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Vacuolar (H+)-ATPases (V-ATPases) have important roles in the supply of nutrients

to tumors by mediating autophagy and the endocytic uptake of extracellular flu-

ids. Accordingly, V-ATPases are attractive therapeutic targets for cancer. How-

ever, the clinical use of V-ATPase inhibitors as anticancer drugs has not been

realized, possibly owing to their high toxicity in humans. Inhibition of V-ATPase

may be an appropriate strategy in highly susceptible cancers. In this study, we

explored markers of V-ATPase inhibitor sensitivity. V-ATPase inhibitors led to pH

impairment in acidic intracellular compartments, suppression of macropinocytosis,

and decreased intracellular amino acid levels. The sensitivity of cells to V-ATPase

inhibitors was correlated with low cathepsin D expression, and cancer cells

showed increased sensitivity to V-ATPase inhibitors after pretreatment with a

cathepsin D inhibitor and siRNA targeting the cathepsin D gene (CTSD). In addi-

tion, V-ATPase inhibitor treatment led to the induction of the amino acid starva-

tion response, upregulation of endoplasmic reticulum stress markers, and

suppression of mammalian target of rapamycin (mTOR) signaling in cells express-

ing low levels of cathepsin D. Some colorectal cancer patients showed the down-

regulation of cathepsin D in tumor tissues compared with matched normal

tissues. These findings indicate that V-ATPase inhibitors are promising therapeu-

tic options for cancers with downregulated cathepsin D.

V acuolar (H+)-ATPases are ATP-dependent proton pumps
with multiple subunits composed of a cytosolic V1

domain that hydrolyzes ATP and a transmembrane V0 domain
that translocates protons from the cytoplasm to the lumen.(1,2)

Using energy from the hydrolysis of ATP, V-ATPases trans-
port protons into the lumen and maintain an acidic luminal
pH.(3) V-ATPases reside within various intracellular compart-
ments, such as lysosomes, endosomes, and secretory vesicles,
and function in membrane trafficking, protein processing, and
protein degradation.(4,5)

V-ATPases play an important role in maintenance of the
tumor acidic microenvironment and are overexpressed in a
number of types of metastatic cancers.(6) They are involved in
autophagy(7) and the endocytic uptake of extracellular fluid,
which are important routes for nutrient supply to tumors.(8,9)

V-ATPase inhibitors directly inhibit macropinocytosis-
mediated FITC-albumin uptake in lung cancer cells(8) and the
degradation of macropinocytosed albumin in pancreatic cancer
cells.(9) V-ATPase inhibitors also reduce intracellular amino
acid levels derived from serum protein catabolism(10) and inhi-
bit mTOR activation induced by amino acids.(11,12) In addition,
V-ATPase expression is induced by chemotherapeutic agents
and is increased in chemoresistant cancer cells.(13,14)

These previous findings indicate that V-ATPases are attrac-
tive therapeutic targets for cancer. Indeed, several studies have
shown antitumor effects of V-ATPase inhibitors in preclinical
tests.(15–18) However, their clinical use as anticancer drugs has

not been realized, possibly owing to the high toxicity of these
inhibitors in humans, as discussed by Koltai et al.(19) There-
fore, in cancers that are highly susceptible to V-ATPase inhibi-
tion, this may be a useful new cancer therapeutic option. We
considered that V-ATPase inhibitors may be beneficial in cer-
tain patients, and the identification of markers for patient
selection may increase the probability of clinical success. In
this study, we investigated the sensitivities of various cancer
cell lines to V-ATPase inhibitors and explored markers of
V-ATPase inhibitor sensitivity.

Materials and Methods

Cell lines. Cell lines were purchased from ATCC (Manassas,
VA, USA) or DS Pharma Biomedical (Osaka, Japan). Cells
were maintained at 37°C in a 5% CO2 atmosphere in RPMI-
1640 (Wako, Osaka, Japan) with 10% FBS (SH30071.03;
Hyclone, Logan, UT, USA).

