-
ces between ZR-75-1 and T47D cells, potentially due to other
molecular biological difference between these two cell types.
However, more experiments were needed to further clarify the
concrete mechanism by which mutant p53 is related to higher
LINP1 expression. Moreover, the promotion of LINP1 attenu-
ated the inhibitory effects of p53 on cancer cell metastasis, fur-
ther revealing a functional association between p53 and LINP1.
These results indicated that p53 negatively regulated LINP1
and contributed to various biological functions and tumor
suppression.

The major treatment for breast cancer patients is surgery.
Postoperative adjuvant therapy also plays important roles in
breast cancer treatment. However, chemoresistance remains a
major obstacle in the clinical treatment of breast cancer, and its
mechanism has not been fully elucidated. 5-fluoroutacil (5-FU)
and doxorubicin (DOX) are two effective and important che-
motherapeutics against breast cancer,30 which could interact
with DNA by inhibiting macro-molecular biosynthesis,31

thereby causing DNA damage. However, the clinical use of 5-
FU and DOX has been limited due to development of chemore-
sistance.32 Recently, several studies have revealed a role for
lncRNAs in regulating chemoresistance.33 Tsang and Kwok
showed that H19 induces drug resistance in liver cancer cells.34

CCAT1 was upregulated in LAD tissues and promoted the
acquisition of doxorubicin-resistance. Yu Fan et al reported
that UCA1 increased the cisplatin resistance of bladder cancer
cells by regulating Wnt signaling.35 Therefore, it is very impor-
tant to understand the role of lncRNAs in chemoresistance and
identify predictive markers of the therapeutic response. Given
that DNA repair capacity is critical for the survival of cancer
cells upon therapeutic DNA damage, we further explored the
role of LINP1 in drug-resistant breast cancer cells. We

demonstrated that drug-resistant cells had higher LINP1
expression levels compared with parental cells. We first found
that LINP1 overexpression could decrease the sensitivity of
breast cancer cells to 5FU and DOX. Recent studies have
emphasized the importance of disrupting apoptosis during the
acquisition of chemoresistance.36 Our findings indicated that
LINP1 overexpression may reduce the sensitivity of breast can-
cer cells to chemotherapeutics through the inhibition of apo-
ptosis. The Bax and caspase families are key regulators of cell
apoptosis. We identified that LINP1 mainly inhibited the
expression of caspase9/Bax induced by 5FU or the expression
of caspase8/9 induced by DOX, leading to subsequent drug
resistance. In contrast, LINP1 inhibition increased breast can-
cer cell sensitivity to these chemotherapy drugs. These results
indicated that LINP1 induced breast cancer chemoresistance
through the regulation of key apoptosis-related genes and that
targeting LINP1 may be a potential strategy for reversing 5FU
and DOX chemoresistance in breast cancer.

A number of lncRNAs have been found to be related with
cancer prognosis, such as HOTAIR,37 LIMT,38 and ANCR.39

However, more specific predictors are needed for breast cancer.
Our findings suggested that LINP1 may be used as a predictor
of therapeutic effect and prognosis in breast cancer. To verify
this hypothesis, we first evaluated the correlation between
breast cancer clinicopathological features and LINP1 expres-
sion. We demonstrated that LINP1 expression levels were sig-
nificantly associated with distant metastasis and advanced
clinic stage. Consistently, LINP1 was highly upregulated in the
patients with distant metastases. We also analyzed the overall
and disease-free survival of patients with breast cancer accord-
ing to LINP1 expression levels. The results from the log rank
test showed that high LINP1 levels in breast cancer tissues were
associated with an unfavorable prognosis, specifically being
related with a high risk of death and shorter survival. Of note,
though an obvious trend was observed between distant metas-
tases and poor prognosis according to the Kaplan-Meier analy-
sis, we failed to evaluate the influence of metastases on overall
survival using multivariate analysis. A plausible explanation is
that the follow-up time was too short to obtain significant prog-
nostic results in the LINP1-downregulated group. Additionally,
the small size of the cohort may also account for these findings.
Thus, a larger sample size and longer follow-up time needs to
be further investigated. In summary, these reports suggest that
LINP1 plays certain roles in breast cancer carcinogenesis and
highlights LINP1 as a promising therapeutic target in breast
cancer. However, more tissue samples are needed to further
analyze the correlation between LINP1 expression and patient
clinicopathological features to evaluate the potential of LINP1
as an independent biomarker in breast cancer. Moreover, the
universality of LINP1 expression in various cancers deserves
further study.

