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Abstract. The development of multidrug resistance is the 
major obstacle to successful lung cancer chemotherapy. 
Cancer cells gain resistance through increased levels of 
P‑glycoprotein (P‑gp), which is encoded by the multidrug 
resistance‑associated protein 1 (MDR1) gene. Leucine‑rich 
PPR motif‑containing protein (LRPPRC), a member of the 
PPR family, has been verified to regulate the transcription of 
MDR1. This regulation is influenced by the methylation status 
of the GC ‑100 box in the MDR1 promoter. The present study 
aimed to investigate the effect of LRPPRC on cisplatin (DDP) 
resistance in lung cancer cells and explore the underlying 
mechanism. DDP‑resistant non‑small cell lung cancer cell 
lines (A549/DDP, H1299/DDP) were generated. The expres‑
sion levels of LRPPRC and P‑gp/MDR1, investigated by qPCR 
and western blot analysis, were increased in the A549/DDP 
and H1299/DDP cells compared with that in the parental cells. 
LRPPRC silencing with shRNA increased DDP sensitivity 
in vitro and in vivo. LRPPRC silencing inhibited the level of 

LRPPRC binding with the MDR1 promoter, investigated by 
chromatin immunoprecipitation‑qPCR, and the corresponding 
MDR1 expression. Demethylation treatment rescued the 
decrease in the level of LRPPRC binding with MDR1 and the 
corresponding expression of MDR1 and the increase in DDP 
sensitivity due to LRPPRC silencing. Our study suggests that 
LRPPRC contributes to DDP resistance in lung cancer cells by 
regulating MDR1 transcription. Thus, LRPPRC may serve as 
a potential molecular target for chemo‑resistance reversal in 
lung cancer.

Introduction

Lung cancer ranks first among all emerging cancer 
cases and cancer‑related deaths worldwide (1). Surgery 
is an important therapeutic method for early lung cancer. 
Surgery in combination with cisplatin (DDP)‑based 
chemotherapy contributes to the long‑term survival of 
patients. Chemotherapy is the main treatment for advanced 
and metastatic lung cancer. However, some patients still 
progress to relapse and metastasis. The development 
of multidrug resistance (MDR) is the major obstacle of 
successful cancer chemotherapy (2,3). Cancer cells can 
achieve MDR bytransporting a broad range of cytotoxic 
drugs out of cells mediated through the overexpression 
of ATP‑binding cassette (ABC) transporter proteins, thus 
reducing intracellular drug concentrations. Inhibition of 
the expression of ABC transporter proteins may reverse 
the MDR of cancer cells. Among the 48 known ABC 
transporter proteins, P‑glycoprotein (P‑gp) encoded by 
the MDR1 gene, multidrug resistance‑associated protein 1 
(MRP1), breast cancer‑resistant protein (BCRP) and lung 
resistance‑related protein (LRP) are the four main efflux 
transporters that function in the MDR of cancers (4‑6). 
Leucine‑rich PPR motif‑containing protein (LRPPRC), a 
member of the PPR family, is a multifunctional protein 
involved in mitochondrial gene transcription and tumori‑
genesis. LRPPRC mutation causes Leigh syndrome in 
French‑Canadians. Many tumors highly express LRPPRC, 
which is associated with poor prognosis. Downregulation of 
LRPPRC inhibits the growth and induces the apoptosis of 

LRPPRC contributes to the cisplatin resistance of 
lung cancer cells by regulating MDR1 expression

YUNFENG HU1,2*,  JIE CUI3,4*,  LEI JIN4,5,  YANI SU2  and  XIAOZHI ZHANG1

1Department of Radiotherapy, The First Affiliated Hospital, Xi'an Jiaotong University, Xi'an, Shaanxi 710061; 
2Department of Oncology, Yanan University Affiliated Hospital, Yanan University, Yan'an, Shaanxi 716000; 