Acridine Orange and AcidiFluor assay. The human bladder
carcinoma cell line T-24 was plated at 5000 cells/50 lL/well
on collagen-coated 384-well plates (Corning, Corning, NY,
USA) in McCoy’s 5A (Gibco, Waltham, MA, USA) with 10%
FBS and cultured overnight. The V-ATPase inhibitor bafilomy-
cin A1 (LC Laboratories, Woburn, MA, USA) was added at
various concentrations ranging from 0.01 nM to 10 lM, and
then 1 lM AcidiFluor ORANGE (Wako) or 0.0003% Acridine
Orange (Wako) was added to the wells. Cells were incubated

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
This is an open access article under the terms of the Creative Commons Attrib
ution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for
commercial purposes.

Cancer Sci | June 2017 | vol. 108 | no. 6 | 1185–1193

http://orcid.org/0000-0002-9941-9041
http://orcid.org/0000-0002-9941-9041
http://orcid.org/0000-0002-9941-9041
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


for 2 h, and culture medium was removed and replaced with
PBS (Wako). Fluorescence (544/640 nm and 514/563 nm for
the Acridine Orange and AcidiFluor assays, respectively) was
detected using the SpectraMax Paradigm (Molecular Devices,
Sunnyvale, CA, USA).

Macropinosome visualization and macropinocytosis assay.

T-24 cells were plated at 2500 cells/100 lL/well on collagen-
coated 96-well plates (Corning) for macropinosome
visualization and 2500 cells/25 lL/well on collagen-coated 384-
well plates (Corning) for the macropinocytosis assay in RPMI-
1640 (Wako) with 10% FBS (35-076-CVR; Corning) and
cultured overnight. Culture media were removed and replaced
with serum-free RPMI-1640 (Wako) 24 h post-seeding. After
16 h, indicated concentrations of bafilomycin A1 (Calbiochem,
Darmstadt, Germany) and EIPA (Toronto Research Chemicals,
Toronto, Canada) were added to the wells. After 1 h, 0.4 mg/
mL TMR-BSA (Life Technologies, Carlsbad, CA, USA) was
added to the wells, and cells were incubated for 30 min. Cells
were fixed with 4% paraformaldehyde (Wako). DNA in cell
nuclei was stained with DAPI (Thermo Fisher Scientific, Wal-
tham, MA, USA) for macropinosome visualization and Hoechst
33258 (Life Technologies) for the macropinocytosis assay, and
cells were counted. Fluorescence was detected using the IN Cell
Analyzer 6000 (GE Healthcare Life Sciences, Chicago, IL,
USA). The TMR dots were counted and normalized in each well
using the cell number.

Amino acid measurement by capillary electrophoresis time-of-

flight mass spectrometry. HCT116 human colon cancer cells
were plated at 7.5 9 105 cells/10 mL in 10-cm dishes (Corn-
ing). Then 3 nM bafilomycin A1 was added 24 h post-seeding.
After 8 h, the cells were washed with 5% D-mannitol (Wako).
Samples were extracted with methanol and purified with chloro-
form (Wako). The concentrations of amino acids were analyzed
by capillary electrophoresis time-of-flight mass spectrometry in
the laboratory of Dr. Soga (Institute for Advanced Biosciences,
Keio University, Tsuruoka, Japan), as previously described.(20)

Cell growth assay. To test the effect of bafilomycin A1 on
growth, cells were plated at either 2500 or 3000 cells/100 lL/
well on 96-well plates (Corning) in RPMI-1640 (Wako) with
10% FBS and cultured overnight. Various concentrations of
bafilomycin A1, concanamycin A (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and dyphylline (synthesized as
described by Zhao et al.)(21) were added 24 h post-seeding,
and after 3 days, cell viability was assessed by a Cell Titer-
Glo Luminescent Cell Viability Assay (Promega, Madison,
WI, USA). For the growth tests using a combination of cathep-
sin inhibitors and bafilomycin A1, cells were plated at either
1500 or 2000 cells/100 lL/well on 96-well plates (Corning) in
RPMI-1640 (Wako) with 10% FBS and cultured overnight.
Either 30 lM or 100 lM pepstatin A (LKT Laboratories, St.
Paul, MN, USA), 10 lM E-64-d (Peptide Institute, Osaka,
Japan), 10 lM CA-074 (Peptide Institute), 10 lM cathepsin K
inhibitor II (Merck Millipore, Darmstadt, Germany), 30 lM
CAA0225 (Merck Millipore), or 10 lM cathepsin L inhibitor
III (Merck Millipore) was added 24 h post-seeding, and indi-
cated concentrations of bafilomycin A1 were added after 24 h.
After 3 days, cell viability was assessed by a Cell Titer-Glo
Luminescent Cell Viability Assay (Promega). Growth inhibi-
tion curves were plotted as percentages of control cells and
GI50 values were determined using GraphPad Prism version 6
(GraphPad Software, San Diego, CA, USA) by fitting a sig-
moidal curve with a variable slope.