Materials and methods

Cell culture and reagents

Human breast cancer cells (MDA-MB-231, MDA-MB-468 and
MCF7) were purchased from the American Type Culture Col-
lection (Manassas, VA, USA). The cell lines have been tested
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and authenticated. Cells were routinely maintained in Dulbec-
co’s modified Eagle’s medium (Gibco-BRL, Rockville, IN, USA)
supplemented with 10% fetal bovine serum (Haoyang Biological
Manufacture Co. Ltd., Tianjin, China), 100 U/ml penicillin and
100 mg/ml streptomycin. A 5FU-resistant and DOX-resistant
breast cancer cell lines, MDA-MB-231/5FU and MDA-MB-
231/DOX, respectively, were derived from the MDA-MB-231
cell line by continuous exposure to 5FU (final concentration of
10 mg/ml) (Sigma-Aldrich, Shanghai, China) or DOX (final
concentration of 0.2 mg/ml) (Sigma-Aldrich, Shanghai, China)
over a period of 12 months. The drug-resistant cell lines are
capable of proliferation in the presence of chemotherapeutics.
At least two weeks before further experiments, normal culture
medium replaced those with the drugs. Cells were cultured at
37�C with 5% CO2 in a humidified incubator.

Plasmid construction and transfection

For LINP1 overexpression, the LINP1 cDNA was cloned into
the multiple cloning sites in the pcDNA3.1 vector (Invitrogen,
Carlsbad, CA, USA). The expression plasmid vector and the
empty vector were used to transfect breast cancer cells using
Lipofectamine 2000 (Invitrogen, MA, USA) to establish the
LINP1 overexpression and control cell lines. For LINP1 knock-
down, si-LINP1 and si-control were purchased from Applied
Biological Materials (ABM, Canada). Transfections were per-
formed using the Lipofectamine 2000 to establish the si-NC
and si-LINP1 cell lines.

Quantitative real-time reverse transcriptase (RT)-PCR

Total RNA was prepared from breast cancer cells using the Trizol
reagent (Invitrogen, CA, USA) according to the manufacturer’s
instructions. Reverse transcription was performed with the Pri-
meScript RT Reagent Kit (Takara, Japan) according to the manu-
facturer’s protocol. qRT-PCR was performed using a SYBR
Green PCR kit (Takara, Japan). The cDNA reaction products
were amplified with the following primers: (1) LINP1 forward,
50- TGCCACTGCCATTAGAAGAAC-30, and LINP1 reverse,
50- GCTCACAGAGGAGCTACCCA-30; (2) p53 forward, 50-
CCTCA GCATCTTATCC GAGTGG -30, and p53 reverse, 50-
TGGATGGTGGTACAGTCA GAGC -30; and (3) b-actin for-
ward, 50- CATGTACGTTGCTATCCAGGC -30, and b-actin
reverse, 50- CTCCTTAATGTCACGCACGAT -30. The results
are represented as the log10 (2¡DDCT). b-actin was used as an
internal control for calculating lncRNAs and mRNA expression.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and in vitro chemosensitivity assay

Cells were plated into 96-well plates and grown overnight at
37�C under 5% CO2. After treatment with or without appropri-
ate concentrations of 5FU or DOX for the indicated times,
20 ml of MTT solution (5 mg/ml) was added to each well and
incubated for 4–6 h at 37�C. Then, the media was removed and
100 ml DMSO was added to each well. The optical density
(OD) was measured with a Microplate Reader (Bio-Rad, Her-
cules, CA, USA) at 570 nm to assess the relative number of sur-
viving cells. All assays were performed in triplicate.