3Department of Oncology, The First Affiliated Hospital, Xi'an Medical University; 4School of General Medicine, 
Xi'an Medical University; 5Department of Cardio‑Thoracic Surgery, The First Affiliated Hospital, 

Xi'an Medical University, Xi'an, Shaanxi 710077, P.R. China

Received August 9, 2020;  Accepted December 16, 2020

DOI: 10.3892/or.2021.7955

Correspondence to: Professor Xiaozhi Zhang, Department 
of Radiotherapy, The First Affiliated Hospital, Xi'an Jiaotong 
University, 277 Yanta West Road, Xi'an, Shaanxi 710061, 
P.R. China
E‑mail: zhangxiaoazhi@163.com

*Contributed equally

Abbreviations: LRPPRC, leucine‑rich PPR  motif‑containing protein; 
DDP, cisplatin; NSCLC, non‑small cell lung cancer; MDR, multidrug 
resistance; ABC, ATP‑binding cassette; P‑gp, P‑glycoprotein; 
MRP1, multidrug resistance‑associated protein 1; BCRP, breast 
cancer‑resistant protein; LRP, lung resistance‑related protein; MTT, 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazoliumbromide; qPCR, 
quantitative real‑time polymerase chain reaction; ChIP, chromatin 
immunoprecipitation; IC50, half‑maximal inhibitory concentration

Key words: non‑small cell lung cancer, multidrug resistance, 
cisplatin, MDR1, LRPPRC



HU et al:  LRPPRC CONTRIBUTES TO THE CISPLATIN RESISTANCE OF LUNG CANCER2

tumor cells (7‑10). More importantly, increasing evidence 
indicates that LRPPRC binds to the region of the MDR1 
gene promoter and regulates the transcription of MDR1. 
This regulation is influenced by the methylation status of 
the GC ‑100 box in the MDR1 promoter (11,12). LRPPRC 
has been demonstrated to play functional roles in the 
tumorigenesis of lung cancer (9,13). In this study, it was 
demonstrated that downregulation of LRPPRC successfully 
reverses DDP resistance in lung cancer cells by regulating 
MDR1 transcription.

Materials and methods

Cell culture. Human non‑small cell lung cancer (NSCLC) cell 
lines A549 and H1299 were purchased from the Institute of 
Life Sciences Cell Resource Centre of the Chinese Academy 
of Sciences (Shanghai, China). DDP‑resistant cell lines 
(A549/DDP and H1299/DDP) were generated by exposing 
these cell lines to increasing concentrations of DDP for 
several months. Cells were cultured in RPMI‑1640 medium 
supplemented with 10% foetal bovine serum (FBS, Gibco; 
Thermo Fisher Scientific, Inc.), penicillin (100 U/ml) and 
streptomycin (100 µg/ml) in a humidified atmosphere of 
5% CO2 at 37˚C. The medium for DDP‑resistant cells was 
further supplemented with DDP (1 µM).

Quantitative real‑time polymerase chain reaction (qPCR). 
Total RNA was extracted from cells using Trizol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. One microgram of total RNA was 
converted to cDNA using TaKaRa PrimeScript RT reagent 
kit (Takara Bio, Inc.). The mRNA levels of LRPPRC, MDR1, 
MRP1, BCRP and LRP were analyzed through qPCR using 
an ABI 7500HT Fast Real‑time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) with 50 cycles of 
20 sec at 95˚C, 30 sec at 60˚C and 30 sec at 72˚C. GAPDH 
was used as the internal control. The 2‑ΔΔCq method was used 
to analyze the data (14). Each sample was run in triplicate. The 
primers used are presented in Table SI.