RNA interference. For drug sensitivity experiments, cells
were plated at 2000 cells/100 lL/well on 96-well plates and

transfected with 10 nM Silencer Select Predesigned siRNA tar-
geting CTSD #1 and #2 (siCTSD s135 and s137; Thermo
Fisher Scientific) or Silencer Select Negative Control siRNA
#1 (Thermo Fisher Scientific) using DharmaFECT 1 Transfec-
tion Reagent (GE Dharmacon, Lafayette, CO, USA) following
the manufacturer’s instructions. The indicated concentrations
of bafilomycin A1 were added 54 h post-transfection, and after
3 days, cell viability was assessed with a Cell Titer-Glo Lumi-
nescent Cell Viability Assay (Promega). For confirmation of
knockdown efficiency of siCTSD, cells were plated at 6 9 104

cells/2 mL/well on 6-well plates and transfected with 10 nM
siCTSD #1 and #2 or negative control siRNA in the same
manner. After 48 and 72 h, cells were harvested for Western
blotting.

Generation of the anti-phospho-Thr899-GCN2 rabbit mAb. The
antibody was generated in collaboration with Epitomics (Cam-
bridge, MA, USA). Rabbits were immunized by repeated injec-
tions of a phospho-GCN2 peptide (SDPSGHLpTGMVGTAC,
where pT represents phosphorylated Thr) cross-linked to key-
hole limpet hemocyanin. B cells were taken from the immu-
nized rabbits and fused with a rabbit plasmacytoma cell line.
The resulting hybridomas were selected and subcloned. Anti-
body screening was carried out by ELISA, Western blotting,
and an immunofluorescence analysis.

Western blot analysis. Cells were washed with PBS at 4°C
and lysed with cell lysis buffer containing 62.5 mM Tris-HCl
(Wako), 10% glycerol (Wako), and 1% SDS (Wako). After
heating at 100°C for 5 min, the protein concentration was
measured using the BCA Protein Assay Kit (Thermo Fisher
Scientific). Lysates were prepared with 3-mercapto-1,2-propa-
nediol (Wako) and separated by SDS-PAGE using 7.5–15% or
5–20% SDS-PAGE gels (Perfect NT Gel W; DRC, Tokyo,
Japan). Proteins were electroblotted onto a PVDF membrane
(Wako) at 75 V for 120 min and blocked with Block Ace
(DS Pharma Biomedical) in PBS containing 0.2% Tween-20
(PBS-T) or Starting Block T20 (PBS) Blocking Buffer
(Thermo Fisher Scientific). Membranes were incubated with
the specific primary antibody overnight at 4°C and washed
three times with PBS-T. Membranes were incubated with an
HRP-conjugated secondary antibody (eBioscience, San Diego,
CA, USA) for 1 h at room temperature, and then washed
three times with PBS-T. The immunoblots were visualized
using ImmunoStar Zeta (Wako) or ImmunoStar LD (Wako).
Signals were visualized using the LAS-3000 Image Analyzer
(Fujifilm, Tokyo, Japan) and quantified using Multi Gauge
version 3.1 (Fujifilm). The following antibodies were used:
anti-phospho-Thr899-GCN2 (1:1000), anti-b-actin (conjugated
with HRP, rabbit monoclonal, #5125, 1:5000), anti-GCN2
(rabbit polyclonal, #3302, 1:2000), anti-phospho-Ser51-eIF2a
(119A11, rabbit monoclonal, #3597, 1:5000), anti-eIF2a
(D7D3 XP, rabbit monoclonal, #5324, 1:5000), anti-phospho-
Thr389-p70 S6K (108D2, rabbit monoclonal, #9234, 1:5000),
anti-p70 S6K (rabbit polyclonal, #9202, 1:5000), anti-phos-
pho-Ser235/236-S6 ribosomal protein (2F9, rabbit monoclonal,
#4856, 1:5000), anti-S6 ribosomal protein (54D2, mouse mon-
oclonal, #2317, 1:5000), anti-PERK (C33E10, rabbit mono-
clonal, #3192, 1:5000), anti-ATF4 (D4B8, rabbit monoclonal,
#11815, 1:5000), anti-LC3B (D11 XP, rabbit monoclonal,
#3868, 1:5000), anti-cathepsin D (rabbit polyclonal, #2284,
1:5000), and anti-cleaved PARP (rabbit monoclonal, #9541,
1:5000), all supplied by Cell Signaling Technology (Danvers,
MA, USA).

