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(Pro)renin receptor [(P)RR] is a component of the renin-angiotensin system and plays an essential role in 
the activity of vacuolar H+-ATPase and autophagy.  (P)RR is expressed in cancer cells.  However, the 
relationship among (P)RR, apoptosis and autophagy in the treatment of anti-cancer drugs has not been 
clarified.  The aim of this study was to clarify the effects of anti-cancer drugs with autophagy-promoting 
activity on (P)RR expression in cancer cells.  MCF-7 breast cancer cells and A549 lung cancer cells were 
treated with carboplatin or paclitaxel, and the expression of (P)RR, apoptosis markers and autophagy 
markers were assessed by RT-qPCR, western blot analysis and immunocytochemistry.  Expression levels 
of (P)RR mRNA and soluble (P)RR protein were increased by carboplatin or paclitaxel in a dose-dependent 
manner.  Immunofluorescence staining of (P)RR was increased in both MCF-7 and A549 cells treated by 
carboplatin or paclitaxel.  Apoptosis induction was shown by elevated BAX/BCL2 mRNA levels and 
increased active caspase3-positive cells.  Moreover, autophagy induction was confirmed by increased 
levels of autophagy-associated mRNAs and LC3B-II proteins.  (P)RR knockdown by (P)RR-specific siRNA 
suppressed the cell viability in MCF-7 cells and A549 cells under the treatment of carboplatin or paclitaxel, 
suggesting that (P)RR deficiency inhibits the proliferation of cancer cells in a pathway different from 
carboplatin or paclitaxel.  The present study showed that the expression of (P)RR mRNA and soluble  
(P)RR was increased by anti-cancer drugs with autophagy-promoting activity.  Upregulated (P)RR and 
autophagy may constitute a stress adaptation that protects cancer cells from apoptosis.
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Introduction
(Pro)renin receptor [(P)RR] is identified as a single 

transmembrane receptor that binds specifically to renin and 
its precursor, prorenin (Nguyen et al. 2002; Nguyen and 
Muller 2010; Nguyen 2011).  (P)RR has three molecular 
forms; a 35-kDa full-length (P)RR, a 28-kDa soluble  

(P)RR, and a truncated (P)RR (M8-9 fragment).  (P)RR has 
received much attention in recent years because it was 
shown to have functions that are both dependent on and 
independent of the renin angiotensin system.  (P)RR, par-
ticularly a truncated (P)RR, is considered to form a func-
tional complex with vacuolar H+-ATPase (V-ATPase) 
(Nguyen 2011).  (P)RR has another name of ATP6AP2 
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(ATPase, H+ transporting, lysosomal accessory protein 2).  
V-ATPase is responsible for the active transport of protons 
and maintains the acidity of intracellular compartments and 
the extracellular environment (Forgac 2007). 

(P)RR is expressed in various types of normal and 
tumor cells.  We have shown that (P)RR is expressed in 
breast cancers (Ohba et al. 2014), lung cancers (Ohba et al. 
2020) and adrenal tumors (Yamamoto et al. 2013).  
Suppression of (P)RR expression by (P)RR siRNA reduced 
cell proliferation in cultured breast carcinoma cells (MCF-7 
cells and SK-BR-3 cells) (Ohba et al. 2014) and lung carci-
noma cells (A549 cells) (Ohba et al. 2020).  V-ATPase is 
essential for lysosomal acidification and autophagy 
(Mauvezin et al. 2015).  Cell-specific, conditional knockout 
mice of (P)RR gene (ATP6AP2) showed the suppression of 
the V-ATPase activity and autophagy, and cell death of car-
diomyocytes (Kinouchi et al. 2010) or podocytes in the kid-
ney (Oshima et al. 2011; Riediger et al. 2011).  Suppression 
of (P)RR expression may inhibit lysosomal acidification 
and autophagy, and suppress proliferation of cancer cells. 

In addition, (P)RR functions as an adaptor between 
Wnt receptors and the V-ATPase complex, and regulates the 
Wnt/β-catenin pathway, which is essential in cell develop-
ment and differentiation, and the pathophysiology of dis-
eases, such as cancer (Cruciat et al. 2010; Bernhard et al. 
2012).  It has been suggested that (P)RR plays an important 
role in Wnt/β-catenin signaling-dependent genesis of pan-
creatic ductal adenocarcinoma (Shibayama et al. 2015), gli-
oma (Kouchi et al. 2017) and colorectal cancer (Wang et al. 
2019).