Western blot analysis. Cellular total protein was extracted 
with radioimmunoprecipitation assay buffer containing 
protease inhibitors. Protein concentrations were investi‑
gated by bicinchoninic acid protein assay (Sigma‑Aldrich; 
Merck KGaA). Equal amounts of protein lysates were 
separated by 10% sodium dodecyl sulphate‑polyacrylamide 
gel electrophoresis and then transferred onto polyvinylidene 
fluoride membranes (EMD Millipore). The membranes were 
incubated with primary antibodies, including anti‑LRPPRC 
(Abcam, ab97505, diluted 1:1,000), anti‑P‑gp (Abcam, 
ab262880, diluted 1:1,200) and anti‑β‑actin (Abcam, ab8227, 
diluted 1:1,000), overnight at 4˚C and then with horseradish 
peroxidase‑conjugated secondary antibodies (Boster, BA1054, 
diluted 1:5,000) for 1 h at room temperature. Visualization 
was performed using an enhanced chemiluminescence detec‑
tion system (EMD Millipore). The expression of the target 
proteins relative to that of β‑actin was determined via densi‑
tometric analysis using ImageJ software (National Institutes 
of Health, version 1.52n). Experiments were repeated in 
triplicate.

Cell transfection. A549/DDP and H1299/DDP cells 
were transfected with lentiviral vectors expressing the 
LRPPRC‑specific short hairpin (shRNA) for LRPPRC 
silencing (Shanghai Genechem Co., Ltd.; forward, 5'‑CCG 
GCC AUC UCG CUG CAG UCU AUT TCT CGA GAU AGA CUG 
CAG CGA GAU GGT TTT TTT G‑3' and reverse, 5'‑AAT 
TCA AAA ACC AUC UCG CUG CAG UCU AUT TCT CGA GAU 
AGA CUG CAG CGA GAU GGT T‑3'). The shRNA lentiviral 
control vectors were used. Cells were transfected using 
X‑tremeGENE HP DNA Transfection Reagent (Roche 
Diagnostics GmbH) as recommended by the manufacturer. 
After transfection, A549/DDP cells with stable endogenous 
LRPPRC silencing were obtained after treatment with 
5 µg/ml of puromycin (Sigma‑Aldrich; Merck KGaA).

Cell proliferation assay. 3‑(4,5‑Dimethylthiazol‑2‑yl)‑
2,5‑diphenyltetrazoliumbromide (MTT) assay was used to 
evaluate the proliferation capacity of the cells. Cells were incu‑
bated with 0.5 mg/ml MTT (Sigma‑Aldrich; Merck KGaA) 
for 4 h at 37˚C and mixed with 150 µl of dimethylsulphoxide 
(Sigma‑Aldrich; Merck KGaA) to dissolve the gener‑
ated formazan. Cell absorbance at 570 nm was measured 
using a microplate reader (Bio‑Rad Laboratories, Inc.). 
Proliferation inhibition rate (%) = (1‑Experimental optical 
density [OD]/Control OD) x100%. The half‑maximal inhibi‑
tory concentration (IC50) values of DDP for the inhibition of 
cell proliferation were calculated. Experiments were repeated 
in triplicate.

Flow cytometry. The effects of LRPPRC inhibition on apop‑
tosis were determined through flow cytometry. A549/DDP 
and H1299/DDP cells were transfected with shLRPPRC or 
shControl for 24 h and then cultured with medium containing 
DDP (IC20 concentration) for 48 h. Cells were stained with a 
combination of Annexin V‑FITC and 7‑AAD/PI for 15 min 
at 37˚C in the dark to detect apoptosis, and the percentages 
of apoptotic cells were analyzed through flow cytometry 
using FACSCalibur (BD Biosciences; Becton, Dickinson and 
Company). Experiments were repeated in triplicate.

Chromatin immunoprecipitation‑qPCR. Chromatin immu‑
noprecipitation (ChIP) assay was evaluated through a Simple 
ChIP enzymatic ChIP kit (Cell Signalling Technology, Inc.) 
according to the manufacturer's protocol. Anti‑LRPPRC anti‑
body (Santa Cruz Biotechnology, Inc., sc‑166178) was used to 
perform immunoprecipitation. Nonspecific mouse IgG was 
used as the control. DNA was extracted from bound fractions 
according to Abcam protocol. Then, the immunoprecipitated 
DNA was amplified using the sequence primers of the MDR1 
promoter (MDR1p (F) 5'‑GCT GAT GCG CGT TTC TCT ACT‑3' 
and MDR1p (R) 5'‑CCG GGC CGG GAG CAG TCAT C‑3'). 
DNA amplification was quantified by qPCR analysis, and the 
percentage of DNA brought down by ChIP (percent input) was 
calculated. Experiments were repeated in triplicate.