Analysis of gene expression levels in cancer cell lines. Log2-
transformed gene expression levels of cathepsins in cancer cell
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lines were obtained from the Cancer Cell Line Encyclopedia
(https://portals.broadinstitute.org/ccle/search/geneInfoPage).

Transcriptome analysis of colorectal tumors. Gene expression
levels of CTSD in clinical colorectal tumors and their matched
normal tissues were measured by the following transcriptome
analysis. All samples were collected from patients with
informed consent and ethics approval. Total RNA was purified
from tissue derived from 39 colorectal cancer patients (41
tumor tissue and 39 normal tissue samples) using an RNeasy
Mini Kit (Qiagen, Venlo, Netherlands). RNA samples were
subjected to DNA microarray analysis according to a standard
protocol. In brief, 100-ng aliquots of total RNA were used for
the generation of Cy3-labeled complementary RNA, and the
resulting probes were hybridized to the SurePrint G3 Human
GE 8 9 60 K v2 microarray (Agilent Technologies, Santa
Clara, CA, USA). The signal values were determined using
Feature Extraction software (Agilent Technologies), and nor-
malized by dividing by the trimmed mean calculated by
excluding 2% of the highest and the lowest outliers of all sig-
nal values of each sample.

Statistical analyses. Statistical analyses were carried out
using Student’s t-test or Williams’ test. A P-value of less than

0.05 for the Student’s t-test and 0.025 for Williams’ test was
considered statistically significant. To analyze synergistic
effects, the combination index, which indicates synergy for
values lower than 1.0, was determined using the Bliss Indepen-
dence model as described previously by Foucquier et al.(22)

Results

Vacuolar (H+)-ATPase inhibitor treatment led to pH impairment

of acidic intracellular compartments, suppression of macropinocy-

tosis, and decreased intracellular amino acid levels. Acridine
Orange and AcidiFluor staining, which were observed in
untreated cells, disappeared in T-24 cells after treatment with
bafilomycin A1 (Fig. 1a,b). Bafilomycin A1 also inhibited
TMR-BSA uptake in T-24 cells as well as the macropinocyto-
sis inhibitor EIPA (Fig. 1c). Bafilomycin A1 at concentrations
greater than 10 nM suppressed Acridine Orange, AcidiFluor
staining, and TMR-BSA uptake in T-24 cells. Bafilomycin A1
also completely blocked the growth of T-24 cells at a concen-
tration greater than 10 nM (Fig. 1d), suggesting that the V-
ATPase inhibitor impairs the acidic compartment, which leads
to the inhibition of T-24 cell growth. In addition, bafilomycin

Fig. 1. Inhibition of intracellular pH regulation, macropinocytosis, intracellular amino acid levels, and cell growth by a vacuolar (H+)-ATPase
(V-ATPase) inhibitor. (a,b) Acridine Orange and AcidiFluor assays were undertaken in T-24 bladder cancer cells 2 h after treatment with the
indicated concentrations (Conc.) of bafilomycin A1 (n = 4). Fluorescence (544/640 nm and 514/563 nm) was designated as the Y-axis. Data are pre-
sented as mean � SD. (c) Macropinosome visualization was carried out with tetramethylrhodamine-conjugated BSA (TMR-BSA) for 30 min in T-24
cells after 1 h pretreatment with 100 nM bafilomycin A1 (Baf) and 30 lM 5-(N-ethyl-N-isopropyl) amiloride (EIPA). TMR dots (red) show levels of
macropinocytosis. The macropinocytosis assay using TMR-BSA was carried out in the same manner with the indicated concentrations of bafilomycin
A1 or EIPA (n = 4). TMR dots/cell are designated as the Y-axis. Data are presented as the mean � SD. (d,e) T-24 cells and HCT116 colon cancer cells
were treated with the indicated concentrations of bafilomycin A1. After 3 days, cell viability was assessed. Ordinate values were obtained by setting
the control group value as 100%. Data are presented as mean � SD (n = 3). (f) Amino acid levels were analyzed in HCT116 cells 8 h after treatment
with 3 nM bafilomycin A1 using capillary electrophoresis time-of-flight mass spectrometry (n = 3). Ordinate values were obtained by setting the
control group value as 100% and designated as the Y-axis. Data are presented as mean � SD. *P < 0.05, Student’s t-test.
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A1 strongly suppressed HCT116 cell growth at a concentration
greater than 3 nM (Fig. 1e) and decreased amino acid levels in
HCT116 cells with 3 nM bafilomycin A1 (Fig. 1f). These data