We have shown that bafilomycin A1 or chloroquine 
inhibited autophagy and reduced the cell viability in MCF-7 
breast cancer cells and A549 lung adenocarcinoma cells 
with increased intracellular accumulation of soluble (P)RR 
(Endo et al. 2020).  In contrast, anti-cancer drugs, carbopla-
tin and paclitaxel, are known to induce autophagy (Chi et 
al. 2013; Desai et al. 2013; Liu et al. 2013).  However, 
effects of carboplatin and paclitaxel on (P)RR expression 
have not been studied.  Carboplatin, a platinum-containing 
anti-cancer drug, reacts by cross-linking to double strands 
of DNA, inhibits replication and subsequently induces 
apoptosis in cancer cells.  Carboplatin is widely used for 
the treatment of various cancers including breast cancer 
(von Minckwitz et al. 2014; Tutt et al. 2018) and non-small 
cell lung cancer (Rossi et al. 2012; Griesinger et al. 2019).  
Paclitaxel is a microtubule-stabilizing agent which inter-
feres with spindle microtubule dynamics and causes cell 
cycle arrest and apoptosis (McGrogan et al. 2008).  It is 
also widely used in chemotherapy for breast cancer 
(McGrogan et al. 2008) and non-small cell lung cancer 
(Murphy et al. 1993).  The aim of the present study was to 
clarify effects of anti-cancer drugs with autophagy-inducing 
activity on the (P)RR expression in cultured human cancer 
cells.

Materials and Methods
Cell cultures 

A human breast cancer cell line, MCF-7 (No. 
RCB1904) and a human lung cancer cell line, A549 (No. 
RCB3677) were obtained from RIKEN BRC Cell Bank 
(Tsukuba, Japan), as previously reported (Endo et al. 2020). 
MCF-7 cells were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 medium (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) containing 10% fetal bovine 
serum (FBS; Thermo Fisher Scientific Inc.).  A549 cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Thermo Fisher Scientific Inc.) containing 10% 
FBS.  The cells were cultured at 37°C in a humidified atmo-
sphere under 5% CO2.

After 24 hours of seeding, the cells were treated with 
vehicle, carboplatin (final concentration: 10, 50 or 100 µM; 
FUJIFILM Wako Pure Chemicals, Osaka, Japan) or pacli-
taxel (final concentration: 1, 5 or 10 nM; FUJIFILM Wako 
Pure Chemicals).  After 5, 24, and 48 hours of incubation, 
the cells were harvested for mRNA expression analysis.  
After 72 hours of treatments, the cells were used for west-
ern blot analysis and immunofluorescence staining.  The 
cell proliferation assay was performed 48 hours after 
administration of carboplatin or paclitaxel by WST-8 
method as previously described (Endo et al. 2020). 

In the experiments using siRNA, both cells were trans-
fected after 24 hours of seeding with either of 4 sequences 
of siRNAs for (P)RR (ON-TARGETplus Human ATP6AP2 
siRNA, LQ-013647-01-0020; Dharmacon, Lafayette, CO, 
U S A )  o r  s c r a m b l e d  R N A ( s c R N A ;  c o n t r o l ) 
(ON-TARGETplus Non-targeting Pool, D-001810-10-20; 
Dharmacon) using Lipofectamine 2000 (Thermo Fisher 
Scientific Inc.) and Opti-MEM I reduced serum medium 
(Thermo Fisher Scientific Inc.), as previously described 
(Hirose et al. 2019).

Real-time quantitative polymerase chain reaction 
(RT-qPCR) analysis

Total RNA was extracted from cultured cells using 
FastGene RNA Basic Kit (Nippon Genetics, Tokyo, Japan).  
Complementary DNA (cDNA) was synthesized using oli-
gonucleotides (dT), random primers and PrimeScript 
Reverse Transcriptase (TaKaRa Bio, Kusatsu, Japan).  Five 
nanograms of cDNA were used as a template for qPCR.  
The target sequences were amplified in duplicate with gene-
specific primers (Table 1) using THUNDERBIRD SYBR 
qPCR Mix (TOYOBO, Osaka, Japan) and the CFX96 Real-
Time PCR Detection System (Bio-Rad Laboratories, 
Hercules, CA, USA).  Relative mRNA expression levels 
were normalized to ribosomal protein lateral stalk subunit 
P2 (RPLP2) mRNA expression levels.