Animal studies. Eighteen male BALB/c nude mice weighing 
19‑22 g, 6 weeks of age, were obtained from Silaike 
Experimental Animal Company, and housed in an air‑condi‑
tioned room with a temperature of 23±1˚C, relative humidity 
of 55±5% and a 12‑h light/dark cycle. The bedding, food and 
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water were autoclaved. All the animals were acclimatized 
for 7 days. The mice were frequently assessed by animal 
care staff using daily inspections and health records.The 
Ethics Committee of the First Affiliated Hospital of Xi'an 
Medical University approved the protocol (no. 20180606). 
The study was carried out in accordance with the Guide for 
the Care and Use of Laboratory Animals of the National 
Institutes of Health. The mice were randomly divided into 
three groups (n=6 mice/group), including the A549/DDP, 
shControl‑A549/DDP and shLRPPRC‑A549/DDP groups. 
In each group, 5x106 cells were injected subcutaneously 
into the right back flank of each mouse. When xenografts 
had grown to a size of 100‑200 mm3, the mice were treated 
with DDP (10 mg/kg) every week by intraperitoneal injec‑
tion for 4 weeks. The volumes of the implanted tumors 
were measured twice a week. After 4 weeks of treatment 
with DDP, all of the mice were euthanized by intravenous 
injection of sodium pentobarbital (150 mg/kg), and tumor 
weights were measured.

Immunohistochemical examination. Immunohistochemistry 
(IHC) was performed to detect the expression of the indicated 
proteins in the xenograft tumors. Sections (4‑µm thick) were 
deparaffinized and dehydrated. The slides were incubated in 
3% hydrogen peroxide solution for 10 min, washed with PBS 
buffer and then incubated for 15 min with normal goat serum. 
The sections were incubated with the primary antibodies, 
including anti‑LRPPRC (Abcam, ab97505, diluted 1:500) 
and anti‑P‑gp antibody (Abcam, ab262880, diluted 1:500), 
overnight at 4˚C. Thereafter, the sections were incubated 
for 40 min with an anti‑rabbit secondary antibody (SA1050, 
Boster) and stained with diaminobenzidine (DAB; Boster). 
The negative control was processed identically but without the 
primary antibody.

Statistical analysis. Data are expressed as mean ± standard 
deviation. Differences among the groups were analyzed by 
Student's t‑test or one‑way analysis of variance (ANOVA) 
followed by Tukey's multiple‑comparison test using SPSS 
version 19.0 (SPSS, Inc.), and P<0.05 was used to indicate a 
statistically significant difference.

Results

Overexpression of LRPPRC and MDR1 in A549/DDP and 
H1299/DDP cells. The DDP‑resistant cell lines A549/DDP 
and H1299/DDP were established by long‑term continuous 
exposure of the original DDP‑sensitive cells to DDP. The 
proliferation inhibition of cells was investigated using MTT 
assay. Cells were cultured with medium containing different 
concentrations of DDP (1.7, 3.4, 6.8, 13.6, 27.2, 54.4, and 
108.8 µM) for 48 h. Then, MTT assay was performed, 
and IC50 values were calculated. The cytotoxicity of DDP 
significantly differed between the DDP‑resistant cells and 
their parental cells (Fig. 1). The IC50 of DDP in the resistant 
cells was significantly higher when compared with that 
in the parental cells (Table I). The mRNA expression of 
LRPPRC and MDR‑related efflux ABC transporter proteins, 
including MDR1, BCRP, MRP1 and LRP, in DDP‑resistant 
and parental cells was investigated using qPCR. The mRNA 