suggest that the V-ATPase inhibitor suppressed macropinocy-
tosis as well as the associated amino acid supply and pH main-
tenance in acidic intracellular compartments, and hence
inhibited cancer cell growth.
Sensitivity to V-ATPase inhibitors is correlated with low

cathepsin D expression. We next investigated sensitive and
insensitive cancer cell lines to explore markers for patient
selection for treatment with V-ATPase inhibitors. We exam-
ined whether lysosomal protease cathepsins are involved in
sensitivity to lysosomal inhibitors. Most cathepsins are acti-
vated in low pH conditions in lysosomes and hence are known
as lysosomal markers.(23) Cathepsins participate in endolysoso-
mal proteolysis as proteases involved in the degradation of
protein waste and the recycling of proteins into amino
acids;(24,25) accordingly, these proteases may be affected by
the inhibition of macropinocytosis and the maintenance of
intracellular amino acids in response to V-ATPase inhibitors.
We examined the gene expression levels of cathepsins in
cancer cell lines from the public database Cancer Cell Line
Encyclopedia (Table 1). We also tested the effects of several
V-ATPase inhibitors (bafilomycin A1, concanamycin A, and
dyphylline) on the growth of various cancer cell lines and cal-
culated the 50% growth inhibition values (GI50) of these com-
pounds (Table 1). We examined the correlations between the
expression levels of cathepsin genes and the GI50 of V-ATPase
inhibitors (Table 2). We found the highest correlation between

Table 2. Correlation coefficient of cathepsin gene expression levels

and log2 50% growth inhibition values of vacuolar (H+)-ATPase

inhibitors

Baf Con Dyp

CTSD 0.42 0.43 0.35

CTSA 0.36 0.28 0.28

CTSB 0.34 0.17 0.22

CTSC 0.25 0.24 0.23

CTSK 0.36 0.27 0.02

CTSF 0.26 0.17 0.19

CTSW 0.12 0.13 0.32

CTSH 0.08 0.25 �0.08

CTSE �0.16 �0.18 0.45

CTSS 0.04 �0.08 0.11

CTSG 0.00 0.05 �0.02

CTSZ �0.16 �0.15 0.14

CTSO 0.02 0.05 �0.08

CTSL �0.09 �0.19 0.08

CTSV �0.19 �0.25 0.10

Baf, bafilomycin A1; Con, concanamycin A; Dyp, dyphylline.

Fig. 2. Correlation between gene expression levels of cathepsin D and sensitivities to vacuolar (H+)-ATPase inhibitors. (a–c) Cells expressing low
levels of cathepsin D (RKO and HCT116 human colon cancer cells) and high levels of cathepsin D (RCC4 renal cell carcinoma cells plus vector
alone [RCC4-vec] and RCC4 plus Von Hippel–Lindau [RCC4-VHL] cells) were treated with the indicated concentrations of bafilomycin A1, con-
canamycin A, and dyphylline. After 3 days, cell viability was assessed. Ordinate values were obtained by setting the control group value as
100%. Data are presented as mean � SD. (d) Protein expression levels of cathepsin D and b-actin in various cancer cell lines were determined by
Western blot analysis. (e–g) Correlation between relative cathepsin D expression levels (cathepsin D mature form/b-actin) and sensitivities of vari-
ous cell lines to the vacuolar (H+)-ATPase inhibitors bafilomycin A1, concanamycin A, and dyphylline (log2 50% growth inhibition values).
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the expression level of CTSD, which encodes cathepsin D, and
the GI50 of V-ATPase inhibitors. For example, RKO human
colon cancer cells and HCT116 cells, which express CTSD at
low levels, were more susceptible to bafilomycin A1, con-
canamycin A, and dyphylline than RCC4-vec and RCC4-VHL
cells, which show high CTSD expression levels (Fig. 2a–c).
We next examined the correlations between cathepsin D pro-