Western blotting
Western blot analysis was performed following our 

previous report with some modifications (Endo et al. 2020).  
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Briefly, harvested cells were washed once with ice-cold 
phosphate-buffered saline (PBS), and were lysed with 
M-PER Mammalian Protein Extraction Reagent (Thermo 
Fisher Scientific Inc.) containing Halt protease and phos-
phatase Inhibitor Cocktail (Thermo Fisher Scientific Inc.).  
The mixture was robustly vortexed for 10 min and centri-
fuged at 19,000 × g for 15 min at 4°C.  The supernatant was 
stored at −80°C until sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE).  The protein con-
centration of the supernatant was quantified by the Bradford 
method.  The cell lysates (15 µg protein/lane) were sub-
jected to SDS-PAGE (15% SDS polyacrylamide gel, 200 V) 
and transferred to polyvinylidene difluoride membranes by 
using the Trans-Blot Turbo system (Bio-Rad Laboratories).  
The membranes were blocked in Blocking Reagent 
(FUJIFILM Wako Pure Chemical) for 60 min with shaking 
at room temperature, and then incubated with the primary 
antibodies (Table 2) overnight at 4°C.  All primary antibod-
ies were diluted in Can Get Signal Immunoreaction 
Enhancer Solution (TOYOBO).  The membrane was 
reacted with secondary antibodies, horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG or HRP-conjugated anti-
mouse IgG (both 1:10,000; Santa Cruz Biotechnology, 
Dallas ,  TX,  USA),  d i lu ted in  Can Get  Signal 
Immunoreaction Enhancer Solution at 4°C for 60 minutes.  
The signals were visualized using Immobilon Western 
(Merck Millipore, Billerica, MA, USA) and photographed 
using the ChemiDocTM Touch Imaging System (BioRad 
Laboratories).  The intensity of the detected bands was 

quantified by Image J software.

Immunofluorescence staining
MCF-7 and A549 cells cultured on glass slides (12 

mm; Matsunami Glass, Osaka, Japan) were fixed with 4% 
paraformaldehyde (FUJIFILM Wako Pure Chemical) for 
20 min and permeated with 0.1% Triton-X 100 (Merck 
KGaA, Darmstadt, Germany) in PBS for 10 min.  After 
blocking with 5% bovine serum albumin/PBS, the cells 
were incubated with primary antibody (Table 2) overnight 
at 4°C.  After washing 3 times with PBS, the cells were 
reacted with anti-rabbit IgG-Alexa 555 (1:1,000; Thermo 
Fisher Scientific Inc.) for 30 minutes at room temperature, 
and  then  mounted  wi th  DAPI  F luoromount -G 
(SouthernBiotech, Birmingham, AL, USA).  The images 
were acquired using a fluorescence microscope (BZ-X710; 
KEYENCE, Tokyo, Japan) or a confocal laser scanning 
microscope (Leica TCS SP8; Leica Microsystems, Wetzlar, 
Germany).

Statistical analyses
All data were given as mean ± standard error of the 

mean (SEM).  JMP pro (ver. 15.1; SAS Institute Inc., Cary, 
NC, USA) was used for statistical analysis.  Comparisons 
were made using one-way analysis of variance (ANOVA), 
followed by Tukey-Kramer method for multiple compari-
sons.  A p-value of less than 0.05 was considered statisti-
cally significant.

Table 1.  List of primers for reverse transcriptase-polymerase chain reaction (RT-PCR).

Gene Forward Reverse

(P)RR CCTCCCTCATTAGGAAGACAAGGAC TCGAATCTTCTGGTTTGTCATCCT
BAX ATGTTTTCTGACGGCAACTTC ATCAGTTCCGGCACCTTG
BCL2 GATGTGATGCCTCTGCGAAG CATGCTGATGTCTCTGGAATCT
VAMP8 AAGCCACATCTGAGCACTTCAA CCAGTGGCAAAGAGCACAATG
DRAM1 GTCAACCCCTTCCTCCCGTA TCGTGGCTGCACCAAGAAAT
RPLP2* Catalog #HA067804

*RPLP2 primer set was purchased from TaKaRa Bio (Kusatsu, Japan), and the reference number 
(primer set ID) was indicated.
(P)RR, (pro)renin receptor; BAX, Bcl-2-associated X protein; VAMP8, vesicle-associated membrane 
protein 8; DRAM1, DNA damage-regulated autophagy modulator 1; RPLP2, ribosomal protein lateral 
stalk subunit P2.

Table 2.  List of antibodies used.

Antigen Company Catalog # Clone Host IF WB

(P)RR In house* Rabbit 1:1,000 1:10,000
LC3 Cell Signaling Technology, Danvers, MA, USA 12741 D3U4C Rabbit 1:5,000
Active CASP3 BD Pharmingen Inc., San Diego, CA, USA 559565 C92-605 Rabbit 1:500 1:1,000
ACTB Sigma-Aldrich Japan, Tokyo, Japan A2978 AC-15 Mouse 1:10,000

*Anti-(P)RR antibody was generated by immunizing rabbits with synthetic human (P)RR224-237 (Hirose et al. 2009).
(P)RR, (pro)renin receptor; LC3, microtubule-associated protein light chain 3; CASP3, caspase-3; ACTB, β-actin; IF, immuno-
fluorescence; WB, western blotting.
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Results
Effects of anti-cancer drugs on (P)RR expression

The time course study of carboplatin showed that 
expression levels of (P)RR mRNA were increased 1.4-fold 
(p < 0.0001) at 48 hours in MCF-7 cells (Fig. 1a, upper 
panel), and 1.3-fold (p < 0.01) at 24 hours and 1.8-fold (p < 
0.0001) at 48 hours in A549 cells (Fig. 1b, upper panel) 
after the addition of carboplatin (100 µM).  Expression lev-
els of (P)RR mRNA were also increased 1.3-fold (p < 0.01) 
at 48 hours in MCF-7 cells (Fig. 1a, lower panel), and 1.4-
fold (p < 0.01) at 48 hours in A549 cells (Fig. 1b, lower 
panel) after the addition of paclitaxel (10 nM), respectively.