expression of LRPPRC (~3.2‑fold change in A549/DDP 
and 2.4‑fold change in H1299/DDP) and MDR1 (~2.8‑fold 
change in A549/DDP and 2.3‑fold change in H1299/DDP) 
was significantly increased in the resistant cells relative to 
that in the parental cells (Fig. 2A). The expression changes 
in LRPPRC and P‑gp encoded by the MDR1 gene were 
confirmed through western blot analysis, and the results 
indicated significant increases in LRPPRC and P‑gp expres‑
sion in the A549/DDP and H1299/DDP cells compared with 
those in their parental cells (Fig. 2B and C).

LRPPRC silencing increases DDP sensitivity in vitro and 
in vivo. The effect of LRPPRC silencing on DDP sensitivity 
was investigated using MTT assay. The proliferation inhibi‑
tion of tumor cells treated with different concentrations of 
DDP treatment for 48 h in combination with shLRPPRC 
was investigated, and IC50 values were calculated. LRPPRC 
silencing significantly increased the DDP sensitivity of 
A549/DDP and H1299/DDP cells. The IC50 values of DDP 
in the LRPPRC‑silenced resistant cells were significantly 
decreased compared with those in LRPPRC‑normal expres‑
sion cells (9.3±1.7 vs. 41.1±3.9 µM in A549/DDP cells; 
17.0±3.2 vs. 54.5±4.0 µM in H1299/DDP cells, P<0.01, 
Fig. 3A). The percentage of apoptosis induced by DDP in 
LRPPRC‑silenced A549/DDP and H1299/DDP cells was 
analyzed using flow cytometry. LRPPRC silencing syner‑
gized with DDP in increasing the percentage of apoptotic 
cells (Fig. 3B). We verified our results in vitro by exam‑
ining the effect of LRPPRC silencing on DDP sensitivity 
in A549/DDP xenograft tumors. After DDP treatment for 
4 weeks, the tumor volumes and weights of LRPPRC‑silenced 
cells were significantly decreased compared with those of 
the shControl and mock groups (Fig. 3C). These findings 
indicate that downregulation of LRPPRC reverses DDP 
resistance in lung cancer cells.

LRPPRC silencing inhibits MDR1 expression. The mRNA 
expression of MDR1 was investigated in LRPPRC‑silenced 
A549/DDP and H1299/DDP cells using qPCR. MDR1 mRNA 
levels were significantly decreased in LRPPRC‑silenced resis‑
tant cells compared with that in LRPPRC‑normal expression 
cells. Changes in P‑gp expression were confirmed through 
western blot analysis (Fig. 4A and B). The in vitro results 
were verified through IHC in A549/DDP‑derived xenograft 
tumors. P‑gp expression was decreased in the tumors derived 
from LRPPRC‑silenced cells compared with that in the 
shControl group (Fig. 4C).

Table I. The IC50 values of the lung cancer cells.

 IC50 (mM)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Cell line Parental cells Resistant cells P‑value

A549 7.0±1.0 39.3±5.7 <0.01
H1299 11.7±2.7 54.0±11.0 <0.01

IC50, half‑maximal inhibitory concentration.
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Figure 1. Analysis of the inhibition of proliferation of DDP‑resistant lung cancer (A549/DDP and H1299/DDP) and parental (A549 and H1299) cells using 
MTT assay. Cells were treated with different concentrations of DDP (1.7, 3.4, 6.8, 13.6, 27.2, 54.4, and 108.8 µM) for 48 h. Data are shown as mean ± SD. 
*P<0.05; **P<0.01 vs. the parental cells. DDP, cisplatin.