tein expression in various cell lines and the sensitivity of these
cells to V-ATPase inhibitors (Fig. 2d). Cathepsin D protein
expression levels were strongly negatively correlated with sen-
sitivities to bafilomycin A1, concanamycin A, and dyphylline,
with correlation coefficients of 0.64, 0.61, and 0.51, respec-
tively (Fig. 2e–g). These results suggest that a low level
of cathepsin D expression is a marker of V-ATPase inhibitor
sensitivity.
Pretreatment with cathepsin D inhibitors or CTSD knock-

down sensitized cancer cells to the V-ATPase inhibitor. Based
on the observed correlation between lower cathepsin D expres-
sion and the sensitivity to V-ATPase inhibitors, we examined
whether cathepsin D inhibitors affect cancer cell growth. We
pretreated V-ATPase inhibitor-insensitive RCC4-vec cells with
pepstatin A, an inhibitor of cathepsin D,(26) followed by treat-
ment with bafilomycin A1. Growth inhibition of RCC4-vec
cells by bafilomycin A1 was significantly greater for cells pre-
treated with pepstatin A than for cells that were not pretreated
(Fig. 3a). Based on analyses of bafilomycin A1 and pepstatin
A at various concentrations, they had synergistic effects, as
evidenced by the combination index <1.0 (Fig. 3a). Pretreat-
ment with pepstatin A also slightly enhanced the sensitivity of
V-ATPase inhibitor-sensitive RKO cells to bafilomycin A1
(Fig. 3b). Furthermore, its effect was confirmed by the syner-
gistic cytotoxicity of CTSD knockdown and bafilomycin A1 in

RCC4-vec cells as evidenced by the combination index <1.0
(Fig. 3c,d). These results suggest that low cathepsin D activity
is a marker for V-ATPase inhibitor sensitivity.
Vacuolar (H+)-ATPase inhibitors induce AAR, upregulate

ER stress markers, and suppress mTOR signaling in cancer
cells with low cathepsin D levels. Our data suggested that can-
cer cell sensitivity to V-ATPase inhibitors is dependent on the
cathepsin D expression level. We next investigated the intra-
cellular amino acid and protein degradation responses to V-
ATPase inhibitors in sensitive and insensitive cancer cell lines.
Several studies have reported that GCN2 and eIF2a are phos-
phorylated by the binding of uncharged tRNAs to GCN2 and
stimulate its dimerization, referred to as the AAR.(27–29) We
found increased phosphorylation of GCN2 (T899) and eIF2a
(S51) in response to bafilomycin A1 in V-ATPase inhibitor-
sensitive RKO cells than in V-ATPase inhibitor-insensitive
RCC4-vec cells (Fig. 4). It is also well known that insufficient
protein degradation leads to the accumulation of misfolded
proteins at the ER, and this is called ER stress.(30) We detected
a gel mobility shift of PERK, an ER stress marker, suggesting
the activation of PERK due to the autophosphorylation and
induction of the downstream factor ATF4 in response to bafilo-
mycin A1 treatment in V-ATPase inhibitor-sensitive RKO cells
(Fig. 4). These results suggest that ER stress was induced by
bafilomycin A1 in RKO cells.
mTOR signaling is downregulated following amino acid

deprivation, and V-ATPase is then necessary to activate mTOR
complex 1.(11,31,32) Therefore, we investigated mTOR down-
stream molecules in cells treated with V-ATPase inhibitors.
Bafilomycin A1 clearly impaired the phosphorylation of ribo-
somal protein kinase S6K (T389) and ribosomal protein S6
(S235/236) in V-ATPase inhibitor-sensitive RKO cells (Fig. 4).