Changes in (P)RR protein expression levels by carbo-
platin (Fig. 2) or paclitaxel (Fig. 3) were then studied by 
western blot analysis in MCF-7 and A549 cells.  The (P)RR 
antibody raised against the extracellular domain of (P)RR 
was used in western blot analysis, and therefore, recognizes 
both full-length (P)RR and soluble (P)RR (Hirose et al. 
2009).  The cells were cultured for 72 hours in the culture 

medium containing carboplatin (10, 50 and 100 µM) or 
paclitaxel (1, 5 and 10 nM).  Treatment with carboplatin 
increased expression levels of full-length (P)RR at 100 µM 
(1.2-fold, p < 0.05 compared to control) and soluble (P)RR 
at 50 and 100 µM (2.2-fold, p < 0.05 and 3.0-fold, p < 0.01 
compared to control, respectively) in MCF-7 cells (Fig. 2a).  
Treatment with carboplatin increased expression levels of 
soluble (P)RR at 100 µM (3.8-fold, p < 0.05, compared to 
control) in A549 cells, whereas no significant increase was 
observed in expression levels of full-length (P)RR protein 
(Fig. 2b).  Treatment with paclitaxel increased expression 
levels of soluble (P)RR at 10 nM in both MCF-7 (Fig. 3a) 
and A549 cells (Fig. 3b) (4.5-fold, p < 0.05, and 2.4-fold, p 
< 0.05, compared to control, respectively), whereas no sig-
nificant increase was observed in expression levels of full-
length (P)RR protein in both the cells.

Immunofluorescence staining showed enhanced (P)RR 
immunoreactivity in the cytoplasm of MCF-7 and A549 
cells treated with carboplatin (100 μM) (Fig. 4, middle col-
umn) or paclitaxel (10 nM) (right column), compared with 

Fig. 1.  The time course study of (pro)renin receptor [(P)RR] mRNA expression by carboplatin or paclitaxel in MCF-7 and 
A549 cells. 
(a, b) Relative expression levels of (P)RR mRNA levels in MCF-7 cells (a) and A549 cells (b) treated with carboplatin 
(100 µM) (upper panel) or paclitaxel (10 nM) (lower panel) for 5, 24 and 48 h.  (P)RR mRNA levels were analyzed by 
RT-qPCR.  The (P)RR mRNA levels are normalized to ribosomal protein lateral stalk subunit P2 (RPLP2) mRNA levels 
and shown as the relative mRNA levels to the control (the mean of control = 1, mean ± SEM, n = 4).  **p < 0.01, ***p 
< 0.0001 compared with control.
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control (left column).  These findings indicated that carbo-
platin or paclitaxel increased the (P)RR immunoreactivity 
in the cytoplasm, which may represent both full-length 
(P)RR and soluble (P)RR.

Effects of anti-cancer drugs on cell proliferation and apop-
tosis

The treatment with carboplatin (10, 50 and 100 µM) or 
paclitaxel (1, 5 and 10 nM) for 48 hours decreased the cell 
number of MCF7 cells (Fig. 5a) and A549 cells (Fig. 5b) 

dose-dependently.  The treatment with 100 µM carboplatin 
decreased the cell number to 65% of control in MCF7 cells 
(Fig. 5a, upper panel) and 38% of control in A549 cells 
(Fig. 5b, upper panel).  The treatment with 10 nM paclitaxel 
decreased the cell number to 41% of control in MCF7 cells 
(Fig. 5a, lower panel) and 41% of control in A549 cells 
(Fig. 5b, lower panel). 

The ratio of Bcl-2-associated X protein (BAX)/BCL2 
mRNA, an apoptosis marker, was studied by real-time 
reverse transcriptase-quantitative polymerase chain reaction 