Figure 2. Expression of LRPPRC and MDR‑related genes and proteins in DDP‑resistant (A549/DDP and H1299/DDP) and parental (A549 and H1299) lung 
cancer cells. (A) The mRNA levels of LRPPRC and MDR‑related genes were determined by qPCR. (B) Left panel: Expression levels of LRPPRC and P‑gp 
proteins were investigated using western blot analysis in the A549 cell line. Right histogram: Data are the quantitative results of the left panel. (C) Left panel: 
Expression levels of LRPPRC and P‑gp proteins were investigated using western blot analysis in the H1299 cell line. Right histogram: Data are the quantitative 
results of the left panel. Data are shown as mean ± SD. *P<0.05; **P<0.01 vs. parental cells. LRPPRC, leucine‑rich PPR‑motif‑containing protein; MDR1, 
multidrug resistance 1; MRP1, multidrug resistance‑associated protein 1; BCRP, human breast cancer resistance protein; DDP, cisplatin; MDR, multidrug 
resistance; P‑gp, p‑glycoprotein.
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Demethylation treatment counteracts the effect of LRPPRC 
silencing. We investigated whether demethylation treat‑
ment could counteract the effect of LRPPRC silencing in 
lung cancer cells using the demethylation agent 5‑Aza‑dC 
(Sigma‑Aldrich; Merck KGaA; cat. no. A3656). The 
viability of A549/DDP cells was decreased by approxi‑
mately 10% after 1 µM 5‑Aza‑dC treatment (data not 
shown). Therefore, we used 0.5 µM 5‑Aza‑dC in the 
subsequent experiments. A549/DDP cells were treated 
with 5‑Aza‑dC combined with shLRPPRC for 48 h, and 
the resulting MDR1 expression was investigated using 

qPCR. 5‑Aza‑dC treatment rescued the decrease in MDR1 
mRNA level mediated by LRPPRC silencing (Fig. 5A). 
P‑gp expression changes were confirmed by western blot 
analysis (Fig. 5B). The interaction between LRPPRC and 
the MDR1 promoter was evaluated using ChIP‑qPCR. The 
level of LRPPRC binding with theMDR1 promoter showed 
a 4.0‑fold increase in A549/DDP cells compared with that 
in the parental cells (Fig. 5C). 5‑Aza‑dC treatment rescued 
the decrease in level of LRPPRC binding with the MDR1 
promoter in A549/DDP cells brought about by LRPPRC 
silencing (Fig. 5D).

Figure 3. LRPPRC silencing increases the DDP sensitivity of DDP‑resistant lung cancer cells in vitro and in vivo. (A) Effects of LRPPRC silencing on the 
IC50 value of DDP using MTT assay. Data are shown as mean ± SD. **P<0.01 vs. the parental cells; ##P<0.01 vs. the resistant cells + shCon group. (B) Effects 
of LRPPRC silencing on apoptosis induced by DDP using flow cytometry. Left: Representative dot plots show the apoptotic status of cells with different 
treatments. Right: Percentages of apoptotic cells. Cells were treated with shLRPPRC, DDP or their combination. Data are shown as mean ± SD. **P<0.01 vs. 
the shCon or shLRPPRC group; ##P<0.01 vs. the DDP+shCon group. (C) Effects of LRPPRC silencing on DDP sensitivity in A549/DDP cell‑derived tumors. 
Left panel: Images of the implanted tumors. Middle graph: Tumor growth curves. Right: Histogram representing mean tumor weights. BALB/c nude mice were 
divided into the A549/DDP, shCon‑A549/DDP and shLRPPRC‑A549/DDP groups and treated with DDP. Data are shown as mean ± SD (n=6/group). **P<0.01, 
shLRPPRC‑A549/DDP vs. shCon‑A549/DDP or A549/DDP group. LRPPRC, leucine‑rich PPR‑motif‑containing protein; DDP, cisplatin; IC50, half‑maximal 
inhibitory concentration; DDP, cisplatin; MTT, 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5 diphenyl tetrazolium bromide.
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A549/DDP cells were pre‑treated with 0.5 µM 5‑Aza‑dC 
for 3 weeks and then treated with different concentra‑
tions of DDP in combination with shLRPPRC for 48 h to 
investigate whether demethylation treatment could affect 