Cell-cycle analysis

Cells were seeded in 6-well plates and starved in serum-free
medium at 37�C under 5% CO2. Forty-eight hours after trans-
fection, the cells were trypsinized and washed with cold PBS
twice. Then, the cell plates were suspended with 300 ml PBS,
followed by the addition of 500 ml cell cycle staining buffer
(MultiSciences (Lianke) Biotech Co., Ltd.). After a 30 min incu-
bation at room temperature, a flow cytometer was used to ana-
lyze the DNA contents of the cells, and the data were analyzed
with the ModFitLT V2.0 software (Becton Dickinson).

Western blot analysis

Cells were collected and lysed with lysis buffer (1 £ PBS, 1%
NP40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate,
5 mM ethylenediaminetetraacetic acid, and 1 mM sodium
orthovanadate) containing protease inhibitors. Subsequently,
equal amounts of proteins were assayed by SDS-PAGE and
then transferred to a polyvinylidene difluoride membrane (Bio-
Rad, Hercules, CA, USA). After blocking with 5% non-fat milk,
the membrane was incubated with primary antibody
(Immuno-Way, Newark, DE, USA) overnight at 4�C followed
by labeling with a horseradish peroxidase-coupled secondary
antibody. The protein bands were detected with enhanced
chemiluminescence. b-actin expression was used as the endoge-
nous control.

PE Annexin V apoptosis assay

Cells transfected with the indicated siRNAs or plasmids were
collected after 48 h. For detecting chemotherapeutic-induced
apoptosis, cells were divided into two aliquots 24 h after trans-
fection. After adherence, 30 mg/ml 5FU or 0.4 mg/ml DOX
were used to induced apoptosis for 24 h to 48 h. Apoptosis was
measured by flow cytometry with a PF/Annexin V Apoptosis
Detection Kit (BD Biosciences, USA) according to the manu-
facturer’s instructions. All samples were assayed in triplicate.

Wound healing assay

Cells were seeded onto 6-well plates and transfected with si-NC
or si-LINP1 for 48 h. Then, the cells were serum-starved for
12 h and replenished with 10% fetal bovine serum-DMEM
medium. When the cells reached 80% confluence, an artificial
wound was carefully created by scratching the confluent cell
monolayer with a 200 ml pipette tip. The wound was imaged
immediately and at 24 h and 48 h.

Cell invasion and migration assay

Invasion and migration assays were performed using the Trans-
well system (8-mm pore, Corning Costar, Lowell, MA, USA). In
total, 1 £ 105 cells were suspended in 100 ml serum-free
medium and added to the upper chamber that was pre-coated
with or without Matrigel (50 ml/well; Becton Dickinson, Bed-
ford, USA). The lower chamber was filled with 700 ml medium
with 20% FBS. After 24–48 h of incubation, the cells adhering
to the lower surface of the membrane were fixed with methanol
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and stained with 0.1% crystal violet; the remaining invaded cells
were counted in 5 different fields with each filter.

Terminal-deoxynucleotidyl transferase-mediated nick
end labeling (TUNEL) assay

Cells were transfected with si-NC or si-LINP1 for 24 h and then
divided into two aliquots. The cells were treated with 30 mg/ml
5FU or 0.4 mg/ml DOX. The TUNEL apoptosis assay was per-
formed using the One Step TUNEL Apoptosis Assay Kit (Beyo-
time, Jiangsu, China) according to the guidelines. Apoptotic
cells (red fluorescence) were imaged under a fluorescent
microscope.

Patient samples and ethics statement

Studies using human tissues were reviewed and approved by
the Ethical Committee of Shandong University. Tumor samples
were obtained from breast cancer patients admitted to Qilu
Hospital from January 2004 to December 2011. The follow-up
period for all the patients was 1–96 months, with a median of
43 months. All the participants in this study provided written
informed consent for the use of the clinical materials obtained
in the study.

Statistical analysis

The SPSS software (version 18.0) was used for the statistical
analysis. Two group comparisons were performed with the stu-
dent’s t test. Survival rates were calculated by Kaplan–Meier
survival analysis. Cox proportional hazards model multivariate
analyses were used to evaluate the influence of LINP1 expres-
sion and the clinicopathological features on overall survival. All
the performed tests were two-sided and error bars represent
the standard error of the mean (SEM) of three experiments.
Differences with p < 0.05 were considered to be statistically
significant.
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