Fig. 2.  Increased soluble (pro)renin receptor [s(P)RR] protein in MCF-7 and A549 cells treated by carboplatin. 
(a, b) Western blot analysis of MCF-7 cells (a) and A549 cells (b) treated with carboplatin (10, 50 and 100 µM) for 72 h.  
Upper panels show bands corresponding to full-length (P)RR [fl(P)RR] at 35 kDa and soluble (P)RR [s(P)RR] at 28 
kDa.  The expression of β-actin is shown as an internal control.  The experiment was repeated four times and represen-
tative results are shown.  The relative expression levels of fl(P)RR and s(P)RR are shown in the middle and lower pan-
els, respectively.  The bands were photographed using the ChemiDocTM Touch Imaging System (BioRad Laboratories), 
and the intensity of the detected bands was quantified by Image J software.  The intensity of the bands representing  
fl(P)RR and s(P)RR was normalized to β-actin levels, and shown as the relative protein levels to the control (the mean 
of control = 1, mean ± SEM, n = 4). *p < 0.05, **p < 0.01 compared with control.
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(RT-qPCR) in MCF-7 (Fig. 5c) and A549 cells (Fig. 5d) 
treated with 100 µM carboplatin or 10 nM paclitaxel for 48 
hours.  Carboplatin or paclitaxel increased the ratio of 
BAX/BCL2 mRNA in MCF-7 and A549 cells significantly, 
indicating that apoptosis occurred by carboplatin or pacli-
taxel (Fig. 5c, d).  Immunofluorescence staining confirmed 
the increased number of active caspase3-positive cells in 
MCF7 and A549 cells treated with 100 µM carboplatin (Fig. 
5e, middle column) or 10 nM paclitaxel (right column), 
compared to untreated controls (left column).

Activated autophagy by carboplatin or paclitaxel
Activated status of autophagy by carboplatin or pacli-

taxel was confirmed in MCF-7 and A549 cells.  Western 
blot analysis showed that carboplatin increased expression 
levels of LC3B-II in a concentration-dependent manner in 
MCF-7 (2.6-fold of control at 50 µM and 2.2-fold at 100 
µM, both p < 0.05) (Fig. 6a, lower panel) and A549 cells 
(1.7-fold at 100 µM, p < 0.05) (Fig. 6b, lower panel), com-
pared to control.  By contrast, there was no significant 
increase in expression levels of LC3B-I by carboplatin in 

Fig. 3.  Increased soluble (pro)renin receptor [s(P)RR] protein in MCF-7 and A549 cells treated by paclitaxel. 
(a, b) Western blot analysis of MCF-7 cells (a) and A549 cells (b) treated with paclitaxel (1, 5 and 10 nM) for 72 h.  Up-
per panels show bands corresponding to full-length (P)RR [fl(P)RR)] at 35 kDa and soluble (P)RR [s(P)RR] at 28 kDa.  
The expression of β-actin is shown as an internal control.  The experiment was repeated four times and representative 
results are shown.  The relative expression levels of fl(P)RR and s(P)RR are shown in the middle and lower panels, re-
spectively.  The bands were photographed using the ChemiDocTM Touch Imaging System (BioRad Laboratories), and 
the intensity of the detected bands was quantified by Image J software.  The intensity of the bands representing fl(P)RR 
and s(P)RR was normalized by β-actin levels, and shown as the relative protein levels to the control (the mean of con-
trol = 1, mean ± SEM, n = 4). *p < 0.05 compared with control.
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MCF-7 and A549 cells (Fig. 6a, b, middle panel).
Paclitaxel increased expression levels of LC3B-II in a 

concentration-dependent manner in MCF-7 (1.7-fold at 5 
nM, p < 0.05 and 2.4-fold at 10 nM, p < 0.01) (Fig. 6c, 
lower panel) and A549 cells (3.5-fold at 10 nM, p < 0.05) 
(Fig. 6d, lower panel), compared to control.  There was no 
significant increase in expression levels of LC3B-I by car-
boplatin in MCF-7 (Fig. 6c, middle panel), whereas a sig-
nificant increase was noticed in A549 cells (3.3-fold at 10 
nM, p < 0.05) (Fig. 6d, middle panel).

mRNA expression levels of autophagy-related genes 
were studied in MCF-7 and A549 cells treated with carbo-
platin (100 µM) or paclitaxel (10 nM) for 48 h.  Carboplatin 
increased mRNA expression levels of both vesicle-associ-
ated membrane protein 8 (VAMP8) and DNA damage-regu-
lated autophagy modulator 1 (DRAM1) in MCF-7 cells 
(1.2-fold of control, p < 0.05 and 1.9-fold, p < 0.0001, 
respectively) (Fig. 7a, upper panel), and in A549 cells (2.4-
fold, p < 0.0001 and 2.3-fold, p < 0.0001, respectively) (Fig. 
7b, upper panel).  Paclitaxel increased mRNA expression 
levels of both VAMP8 and DRAM1 in MCF-7 cells (1.4-
fold of control, p < 0.01 and 1.8-fold, p < 0.01, respec-
tively) (Fig. 7a, lower panel), and in A549 cells (1.5-fold, p 
< 0.0001 and 2.2-fold, p < 0.0001, respectively) (Fig. 7b, 
lower panel).