DDP sensitivity regulated by LRPPRC. The inhibition 
of cell proliferation was evaluated using MTT assay, and 
IC50 values were calculated. The IC50 values of DDP of the 
LRPPRC‑silenced cells treated with 5‑Aza‑dC increased 

Figure 4. LRPPRC silencing decreases MDR1/P‑gp levels in DDP‑resistant lung cancer cells. (A) Left graph: mRNA levels of MDR1 were determined using 
qPCR in the A549/DDP cell line. Middle panel: Expression level of P‑gp protein was investigated using western blot analysis. Right graph: Data are the quan‑
titative results of the middle panel. (B) Left graph: mRNA levels of MDR1 were determined using qPCR in theH1299/DDP cell line. Middle panel: Expression 
of P‑gp protein was investigated using western blot analysis. Right graph: Data are the quantitative results of the middle panel. (C) Representative LRPPRC 
and P‑gp staining of A549/DDP‑derived tumors from the LRPPRC‑silenced (shLRPPRC) and control (shCon) groups. Magnification, x100 and x400. Data are 
shown as mean ± SD. **P<0.01 vs. shControl. LRPPRC, leucine‑rich PPR‑motif‑containing protein; DDP, cisplatin; MDR1, multidrug resistance‑associated 
protein 1; P‑gp, p‑glycoprotein.



ONCOLOGY REPORTS  45:  4,  2021 7

compared with the LRPPRC‑silenced cells treated with PBS 
(Fig. 5E). These results indicate that demethylation treat‑
ment decreases LRPPRC silencing‑induced increase in DDP 
sensitivity.

Discussion

Chemotherapy is an important therapeutic strategy for lung 
cancer. Although chemotherapy can improve patient survival, 
the development of resistance is generally inevitable, ulti‑
mately causing relapse and metastasis. Therefore, a better 
understanding of the relevant resistance mechanisms and 
identification of agents that reverse resistance are emergent 
issues concerning lung cancer.

Lung cancer highly expresses the leucine‑r ich 
PPR‑motif‑containing protein (LRPPRC). Downregulation of 
LRPPRC was found to decrease the anti‑apoptotic, invasive 
and colony‑forming abilities of lung adenocarcinoma cells (9). 
Overexpression of P‑glycoprotein (P‑gp) encoded by the 
multidrug resistance‑associated protein 1 (MDR1) gene is 
one of the major mechanisms of cancer resistance. LRPPRC 
promotes MDR1 transcription by binding with the MDR1 
promoter (11,12). Thus, we investigated whether LRPPRC 
plays a role in the chemo‑resistance of lung cancer cells. We 

successfully established two DDP‑resistant lung cancer cell 
lines, including A549/DDP and H1299/DDP, via long‑term 
DDP exposure of the cells. The obtained cells were more 
resistant to DDP than their parental cells. We compared the 
expression of LRPPRC and MDR‑related proteins between 
DDP‑resistant and parental cells using qPCR. LRPPRC 
and MDR1 mRNA levels were significantly upregulated 
in A549/DDP and H1299/DDP cells. These results were 
confirmed by western blot analysis, thus revealing that 
long‑term exposure of DDP increased MDR1 expression 
and the LRPPRC overexpression may contribute to DDP 
resistance. We further determined whether downregulation of 
LRPPRC could increase DDP sensitivity. Downregulation of 
LRPPRC remarkably promoted the inhibition of proliferation 
and increased apoptosis of resistant cells induced by DDP. The 
results were verified by in vivo experiments, which showed 
that LRPPRC silencing improves DDP sensitivity in implanted 
A549/DDP tumors. Taken together, our findings indicate that 
LRPPRC contributes to DDP resistance in lung cancer cells.