Fig. 3. Enhanced growth inhibition effect of the vacuolar (H+)-ATPase inhibitor by pretreatment with a cathepsin D inhibitor or CTSD knock-
down. (a,b) RCC4 renal cell carcinoma cells plus vector alone (RCC4-vec) and RKO colon cancer cells were treated with the indicated concentra-
tions of pepstatin A. After 1 day, these cells were treated with the indicated concentrations of bafilomycin A1. After 3 days, cell viability was
assessed. Ordinate values were obtained by setting the control group value as 100%. Data are presented as mean � SD (n = 3). *P < 0.025;
**P < 0.005; ***P < 0.0005, Williams’ test. Each number indicates the combination index; synergistic effects of pepstatin A and bafilomycin A1
are indicated for values <1.0. (c) RCC4-vec cells were treated with siRNA targeting CTSD #1 and #2 or negative control siRNA (siControl). After
54 h, cells were treated with the indicated concentrations of bafilomycin A1. After 3 days, cell viability was assessed. Ordinate values were
obtained by setting the control group value as 100%. Data are presented as mean � SD (n = 3) (d) RCC4-vec cells transfected with siRNA target-
ing CTSD #1 and #2 or control siRNA were lysed after 48 and 72 h, and expression levels of CTSD and b-actin were determined by Western blot
analysis.
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Cleaved PARP, a marker of apoptosis induction, was induced
more clearly in RKO cells, which were more susceptible to
intracellular stress in response to bafilomycin A1, than in
RCC4-vec cells (Fig. 4). Because LC-3 is delivered to lyso-
somes for degradation, lysosomal inhibitors inhibit autophago-
some–lysosome fusion and the degradation of LC3-II, which
results in autophagy inhibition and the accumulation of LC3-
II.(33) The autophagy marker LC3B-II was induced by bafilo-
mycin A1 more clearly in RKO cells at a lower concentration
than in RCC-vec cells, suggesting autophagy is inhibited by
bafilomycin A1 in RKO cells (Fig. 4). Interestingly, the levels
of the mature form of cathepsin D were attenuated by bafilo-
mycin A1 treatment at the cell growth inhibitory concentration
in both cells (Fig. 4), implying that the downregulation of
cathepsin D is important for cell growth inhibitory effects of
V-ATPase inhibitors.
Some colorectal cancer patients showed cathepsin D down-

regulation in tumors. We next investigated whether a fraction
of cancer patients have tumors that harbor downregulated
levels of CTSD. Overall, CTSD mRNA expression levels were

significantly lower in colon tumor tissues than in normal tis-
sues (Fig. 5a). Compared with matched paired samples, 34 of
39 tumors (87%) of colorectal cancer patients showed down-
regulated CTSD mRNA levels (Fig. 5b).

Discussion. We showed that Acridine Orange and AcidiFlu-
or, which accumulate in acidic intracellular compartments,(34)

were inhibited by bafilomycin A1, in agreement with the inhi-
bitory effects on macropinocytosis, intracellular amino acids,
and cell growth. These results imply that the loss of activity in
acidic intracellular compartments in response to bafilomycin
A1 may impair the degradation of macropinocytosed BSA and
further uptake of BSA, affecting nutrient supply, including the
supply of intracellular amino acids, and leading to the inhibi-
tion of cancer cell growth.
We found that cancer cell lines with low cathepsin D

expression were sensitive to several V-ATPase inhibitors. In
addition, V-ATPase inhibitors led to the induction of AAR,
elicitation of ER stress, and suppression of mTOR signaling
more strongly in cells expressing low levels of cathepsin D
than in those with high cathepsin D expression. Cathepsin D is
a soluble lysosomal aspartic endopeptidase that functions in
the clearance of proteins. The decreased levels of the mature
form of cathepsin D in response to bafilomycin A1, shown in
Figure 4, imply that the downregulation of cathepsin D is not
only a potential selection marker, but also a mechanism of cell
growth inhibition by V-ATPase inhibitors.
Cathepsin D is a multifunctional protein involved in cancer

invasion and metastasis by mediating the intracellular degra-
dation of matrix proteins and apoptosis;(35,36) it also functions
to protect cells from apoptotic cell death induced by oxida-
tive stress through autophagy activation or the degradation of
damaged mitochondria when autophagy is impaired.(37,38)