Effects of (P)RR knockdown on cell viability under the 
treatment of carboplatin or paclitaxel

We previously reported that small interfering RNA 
(siRNA)-mediated (P)RR knockdown suppressed cell via-
bility in MCF-7 and A549 cells (Ohba et al. 2014, 2020).  
We wish to clarify whether or not (P)RR knockdown sup-

pressed cell viability via the common pathway of carbopla-
tin or paclitaxel.  Effects of siRNA-mediated (P)RR knock-
down on cell viability were therefore studied under the 
treatment of carboplatin (100 µM) or paclitaxel (10 nM).  
(P)RR knockdown by (P)RR-specific siRNA suppressed the 
cell viability in MCF-7 cells [86% of scrambled RNA 
(scRNA) control, p < 0.05] (Fig. 8a, upper panel) and A549 
cells (71% of scRNA control, p < 0.0001) (Fig. 8b, upper 
panel) under the treatment of carboplatin.  (P)RR knock-
down suppressed the cell viability in MCF-7 cells (86% of 
scRNA control, p < 0.05) (Fig. 8a, lower panel) and in 
A549 cells (65% of scRNA control, p < 0.0001) (Fig. 8b, 
lower panel) also under the treatment of paclitaxel.  
RT-qPCR confirmed that (P)RR-specific siRNA suppressed 
the expression levels of (P)RR mRNA to about 20%-30% 
of scRNA control (Fig. 8c, d).  These findings suggest that 
(P)RR knockdown suppressed cell viability via a different 
pathway of carboplatin or paclitaxel.

Discussion
The present study has shown that two different types 

of anti-cancer drugs, carboplatin and paclitaxel, increased 
the expression levels of (P)RR mRNA and soluble (P)RR 
protein in MCF-7 breast cancer cells and A549 lung cancer 
cells.  In our previous study, autophagy inhibition by bafilo-
mycin A1 or chloroquine caused the accumulation of solu-
ble (P)RR protein in the intracellular vesicles, presumably 
because of the reduced degradation of soluble (P)RR (Endo 
et al. 2020).  In contrast to bafilomycin A1 and chloroquine, 
both carboplatin and paclitaxel promote autophagy.  In 
addition, apoptosis occurred in both MCF-7 and A549 cells 
treated by carboplatin or paclitaxel (Fig. 5).  One possible 

Fig. 4.  Enhanced (P)RR immunoreactivity in the cytoplasm of MCF-7 (upper panel) and A549 cells (lower panel) treated 
with carboplatin (100 μM) (middle column) or paclitaxel (10 nM) (right column) by immunofluorescence staining.
Left column shows control.  Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, blue).  Scale bar = 20 µm.
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Fig. 5.  Carboplatin or paclitaxel decreased the cell number of MCF-7 and A549 cells with elevated ratio of BAX/BCL2 
mRNA and increased active caspase 3-positive cells.
(a, b) Cell number of MCF-7 cells (a) and A549 cells (b) treated with carboplatin (10 µM, 50 and 100 µM) (upper pan-
el) or paclitaxel (1, 5 and 10 nM) (lower panel) for 48 h.  Relative levels to control are shown (the mean of control = 1, 
mean ± SEM, n = 6).  *p < 0.05, ***p < 0.0001 compared with control. (c, d) The ratio of BAX and BCL2 mRNA lev-
els (an apoptosis marker) in MCF-7 cells (c) and A549 cells (d) treated with carboplatin (100 µM) or paclitaxel (10 nM) 
for 48 h.  Relative levels to control are shown (the mean of control = 1, mean ± SEM, n = 4).  *p < 0.05, **p < 0.01 
compared with control.  (e) Increased number of active caspase 3-positive cells in MCF7 (upper panel) and A549 cells 
(lower panel) treated with carboplatin (100 µM) (middle column) or paclitaxel (10 nM) (right column) for 72 h. Left 
column shows control.  Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, blue).  Scale bar = 200 µm.
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Fig. 6.  Activated autophagy by carboplatin or paclitaxel in MCF-7 and A549 cells. 
(a, b) Western blot analysis of LC3B-I and LC3B-II in MCF-7 cells (a) and A549 cells (b) treated with carboplatin (10, 
50 and 100 µM) for 72 h.  (c, d) Western blot analysis of LC3B-I and LC3B-II in MCF-7 cells (c) and A549 cells (d) 
treated with paclitaxel (1, 5 and 10 nM) for 72 h.  Upper panels show bands corresponding to LC3B-I at 16 kDa and 
LC3B-II at 14 kDa.  The expression of β-actin is shown as an internal control.  The experiment was repeated four times 
and representative results are shown.  The relative expression levels of LC3B-I and LC3B-II are shown in the middle 
and lower panels, respectively.  The bands were photographed using the ChemiDocTM Touch Imaging System (BioRad 
Laboratories), and the intensity of the detected bands was quantified by Image J software.  The intensity of the bands 
representing LC3B-I and LC3B-II was normalized to β-actin levels, and shown as the relative protein levels to the con-
trol (the mean of control = 1, mean ± SEM, n = 4).  *p < 0.05, **p < 0.01 compared with control.
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cause for the elevated (P)RR mRNA expression by carbopl-
atin and paclitaxel may be apoptosis caused by these anti-
cancer drugs.