LRPPRC has been demonstrated to be a transcription 
factor involved in the regulation of MDR1 expression through 
invMED1 binding sites in the promoter. This regulation is 
affected by the methylation status of MDR1 promoter GC 
‑100 box (11). We investigated changes in the mRNA levels 

Figure 5. Demethylation treatment counteracts the effect of LRPPRC silencing. A549/DDP cells were treated with shLRPPRC or shLRPPRC+5‑Aza‑dC. 
(A) The mRNA levels of MDR1 were determined using qPCR. **P<0.01 vs. the shCon group; ##P<0.01 vs. the shLRPPRC group. (B) Left panel: Expression 
of P‑gp protein was investigated using western blot analysis. Right graph: Data are the quantitative results of the left panel. **P<0.01 vs. the shCon group; 
##P<0.01 vs. the shLRPPRC group. (C) LRPPRC binding to MDR1 was quantified in A549/DDP and parental cells using CHIP‑qPCR. **P<0.01 vs. the parental 
cells. (D) Effects of 5‑Aza‑dC on LRPPRC binding to MDR1 in A549/DDP cells using CHIP‑qPCR. **P<0.01 vs. shCon; ##P<0.01 vs. shLRPPRC. (E) Effects 
of 5‑Aza‑dC on the IC50 value of DDP in A549/DDP cells using MTT assay. **P<0.01 vs. the shCon/5‑Aza‑dC; ##P<0.01 vs. shLRPPRC. Data are shown as 
mean ± SD. LRPPRC, leucine‑rich PPR‑motif‑containing protein; MDR1, multidrug resistance‑associated protein 1; P‑gp, p‑glycoprotein; DDP, cisplatin; IC50, 
half‑maximal inhibitory concentration; MTT, 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5 diphenyl tetrazolium bromide.
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of MDR‑related genes, including MDR1, BCRP, MRP1 and 
LRP, in LRPPRC‑silenced A549/DDP and H1299/DDP cells. 
LRPPRC suppression significantly decreased the mRNA 
levels of MDR1 but had no effect on BCRP, MRP1 and LRP 
expression. These results were confirmed by western blot 
analysis. We further investigated the effect of demethylation 
treatment on MDR1 expression. Demethylation treatment using 
5‑Aza‑dC rescued the decreased MDR1 expression caused by 
LRPPRC silencing. Next, we compared the level of LRPPRC 
binding with the MDR1 promoter between A549/DDP and 
parental cells and found that the level of LRPPRC binding 
with the MDR1 promoter was significantly upregulated in 
resistant cells. Demethylation treatment rescued the decreased 
level of LRPPRC binding with the MDR1 promoter in resis‑
tant cells due to LRPPRC silencing. We investigated whether 
demethylation treatment could affect DDP sensitivity regulated 
by LRPPRC and found that this treatment decreased the 
LRPPRC‑silenced‑mediated increase in DDP sensitivity. These 
results suggest that LRPPRC regulates MDR1 transcription, 
which contributes to the chemo‑resistance of lung cancer cells.

The effect of LRPPRC on multidrug resistance (MDR) has 
been studied in other tumor types. Overexpression of LRPPRC 
has been observed in chronic myeloid leukaemia MDR/IM 
cross‑resistant cells (15,16). Li et al found that MDR gastric cancer 
cells highly express LRPPRC. Downregulation of LRPPRC was 
found to considerably increase cytotoxic drug sensitivity, reduce 
MDR1 expression and the ability of P‑gp protein to efflux adria‑
mycin in gastric cancer cells (17,18). Our findings are consistent 
with previous reports but contrast those of Michaud et al, who 
found that the decreased expression of LRPPRC did not affect 
P‑gp expression and the capacity of haepatocarcinoma cells 
to extrude cytotoxic drugs (19). Different cancer cells express 
different MDR‑related genes for resistance (20,21), and the 
cytotoxic drug resistance of hepatocellular carcinoma cells may 
not depend on MDR1 gene expression. This difference may 
contribute to the contradictory results obtained.

In conclusion, LRPPRC contributes to DDP resistance in 
lung cancer cells by regulating MDR1 transcription. LRPPRC 
may serve as a potential molecular target for chemo‑resistance 
reversal, which may benefit lung cancer patients.
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