V-ATPase inhibitors block the late stages of autophagy by
interfering with the fusion of autophagosomes with endo-
somes and lysosomes.(39) This is consistent with our results
showing that LC3B-II is induced by bafilomycin A1 (Fig. 4).
Our data also showed that V-ATPase inhibitors induce the
dysfunction of intracellular compartments, and this may lead
to the activation of AAR and induction of ER stress path-
ways in cells expressing low levels of cathepsin D. We
hypothesized that when cathepsin D is highly active, cellular
stress induced by V-ATPase inhibitors might be diminished
by cathepsin D, including the activation of autophagy or
clearance of damaged compartments. Our data showed that
the cathepsin D inhibitor pepstatin A and CTSD knockdown
increase the cell growth inhibition induced by bafilomycin
A1, and this finding is supported by a previous report show-
ing that pepstatin A inhibits cell growth when essential
amino acids are depleted.(12)

Cathepsin D is overexpressed in several cancer types and is
considered to be involved in cancer progression and metasta-
sis,(35,40) especially in breast cancer because estrogen induces
cathepsin D.(41) However, patients with cathepsin D-negative
colorectal adenocarcinoma show a worse prognosis, suggesting
the need for therapeutic strategies for low cathepsin D-expres-
sing tumors.(42) This finding is reasonable because cathepsin D
induces apoptosis as a tumor suppressor, either directly or in
response to several stimuli.(43–47) Our data indicated that
cathepsin D is actually downregulated in colorectal tumors
compared with matched normal tissues, and a previous report
has shown that 58% of colorectal tumors are negative for
cathepsin D,(42) suggesting that many patients with colorectal
cancer can benefit from V-ATPase inhibitors using cathepsin
D expression, as evaluated by immunohistochemistry, as a

Fig. 4. Induced amino acid starvation response (AAR), upregulated
endoplasmic reticulum (ER) stress, and suppressed mammalian target
of rapamycin (mTOR) signaling in cells expressing low levels of cathep-
sin D in response to a vacuolar (H+)-ATPase inhibitor. Expression levels
of various proteins were determined by Western blot analysis in RKO
colon cancer cells and RCC4 renal cell carcinoma cells plus vector alone
(RCC4-vec) after treatment with the indicated concentrations of bafi-
lomycin A1 for 24 h. ATF4, activating transcription factor 4; eIF2a,
eukaryotic initiation factor 2a; GCN2, general control nonderepress-
ible 2; LC3, light chain 3; PARP, poly(ADP-ribose) polymerase; PERK,
protein kinase RNA-like ER kinase; S6K, ribosomal protein S6 kinase.
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marker for patient selection.(48) In this study, we focused on
the relationship between cathepsin D levels and susceptibility
to V-ATPase inhibitors. However, other cathepsins may also
be involved in V-ATPase inhibitor sensitivity, as we found that
several cathepsin inhibitors, including the cathepsin B, H, and
L inhibitor E-64-d, cathepsin B inhibitor CA-074, cathepsin K
inhibitor II, cathepsin L inhibitor CAA0225, and cathepsin L
inhibitor III, also enhanced the growth inhibition effect
induced by the V-ATPase inhibitor bafilomycin A1 in RCC4-
vec cells, and those effects were synergistic as evidenced by
the combination index <1.0 (Fig. S1). It is necessary to eluci-
date which cathepsin is the most sensitive marker for treatment
with V-ATPase inhibitors, and the underlying biological mech-
anism, in future studies.
In this study, we found that cancer cells with downregulated

cathepsin D expression are highly susceptible to V-ATPase
inhibitors, possibly owing to the low protein degradation activ-
ity and energy supply. We further showed that most clinical
colorectal tumors have downregulated cathepsin D, suggesting
that V-ATPase inhibitors are applicable for colorectal cancer
patients. In conclusion, V-ATPase inhibitors are promising
therapeutic options for cancer with downregulated cathepsin D.
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Supporting Information

Additional Supporting Information may be found online in the supporting information tab for this article:

Fig. S1. Enhancement of the growth inhibition effect of vacuolar (H+)-ATPase inhibitors by pretreatment with various cathepsin inhibitors. RCC4
renal cell carcinoma cells plus vector alone (RCC4-vec) cells were treated with 10 lM E-64-d, 10 lM CA-074, 10 lM cathepsin K inhibitor II,
30 lM CAA0225, or 10 lM cathepsin L inhibitor III. After 1 day, these cells were treated with the indicated concentrations of bafilomycin A1.
After 3 days, cell viability was assessed. Ordinate values were obtained by setting the control group value as 100%. Data are presented as
mean � SD (n = 3). Each number indicates the combination index; synergistic effects of cathepsin inhibitors and bafilomycin A1 are indicated
for values <1.0.
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