Gao et al. (2020) showed that (P)RR expression levels 
were upregulated by hypoxia/reperfusion together with 
induction of apoptosis and autophagy in H9c2 cells (Gao et 
al. 2020).  Arundhathi et al. (2016) reported that (P)RR 
overexpression increased cell proliferation and suppressed 
apoptosis, whereas the (P)RR knockdown decreased cell 
proliferation and enhanced apoptosis in pancreatic cancer 
cells.  (P)RR mRNA expression may therefore be upregu-
lated in cultured cancer cells by apoptosis induced by anti-
cancer drugs.  In turn, upregulated (P)RR may keep cell 
proliferation and suppress apoptosis in cancer cells treated 
by anti-cancer drugs.

The crosstalk between apoptosis and autophagy is con-
sidered to play an important role in cell homeostasis (Maiuri 
et al. 2007; Mariño et al. 2014).  Autophagy and apoptosis 
are induced by many stress pathways within the same cells.  
In certain conditions, autophagy constitutes a stress adapta-
tion that avoids cell death and suppresses apoptosis.  Anti-
cancer drugs, carboplatin and paclitaxel, may cause stress, 
and elicit both apoptosis and autophagy in cancer cells.  
Autophagy induced by anti-cancer drugs may constitute a 
stress adaptation that prevents cell death in cancer cells.

It is noteworthy that the increase in soluble (P)RR is 
more apparent than that of full-length (P)RR in MCF-7 and 
A549 cells treated by carboplatin or paclitaxel.  A truncated 
(P)RR forms a functional complex with V-ATPase, and 
plays a pivotal role in lysosomal acidification and autoph-
agy (Nguyen 2011).  Autophagy induced by anti-cancer 

drugs may require increases in the V-ATPase activity and 
intracellular truncated (P)RR levels.  Together with trun-
cated (P)RR, soluble (P)RR is generated from full-length 
(P)RR by furin (Cousin et al. 2009), site-1 protease 
(Yoshikawa et al. 2011), or ADAM 19 (Nakagawa et al. 
2017).  Increased requirement of truncated (P)RR by 
autophagy may, therefore, explain elevated intracellular 
levels of soluble (P)RR in MCF-7 and A549 cells treated by 
anti-cancer drugs.

V-ATPases play an important role in the regulation of 
intracellular and extracellular pH (Fais et al. 2007).  Acidic 
extracellular pH is a major feature of cancer cells, which is 
caused mainly by increased lactate secretion from anaerobic 
glycolysis (McCarty and Whitaker, 2010; Katara et al. 
2016; White et al. 2017).  Dysregulated pH affects behav-
iors of cancer cells, including proliferation, metastasis, and 
tumorigenesis.  Particularly, there has been accumulating 
evidence that hypoxia and acidity are involved in the patho-
physiology of cancer progression and in the sensitivity of 
cancer cells to chemotherapy.  V-ATPases play an important 
role in the control of the tumor acidic microenvironment 
and has been proposed to be a target for novel strategies of 
cancer treatment (Fais et al. 2007). 

The knockout of the (P)RR gene resulted in loss-of-
function of V-ATPase, and impairs lysosomal acidification 
and autophagy in cardiomyocytes or renal podocytes 
(Kinouchi et al. 2010; Oshima et al. 2011; Riediger et al. 
2011).  (P)RR is abundantly expressed in the kidney, par-
ticularly the renal tubular and collecting duct cells (Hirose 
et al. 2010; Takahashi et al. 2010; Yamakoshi et al. 2020).  
Several experimental analyses reveal the importance of  

Fig. 7.  Increased expression levels of autophagy-related genes, VAMP8 and DRAM1, in MCF-7 and A549 cells treated with 
carboplatin or paclitaxel. 
VAMP8 and DRAM1 mRNA levels in MCF-7 cells (a) and A549 cells (b) treated with carboplatin (100 µM) (upper 
panel) or paclitaxel (10 nM) (lower panel) for 48 h. The levels of VAMP8 and DRAM1 mRNA were normalized to ribo-
somal protein lateral stalk subunit P2 (RPLP2) mRNA and shown as the relative mRNA levels to the control (the mean 
of control = 1, mean ± SEM, n = 4). *p < 0.05, **p < 0.01, ***p < 0.0001 compared with control.
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Fig. 8.  Suppressed cell viability by (P)RR knockdown under the treatment of carboplatin or paclitaxel in MCF-7 and A549 
cells. 
(a, b) Cell viability of MCF-7 cells (a) and A549 cells (b) transfected with scrambled RNA (scRNA; control) or small 
interfering RNAs for (P)RR (siRNA (P)RR) under the treatment of carboplatin (100 µM) (upper panel) or paclitaxel (10 
nM) (lower panel) for 72 h.  Cell viability was shown as the relative cell number to the control (scRNA-transfected 
cells) (the mean of control = 1, mean ± SEM, n = 4).  *p < 0.05, ***p < 0.0001 compared with control.  (c, d) Relative 
expression levels of (P)RR mRNA in MCF-7 cells (c) and A549 cells (d) transfected with scrambled RNA (scRNA; 
control) or small interfering RNAs for (P)RR (siRNA (P)RR) under the treatment of carboplatin (100 µM) (upper panel) 
or paclitaxel (10 nM) (lower panel) for 72 h.  The (P)RR mRNA levels are normalized to ribosomal protein lateral stalk 
subunit P2 (RPLP2) mRNA levels and shown as the relative mRNA levels to the control (the mean of control = 1, mean 
± SEM, n = 4).  ***p < 0.0001 compared with control.
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(P)RR for the acid-base balance regulation in the kidney.  
In rat renal collecting ducts, (P)RR localized to the apical 
surface of α-type intercalated cells and colocalized with the 
B1/2 subunit of the V-ATPase (Advani et al. 2009).  An 
inducible conditional deletion of (P)RR in mouse renal epi-
thelial cells impairs acid-base regulation by suppressing 
V-ATPase expression and activity in the intercalated cells 
of the collecting duct (Trepiccione et al. 2016).  Moreover, 
(P)RR knockdown by siRNA abolished the vasopressin-
stimulated V-ATPase activity in Madin-Darby canine kid-
ney clone 11 (MDCK.C11) intercalated cells (Lu et al. 
2013).  Thus, (P)RR plays an important role in the 
V-ATPase activity of the kidney and the excretion of H+ 
into urine.  (P)RR in cancer cells may also play an impor-
tant role, not only in the regulation of pH in intracellular 
compartments, but also in the secretion of H+ into extracel-
lular fluid. 

Our previous studies suggested that the (P)RR sup-
pression decreased cell proliferation through the common 
pathway with bafilomycin A1, but not with chloroquine in 
A549 cells (Ohba et al. 2020).  The present study suggested 
that (P)RR suppression reduced cell viability by a different 
pathway of carboplatin or paclitaxel (Fig. 8).  This finding 
raises the possibility that (P)RR suppression may be a novel 
anti-cancer strategy which complements the action of anti-
cancer drugs.  The (P)RR suppression may result in the 
reduced V-ATPase activity and decrease the proliferation of 
cancer cells through the neutralization of extracellular pH, 
and the impairment of lysosomal acidification and autoph-
agy.  In contrast, the (P)RR suppression causes other func-
tional changes in non-neoplastic cells, such as pancreatic 
β cells and adipocytes.  The (P)RR gene deletion causes a 
dramatic accumulation of large, multigranular vacuoles in 
the cytoplasm, with reduced insulin content of pancreatic 
β cells, but these phenotypic alterations could not be attrib-
uted to a deficiency in autophagy or acidification of lyso-
somes (Binger et al. 2019).  Adipocyte (P)RR deficiency 
induces lipodystrophy and liver steatosis, and increases 
blood pressure and plasma soluble (P)RR concentrations 
(Wu et al. 2016; Gatineau et al. 2021).  Therefore, further 
studies are required to clarify the difference in the effects of 
the (P)RR suppression between cancer cells and non-neo-
plastic cells.

The present study has several limitations.  First, the 
experiments were done in two cultured cell lines, but not in 
vivo.  Further studies using experimental animals are 
required to clarify the effects of anti-cancer drugs on (P)RR 
expression.  Second, extracellular and intracellular pH was 
not measured in the cultured cells.  Therefore, the effects of 
anti-cancer drugs and (P)RR suppression on extracellular 
and intracellular pH remain to be clarified.  Third, the 
experiments were done in cancer cells, but not in non-neo-
plastic cells.  The response of (P)RR expression, apoptosis 
and autophagy to carboplatin or paclitaxel remain to be 
determined in non-neoplastic cells.  Finally, the increase in 
soluble (P)RR by carboplatin or paclitaxel was more 

marked than that of full-length (P)RR.  Increased require-
ment of truncated (P)RR for autophagy may explain this 
increase in soluble (P)RR.  However, the present study did 
not estimate the expression levels of truncated (P)RR.

In conclusion, the present study showed that the 
expression of (P)RR mRNA and soluble (P)RR was 
increased by anti-cancer drugs, carboplatin and paclitaxel, 
accompanied with increased apoptosis and autophagy.  
Upregulated (P)RR, together with autophagy, may consti-
tute a stress adaptation that avoids cell death of cancer cells. 
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